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ABSTRACT. The activation of apo-peptidyl carrier proteins (PCPs) of nonribosomal peptide synthetases
(NRPSs), apo-acyl carrier proteins (ACPSs) of polyketide synthases (PKSs), and fatty acid synthases (FASSs)
to their active holo form is accomplished with dedicatéghdosphopantetheinyl transferases (PPTases).
They catalyze the transfer of the essential prosthetic groph@sphopantetheine’{Bpant) from coenzyme

A (CoA) to a highly conserved serine residue in all PCPs and ACPs. PPTases, based on sequence and
substrate specifity, have been classified into three types: bacterial holo-acyl carrier protein synthase (AcpS),
fatty acid synthase of eukaryotes (FAS2) and Sfp, a PPTase of secondary metabolism. The recently solved
crystal structures of AcpS and Sfp-type PPTases with CoA revealed a commgfifold with a S1a352

motif and similarities in CoA binding and polymerization mode. However, it was not possible to discern
neither the PCP binding region of Sfp nor the priming reaction mechanism from theC8# cocrystal.

In this work, we provide a model for the reaction mechanism based on mutational analysis of Sfp that
suggests a reaction mechanism in which the highly conserved E151 deprotonates the hydroxyl group of
the invariant serine of PCP. That, in turn, acts as a nucleophile to attagkthesphate of CoA. The Sfp
mutants K112, E117, and K120 further revealed that the loop region befesmda5 (residues T11%

S124) in Sfp is the PCP binding region. Also, residues T44, K75, S89, H90, D107, E109, E151, and
K155 that have been shown in the SfBoA cocrystal structure to coordinate CoA are now all confirmed

by mutational and biochemical analysis.

The 4-phosphopantetheinyl moiety '¢®pant} plays an substrate or intermediates to different catalytic centers of the
essential role as a cofactor of multienzyme complexes suchmultienzyme complex. Because of differences in the substrate
as nonribosomal peptide synthetases (NRPSs), polyketidebound, CPs have been named acyl carrier protein (ACP),
synthases (PKSs), and fatty acid synthases (FABs) aryl carrier protein (ArCP), or peptidyl carrier protein (PCP).
FASs are responsible for the biosynthesis of fatty acids and The transfer of 4Ppant onto the carrier protein is
are therefore part of the primary metabolism. NRPSs and catalyzed by a dedicated-ghosphopantetheinyl transferase
PKSs, on the other hand, produce a diverse number of natura{PPTase, EC 2.7.8.77). The PPTase converts inactive apo-
products that are part of the secondary metabolism, e.g., thecarrier protein to the functionally active holo form. This
peptide antibiotic vancomycin or the immunosuppressive reaction involves the nucleophilic attack of the hydroxyl side
agent cyclosporing, 6). The mobile 4Ppant prosthetic  chain of the highly conserved serine residue of the carrier
group is about 20 A in length and is covalently bound as a protein on the 53-phosphate of CoA, thereby releasirigs3
phosphodiester to an invariant serine residue of a carrierADP (Figure 1).
protein domain which is part of the multienzyme complex.  This posttranslational modification is essential for the
These carrier proteins (CPs) are small proteins-ef8 kDa activity of the multienzyme complex8(9). Earlier analysis
and exist either as a distinct protein (type Il) or as integrated of Bacillus subtilisJH642 has shown that, although the strain
domains of larger polypeptide chains (type I). CPs play an harbors the intact surfactin synthetase, it did not produce
essential role because they transfer tHePgant-bound  the lipopeptide surfactin as a result of a truncatfuigene
(495 bp) that encodes the dysfunctional Sfp PPTA&k (
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in FAS, holo-acyl carrier protein synthase; ArCP, aryl carrier protein;
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hybrid PCP; IPTG, isopropys-p-thiogalactopyranoside; NRPS, non- of the lipoteichoic acid in the cell wall oB. subtilisand
ribosomal peptide synthetase; NTA, nitrilotriacetic acid; PCP, peptidyl [ actobacillus caseior oligosaccharide nodulatiodX—13).
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Ficure 1: Priming reaction in NRPS by Sfp. Sfp converts CPs, in the presence 8f dddvin®" ions, from their inactive apo form to the
active holo form by transfer of a'4$hosphopantetheinyl moiety from coenzyme A onto the hydroxyl side chain of a conserved serine
residue of the CP.

synthase gene clustentaAis a direct neighbor of the gene tions (method A) using two primers with the desired mutation
cluster encoding myxothiazol synthase, and the cytoplasmicin a PCR with pQE6Gfp (22) as template anéfuTurbo
PPTase fromSaccharomyces cerisiae is an integrated  DNA polymerase (Stratagene, Heidelberg, Germany).

domain of FAS2 {4, 15). Alternatively, some mutations in thefp gene were

Biochemical characterization of different PPTases from a introduced by inverse PCR. For this purpose, oligonucle-
variety of organisms has unveiled a certain pattern that allows otides were used that contained the desired mutation in
classification of PPTases into three groups based on theiraddition to an extra restriction site for the subsequent
primary sequence and substrate specificijy The first group religation of the two ends generated by PCR (method B).
comprises bacterial holo-acyl carrier protein synthase (AcpS) For PCR, either Vent- or Herculase-Hotstart DNA poly-
that is about 126140 amino acids in sizelf). AcpS-type merase (NEB, Schwalbach, Germany) was used. The gener-
PPTases are associated with fatty acid synthase (FAS) ofated PCR fragments were purified, digested vidiml and
prokaryotes and accept only the ACP of FAS and ACPs of the appropriate restriction enzyme, and subsequently re-
type Il PKSs. The second group is named after a PPTase ofligated. XL1-Blue competent cells (Stratagene, Heidelberg,
fatty acid synthase in eukaryotes (FAS2) that are integratedGermany) were thereafter transformed with the ligation
domains of FAS in eukaryotes, e.g., $1 cereisiae (15). mixture.

The PPTase domain of FASZ2 is about 120 amino acids in Al constructs generated by either of the two methods were

accepts a wide range of carrier protein substrates and is about
twice the size of an AcpS-type PPTase (2240 amino
acids) (L7). Sfp is the classic example of type 3 PPTases.
Although these PPTases are usually associated with second
ary metabolism (i.e., NRPS and PKS pathways), some

organisms rely on this type of enzyme as the only PPTaseThe fragment was digested withindlll and subsequently

present {8). ligated into theHindlIl restriction site of pQE60 (Qiagen,
The recently solved crystal structures of PPTases from the jijqen Germany) to give plasmid pQE&BH1

AcpS and Sfp groups have yielded detailed insight into the )

interaction between the enzymes and their substrdi@s ( ter(nB)Ia(;gni?]trl;Ctl':,ogROfv\ﬂ%EZﬁ) -ifr?li?e%t?ggggasaez;vggt as_

20). However, it was not possible to discern neither the P 9 ageaty

reaction mechanism based on the cocrystal of Sfp with CoA cgatcggcgtagatatcgaahd 5—ttttga_tctctaggggaaatcagggtgtgc-
3' to amplify a fragment that encodes residues-1P40 of

nor the PCP binding region in Sfp. AcpS Bf subtilis on Sfp. The fragment was digested wispH and Bglll and

the other hand, was crystallized in the presence of its cognate’ ; ; . .
protein partner, ACP. In this study, we present in vitro qggg\é%%gg)ggéph andBglll sites of pQE70 to give plasmid

analysis of Sfp mutants generated by site-directed mutagen- ) o ) )
esis. As we will show, these mutants allow the proposal of _ Overproduction and Purification of Recombinant Proteins.
a catalytic mechanism of PPTases for the posttranslationalE- coli BL21(DE3) (Merck Biosciences, Schwalbach,
modification of PCP and the mode of substrate recognition G€rmany) was transformed with the mutants generated by

Construction of Plasmids. (A) Construction of pQEG60-
sfpH1 A fragment encoding Sfp’s residues-103 was
amplified by PCR from plasmid pQE6&p (23) using
oligonucleotides Scatcactaagcttaattagctgag-@estriction
sites underlined) and'#&tttaagcttgctgtgaatcaaacgcaccaa-3

as well as the PCP and CoA binding sites of Sfp. the above-mentioned methods for the production of the Sfp-
Hiss fusion protein mutants. An overnight culture (5 mL) of
EXPERIMENTAL PROCEDURES these strains in LB was inoculated into 500 mL of the same

medium. In the case of afpmutants, the culture was grown
General Techniques. Escherichia calas grown on LB 5t 37°C and 300 rpm until afego of 0.15-0.2 was reached,
medium. Ampicillin was used at 1Q@g/mL concentration.  at which the temperature was lowered to°Z8 Expression
For E. coli techniques, such as transformation and plasmid \yas induced by addition of 0.1 mM IPTG (final concentra-
preparation, standard protocols were usgl).(Oligonucle-  tion) at anAgg of 0.6-0.7, and the culture was allowed to
otides were purchased from Qiagen-Operon (Cologne, Ger-grow for an additona2 h before being harvested by
many). PH]CoA was purchased from Hartmann Analytics  centrifugation at 4509and 4°C. The cells were resuspended

(Braunschweig, Germany). o in buffer A [50 mM Hepes, 300 mM NaCl (pH 7.8)] and
Mutagenesis of the sfp Gerldutations in thesfp genes disrupted by three passages through a cooled French pressure
were introduced by one of two methods: cell. The resulting crude extract was centrifuged at 36000

The QuickChange kit (Stratagene, Heidelberg, Germany) at 4 °C for 30 min. Protein purification using Ri-affinity
was applied according to the manufacturer's recommenda-chromatography was done as previously descritigg). (



4130 Biochemistry, Vol. 43, No. 14, 2004 Mofid et al.

Table 1: Oligonucleotides Used for Site-Directed Mutagenesis

comment oligonucleotides-53' method

T44S 1. CTCATCGATCCCTGCTGGGAGATGTG B
2. GGGATCGATGAGCATCTTCTTTATG

K75N 1. ATACGGTAACCCGTGCATCCCTGAT B
2. AAAGGGTTACCGTATTCCTGCGTGCT

S89L 1. TATAGCGGCCGCTGGGTCATTGGT B
2. AACAGCGGCCGCTGTGCAGAATGTTGAAA

H90A 1. TATAGCGGCCGCTGGGTCATTGGT B
2. AACAGCGGCCGCTGGCAGAAATGTTGAA

H9ON 1. TATAGCGGCCGCTGGGTCATTGGT B
2. AACAGCGGCCGCTGTTAGAAATGTTGAA

D107N 1. GATTCACAGCCGATCGGCATTAATATCGAAAAAACGAAACCG B
2. CGGTTTCGTTTTTTCGATATTAATGCCGATCGGCTGTGAATC

D107E 1. TTAAGTCAACCGATCGGCATAGAAATCGAA B
2. GATCGGTTGACTATCAAACGCACCAAT

E109D 1. GATATCGATAAAACGAAACCGATCAGC B
2. TTTATCGATATCTATGCCGATCGGCTG

K112A 1. CGATCGGCATAGATATTGAAAAAACGGCACCGATCAGCCTTGAG B
2. CTCAAGGCTGATCGGTGCCGTTTTTTCAATATCTATGCCGATCG

E117A 1. CGAAAAAACGAAACCGATCTCGCTAGCGATCGCCAAGCGCTTC B
2. GAAGCGCTTGGCGATCGCTAGCGAGATCGGTTTCGTTTTTTCG

K120A 1. CAGCCTTGAGATCGCCGCCCGCTTCTTTTCAAAAACAGAGTAC A
2. GTACTCTGTTTTTGAAAAGAAGCGGGCGGCGATCTCAAGGCTG

E127A 1. CAAGCGCTTCTTTTCAAAAACAGCCTACAGCGACCTTTTAGC A
2. GCTAAAAGGTCGCTGTAGGCTGTTTTTGAAAAGAAGCGCTTG

K150A 1. CTATGGTCAATGGCAGAAAGCTTTATCAAACAG A
2. GATAAAGCTTTCTGCCATTGACCATAGATAAAAATA

E151S 1. GAAGAGCTCCTTTATCAAACAGGAAGGC B
2. AAAGGAGCTCTTCATTGACCATAGATGATA

E151Q 1. CATCTATGGTCAATGAAACAGAGCTTTATCAAACAGGAAGGC A
2. GCCTTCCTGTTTGATAAAGCTCTGTTTCATTGACCATAGATG

K155A 1. GGTCAATGAAAGAGAGCTTTATCGCACAGGAAGGCAAAGGC A
2. GCCTTTGCCTTCCTGTGCGATAAAGCTCTCTTTCATTGACC

K155R 1. CTATGGTCAATGAAAGAGAGCTTTATCAGACAGGAAGGCAAAG A

2. CTTTGCCTTCCTGTCTGATAAAGCTCTCTTTCATTGACCATAG

Those fractions containing the desired protein were pooled, fractions were taken. Fractions containing the SfpH1 or
brought to 10% glycerol (v/v), and stored -a80 °C. SfpH2 were pooled and stored &80 °C.

In the case of the SfpH1 and SfpH2, the cells were The presence of the respective proteins in the fractions
resuspended in buffer IEX1 [50 mM Tris-HCI, 2 mM DTT, was detected using SB$olyacrylamide gel electrophoresis
1 mM EDTA (pH 7.8)] and disrupted by three passages analysis (15% Laemmli gels). TycC3-PCP, AcpS fr&n
through a cooled French pressure cell. The resulting crudesubtilis Sfp of B. subtilis and ACP fronB. subtilis hereafter
extract was centrifuged at 3609t 4 °C for 30 min and referred to as PCP, AcpS, Sfp, and ACP, respectively, were
subsequently applied to a Hi Load 26/10 Q-Sepharose high-produced and purified as previously describ@?,(25.
performance column (Amersham Biosciences, Uppsala, Protein concentrations were determined on the basis of the
Sweden) previously equilibrated with IEX1 buffer at 2 mL/ calculated extinction coefficient at 280 nm: all Sfp mutants,
min. A 120 mL linear gradient to 100% IEX2 buffer (1 M 27220 Mt cm™%; SfpH1, 12330 M* cm™%; SfpH2, 14890
NaCl in IEX1) was applied at 2 mL/min, and 3 mL fractions M~!cm™
were taken. The fractions containing the desired SfpH1 or  Protein Purification under Denaturing Conditions and
SfpH2 were pooled, brought to saturation with 75% (w/v) Refolding.Because of the insolubility of Sfp mutants S89L
(NH4).SOy, and stirred at 4°C for 1 h. Protein was and E151S, both proteins as well as wild-type Sfp were
subsequently collected by centrifugation at 4%@& 30 min. purified under denaturing conditions by Ni-NTA chroma-
The proteins were redisolved in 10 mL of HIC1 buffer [50 tography (Qiagen, Hilden, Germany), as recommended by
mM Tris-HCI, 2 mM DTT, 1 mM EDTA 1 M (NH,)2S0Oy, the manufacturer, and refolded. For this purpose, harvested
pH 7.8] and applied to a Hi Load 26/10 phenyl-Sepharose cells were resuspended in urea buffer B [100 mM MaH
high-performance column (Amersham Biosciences, Uppsala,POs, 10 mM Tris-HC| 8 M urea (pH 8.0)], disrupted, and
Sweden) previously equilibrated with HIC1 buffer at 2 mL/ centrifuged as described above. A Ni-NTA column was
min. A 120 mL linear gradient to 100% GFC buffer (50 mM equilibrated with urea buffer B, the crude extract was applied
Tris-HCI, 2 mM DTT, 1 mM EDTA) was applied at 2 mL/  to the column, and unbound protein was washed off with
min, and 3 mL fractions were taken. Those fractions 10 column volumes urea buffer C [100 mM Nz, 10
containing the desired SfpH1 or SfpH2 were pooled and mM Tris-HCI, 8 M urea (pH 6.3)]. The protein was eluted
concentrated using Vivaspin (Vivascience AG, Hannover, with urea buffer D [100 mM NakPQ,, 10 mM Tris-HCI, 8
Germany) with a molecular mass cutoff of 5 kDa. The M urea (pH 5.9)] and urea buffer E [100 mM NgPO,, 10
concentrated protein solution was applied to a Superdex75mM Tris-HCI, 8 M urea (pH 4.5)]. This pH gradient leads
16/60 column (Amersham Biosciences, Uppsala, Sweden)to protonation of histidine side chains which results in elution
that had been equilibrated with GFC buffer. Isocratic elution of the protein. The presence of the respective proteins in
was performed with GFC buffer at 1 mL/min, and 2 mL the fractions was detected using SB®lyacrylamide gel
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Table 2: Kinetic Constants of Sfp Mutants

Sfp Km (MM) kear(min)
mutant PCP hPCP CoA PCP hPCP CoA
Sfp 445+ 1 26+ 6 0.7840.2 96+ 4 964+ 4 98.7+ 4
T44S nd nd nd nd nd nd
K75N 5.843.4 30+ 2 1.240.7 1144+ 11 108+ 8 9448
S89L 78+ 11 32+ 7 55+1.3 40.3+ 10 85+ 3.2 38.3+9
H90A 5.85+ 3 244+ 7 2.1+0.3 95.3+ 9 87.3+9 88.3+ 4
HO0N 5.24+2.4 22+ 9 1.7+ 0.5 99+ 5 93+5 89+5
D107N 11.2+1.3 41+ 3 23+15 0.5-1.0 0.1-0.3 0.5-1.0
D107E nd nd nd nd nd nd
E109D nd nd nd nd nd nd
K112A 105+ 13 510+ 27 3.3+ 1.5 33+ 14 75+ 14 68+ 11
E117A 68+ 17 4854 38 4.3+ 0.5 39+ 22 77+ 18 82+ 18
K120A 754+ 8.2 480+ 15 2.3+ 0.7 56+ 8 82+ 3.5 77+ 10
E127A nd nd nd nd nd nd
K150A nd nd nd nd nd nd
E151S nd nd nd nd nd nd
E151Q 9.5+ 3.2 37+8 1.8+ 0.7 0.5-1.0 0.1-0.3 0.5-1.0
K155A nd nd nd nd nd nd
K155R nd nd nd nd nd nd

and: not detectable.

electrophoresis analysis (15% Laemmli gels), and the proteinsNTA affinity chromatography. Truncated Sfps H1 and H2

were subsequently dialyzed for-% h at room temperature
and again for 23 h at 4°C against dialysis buffer [L0 mM
Tris-HCI, 2 mM DTT, 100 mM NacCl (pH 7.8)] to refold
the protein.

Radioassay for the Detection of Posttranslational Modi-
fication Actiity (Priming Assay).The activity of Sfp and

were produced without tag and purified by ion-exchange,
hydrophobic interaction and gel filtration chromatography
(see Experimental Procedures). The yield per liter of cell
culture was 16-12 mg of the Sfp mutants-25, 1-2 mg of
the Sfp mutants 1 and-6L7 (numbering according to Table
1), and 2 mg of the truncated SfpH1 and SfpH2. All proteins

AcpS as well as the Sfp mutants was tested by a methodhad a purity of>90% as judged by SDSPAGE.B. subtilis

that measures the incorporation ®f-labeled 4-phospho-
pantetheine from3H]CoA into apoenzymes essentially as
described earlier 22). Reaction mixtures (10Q:L) (in
duplicate) containing 50 mM Tris-HCI (pH 8.8) [75 mM
MES/HCI, 250 mM NaCl (pH 6.0) in the case of Sfp and its
mutants], 10 mM MgCl (or CaC}, MnCl,, CoCbh, NiCl,,
ZnCly), 90—-100uM ACP, PCP, or hPCP, 20100uM CoA,
200 nM—20uM [3H]CoA (specific activity 40 Ci/mmol, 0.95
mCi/mL), and 25 nM-1 uM AcpS or Sfp were incubated
at 37°C for 30 min. Reactions were stopped by the addition
of 0.8 mL of ice-cold 10% TCA (w/v) and 1aL of BSA
(25 mg/mL). Precipitated protein was collected by centrifu-
gation at 13000 rpm and 4C for 15 min in a tabletop
centrifuge. The pellet was washed twice with 0.8 mL of ice-
cold TCA (w/v) and resuspended in 180 of formic acid.
The resulting suspension was mixed with 3.5 mL of Rotiszint
Eco Plus scintillation fluid (Roth, Karlsruhe, Germany) and
counted using a 1900CA Tri-Carb liquid scintillation analyzer
(Packard, Dreieich, Germany).

Kinetic AnalysisFor kinetic studies, the amount of holo-
carrier protein formed was determined by an HPLC method
essentially as described previousBp).

RESULTS AND DISCUSSION

We have studied the mechanism of the Sfp/PCP recogni-

tion sites and the following phosphopantetheinylation reac-
tion catalyzed by Sfp through mutational analysis of the CoA
and PCP binding sites. In addition, we attempt to explain
the broad substrate tolerance of Sfp in comparison with
AcpS.

Overproduction and Purification of B. subtilis Sfp Mutants
and Truncated Sfp&\ll Sfp mutant proteins were produced
as C-terminal Histag fusion proteins and purified by &

Sfp and AcpS, ACP, hPCP, and PCP were produced and
purified as described previousl2Z, 25). The apo to holo
ratios of purified carrier proteins as determined by either the
HPLC method or the loading assap?( 295 were as
follows: ACP, 7723%, PCP, 793%, and hPCP, 2179%.

Posttranslational Modification of Carrier Protein Sub-
strates by Sfp Mutants: In Vitro Studies UsitdrLabeled
CoA (Priming Assay)Before the quantitative analysis, we
applied a radioassay to test for the enzymatic activity of Sfp
mutants regarding the modification of ACP and PCP.
Because of the nature of the mutations, it was expected that
some mutants completely lose their enzymatic activity. The
test revealed that only 11 out of 17 Sfp mutants exhibited
enzymatic activity (not shown). The mutants T44S, D107E,
E109D, E127A, K150A, E151S, K155A, and K155R were
inactive with PCP and ACP alike®).

Biochemical Characterization of Sfp MutantSor the
determination of kinetic constants, the HPLC meth2g) (
was applied. For this purpose, either CoA or the carrier
protein was the variable substrate while the other one was
kept above saturation. As protein substrates, PCP was chosen
because it is a cognate protein substrate of Sfp and, as an
ACP-like protein substrate with an increased catalytic
efficiency, hPCP Z2). For the determination df,, andkgy
values, the CP concentration was varied from 1 to A®b
with 1 mM CoA, or CoA was varied from AM to 1 mM
with a constant carrier protein concentration of 10d.
Kinetic constants, which were determined through a Michae-
lis—Menten fit of the data sets, are summarized in Tables 2
and 3. To ensure that purification of mutants S89L and
E151S under denaturing conditions had no negative effect
on the catalytic properties of the enzymes, Sfp was treated
the same way. However, no effect on its catalytic constants
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Table 3: Catalytic Efficiencies of Sfp Mutants

Sfp KealKm (MiN~t mM™1)
mutant PCP hPCP CoA
Sfp 21.6 3.7 126.5
K75N 19.6 3.6 78.3
S89L 0.52 2.6 6.7
H90A 16.3 3.6 42
H90N 19 3.7 52.4
D107N 0.04-0.08 <0.01 0.2-0.4
K112A 0.32 0.14 20.6
E117A 0.57 0.16 19
K120A 0.74 0.17 33.47
E151Q ~0.1 0.003-0.008 0.270.55
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Ficure 2: Influence of different metal ions on the posttranslational
modification of apo-PCP by Sfp (priming assay). Reaction mixtures
containing PCP (M), [3H]CoA, and Sfp (25 nM) were incubated
for 30 min at 37°C. The modification of apo-PCP by Sfp (gray
column) is shown. Sfp modified apo-PCP in the presence of 10
mM Mg?+ and Mr#* to the holo form.

Table 4: Kinetic Data of Mg and Mr?* lons by Sfp

KealKm
metal ion Km («M) Keat(min=?) (min~tuM™Y)
Mg?* 62.5+ 1.6 506+ 22 8.1
Mn?+ 0.092+ 0.007 229+ 28 2491.3

was found (not shown). As apparent from Table 3, the Sfp
mutants fall into three categories: the catalytic efficiency

Mofid et al.

Ficure 3: Topologies of PPTases. (A) Richardson diagram of the

of mutants D107N, E151Q, and S89L with PCP, hPCP, and N-terminal folding unit of Sfp (amino acids-1103). Dark gray

CoA is dramatically reduced compared to Sfp; however,
S89L shows only 1.4-fold reduced catalytic efficiency with
hPCP. Mutants K112A, E117A, and K120A exhibit reduced
catalytic efficiency only with the carrier protein. Mutants
K75N, H90A, and H90ON show a change in catalytic
efficiency only with CoA.
Influence of Different Metal lons on the Aaty of Sfp

and AcpS.The fact that the reaction catalyzed by Sfp is

representsx-helices, bright gray represenfssheets, and white
shows the difference to the minimal structure of tHePBTase
superfamily. (B) Ribbon representation of AcpS fr@pneumoniae
(PDB code 1FTH) and (C) Sfp (PDB code 1QRO0). In AcpS three
of these folding units are assembled by ionic and hydrophobic
interactions forming a trimeric complex. In Sfp two such folding
units are covalently bound.

Topological Comparatie Analysis of PPTase€ompari-
son of the secondary structures of AcpSs and Sfp in

Mg?*-dependent whereas the structure of AcpS revealed theStreptococcus pneumoniaand B. subtilis (19, 20, 26)

presence of a Ca ion prompted us to investigate Sfp’s
activity with other divalent metal ions (Figure 2)9; 20).
The metal ions in question were €aMn?*, Zr?t, Co*T,
and NPt because of their similarity to Mg. For this
purpose, reaction mixtures containing 25 nM Sfp, 100 pmol
of PCP, 1 mM CoA, and 10 mM M@GIl(where M is the

revealed a minimal common folding motif with ofiesheet,
three a-helices, and one3-sheet (Figure 3A). Crystal
structures of AcpSs indicated that in AcpSs three of these

folding units (each about 120 residues) are assembled by

ionic and hydrophobic interactions forming a trimeric
complex (Figure 3B). In the Sfp structure, however, two such

respective metal) were incubated under the conditions folding units are found on a single polypepide chain of about

described in the “priming assay” (see Experimental Proce-
dures). Negative controls contained no Sfp or no metal ion.
As expected, Sfp modified PCP in the presence of Mand

224 residues, which leads to a pseudo-homodimeric arrange-
ment (Figure 3C). Both conformations, the AcpS trimer as

well as the Sfp pseudo-homodimer, appear to be absolutely

was inactive when the metal ion was omitted. However, the vital for enzymatic activity and seem to be evolutionarily

addition of Mr#* led to higher activity of the enzyme. In
fact, the activity with Mg@" is only about 40% of the activity
with Mn2* (Table 4). All other metal ions tested (see above)

related R0, 27).
Characterization of the Truncated Variants SfpH1 and
SfpH2. To address the question whether two Sfp halves

resulted in inactivation of Sfp. The same result was obtained would recognize each other also in solution or whether each

with AcpS.

half would dimerize or trimerize to form an active enzyme



Reaction Mechanism of PPTase

Biochemistry, Vol. 43, No. 14, 20041133

e /' o

Ess it P
TP e A N O
a T e
[ ‘%1
on  NHI =
5 [4
K28

B) SH
NH
0
N84 ON [
Sl
~
~
N, _[oles
N NH= ==
8 Y
N=— A OH= = (N 168
==
N
Ho H105 N|
RE3N|w _ o I 4
c|> . O'\P/\ ~|R14N
Q=F|>—o g O/\o-- O+,
4 ~0—R~ N
H106N4 O K62 N|Z
\s__\}) oH, [E580
o} ~ ’
?L o
.
= A
E58 N
N “OH,
o)
Bl >§o
D8

Ficure 4: CoA binding pocket oB. subtilisPPTases. (A) SfpCoA interaction: N-terminal and C-terminal domains of Sfp interact with

a Mg?* ion and one molecule of CoAL). (B) AcpS—CoA interaction:

residues of the second AcpS molecule are underlined. TRe iGa is

similar to trimeric AcpS, two truncated Sfp mutants, H1 and
H2, were produced heterologously. To avoid possible
interference with the dimerization, the Kitag was omitted.
SfpH1 comprises residues-103 of Sfp, whereas SfpH2
consists of Sfp residues 18210. Both proteins were tested
for enzymatic activity with the substrates PCP and ACP in
a qualitative radioassay that usiétlabeled CoA (priming

a molecule of CoA is coordinated by two molecules of AcpS. The
coordinated by E58 and D2Q).

that this residue is involved in binding of PCP in addition
to binding of CoA. It seems that the mutation from Ser to
Leu leads to steric hindrance of the S#BCP interaction.
Mutations T44S, D107A17), D107E, E109D, E151A1(),
E151S, K155A, and K155R inactivate the enzyme. As Figure
4B shows, all of these residues are involved in CoA binding.
Thus, CoA is bound in a U-form as was shown for AcpS

assay). However, neither of the mutants nor a combination (Figure 4B) @0). By contrast, CoA is bound in a stretched

of the two showed any PPTase activity with the carrier

proteins tested (not shown). This indicates that neither

recognition nor oligomerization of two Sfp halves, as in the
case of AcpS, takes place in solution.

CoA Binding and PCP Binding Pocket of SfpoA is a
substrate of all PPTases. The cocrystal structure of-Sfp
CoA (PBD code 1QR0)19) shows that residues K28, K31,
T44, K75, S89, H90, D107, E109, E151, and K155 are
responsible for CoA binding (Figure 4A). Position H90, for
instance, coordinates the-3and 3-phosphate of CoA.
Mutational analysis of H90 shows that both mutants H90A
and H90ON exhibit a similar catalytic efficiency with PCP
(16.3 and 19 mint uM~1, respectively, compared with 21.6
min~t uM ! for Sfp; Table 3) whereas catalytic efficiency
with CoA is reduced to 50% (42 and 52.4 minuM 1,
respectively, compared to 126.5 miuM~1 for Sfp; Table

form by all other CoA binding enzymeg8).

An important issue that was not addressed by the crystal
structure is the PCP binding site of Sfp. Because of the
diversity of carrier proteins, they represent a heterogeneous
class of substrates for the PPTase. Sequence comparison of
PCPs and ACPs alone did not reveal enough information
about the carrier protein binding pocket of Sfp. First insights
were gained through a superposition of BhesubtilisAcpS—

ACP cocrystal structure with that of Sfp. The Sfp structure,
however, was solved in the absence of PCP. Analysis of the
AcpS—ACP structure unveiled several hydrogen bonds
betweenao-helix 1 of AcpS anda-helix 2 of ACP @O0).
Comparison of the AcpS monomer structure with the
structure of the C-terminal half of Sfp elucidates that the
counterpart of AcpS’'sa-helix 1 (residues K13Q22 in
AcpS) is a loop betweefi4 andab (residues T111S124)

3). Therefore, the highly conserved H90 seems to be anin Sfp (Figure 5). On this base, residues K112, E117, and

important player in the coordination of CoA, albeit not

essential. The mutation K75N shows a similar phenotype:
catalytic efficiency with PCP remains almost unchanged,
whereas with CoA it is reduced by a factor of 0.6 (Table 3).
The Ky, values in the case of S89L are increased 17-fold
(PCP), 1.2-fold (hPCP), and 7-fold (CoA) compared with
wild type. The corresponding.: values are 50% (PCP), 89%

(hPCP), and 38% (CoA) of Sfp. This leads to the conclusion

K120 of Sfp were found to be equivalents to the AcpS
residues R14, Q22, and R24 that coordinate ACP binding
(Figure 5). Mutational analysis of the corresponding residues
in Sfp K112A, E117A, and K120A leaves the enzyme with
about 15-24-fold reduce, values for PCP, whereas CoA
binding was only reduced about-8-fold (Table 2). This
shows the need of these residues for PCP binding. Therefore,
we hypothesize that the mode of PE®fp interaction is very
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s — K120(R24)

5124(129)

E151(E58)
K112(R14)

o<+ Mglll)-ion

G105(16)

Ficure 5: Superposition of AcpS (red and orange) on Sfp (green) Bosubtilis One monomer of AcpS (PDB code 1F80) is superimposed

on the N-terminal domain of Sfp and the second on the C-terminal domain of Sfp. CoA is shown in stick representation. Superposition of
o-helix 1 (residues K13Q22 in AcpS) from AcpS on the loop betwegd anda5 (residues T111S124) in Sfp. Residues D107, E151,

K112, E117, and K120 belong to Sfp (green) and residues D8, E58, R14, Q22, and R24 to AcpS (red)?Thmdgcomplexed by the
carboxylate groups of D107 and E151 residues. The superposition of AcpS on Sfp was generated with the pr@@amh® (ibbon

diagram was generated with WebLab ViewerPro 4.0.

similar to the interaction of helix 2 in ACP with helix 1 of found in the AcpS-CoA crystal structure. Since neither
AcpS in the AcpS-ACP complex 22) (Figure 5). Because  AcpS nor Sfp is active in the presence of °Gait is
of the loop nature of the PCP binding region of Sfp, it can conceivable that the AcpSCoA complex with C&" is not
be presumed, on the basis of the analysis of the threerelevant for mimicking the reaction pathway.
mutations which modified the |00p region, that the erX|b|I|ty According to our model (Figure 60), three negative]y
of this region is crucial for the broad substrate tolerance of charged residues of Sfp, in addition to the pyrophosphate of
this enzyme. In contrast, AcpS provides a rigid helix for the CoA and one water molecule, are coordinated byMghe
interaction with ACP that is not easily adapted to different Ser of PCP is localized between the Carboxy| group of E151
carrier protein structureg0, 22). and theg-phosphate. E151 deprotonates the hydroxyl group
Reaction MechanisniReuter et al. previously proposed a of PCP (step 1, Figure 6C), which in turn attacks the
reaction mechanism for Sfp solely based on structural data-phosphate via an additierelimination mechanism (as-
(19). It was postulated that the hydroxyl group of the sociative phosphoryl transfer reaction) (step 2, Figure 6C),
invariant Ser in PCP is directly coordinated by the3g thereby releasing'%-ADP (step 3, Figure 6C). The proton
ion (Figure 6A). According to that mechanism, the oxygen of E151’s carboxyl group is then transferred to D107 and
atom of the hydroxyl group engages in a nucleophilic attack further to K155, which hands it over to the oxygen of the
on theS-phosphate of CoA (step 1, Figure 6A), which results a-phosphate (step 4, Figure 6C). Although steps 3 and 4
in the release of '&H'-ADP (step 2, Figure 6A). are described separately, they most probably occur at the
From our mutational analysis and comparison of the-Sfp  same time. All of these residues are within hydrogen-bonding
CoA with AcpS—CoA and AcpS-ACP complex structures,  distance as judged from the Sf@oA and AcpS-CoA
it seems more likely that PCP attacks from the side opposite cocrystal structures. A similar mechanism was observed for
the water molecule that is coordinated by M¢Figures 4A  the zinc-dependerfi-lactamase fronB. cereusand the MuT
and 6D). In addition, the distance to thephosphate is about ~ Pyrophosphorylase2, 30).
5 A, whereas thex-phosphate is spatially adjacent. Thus, ~ Mutational analysis of the highly conserved residues
the a-phosphate would be much more suitable for nucleo- E151Q and D107N corroborates this theory. The mutation
philic attack according to the mechanism proposed by Reuterof the nucleophilic oxygen in E151 to the much less basic
et al. but is not the group which is actually attacked by the amide nitrogen results in a catalytic efficiency of Sfp that is
serine residue of PCP as judged by the result of this reactionreduced almost 1000-fold (Table 3). Similar results are
(Figure 6A). obtained for the second mutation, D107N (Table 3). Here,
According to a second hypothesis concerning the reactioncatalytic efficiency is reduced to 0.06 and 0.3 mipM 1,
mechanism of AcpS suggested by Parris et2d)), the water respectively, for PCP and CoA. Mutations in K155 lead to
molecule that is coordinated by &ain the AcpS-CoA total inactivation of the enzyme (see above). Likewise, a
complex initially deprotonates a second water molecule recent site-directed mutational analysis of tBandida
(Figure 6B). The thus activated water molecule would albicansLys5 PPTase revealed that E198 (corresponding to
subsequently deprotonate ACP’s Ser-OH (step 1, Figure 6B)E151 in Sfp) is essential for the activation of recombinant
to enable its attack toward thfephosphate of CoA (step 2, Lys 2 a-aminoadipate reductase activityl.
Figure 6B). However, such an activated water molecule In our attempt to explain similarities and differences
would also be suitably positioned to attack fhehosphate, between AcpS and Sfp, we have constructed two truncated
which would cause CoA hydrolysis even in the absence of Sfps, SfpH1 and SfpH2. These two proteins correspond to
ACP. Neither AcpS nor Sfp have ever been shown to the two halves of the pseudo-homodimeric Sfp. Because of
hydrolyze CoA. In fact, both cocrystal structures contain the the similarities between one-half of Sfp and the AcpS
intact CoA. Lastly, in the SfpCoA cocrystal, CoA’s monomer (Figure 3), we tested whether the Sfp halves
pyrophosphate replaces the second water molecule that waslimerize in solution or possibly imitate the trimeric organiza-
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Ficure 6: Proposed models for the priming reaction mechanism ane P interaction. (A) Model 110) proposes that in the active

site the hydroxyl group of Ser 45 in PCP replaces a water molecule. The hydroxyl group is coordinated and deprotongted-oytigmore,

it engages in a nucleophilic attack onto {hihosphate of CoA (step 1). (B) Model 2Q) proposes that the water molecule coordinated

by the C&" ion of AcpS first deprotonates a second water molecule (step 1); this activated water would subsequently deprotonate the
hydroxyl group of Ser 36 in ACP (step 2). (C) In model 3, residue E151 deprotonates the hydroxyl group of Ser 45 in PCP which is located
between the carbonyl group of E151 and fhehosphate of CoA (step 1). The activated PCP attackgbleosphate via an additien
elimination mechanism (associative phosphoryl transfer reaction) (step 2), resulting in the relégseA@R (step 3); the proton is then
transferred from E151 to D107 and further to K155, which hands it over to the oxygen ofphesphate (step 4), with steps 3 and 4
occurring most probably simultaneously. (D) Reuter et B9) (mplied for model 1 that the hydroxyl group of the invariant serine (in
TycC3—PCP is S45 dark blue) in PCP attacks from the side (A) on th&@hosphate of CoA. However, the mutational analysis and
comparison of the secondary structure of -SGnA with AcpS—CoA and AcpS-ACP complexes indicate that PCP favors the opposite

side (B, C). Orange represents the contact region of Sfp and magenta that of PCP. CoA is shown as a stick representation, and the Mg ion
is in light blue. The surface representation was generated with the PyMOL Molecular Graphics System, version 0.93, by DeLano Scientific
LLC, and the reaction mechanism was depicted with ChemDraw, Cambridge Soft Corp., Cambridge, MA.

tion of AcpS. However, PPTase activity was neither observed and ACPs and made in many organisms the AcpS-type
when both halves were used in the priming assay nor wasPPTases expendable.

there any modification of PCP or ACP with either of the
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