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Enterobactin Biosynthesis iBscherichia coli Isochorismate Lyase (EntB) Is a
Bifunctional Enzyme That Is Phosphopantetheinylated by EntD and Then Acylated
by EntE Using ATP and 2,3-Dihydroxybenzohate
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ABSTRACT. In Escherichia colithe siderophore molecule enterobactin is synthesized in response to iron
deprivation by formation of an amide bond between 2,3-dihydroxybenzoate (2,3-DHRB}serthe and
formation of ester linkages between three such N-acylated serine residues. We show that EntB, previously
described as the isochorismate lyase required for production of 2,3-DHB, is a bifunctional protein that
also serves as an aryl carrier protein (ArCP) with a role in enterobactin assembly. EntB is
phosphopantetheinylated near the C terminus in a reaction catalyzed by EntDkyjtbfed min~t and

a Km for apo-EntB of 6.5uM. This holo-EntB is then acylated with 2,3-DHB in a reaction catalyzed by
EntE, previously described as the 2,3-DHBMP ligase, with akes of 100 mirr! and aKp, of <1 uM

for holo-EntB. The N-terminal 187 amino acids of EntB (isochorismate lyase domain) are not needed
for reaction of EntB with either EntD or EntE as demonstrated by the equivalent catalytic efficiencies of
the full-length EntB (residues-1285) and the C-terminal EntB ArCP domain (residues-1385) as
substrates for both EntD and EntE.

In response to iron deficiency in their environment, many Scheme 1
bacterial species synthesize and export low-molecular mass o
compounds called siderophores which chelaté &ed are HO O/—F’\o
then imported back into the cell to provide iron for metabolic
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processes. The ability to obtain iron from the environment j/lj o2
in this manner has been correlated with the virulence of o\
several bacterial species, includirigscherichia coli(re- Fe"
viewed in refs 1 and 2) E. coli, as well as other species of
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enteric bacteria, synthesizes the catecholic (dihydroxyben- N O{ZNH oH N L
zoyl)serine trilactone, enterobactin (Scheme 1), which is in OH % OH o o//Fe\FOH
fact the strongest iron chelator known with a formation +° ] H©/§o
constant for ferric enterobactin of ¥0M~! (3). The ' A A
synthesis of enterobactin B coliis among the best studied Enterobactin Ferric Enterobactin
in terms of genetics, physiology, and biosynthetic enzyme gcheme 2

function of all microbial siderophores (reviewed in ref 4).
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enterobactin biosynthesis in addition to genes for the ferric J§

enterobactin permeasiepA—G) and esteraséeg that take A OH

the siderophore back up from the environmefep and Chorismate 2,3-Dihydroxybenzoate

release Pé from the hexacoordinate ligand to allow utiliza-

tion of the iron ¢e9. HO B
We have previously reported overproduction, purification, Hoj?

and mechanistic studies of the enzymes ERCENtB ©6), o

and EntA {7, 8) which act sequentially to divert carbon from COOH

HN
(o)
the common aromatic amino acid biosynthetic precursor, CEOH o Latp EMDEFG o Oﬁyo
chorismate, to 2,3-dihydroxybenzoate via a remarkable series on ’ ,HSNLC oo Ni j(z
of reactions involving isochorismate (from EntC action on 2 3.DHB Lsorine OH“ o on
chorismate) and dihydro-2,3-dihydroxybenzoate (produced ud o
by EntB, reductively aromatized by EntA) as intermediates Enterobactin

(Scheme 2A). In the second phase of enterobactin biosyn-
thesis (Scheme 2B), 2,3-dihydroxybenzoate (DHBhd
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Sr'\ggggtﬁ;":gl]&\\f\/- A.-M.G. is a Howard Hughes Medical Institute  |inkages (DHB-serine) and three ester linkages (between
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Ficure 1: Schematic of the phosphopantetheinyl transfer reaction catalyzed by EntD. The P-pant moiety of coenzyme A is attacked by the
serine hydroxyl group of apo-EntB or apo-EntF to yiel(63ADP and holo-EntB or holo-EntF in a M@-dependent reaction.

the three 2,3-DHB catechols chelate the ferric ion. This Scheme 3

assembly of enterobactin involves activation by adenylation coo coo’
of both 2,3-DHB by EntE%) and of serine by EntFLQ, 1] Ho . OH EntB QOH 0
in ATP-cleaving, PPproducing reactions. 2 OJLCOO» oH " )kcoo

In addition to the roles delineated for EntE and EntF in
the assembly of DHB and serine into enterobactin, genetic

analyses proved that there are requirements for E&®) ( to that describedd], but with omission of the gel filtration
and EntG {3). EntD has recently been identified as a chromatography step and use of a Q-Sepharose column (2.5
member of the phosphopantetheinyl transferase enzymex 10 cm) instead of a Mono-Q 16/10 column. The-30
family (14). Phosphopantetheinyl transferases catalyze 50% ammonium sulfate pellet was dissolved in 15 mL of
conversion of inactive apo forms of acyl carrier proteins 50 mM Tris-HCI (pH 8.0), 2 mM DTT, and 2 mM EDTA
(ACP)/peptidyl carrier proteins (PCP) to active holo forms  (buffer A), dialyzed overnight against2 2 L of buffer A,
by posttranslational phosphopantetheinylation of a conservedand then loaded onto the Q-Sepharose column. The column
serine side chain in the ACP/PCP domain to give 4 was washed with 100 mL of buffer A (flow rate, 2 mL/min)
phosphopantetheireserine (P-pantSer) (Figure 1). EntF and the following series of gradients applied: 100 mL of O
has previously been shown to contain phosphopantetheineo 25% 1 M KCI (in buffer A), 300 mL of 25 to 55% 1 M
(10), and we have demonstrated that apo-EntF is a substrate<Cl, and 100 mL of 55 to 8% 1 M KCI. EntB eluted at
for EntD (14). As for EntG, noentG gene had been  approximately 0.4 M KCI. Fractions containing EntB were
identified after complete sequencing of the genetic lo@us (  pooled and concentrated, and the buffer was exchanged for
15), and subsequent analysis @fitG mutants determined 50 mM Tris-HCI (pH 8.0), 2 mM DTT, and 5% glycerol
that entG corresponds to the C terminus entB the (v/v) (buffer B). The protein concentration was determined
isochorismate lyase gene (Scheme1®)( It was therefore  using the calculated extinction coefficient for the absorbance
possible that EntB could be a bifunctional protein with roles of EntB at 280 nm (51 710 M cm™2) (17).
both in the synthesis of 2,3-DHB and in the assembly of  EntBAC was overproduced from tti coli strain JIM105/
enterobactin. pFR19 (F. Rusnak and C. T. Walsh, unpublished data) in
In this work, the genetic and biochemical issues surround- the same manner as EntB. PMSF (0.1 mM) was included
ing EntB/G are explained by proving that EntB is indeed a in the cell lysis buffer to inhibit proteolysis; however, in two
bifunctional protein; in addition to its N-terminal isochoris- purification attempts, significant amounts of an apparently
mate lyase activity, EntB has a C-terminal apo-ArCP domain proteolyzed product were observed (loss of approximately
(designated ArCP for aryl carrier protein) that undergoes 4 kDa) which could not be removed chromatographically.
covalent phosphopantetheinylation, most probably at a serinepurification was as described above for full-length EntB
residue located in a consensus sequence, catalyzed bxcept that the ©20% ammonium sulfate pellet was
purified EntD. This holo-EntB can then serve as a substrate dissolved in buffer A and applied to the Q-Sepharose column.
for EntE which activates DHB as the acyl-AMP derivative The protein concentration was determined by measuring the
and then transfers the acyl fragment onto holo-EntB. Func- absorbance at 280 nm and using the calculated extinction
tions are thus now assigned to the EntB, -D, and -E coefficient of 40 330 M cm? (17).
components of the enterobactin synthetase. The gene fragment encoding the EntB ArCP domain
(residues 188285 of full-length EntB) was amplified using
MATERIALS AND METHODS PCR methods from the EntB-overexpressing plasmid, pFR1
Overproduction and Purification of EntB, EntiC, and (6). The following primers (Integrated DNA Technologies)

EntB ArCP. EntB was overproduced from the previously were used in the PCR: forward primer-ATTATAT-
describedE. coli strain JM105/pFR1 according to the CATATGTCCCTGAAATATGTGGCCG-3 and reverse
published procedures). Purification of EntB was similar ~ primer, 3-TGATGTCCTCGAGTTTCACCTCGCGGG-3
The forward primer introduced ahdd restriction site

1 Abbreviations: 2,3-DHB, 2,3-dihydroxybenzoate; 3-HPA, 3-hy- (und?rllmed)', while the ,revers,e primer introduced Xl
droxypicolinate; 4-MHA, 4-methyl-3-hydroxyanthranilate; CoASH, restriction site (underlined) into the PCR product. In
coenzyme A; P-pant,’phosphopantetheine; ACPS, holo-acyl carrier  addition, the forward primer optimized codon usage for
protein synthase; ArCP, aryl carrier protein; ACP, acyl carrier protein; overexpression irE. coli The Ndd/Xhd-digested PCR
PCP, peptidyl carrier protein; TCA, trichloroacetic acid; BSA, bovine o .
serum albumin: MALDI-TOF, matrix-assisted laser desorption ioniza- Product was cloned into théidd/Xhd sites of pET22b
tion time-of-flight. (Novagen) to give pET22ANentB, and this plasmid was

Isochorismate Dihydro-2,3-dihydroxybenzoate Pyruvate
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used to transform BL21(DE3. coli cells. Cloning into
the Xhd site of pET22b adds a C-terminal histidine tag to
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Holo-ACP was prepared by reaction of pure apo-ACP with
pure ACPS 18). The following reaction mixture (1 mL)

the overexpressed protein, appending the amino acid se-was incubated at 37C for 2 h: 10 mM MgC}, 25 mM

quence LEHHHHHH to the 98 residues of the EntB ArCP
fragment. The DNA sequence of pET22ANentB was
confirmed (Dana Farber Molecular Biology Core Facility,
Boston).

Cultures of BL21(DE3) pET22ANentB (2 L, 2x YT
media) were grown at 28C to an optical density of 0.3.
Cultures were induced with 1 mM IPTG and allowed to grow
for an additional 5 h, yielding 3.7 g of wet cell paste. Cells
were resuspended in 5 mM imidazole, 0.5 M NacCl, and 20
mM Tris-HCI at pH 7.9 (binding buffer) and lysed by two

DTT, 75 mM Tris-HCI (pH 8.8), 1.1 mM CoASH, 4860M
apo-ACP, and 1.a«M ACPS. The reaction mixture was
applied to a POROS 20HQ anion-exchange column (10 mL/
min); the column was washed with 4 column volumes of 10
mM Tris and 10 mM Bis-tris propane at pH 8.0, and the
holo-ACP was eluted with a 25 column volume gradient of
0 to 0.7 M NacCl in the wash buffer. Fractions containing
holo-ACP were pooled, concentrated, and exchanged into
buffer B. Conversion of apo-ACP to holo-ACP was also
confirmed by mass spectral analysis.

passages through a French pressure cell at 15 000 psi. The Overproduction and Purification of EntD and EntEEntD

lysate supernatant was loaded onto a chargedBiiid
column (Novagen) (2.5 5 cm) at a flow rate of 0.5 mL/
min. The column was then washed with 150 mL of binding
buffer (1 mL/min) followed by 90 mL of wash buffer (60
mM imidazole, 0.5 M NaCl, and 20 mM Tris-HCI at pH
7.9) (2 mL/min). The histidine-tagged EntB ArCP was
eluted by application of a 90 mL linear gradient of wash
buffer to elution buffer (0.5 M imidazole, 0.25 M NacCl, and
10 mM Tris-HCI at pH 7.9) (2 mL/min). The EntB ArCP
eluted at approximately 50% elution buffer. EntB ArCP
fractions were pooled and dialyzed overnight agaik of

50 mM Tris-HCI (pH 8.0) and 2 mM DTT. The protein
was then concentrated and the buffer exchanged for buffer
B. The protein concentration was determined using the
calculated extinction coefficient (at 280 nm) of 19 630'™M
cm (17). From the 3.7 g of cells used here, about 20 mg
of pure EntB ArCP was obtained.

Preparation and Purification of Holo-EntB, Holo-EntB
ArCP, and Holo-ACP.Holo-EntB was prepared by incuba-
tion of apo-EntB with purified EntD under conditions known
to give high levels of conversion of EntB from the apo to
the holo form. The following were incubated & 4 mL
volume fa 2 h at 37°C: 10 mM MgCh, 5 mM DTT, 75
mM Tris-HCI (pH 7.5), 18QuM coenzyme A (CoASH), 25
uM apo-EntB, and 400 nM EntD. After incubation, holo-
EntB was purified away from the reaction mixture using the
BioCAD SPRINT perfusion chromatography system (Per-
Septive Biosystems, Inc.). The reaction mixture was applied

was overproduced from strain BL21(DE3)pET28b-entD and
purified as previously described4).

EntE was overproduced from strain JM105/pSF105 and
purified according to previously published procedures with
the following alterations9). For the gel filtration chroma-
tography step, a Sephacryl S-100 column was usedX2.5
115 cm) at a flow rate of 1 mL/min. For the anion-exchange
chromatography step, a Q-Sepharose column was used (2.5
x 10 cm). The column was washed with 100 mL of buffer
(25 mM Tris-HCI (pH 8.0), 10 MM MgGl| and 5 mM DTT)
and a 300 mL gradient of 0 to 0.3 M KCI followed by a 100
mL gradient of 0.3d 1 M KCI applied at a flow rate of 2
mL/min. EntE eluted at approximately 0.25 M KCI. Frac-
tions containing EntE were pooled, concentrated, and
exchanged into the following buffer: 25 mM Tris-HCI (pH
8.0), 10 mM MgC}, 5 mM DTT, and 10% glycerol (v/v).
The protein concentration was determined using the calcu-
lated extinction coefficient for the absorbance at 280 nm of
55250 Mt cm™t (17).

Assay for Apo- to Holoprotein Cenrrsion by Transfer of
[®H]PhosphopantetheineThe radioassay for determination
of phosphopantetheinyl transferase activity was carried out
as previously described 4, 18. Briefly, in a final volume
of 100 uL, substrate (EntB, EntBC, or EntB ArCP) was
incubated with 75 mM Tris-HCI (pH 7.5), 10 mM Mgg&l
25 mM DTT, 240uM [3H]-(pantetheinyl)-CoASH (specific
activity of 43.8 uCi/umol with 70% of the label in the
phosphopantetheine portion of CoASH), and EntD. In
addition, 500 mM NaCl was included to relieve substrate

to the POROS 20HQ anion-exchange column at a flow rate jpipition for all of the reactions described in Table 2 and

of 10 mL/min. The column was washed with 4 column i re 5. The pH optimum for EntD activity was determined
volumes of 10 mM Tris and 10 mM Bis-tris propane at pH (5"he pH 7.5 and thus was used. Reaction mixtures were
8.0 and the holo-EntB eluted with a 30 column volume

gradient of 0 to 0.8 M NacCl in the wash buffer. Fractions
containing holo-EntB were pooled and dialyzed against 1 L
of buffer B.

Holo-EntB ArCP was also prepared by reaction of apo-
EntB ArCP with pure EntD. The following reaction mixture
(2 mL) was incubated at 37C for 2 h: 10 mM MgC}, 5
mM DTT, 75 mM Tris-HCI (pH 7.5), 500 mM NacCl, 220
uM CoASH, 100uM apo-EntB ArCP, and 800 nM EntD.
The reaction mixture was dialyzed overnight agaihsg of
binding buffer. Holo-EntB ArCP was then purified on His
Bind resin (Novagen) according to the manufacturer’s
suggested procedures. After elution, the holo-EntB ArCP
was dialyzed against buffer B. The conversion of apo-EntB
ArCP to holo-EntB ArCP was confirmed by MALDI-TOF
mass spectral analysis (Biopolymers Facility, Howard Hugh-
es Medical Institute, Harvard Medical School) of the purified
product.

incubated at 37°C for a specified time and reactions
guenched with 80@L of 10% trichloroacetic acid (TCA)
with BSA (375ug) added as a carrier. Precipitated proteins
were pelleted by centrifugation and washed three times with
10% TCA. The protein pellet was dissolved 1 M Tris
base, and the amount 8f{]phosphopantetheine incorporated
was quantified by liquid scintillation counting.

For determination of th&,, of EntB and EntB ArCP for
EntD, the following conditions were used: 500 mM NacCl,
20 nM EntD, and a 15 min incubation. For determination
of the K, of EntBAC, the conditions were 500 mM NacCl,
1.6uM EntD, and a 120 min incubation. The concentration
of [3H]CoASH was also decreased to 1B to increase
the specific activity to 116:Ci/umol (70% label in phos-
phopantetheine). As mentioned, the EAtB used was not
homogeneous, but a mixture of EB and a putative
proteolytic fragment. For the determination of tkg of
CoASH for EntD, the conditions were 500 mM NacCl, 34
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#M EntB, 20 nM EmD_"’.md’ a Jj5 min 'nC.Ubat'on; the CoASH Table 1: Comparison of Serine Phosphopantetheinylation
used here had a specific activity of 58Ci/umol (70% label Consensus Sequenées

in phosphopantetheine). AIK, values reported were
calculated from at least five different substrate concentrations ~ E. coli
with assays repeated in triplicate for each substrate concen-

tration.

FAS ACP DLGADSL

For the time course assay described in Figure 5, apo-EntB  S. violaceoruber  Gra ACP ELGYDSL
was used at a concentration of 8, EntD at 100 nM, S. rimosus Otc ACP ALGYDSL
and ACPS at 1.2M. All other conditions were as described
above. For each time point, triplicate assays were performed 5 ... SHBIPCP M I GGHSL
and data shown are the average of these. B. brevis TycA PCP SLGGDST

For the autoradiograph shown in Figure 3, 1Q0reaction E. coli EntF PCP ALGGHSL

mixtures were prepared containing 75 mM Tris-HCI (pH 7.5),

10 mM MgCh, 25 mM DTT, 40uM [3H]-(pantetheinyl)-

CoASH (specific activity of 58QCi/umol, 70% label in E. coli EntBAfCP DY GLDSV
phosphopantetheine), 800 nM EntD, andm EntB or a Abbreviations used in this table: ACP, acyl carrier protein; PCP,
EntBAC or 15uM EntB ArCP. Reaction mixtures were peptidyl carrier protein; ArCP, aryl carrier protein; FAS, fatty acid
incubated fo 1 h at 37°C and reactions quenched with TCA synthase; Gra, granaticin; Otc, oxytetracycline; SrfB1, surfactin syn-
as described but with omission of BSA. After washing with thetase subunit B1; TycA, tyrocidine synthetase subunit A.

TCA, the protein pellet was dissolved in 20 of SDS

sample buffer and L of 1 M Tris base. Samples were Preparation of Samples for Mass Spectral Analysilo-
loaded onto a 12% SDSPAGE gel and electrophoresed, EntB ArCP was prepared by incubation of 4§ of apo-
and the gel was Coomassie-stained and destained. The geEntB ArCP with 10 mM MgC}, 25 mM DTT, 75 mM Tris-
was soaked in Amplify (Amersham) for 25 min, dried, and HCI (pH 8.8), 200uM CoASH, and 400 nM EntD in a 100
exposed to film for 3 days. uL volume at 37°C for 45 min. Acyl-holo-EntB ArCP was

Assay for the Transfer of'YC]Salicylate to Holo-EntB.  prepared by reaction of 4@g of apo-EntB ArCP with first
The assay used for measuring transfer of salicylate to holo-10 mM MgCh, 25 mM DTT, 75 mM Tris-HCI (pH 8.8),
EntB was as described above for measuring phosphopan4004M CoASH, and 800 nM EntD in a volume of @
tetheinyl transfer except that‘C]salicylate was the radio-  at 37 °C for 45 min. An EntE reaction mixture was then
labeled compound. For the autoradiograph in Figure 7 andadded (5QuL) to give a final volume of 10QuL with the
the histogram in Figure 8, the reaction was carried out in following composition: 10 mM MgGl 12.5 mM DTT, 75
two parts. For the first reaction, apo-EntB or apo-EntB ArCP mM Tris-HCI (pH 8.8), 20QuM CoASH, 5 mM ATP, 500
was incubated with 75 mM Tris-HCI (pH 8.8), 10 mM uM 2,3-DHB or salicylate, 32M EntB, 400 nM EntD, and
MgCl,, 5 mM DTT, 200uM CoASH, and EntD for 30 min 850 nM EntE. Apo-EntB ArCP, holo-EntB ArCP, and acyl-
at 37°C in a volume of 5QuL. For the second reaction, the holo-EntB ArCP were submitted for MALDI-TOF mass
volume was increased to 10 with final concentrations ~ spectral analysis (Biopolymers Facility, Howard Hughes
of 75 mM Tris-HCI (pH 8.8), 10 mM MgGl 5 mM ATP, Medical Institute, Harvard Medical School).

90 uM [“C]salicylate (specific activity of 55.aCi/umol),

and EntE with a 20 min incubation at 3. For the RESULTS

histogram in Figure 8, 10M apo-EntB, 160 nM EntD, and EntD Catalyzes P-pant Transfer to EntB and a C-Terminal
100 nM EntE were used and each reaction was performedarCp Fragment. Analysis of the protein sequence of the
in triplicate. For the autoradiograph shown in Figure 7, 15 2g5 residues of EntB revealed a potential phosphopanteth-
#M apo-EntB or apo-EntB ArCP, 800 nM EntD, and 800 eijnylation site at serine 245 because of similarity to the
nM EntE were used. Samples were prepared for autorad-consensus P-pant sites in other acyl and peptidyl carrier
iography as described in the preceding section with SDS  protein (ACP/PCP) domains (Table 1). Given the evidence
PAGE m a 4 to 20%Tris-glycine gel (Bio-Rad). This gel  that the C terminus of EntB corresponds to EntG and is a
was exposed to film for 1 week. component of the enterobactin synthetak®),(we hypoth-

For determination of the kinetic parameters for the reaction esized that the C terminus of EntB becomes phosphopan-
of EntE with EntB and EntB ArCP (Table 4), holoproteins tetheinylated and serves as an aryl carrier protein (ArCP) in
were used as substrates (preparation described above)he assembly of enterobactin. With the recent assignment
Included in the reaction mixture (5QL volume) were of EntD as a P-pant transferasil), it was anticipated that
substrate (holo-EntB or holo-EntB ArCP), 75 mM Tris-HCI EntD would catalyze P-pant transfer to full-length EntB as
(pH 8.8), 10 MM MgC}, 5 mM DTT, 5 mM ATP, 250 mM well as to a C-terminal fragment of it.

NaCl, 500uM [“C]salicylate (2Q:Ci/umol), and EntE. For Three EntB protein constructs were tested as substrates
the assay of EntE with holo-EntB, 2.5 nM EntE was used for EntD: full-length EntB, EntB with the C-terminal 25
with an incubation time of 4 min. For the assay of EntE amino acids deleted (Ent&C), and the putative aryl carrier
with holo-EntB ArCP, 2.5 nM EntE was used with an protein domain (EntB ArCP) consisting of the C-terminal
incubation time of 2 min. For eadk, determination, seven 98 amino acids of EntB (residues 18885) (Figure 2).
different substrate concentrations were examined with trip- EntBAC retains isochorismate lyase activity (F. Rusnak and
licate assays performed at each substrate concentration. AC. T. Walsh, unpublished data), and the corresponding
time course of the transfer of*C]salicylate to holo-ACP  deletion in the DNA sequence gives an EhEBItG

was also done using 14M holo-ACP and 500 nM EntE  phenotype16). Bounds for the putative ArCP domain were
over a time range of 15 min. chosen on the basis of observation of an internal ribosome
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188

285

EntB 33 kD

EntBAC 30 kD

EntB ArCP 12 kD

FiGure 2: Schematic of the EntB protein constructs used in this
study. The putative aryl carrier protein (ArCP) domain of EntB is
highlighted in gray with the serine phosphopantetheinylation site
denoted with a dark line (residue 245). Full-length EntB (residues
1-285, 33 kDa), EntBC (residues +260, 30 kDa) which has
the C-terminal 25 amino acids of EntB deleted, and EntB ArCP
(residues 188285, 12 kDa) consisting of the C-terminal 98 amino
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A. 101 : '

83 -
50.6

EntB
35.51 = ——EntBAC
29.1 —EntD
20.9

——EntB ArCP
lane 1 2 3

acids of EntB succeeded by a hexahistidine tag (hatched box) were B

all overproduced and purified as described in Materials and
Methods.

binding site inentB which could direct the synthesis of a
C-terminal EntB fragment (11 kDa) composed of the final
98 amino acids of the proteirl§). EntB (32.5 kDa) and
EntBAC (30 kDa) were overproduced and purified in the
native form, while EntB ArCP was overproduced with a
C-terminal hexahistidine tag (12 kDa) and purified by nickel
chelate chromatography.

The autoradiograph in Figure 3 demonstrates the ability
of EntD to transferyH]phosphopantetheine to and covalently
label both full-length EntB and the EntB ArCP fragment,
converting these proteins from their apo to holo forms.
When treated with EntD, both full-length EntB (lane 1) and
EntB ArCP (lane 3) are strongly labeled wittH]phospho-
pantetheine. Transfer of phosphopantetheine to BB

| e
L
Ficure 3: Autoradiograph demonstrating EntD-catalyzed incor-

poration of PH]phosphopantetheine into the EntB substrates: (A)
a Coomassie-stained gel of the reaction mixtures. (B) an autorad-

(lane 2) is much less efficient, as indicated by the faintness iograph of this gel. In each case, substrates were incubated with

of labeled EntB\C in the autoradiograph, thereby cor-
roborating the genetic data. Kinetic parameters for the
reaction of EntD with each of these substrates were
determined (Table 2). Severe substrate inhibition was
observed for the reaction of EntD with either EntB or EntB
ArCP. Addition of 0.5 M NaCl to the reaction mixture

relieved this substrate inhibition and allowed a more accurate

determination oK, andk.,values (Figure 4). The catalytic
efficiency of P-pant transfer to either full-length EntB or the
EntB ArCP fragment is comparable with./Km values of
0.8 and 0.9«M~1 min1, respectively. Thus, the N-terminal
two-thirds of EntB (isochorismate lyase domain) (residues
1-187) do not appear to play a significant role in the
interaction of EntD with EntB. Deletion of the C-terminal
25 residues of EntB (EntBC), however, results in an
approximately 16000-fold decrease in catalytic efficiency.
Previously, we have reported the identification of multiple
P-pant transferases i&. coli. ACPS (holo-acyl carrier

40uM [3H]CoASH (406uCi/umol in phosphopantetheine) and 800
nM EntD for 1 h at 37°C in 100 uL reaction volumes prior to
TCA precipitation, 12% SDS-PAGE and autoradiography: lane 1,
full-length EntB (10uM); lane 2, EntBAC (10 uM); and lane 3,
EntB ArCP (15«M). The radiolabeled band in lanes 1 and 3 with
an apparent molecular mass twice that of the EntB and EntB ArCP
substrates, respectively, is likely small amounts of holo-EntB and
holo-EntB ArCP disulfide dimer which were not reduced by the
SDS-PAGE sample buffer.

Table 2: Kinetic Parameters for P-pant Transfer to EntB Substrates
Catalyzed by EntD

substrate Keat (MY Ky (M) KeadKin (@M~ min~1)
full-length EntB 5.1 6.5 0.8
EntB ArCP 7.1 7.7 0.9
EntBAC?2 0.007 150 5% 10°°
coenzyme A 6.4 17

a Purified as a mixture of EntBC and a proteolytic fragment.

protein synthase) which catalyzes P-pant transfer to the fattyEntD may then be acylated at the reactive terminal sulfhydryl
acid apo-ACP, EntD which catalyzes P-pant transfer to the group of the phosphopantetheine moiety. To synthesize

enterobactin synthetase, and 0195 of unknown funcfidh (
Each P-pant transferase B coli could catalyze P-pant
transfer efficiently only to its cognate apoprotein substrate.
For example, EntD was efficient at transferring P-pant to
apo-EntF but not to apo-ACP, while ACPS was efficient in
catalyzing transfer to apo-ACP but not to apo-Erit#) (This
specificity in P-pant transfer holds true for EntB as well, as
shown in the time course in Figure 5. EntD catalyzes
efficient transfer of P-pant from CoASH to apo-EntB, while
reaction of this substrate with ACPS is very poor.

EntE Acylates Holo-EntB with 2,3-DHB or Salicylate.
Holo-EntB and holo-EntB ArCP formed by reaction with

enterobactin, an amide bond must be formed between 2,3-
DHB and serine. When amide bonds are formed by
nonribosomal peptide synthetases, according to the multiple-
carrier thiotemplate mechanism, each residue is activated by
a thioester linkage to a'4hosphopantetheine cofactor
(reviewed in ref 19). For the acylation of serine with DHB,
we postulate that holo-EntB is acylated with 2,3-DHB in a
reaction catalyzed by EntE while the attacking serine residue
is bound as a thioester to EntF (Figure 6). EntE has been
shown to catalyze the adenylation of 2,3-DHB as well as its
analog salicylated), and we demonstrate here that EntE also
catalyzes the acylation of holo-EntB with 2,3-DHB or
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Ficure 4: Velocity versus substrate concentration plots for the reaction of EntD witfiufAlength EntB and (B) EntB ArCP. The inset

shows data from reaction of these EntB substrates with EntD in the absence of salt, while the large panel shows data from the reaction of
EntD and the EntB substrates in the presence of 0.5 M NaCl, from which the kinetic parameters in Table 2 were calculated. Addition of
NaCl to the reaction mixture largely relieves the severe substrate inhibition observed in its absence. All reactions were carried out at pH
7.5 with 20 nM EntD for 15 min except for reaction of EntB without 0.5 M NaCl (A, inset) which was done at pH 8.8 with 80 nM EntD

for 15 min.

nN

transfer to holo-EntB versus that to holo-EntB ArCP is not
considered significant. Thus, as was observed for EntD-
catalyzed phosphopantetheinylation of EntB and its ArCP
e i fragment, deletion of the N-terminal two-thirds of EntB
(residues 1187) does not significantly alter the ability of
EntE to catalyze salicyl transfer to holo-EntB ArCP. The
rate of release of salicyladenylate from EntE has previously
been determined to be approximately 10 mif®). Thus,
the rate of salicyl transfer from EntE to holo-EntB is
approximately 10-fold faster than can be accounted for by
3 reaction of free salicyladenylate with holo-EntB and clearly
d . m— — & demonstrates that EntE plays a catalytic role in the acylation
O of holo-EntB.
0 20 40 60 80 100 120 140 . ,

Time (min) The ability of EntE to _catalyze tr_ansfer of salicyladenylate

to holo-ACP fromE. coliwas also investigated. Incorpora-

Ficure 5: Time course of the reaction of apo-EntB (gM) with . 1 . . )
EntD (100 nM) (circles) and ACPS (1/8M) (squares). Reaction tion of [**C]salicylate into holo-ACP (14M) was observed

mixtures included 0.5 M NaCl and 240V [3H]CoASH (30.7xCil if 500 nM EntE was included in the assay mixture compared
umol in phosphopantetheine), and data shown are an average oto the 2.5 nM EntE used to characterize salicyl transfer to
three separate reactions. Holo-EntB is formed over this time period holo-EntB and holo-EntB ArCP. A time course of the
::1. tEe lereS(lencf:e of EntD but is not readily detectable at a 15-fold incorporation of J4C]salicylate into holo-ACP gave a rate

igher level of ACPS. of <1 min~! (data not shown). Since the rate of salicyl
transfer to holo-ACP is less than the rate of release of
salicyladenylate into solution by EntE (10 mifi, it is
unclear whether EntE is catalyzing transfer of salicylate to
holo-ACP or if holo-ACP is acylated nonenzymatically by
salicyadenylate released into solution.

-
(&)

o L |

Holo-EntB Formed (uM)
T

salicylate following the adenylation reaction.

The autoradiograph in Figure 7 demonstrates the acylation
of holo-EntB (prepared by preincubation with EntD and
coenzyme A) with J*Clsalicylate in a reaction dependent
upon EntE; }*C]salicylate was used as radiolabeled 2,3-DHB
is not readily available. Radiolabeled salicylate is covalently 5,5cussion
incorporated into both full-length holo-EntB (lane 1) and the
holo-EntB ArCP fragment (lane 3). Mass spectra were In this study, we have demonstrated that EntB is a
obtained of the 12 kDa EntB ArCP, verifying both phos- bifunctional enzyme with an N-terminal isochorismate lyase
phopantetheinylation of this protein by EntD and subsequent domain and a C-terminal aryl carrier protein domain. EntD
EntE-mediated acylation with either 2,3-DHB or salicylate phosphopantetheinylates the EntB ArCP domain to yield
(Table 3). Covalent incorporation of salicylate by EntE into holo-ArCP. The holo-EntB ArCP domain is then acylated
EntB requires EntD, CoASH, and ATP as shown in Figure with 2,3-DHB in a reaction in which EntE catalyzes the
8. activation of 2,3-DHB by adenylation as well as the transfer

Kinetic parameters for the EntE-catalyzed transfeta]f of DHB to the phosphopantetheine cofactor of holo-EntB.
salicylate to both full-length holo-EntB and the holo-EntB This discovery of a function for EntB in the enterobactin
ArCP fragment were determined (Table 4). Sodium chloride synthetase reconciles the genetic and biochemical data
(250 mM) was included in the assay mixture to relieve the indicating thatentB(isochorismate lyase) arehtG (entero-
substrate inhibition observed in its absence (data not shown).bactin synthetase component) are one and the same. In a
For both holo-EntB and holo-EntB ArCP, the rate of EntE- study by Staab and Earharlf), entG mutations were

catalyzed salicyl transfer was approximately 100 Thimith localized to the C terminus of EntB, and it was shown that
a Ky of <1 uM for the holo-EntB and holo-EntB ArCP  antibodies directed against EntB could completely inhibit
substrates. Because of the low specific activity of tHEJF activity of the enterobactin synthetase. Here, the function

salicylate available as well as the low concentrations of holo- of EntB in the enterobactin synthetase is identified; 2,3-DHB,
EntB and holo-EntB ArCP required for construction of the previously activated as the acyladenylate by EntE, is
Km curves, the difference in the catalytic efficiency of salicyl activated by thioester linkage to the C-terminal P-pant moiety



EntE Acylates Holo-EntB Biochemistry, Vol. 36, No. 28, 1998501

aminoacyl-holo-EntF

Acceptor P-pant Group

CO-AMP /37/8
OH
OH 6}
OH
holo-EntB OH
EntE holo-EntB acyl-holo-EntB DHB-ser-EntF

Donor P-pant Group

FIGURE 6: Schematic showing the proposed amide bond-forming reaction between 2,3-DHB thioesterified to holo-EntB and serine thioesterified
to holo-EntF. The phosphopantetheinylation of EntB by EntD has been demonstrated in this study as well as the acylation of holo-EntB
catalyzed by EntE using either 2,3-DHB adenylate or salicyladenylate as the substrate. Previously, the phosphopantetheinylation of apo-
EntF by EntD has been showh4) as well as the ability of EntF to form seryl-AMR(, 11). We expect that EntF will catalyze formation

of a thioester linkage between the seryl group and its P-pant moiety and propose that acylated holo-EntB will serve as the donor P-pant
group and aminoacylated holo-EntF as the acceptor P-pant group in the amide bond-forming reaction between 2,3-DsiBimsd

resulting in formation of a DHB-Ser-EntF intermediate.

of EntB in a transfer reaction catalyzed by EntE in prepara- The structures of yersiniabactig, 27 and anguibactin2g8)
tion for amide bond formation with L-serine. As a side note, contain salicylate and 2,3-DHB, respectively, in an amide
EntB is also hereby identified as the unknown 35 kDa protein linkage to a cysteine residue (subsequently cyclized to a
which is labeled whepanD- cells are grown in the presence thiazoline ring). Thé/. anguillarumprotein AngR, required
of [3H]-B-alanine under iron-limiting conditionsLQ, 20. for anguibactin biosynthesis, can complement a mutation in
EntD has recently been identified as a P-pant transferasethe E. coli entEgene 25). YbtE has been identified in
and shown to catalyze P-pant transfer to apo-Ebd: (This Yersinia pestisvith 61% similarity and 42% amino acid
study shows that apo-EntB is also a substrate for EntD. Theidentity to EntE 24). We therefore expect that AngR and
presence of at least two P-pant moieties in the multicom- YbtE can activate 2,3-DHB and salicylate, respectively, to
ponent enterobactin synthetase suggests the following. Thethe acyladenylate and subsequently catalyze the transfer of
P-pant groups on holo-EntB and holo-EntF may serve as thethis aryl acyl group to an aryl carrier protein domain.
donor and acceptor P-pant group, respectively, in the amide A large class of peptidolactone antibiotic molecules

bond-forming reaction between 2,3-DHB anderine (Fig- produced byStreptomycespecies resemble enterobactin in
ure 6). We expect that EntF, which has been shown to that a threonine or serine residue at the N terminus of a short
catalyze the adenylation af-serine (0, 17, will also peptide is acylated with an aromatic or heteroaromatic

catalyze the formation of a thioester linkage between its carboxylic acid and an ester linkage is formed between the
covalently linked phosphopantetheine moiety and the acti- hydroxyl group of this threonine or serine and the C-terminal
vated seryl group. The amine group of serine now thioes- amino acid of the peptide (reviewed in ref 29); examples of
terified to the acceptor P-pant group of holo-EntF will then such cyclic peptidolactones include actinomycin D and
attack the 2,3-DHB moiety thioesterified to the donor P-pant pristinamycin | (Figure 9). The biosynthesis of enterobactin
group of holo-EntB, resulting in amide bond formation and may thus also provide a model for the enzymatic synthesis
a DHB—Ser—S—pantetheinyl-EntF intermediate. Bryce and of these peptidolactone antibiotics. The work reported here
Brot (21) reported isolation of such an enzyme-linked DHB ~ may help address two important questions about the initiation
Ser intermediate from assay of partially purified enterobactin of peptidolactone synthesis. (1) How many P-pant moieties
synthetase components. Finally, three such DigBr are required to catalyze amide bond formation between the
intermediates will be joined by ester linkages to complete aryl group and the first amino acid residue of the peptide,
the synthesis of enterobactin by an as yet unknown mech-and (2) does the aromatic acid-activating enzyme (the acyl
anism. Interestingly, a putative elongation domain has beenAMP ligase) have any role in initiating peptide synthesis?
identified in the N terminus of EntF which may be important ~ The purification of three components of the pristinamycin
for condensation of 2,3-DHB thioesterified to the aryl carrier synthetase has recently been accomplisB8y &nd of these,
protein domain of holo-EntB and serine thioesterified to the the snbAand thesnbCgenes have been sequenced which
peptidyl carrier protein domain of holo-Ent23). encode the 3-hydroxypicolinic acid (3-HPA):AMP ligase and
Proteins homologous to the enterobactin synthetase com-the pristinamycin synthetase 2, respectived§)( SnbA is
ponents described here have been implicated in the biosyn-an EntE homolog, while SnbC activates as thioesters the first
thesis of several other microbial siderophores, namely two amino acids of the peptide, threonine and aminobutyric
yersiniabactin produced bYersinia species 23, 24 and acid. Two phosphopantetheinylation consensus sequences
anguibactin produced byibrio anguillarum(25) (Figure 9). were noted in the SnbC sequence, following the threonine
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FicURE 8: Histogram of the incorporation of4C]salicylate into
lane 1 2 3 4 holo-EntB demonstrating the requirement of EntE, EntD, coenzyme
A, and ATP for the occurrence of this reaction. All reaction mixtures
: _ (100uL) included 90uM [*4C]salicylate (55.5Ci/umol), 10uM

EntB, 100uM coenzyme A, 5 mM ATP, 160 nM EntD, and 100
nM EntE unless omitted as indicated. Each data point represents
an average of three separate determinations.

Aryl Acyl AMP-Ligases Analogous to EntE

Enzyme Aromatic Acid Activated Natural Product  Function  Ref.

EntE 59 kD 2,3-Dihydroxybenzoate Enterobactin siderophore 9

AngR 118 kD 2,3-Dihydroxybenzoate Anguibactin siderophore 25, 36

YbtE 57 kD  Salicylate Yersiniabactin siderophore 24

SnbA  61kD 3-Hydroxypicolinate Pristinamycin | antibiotic 30,31

ACMS | 45 kD 4-Methyl-3-hydroxy Actinomycin antibiotic 32,34
anthranilate

FiIGure 7: Autoradiograph demonstrating the EntE-catalyzed
acylation of holo-EntB and holo-EntB ArCP witB*C]salicylate: HO o OH s coo’
(A) a Coomassie-stained gel of the reaction mixtures and (B) an HO@/VNJAN/\/@‘H @f%%”‘j\
autoradiograph of this gel. In each case, substrates were preincu- < ° OH Fe T Vs

bated with EntD (1.6:M) and coenzyme A (20@M) for 30 min

at 37°C (50uL). The acylation reaction mixture was then added Anguibactin Yersiniabactin
(50 uL) which gave final concentrations of 5 mM ATP, 9M N
[*“C]salicylate (55.5:Ci/umol), and in some cases 800 nM EntE O\ Meval  Mevar® |
with incubation for an additional 20 min before TCA precipitation, Sar  Sar ° Q/N
SDS-PAGE m a 4 to 20%gradient gel, and autoradiography: lane A /L 0o
1, full-length EntB (154M) with EntE; lane 2, full-length EntB O—thr A ’j‘\/L o, N
(15 uM) without EntE; lane 3, EntB ArCP (1aM) with EntE; 0=C ¢=0 0N NN o
and lane 4, EntB ArCP (1M) without EntE. NS NH, O °
o o HO ~ N
Table 3: Mass Spectral Data Demonstrating the CHy  CHs N
Phosphopantetheinylation and Acylation of EntB ArCP Actinomycin D Pristinamyein |,
molecular mass (Da) FIGURE 9: List of enzymes with a described or proposed function
EntB ArCP calculated observed analogous to that of EntE, an aryl acyl AMP ligase. These enzymes
are involved in the biosynthesis of the depicted siderophore or
apo 12018 12 024 antibiotic molecules anguibactin, yersiniabactin, pristinamygin |
holo 12 357 12371 and actinomycin D: Sar, sarcosind-(nethylglycine); and Me-
acyl-holo (2,3-DHB) 12 494 12 495 Val, N-methyl+-valine
acyl-holo (salicylate) 12 477 12531 ' '
2EntB ArCP minus the N-terminal methionineAverage of two Table 4: Kinetic Parameters for the EntE-Mediated Transfer of

determinations: 12 041 and12 007 Daverage of two determina- Salicylate to Holo-EntB
tions: 12 397 and 12 346 D&Average of two determinations: 12 488

and 12 503 Da. substrate Keat(MiN™Y) Ky (uM)  KealKm (uM~*min—1)
. . . L i holo-EntB 100 0.4 250
and aminobutyric acid-activating domains. However, N0 holo-EntB ArCP 130 1.2 110

P-pant consensus sequence was noted at the N terminus of
SnbC which could be occupied by a 3-HPA thioester. This threonine and the P-pant moiety with amide bond formation
prompted the authors to propose the following model for proceeding between the thioesterified threonine and the
the formation of an amide bond between 3-HPA and 3-HPA group held at the yet to be characterized waiting site
threonine. The P-pant moiety succeeding the Thr-adenylat-(31). However, if pristinamycin | biosynthesis follows the
ing domain would initially be thioesterified to the 3-HPA enterobactin precedent detailed in this work, the simpler
acyl group which would then be transferred to a waiting site. explanation for the lack of a third P-pant moiety in SnbC
At this time, a new thioester bond would be formed between which would form a thioester with 3-HPA is that this P-pant
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moiety exists on a distinct aryl carrier protein analogous to
EntB. Formation of the amide bond between 3-HPA and
threonine would occur in trans between donor and acceptor
P-pant groups on the aryl carrier protein and SnbC instead
of in cis solely on the SnbC polypeptide. Indeed, the first
520 amino acids of EntF and SnbC are highly similar with
about 30% identity which includes a putative elongation
motif (22).

Components of the actinomycin synthetase have also been

purified and characterize®2—35). ACMSI is a 4-methyl-
3-hydroxyanthranilic acid (4-MHA)-AMP ligase34), while
ACMSII is responsible for activating threonine and valine
as thioesters33). The initiation of peptide synthesis by
ACMSI and ACMSII was investigated with observation of
the formation of enzyme-bourmtoluylthreonine f-toluene

is a 4-MHA analog) dependent on the presence of both
ACMSI and ACMSII 35). The authors hypothesized that
ACMSII reacts directly with the toluyladenylate, released
into solution by ACMSI, to initiate peptide synthesis because
p-toluylthreonine could be formed in the absence of ACMSI
when chemically synthesizgstoluyladenylate was included

in the reaction mixture. However, in enterobactin biosyn-
thesis, we have shown that EntE not only catalyzes adeny-
lation of 2,3-DHB/salicylate but also catalyzes formation of
a thioester bond between the activated acyl group and the
P-pant group of an aryl carrier protein. Rates of thioester
formation between salicylate and holo-EntB (100 mjn
were much too fast to be accounted for by reaction of holo-
EntB with salicyladenylate released to the solution. In fact,
the rate of 4-MHA-AMP formation catalyzed by ACMSI

at 0.44 min! (34) is strikingly similar to the slow rate of
release of 2,3-DHB adenylate from EntE at 0.41 mhi(®).

We anticipate that ACMSI may have a greater role, e.g.
catalysis of aryl acyl-S-protein formation, in the initiation
of actinomycin biosynthesis than has previously been
reported. In this study, we have provided new information
about the roles of EntD, EntB, and EntE in the enterobactin

synthetase. Principles learned from enterobactin biosynthesis 25

may be applicable to the biosynthesis of a variety of other
peptidolactone and siderophore molecules. Work to deter-
mine the role of EntF in the enterobactin synthetase is
ongoing with the ultimate goal of reproducing complete
enterobactin biosynthesig uitro from pure synthetase
components.
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