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ABSTRACT: Vibriobactin [N-(2,3-dihydroxybenzoylN°,N°®-bis[2-(2,3-dihydroxyphenyl)-5-methyloxazoli-
nyl-4-carboxamido]norspermidine], is an iron chelator from the cholera-causing bactétdimcholerae

The six-domain, 270 kDa nonribosomal peptide synthetase (NRPS) VibF, a component of vibriobactin
synthetase, has been heterologously expresdeskinerichia coleand purified. VibF has an unusual NRPS
domain organization: cyclizatiercyclization—adenylation-condensationrpeptidyl carrier protein
condensation (Gy-Cy,—A—C;—PCP-C,). VibF activates and covalently loads its PCP witthreonine,

and together with vibriobactin synthetase proteins VIibE (adenylation) and VibB (aryl carrier protein)
condenses and heterocyclizes 2,3-dihydroxybenzoyl-VibB witlhr to 2-dihydroxyphenyl-5-methylox-
azolinyl-4-carboxy-VibF in the first demonstration of oxazoline formation by an NRPS cyclization domain.
This enzyme-bound aryl oxazoline can be transferred by VibF to various amine acceptors but most
efficiently to N!-(2,3-dihydroxybenzoyl)norspermidink.4 = 122 mirt, K, = 1.7 uM), the product of
2,3-dihydroxybenzoyl-VibB, norspermidine, and VibH. This diacylated product undergoes a second aryl
oxazoline acylation on its remaining secondary amine, also catalyzed by VibF, to yield vibriobactin.
Vibriobactin biosynthesis in vitro has thus been accomplished from four proteins, VibE, VibB, VibF, and
VibH, with the substrates 2,3-dihydroxybenzoic acidThr, norspermidine, and ATP. Vibriobactin
synthetase is an unusual NRPS in that all intermediates are not covalently tethered as PCP thioesters and
in that it represents an NRPS pathway with two branch points.

Vibriobactin (1) is an iron chelator (siderophore) from the anguillarum(4), and protochelin frond\zotobacterinelandii
causative agent of cholera, the Gram-negative bacterium(5), and with three catechols it is expected to form a 1:1,
Vibrio cholerae (1). Iron being a required element for hexacoordinate complex with Fe(lll).

microbial growth, bacteria have evolved systems to scavenge retrobiosynthesis of vibriobactin (Figure 1) indicates it

Fe(lll) from their.environment, particularly the iron-binding g composed of three molecules of 2,3-dihydroxybenzoic acid
proteins of their hosts. These systems encompass th&ppg) two ofL-threonine, and one of the unusual polyamine
blosynthetl_c machinery necessary to assemble the Sma"'norspermidine [bis(3-aminopropyl)amind, (7). Both thre-
molecule siderophore, transport pathways to secrete and the)ines are linked to DHB residues and have been cyclized
reuptake the ferriesiderophore complex, and some means 4 gehydrated to form 5-methyloxazoline moieties. The two
of extracting t_he sc.avenged iron from its tightly bound 2-(2,3-dihydroxyphenyl)-5-methyloxazoline-4-carboxam-
c%mple;(]. V'br'Obaﬁt'n beloggs tof thﬁ. ﬁa'te(ihgl class of ide groups are reminiscent of similar groups of yersiniabactin
E‘ etror; Oreéz)’h"t.er:. mean 3er5 0 "".b'c t.'”?“ f/.f)”.tero' (8) and pyochelin §) [[2-(2-hydroxyphenyl)thiazolinyl]-
actin from Escherichia coli(3), anguibactin fromvibrio thiazolidine-4-carboxylate] and in particular of mycobactin
(10) [2-(2-hydroxyphenyl)oxazoline-4-carboxamide], all of
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! Abbreviations: NRPS, nonribosomal peptide synthetase; PKS, poly- bosomal peptide synthetases (NRP3s).(It has become
ketide synthase; CoA, coenzyme A; A, adenylation domain; Cy, cycli- apparent from genetic studies on the biosynthesis of vibrio-

zation domain; PPTase, phosphopantetheinyl transferase; P-pant, 4 ; ; ; ;
phosphopantetheine; Pihorganic pyrophosphate; ICL, isochorismate bactin (12, 13) that it, 0o, arises from an NRPS, albeit a

lyase; ArCP, aryl carrier protein domain; PCP, peptidyl carrier protein nonstandard example. NRPS products are typically linear or
domain; C, condensation domain; DTT, dithiothreitol; TCEP, tris(car- macrocyclized assemblages of peptide monomers, which

boxyethyl)phosphine; TCA, trichloroacetic acid; DHB, 2,3-dihydroxy- ; ; _
benzoate; NSPD, norspermidine; DAH, 1,7-diaminoheptane; DHB- possess both a carboxylate moiety for thioester attach

NSPD,N!-(2,3-dihydroxybenzoyl)norspermidine; DHB-DAMN:(2,3- ment to NRPS carrier protein domains and a nucleophilic
dihydroxybenzoyl)-1,7-diaminoheptane. amine for condensation and chain growth. Product biosyn-
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HO EXPERIMENTAL PROCEDURES

Materials and MethodsFor general procedures and
=N HO reagents, see the accompanying papéy. (
Wo NP Cloning and Sequencing ofbF. VibF was amplified by
/@\"/H H | 9 PCR fromV. cholerae0395 genomic DNA in two pieces
HO 0o by use of the following primer pairs (VibF1F,-&GGTT-
OH © ° TACATATGAAAGAAATGAC CGCAATGCAAG-3, and
vibriobagtin (1) VibF1R, 3-CAACGGTCGAC CATACGGGATCACGCT-
GACATCATC-3; and VibF2F, 5CATATGGTCGAC-
CGTTGGCGGGAAACCGTTATTTC-3 and VibF2R, &
ACAAAA CTCGAG CCCCATGGACGGAGAGCGACAA-
3); restriction sites are underlined, and mutations are shown
OOH in boldface type. The two amplicons were digested with
OH restriction endonucleasé$édd and Sal and with Sal and
3x Xhd, respectively, and then ligated sequentially to the
OH corresponding sites of pET37b (Novagen). The resulting
2,3-dihydroxybenzoic plasmid, pVibF, expresses a translational fusion of VibF with
acid (DHE) a C-terminal octahistidine affinity tag. This plasmid was used
H to transformE. coli DH5a, and then transferred to strain
H /?\rCOOH BL21(DE3) for expression after DNA sequencing to verify
HaN A~ _ N _~_NH, 2X NH, the fidelity of the PCR amplifications.
Expression and Purification of VibF and Accessory

Ficure 1: Vibrio choleraeiron chelator vibriobactin and its Proteins. VibF Wa_s_expressed a_nd pL.mfIEd from col
retrobiosynthesis into 3 equiv of 2,3-dihydroxybenzoic acid (DHB), BL_Zl(DE:S) Conta'_nmg the plasmid pV|bE. Culture 68_1
2 equiv ofL-threonine, and 1 equiv of norspermidine. L) in Luria—Bertani broth supplemented with kanamycin (50
ug/mL) and 2 mM MgC} was grown for 36 h at 250 rpm,
thesis proceeds in an N-to-C direction with amide bond 20 °C, with expression from the T7 promoter allowed to
formation between successive pairs of upstream donors andnduce naturally during stationary phase. Harvested cells were
downstream acceptor&4). By contrast, vibriobactin has no  lysed by French press into 20 mM Tris, pH 8.0, 500 mM
free carboxylate that would offer a point of covalent NaCl, and 1 mM MgQ, the lysate was clarified by
attachment to an NRPS carrier protein domain, nor is it a ultracentrifugation, and the supernatant was incubated with
macrocyclized product, as the thiotemplated model of 2 mL of Qiagen Ni-NTA Superflow resin overnight. VibF
nonribosomal peptide synthesis dictatés)( Vibriobactin was eluted with a linear gradient of imidazole from 20 to
is instead a triacylated triamine, which necessitates inter-100 mM over 20 column volumes and then analyzed by
mediates on route to the finished product to be free, soluble SDS-PAGE. Fractions containing pure protein were pooled

molecules instead of phosphopantetheine-tethered thioestergnd dialyzed against 20 mM Tris, pH 8.0, 50 mM NacCl, 1
of a typical NRPS. mM DTT, and 10% glycerol. Samples were quantified by

Vibriobactin synthetase, along with its receptor, trans- abso_rb_ance at 280 nm with the predicted molar extinction
porter, and utilization genes, is split between two gene coefficient € = 294 290 M* cm™), and by the Bradford
clusters located approximately 1 megabase agdt ¢n protein dye assay (Blo-Ra_d). Samples were aliquotted and
replicon | of theV. choleraechromosome 12, 13, 17). In stored frozen at-80 °C until use. B
the companion papet®), we characterized VibB, VibE, and VIibE, VibB, and VibH were expressed and purified as
VibH, the three biosynthetic proteins of the first gene cluster, described 18).
culminating in the in vitro synthesis df'-(2,3-dihydroxy- Phosphopantetheinylation of VibPrior to use in acylation
benzoyl)norspermidine7y. This product possesses one of assays, VibF was modified with phosphopantetheine in the
the three acylations required for vibriobactin. Herein, we following manner. Reactions (106L) contained 75 mM
focus on the second gene cluster, which contains theTris, pH 7.5, 10 mM Mgd, 2 mM TCEP, 1uM VibF, 0.1
megasynthetase VibFLY), a 270 kDa, 2413-residue, six- MM coenzyme A, and 0.8M Sfp and were incubated for
domain protein. We have heterologously expressed and60 min at 30°C.
purified this multidomain enzyme, and for the first time, we ~ ATP—PP, Exchange Assay for VibF Substrate Specificity.
demonstrate enzymatic oxazoline formation from cyclization/ Substrate-dependent AF#PR exchange assays (100.)
dehydration of threonine by an NRPS. Furthermore, we show containing 16-100 nM VibF were performed as described
that the VibH product is acylated twice by VibF on its  (18).
two remaining free amines by VibF-bound 2-(2,3-dihydroxy-  Analysis of Coalent Self-Thioesterification of Holo-VibF.
phenyl)-5-methyloxazoline-4-carboxylates to form vibrio- Acylation of VibF with radiolabeled amino acids was assayed
bactin. These acylations are novel activities for an NRPS asas follows. Reactions (2GL) contained 75 mM Tris, pH
they represent condensation and amide bond formations7.5, 10 mM MgC}, 0.5 M NaCl, 5 mM TCEP, 5 mM ATP,
between an upstream, carrier-protein-bound donor and a2 uM holo-VibF, and either 43(tM [*C]-L-Thr (0.2 uCi),
downstream, soluble amine acceptor. We propose that two1.56 mM [14C]-2-aminobutyrate (0.36Ci), or 0.5 mM FH]-
unusual condensation (C) domains embedded in VibF areL-Ser (1.2uCi). Reactions were incubated at 3C for
responsible for these activities. various lengths of time and worked up as descrild). (

norspermidine (NSPD) L-threonine



15524 Biochemistry, Vol. 39, No. 50, 2000 Keating et al.

Large-Scale Preparation of DHB-NSPD and DHB-DAH. 1tp 6000 12000 bp
For DHB-NSPD a 5 mL reaction contained 75 MM TriS, s =p . >
pH 7.5, 10 mM MgC}, 1 mM TCEP, 50uM CoASH, 4 VIiA VB vibF

mM DHB, 4 mM NSPD, 120 nM Sfp, 5 mM ATP, &M
VibB, 1 uM VibE, and 1uM VibH. Half the total amount
of VibE and VibH was added to initiate, followed by the
remaining amount after 1 h. After a total incubation of 3 h ! 50 %o 10 1850 tem a1

at 30°C, 45 mL of cold methanol was added, followed by VibF

removal of precipitated material by centifugation. The solvent Ficure 2: Second gene cluster of vibriobactin synthetd [for
was removed under vacuum, and DHB-NSPD was purified the first gene ClUSter, Containir@ij, UibE, and Uin, see the

: _ ] accompanying papet®)]. ViuA is the vibriobactin outer membrane
by preparative reverse-phase HPLC. For DHB-DAH mL receptor 80). ViuB is a cytoplasmic protein necessary for ferric

reaction contained identical components except for the yipriopactin utilization 81). VibF is a nonribosomal peptide
addition of 6 mM DHB, 7 mM DAH, 10 mM ATP, and 2 synthetase and one of four proteins required for vibriobactin
uM VibB. biosynthesis. Domain analysis of VibF yields six domains: =€y

. ) . . cyclization; Amy = adenylation, specific for threonine; &
Formation of DHP-Oxazoline and Transfer to Various condensation; PCR peptidyl carrier protein. Amino acid residues

Nucleophilic AminesReactions (10@L) contained 75 MM marking predicted domain boundaries are listed below the VibF
Tris, pH 7.5, 10 mM MgGJ, 2 mM TCEP, 200uM 2,3- schematic.

DHB, 10 mML-Thr, 5 mM ATP, 5uM VibB, 1 uM VibE,
either 0.2 or 1uM VibF, and various amounts of acceptor 1 2
amine. Reactions were incubated at’80for a time predeter- | <l VibF
mined to give a steady-state rate. Reactions were quenched 200 = e
by the addition of 90Q«L of cold methanol and precipitate
removed by centrifugation for 30 min at€. Products were 16 —
dried under vacuum, redissolved in 30% acetonitrile, and
analyzed by HPLC as described previously. For MALDI-
TOF mass spectrometric afll NMR analysis of reaction
products, large-scale enzymatic reactions as above were puri-
fied by preparative HPLC and lyophilized in the dark. Analy-
ses were performed as described previously. HPLC product
peak areas were converted to nanomoles of product by use 45 =— =
of a standard curve constructed with purifiédfor com-
pounds5 and6) or by calculation of the conversion factor
from standard curves fd§ and7 (for compounds2—4). FicURE 3: Coomassie-blue stained 9% SBBAGE gel of purified
Large-Scale Preparation @. A 2.4 mL reaction contain- VibF (2413 residues, 270 kDa). Lane 1, molecular weight standards;
ing 75 mM Tris, pH 7.5, 10 mM MgG| 1 mM TCEP, 50 lane 2, VibF purified by His-tagged nickel affinity chromatography.
UM CoASH, 4 mM DHB, 10 mML-Thr, 2 mM NSPD, 220 , _ , ,
nM Sfp, 10 mM ATP, 5uM VibB, 1 uM VibE, 100 nM codon usage itk. coli, as well as silent mutations that de-
VibH, and 1M VibF was incubated fo6 h at 30°C before stroy an internaNdd site and introduce an adjace8al
workup and purification as above for DHB-NSPD. site. The overexpression plasmid, pVibF, appends the
Formation of Vibriobactin fron® by VibF.Reactions (200 sequence LEHHHHHHHH to .V.'bF; th'.s ogtahlsndlne tag
uL) contained 75 mM Tris, pH 7.5, 10 mM Mg€I2 mM has been su_ccessfu] in the affinity punflc_atlon qf very large
TCEP, 1 mM CoASH, 20@M DHB, 10 mM L-Thr, 5 mM NRPS proteins previousiyif). In sequencing pVibF, seven
ATP, 54M VibB, 500 nM VibE, 50 nM VibF, 300 nM Sfp, non-prlmer-mtroducgd nucleotide c_hanges were found_, as
and 0-400 uM 6. After initiation with ATP, reactions compared to the partialbF sequence in GenBank (accession

proceeded for 4 min at 3T before cold methanol quench, Number AF030977)12). Of these, two were silent, while

workup, and analysis as above. HPLC product peak areasthe remaining five matched the nucleotide sequenceéodt

were converted to nanomoles of vibriobactin by calculation fro_m V. f:holeraeserotype O1 as sequenced by TlGR)).(
of the conversion factor from standard curves 6oand 7. This revised sequence for complefbF has been deposited

Formation of Vibriobactin by VibB, VibH, VibE, and VibF. n GenBan_k (accessmp_number AF.287255)' .

\ . . Expression and Purification of VibFExpression of the
Reactions (10@iL) contained 75 mM Tris, pH 7.5, 10 mM six-domain, 270 kDa protein VibF (Figure 2) froE coli
MgClz, 2 mM TCEP, 1 mM CoASH, 40aM DHB, 10 mM : ' b g

. : strain BL21(DE3) was most successful when cultures were
L-Thr, 2.5 mM NSPD, 5 mM ATP, &M VibB, 2 uM VibE, . . . -
: . allowed to incubate for 36 h at 28C without induction.
500 nM VibF, 300 nM Sfp, and 6100 nM VibH. Each : : . .
: L ; . Higher growth temperatures or IPTG induction resulted in
reaction was initiated with ATP and stopped atZD min ) . . .
. ) . larger amounts of insoluble protein. Single-step nickel-
time points with cold methanol as above. i .
affinity chromatography of the clarified cellular lysates

Q7  —

{

66 w—

RESULTS resulted in pure VibF with a yield of 0.5 mg/L of culture.
SDS-PAGE of the purified VibF is shown in Figure 3.
Cloning and Sequencing ofbF. The 7239 bp geneibF Covalent Phosphopantetheinylation of VibBequence

was amplified from chromosomal DNA and cloned in two analysis of VibF identified a PCP domain located between
pieces to facilitate both the PCR and sequencing. The PCRresidues 1850 and 1931 (Figure 2). We attempted phospho-
primers introduce a silent N-terminal mutation to optimize pantetheinylation of this domain using the PPTase Sfp and
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Ficure 4: Adenylation specificity profile of the VibF A domain. I N N
The incorporation offP]PR into ATP was measured by the ATP ;
PR exchange assay as described under Experimental Procedures. 6, [M+H]* = 487.3
The bars indicate micromoles of label per liter exchanged by 50 € A
nM VibF in 45 min with 10 mM of the indicated amino acid present. 1l0 1I5 2lo
Table 1: Kinetics of ATP-PR Exchange Catalyzed by VibF Time (min)
_ KealKm Ficure 5: HPLC elution profiles of oxazoline-containing amides
substrate Keat (Min—1) Km (MM) (stM™Y formed by VibF. Reactions contained VibE, VibB, VibF, DHB,
L-threonine 020t 14 22+ 01 7.0x 10° L-Thr, ATP, and one of the following amines: (a) octylamine, (b)
S2-aminobutyrate 8@ 1 6.9+ 0.4 1.9% 10 1,7-diaminoheptane, (c) norspermidine, (d) DHB-diaminoheptane,
L-serine 260k 9 43+ 3 1.0x 10 or (e) DHB-norspermidine as amine acceptor substrates. Reaction

products are indicated with arrows, and the masses obtained by
L . . . . MALDI-TOF analysis are listed. The small peak at 15.3 min of
CoA. When initial experiments showed little incorporation trace e is vibriobactin (see Figures 9 and 10).

of [3H] label from tritiated CoA, we measured the stoichio-
metric levels of }*C]-L-threonine incorporation into VibF  respectively. L.-Ser was not transferred efficiently and
with and without Sfp phosphopantetheinylation. Unmodified achieved only 15% stoichiometry after 1 h.

VibF could be labeled to 46% stoichiometry witAThr, and Large-Scale Preparation of DHB-NSPD and DHB-DAH.
Sfp/CoA treatment increased this level to 53%. This indicates To prepare enough DHB-NSPD¥)(and DHB-DAH for
that most of VibF is converted to the holo form By coli testing as substrates for VibF, large-scale enzymatic reactions

PPTases in vivo during the long growth and induction period. were performed with VibB, VibE, VibH, DHB, and NSPD
ATP—PP, Exchange Assay for VibF Substrate Specificity. or DAH. After preparative HPLC purification, 5 mL reactions
Sequence analysis of VibF identified an adenylation (A) yielded 6.5 and 5.2 mg of and DHB-DAH, respectively.
domain located between residues 900 and 1400 (Figure 2).These compounds were dissolved in 75 mM Tris, pH 7.5,
Results for the substrate-dependent AHR exchange  to a stock concentration of 100 mM.
reaction catalyzed by VibF are shown in Figure 4 and Table Acylation of Primary Amines with DHP-Oxazolinecar-
1. Along with the presumed natural substratéhreonine, boxylate by VibFWith threonylation of holo-VibF estab-
we tested-Thr, L-allo-Thr, L-Val, L-Cys, L-Ser, and §-2- lished, we looked for formation and turnover of DHP-
aminobutyrate. While several of these substrates gave weakoxazolinecarboxylate resulting from hydrolysis of the expected
signals above background in the exchange assay (Figure 4)product of VibE, VibB, DHB, and.-Thr with VibF (Figure
only L-Thr, L-Ser, and §-2-aminobutyrate were deemed 6). When this system failed to turn over catalytically (data
sufficiently active to measure kinetic constants, shown in not shown), we attempted addition of various amines to
Table 1. facilitate catalytic release of the postulated DHP-oxazolin-
Analysis of Coalent Self-Thioesterification of Holo-VibF.  ecarbonyl-§)-PCP species. HPLC traces of these assays are
To verify the transfer of aminoacyl adenylate from the A shown in Figure 5. Major product peaks appeared with the
domain to the holo-PCP thiol, radiolabeled hr, L.-Ser, and addition of octylamine, 1,7-diaminoheptane, norspermidine,
2-aminobutyrate were incubated for varying lengths of time 7, and DHB-DAH. All products were ATP-, amine-, and
with holo-VibF and ATP, and radiolabeled VibF was threonine-dependent. The mass of each of these new products
detected by TCA precipitation and scintillation counting. At was determined by mass spectrometric analysis (listed with
amino acid concentrations well below théiy, for ATP— the structures in Figure 5) and was consistent with the
PR exchangeL-Thr and 2-aminobutyrate reached their final calculated mass. Four of the products were monoacylated
stoichiometries of 25% and 65% after 5 and 7.5 min, with DHP-oxazolinecarboxylate, while one, bis(DHP-0x-
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FIGURE 6: 2-(2,3-Dihydroxyphenyl)oxazoline formation by VibB
and VibF. In the first, loading step, holo-VibB is acylated with
DHB by VibE [VibB is a bifunctional protein, ICl= isochorismate
lyase; see accompanying papB8){, while VibF self-aminoacylates

its PCP domain with its A domain. VibF then condenses, hetero-

cyclizes, and dehydrates the two substrates, presumably mediated

by one of the two Cy domains. (Although the amide bond is drawn

being formed first, this has not been established.) Finally, the 2-(2,3-

dihydroxyphenyl)-5-methyloxazoline-acyl enzyme thioester is then
ready for condensation with an amine, which is presumably
catalyzed by one or both of the C domains.

azolinecarbonyl)norspermidined)( was bisacylated. The

absence of identifiable monoacylated (DHP-oxazolinecar-

Keating et al.

Table 2: Kinetics of DHP-Oxazoline Transfer to Primary Amines
by VibF

Keal Km
substrate Keat (Min—2) Km (M) (stM™
octylamine 5.4-0.4 22004+ 300 41
1,7-diaminoheptane 150.1 25000+ 3000 1.0
norspermidine 1.3 0.1 5800+ 1500 3.7
DHB-diaminoheptane 204 0.1 361 9490
DHB-norspermidine 1225 1.7+£04 1.2x 1¢°
60 [
50 |
40 |
R
E 30
< C
20 |
10 f
0||||I....I|.-.I||.zlun
] 100 200 300 400 500

Concentration of 6 (uM)

Ficure 7: Kinetics of DHP-oxazolinecarboxylate transfer to the
secondary amine @& by VibF to form vibriobactin (see also Figure
8). Reactions contained VibE, VibB, VibF, DHB;Thr, ATP and
increasing concentrations 6f The plotted points were fit to the
general substrate inhibition equation. The maximunwas observed
at 50uM 6: 55 mirr?,

bonyl)norspermidine indicates that the second transfer of (Table 2, Figure 8). VibF acylated DHB-DAH with DHP-

DHP-oxazoline is rapid compared to the first. The regio-

chemistry of the two acylations ot was not determined.
Products5 and 6 represent VibF transfers of DHP-

oxazoline to amines monoacylated with DHB by the VibH

oxazolinecarboxylate to form 5 withla, of 20.5 mirrt and
Km = 36 uM, while DHB-NSPD was acylated t® with Kea

= 122 min! and a lowKy, of 1.7 uM. This last substrate
was thus 130-fold better than DHB-DAH in catalytic

enzyme. The latter structure possesses two of the threegfficiency, 30000-fold better than octylamine, and (32

acylations of mature vibriobactin. The regiochemistry of
acylation for6 was confirmed by'H NMR spectroscopy:

10°)-fold better than norspermidine. The importance of the
central, secondary amine of NSPD in recognition and

the symmetry present in the norspermidine methylene catalysis is apparent in the 130-fold increase in the efficiency

resonances supports acylation of both primary amines, rathel°f use of DHB-NSPD as compared to DHB-DAH.
than one primary and the secondary. In addition, because Large-Scale Preparation o8. To prepare enough for

theJ, s = 7.2 Hz, the stereochemistry of the oxazoline ring
is assigned as trand.g > 10 Hz). Compound (200 MHz,
CD3;OD): ¢ 7.18 (m, 2H), 6.95 (m, 2H), 6.72 (m, 2H), 4.48
(d, 1H,J=7.2 Hz), 3.51 (t, 2HJ = 6.6 Hz), 3.39 (m, 2H),
3.04 (m, 4H), 1.95 (m, 4H), and 1.53 (d, 18i= 6.2 Hz);
the oxazolings-H was obliterated by the solvent signal.
Kinetics of DHP-Oxazolinecarboxylate Acylation of Pri-
mary Amines by VibFFor the five successful amine

testing as a substrate for VibF, a large-scale enzymatic
reaction was performed with VibB, VibE, VibH, VibF, DHB,
L-Thr, and NSPD. After preparative HPLC purification, a
2.4 mL reaction yielded 2.0 mg @& This compound was
dissolved in 75 mM Tris, pH 7.5, to a stock concentration
of 50 mM.

Analysis of Vibriobactin Production fro@by VibF.When
the diacylated substrawas reintroduced as substrate with

substrates, apparent kinetic constants measured from formaVibB, VibE, VibF, DHB, L-Thr, and ATP, a single new

tion of products2—6 by VibF are listed in Table 2.

product peak was formed, eluting at 15.3 min in our HPLC

Condensation of DHP-oxazolinecarboxylate with unacylated gradient (Figure 9). This product was collected, and mass
substrates octylamine, 1,7-diaminoheptane, and norspermispectrometry provided a mass consistent with vibriobactin

dine all yieldedk., values in the £5 min~! range, with the
Km for norspermidine (5.8 mM) 2.5-fold higher than that for
octylamine (2.2 mM), and 4.3-fold lower than for 1,7-
diaminoheptane (25 mM).

The apparent kinetic data for the two DHB-capped
substrates DHB-DAH and DHB-NSPD were far superior

(IM + H]* m/z calcd 706.27, found 706.10). Chemically,
this represents acylation of the central, secondary amine of
6 with DHP-oxazolinecarboxylate (Figure 8). The ultraviolet
spectrum of this product was also consistent with data
published previously for natural vibriobactin (= 258,

318 nm; ratio= 4:1). Finally, 1.6 mg of this product was
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Ficure 9: HPLC elution profiles of vibriobactin-forming reactions
containing various amounts of VibH, demonstrating the sensitivity
of relative accumulation of intermediat@sind6 and vibriobactin
to the concentration of VibH, the condensation enzyme that forms
HO the first soluble intermediaté. All reactions represent the 5 min
time point of the time courses presented in Figure 10. Reactions
HO contained VibE, VibB, VibF, DHB, NSPD, and ATP, plus VibH
to a final concentration of (a) 100, (b) 50, (c) 20, (d) 10, and (e) 0
n Y% nM. Plots have a-coordinate offset of 0.25 min; the broad peaks
N\/\/N\/\/N\H)E\/ at 8-9 min are unreacted DHB.
OH O 1 o

VibF were combined with DHBL-Thr, NSPD, and ATP,
Ficure 8: Completion of vibriobactin biosynthesis from DHB-  three products, identified as DHB-NSPD, DHP-oxazolinyl-
NSPD (7) by VibF. NSPD is acylated with DHEE-VIbB by VibH, NSPD-DHB, and vibriobactin, were detected. By varying

producing? [see accompanying papet8)]. DHB-NSPD is then . . . .
acylated by DHP-oxazolinecarbony@{VibF on its primary amine the concentration OT VibH Wh_'le the other_proteln and
to yield 6, which then undergoes a second acylation with the Substrate concentrations were fixed, the relative amounts of

identical VibF-derived donor, but this time on the remaining these three products could be manipulated. HPLC traces of
secondary amine, to produce vibriobactih). (Apparent kinetic  the 5 min point of five reactions containing different VibH
constants for the final two acylation steps are listed. We propose ., centrations are shown in Figure 9. The complete time
that the two DHP-oxazoline acylations 6nd6 are catalyzed by f . ining 10. 20 '50 d 100 nM VibH
the G and G domains of VibF, although the domain responsible COUrses for reactions containing 10, 20, 50, an nM Vi
for each step has not yet been determined. are shown in Figure 10. At 0 nM VibH, no products are
seen. At 10 nM VibH, only vibriobactin, and not the two

produced enzymatically and thiél NMR spectrum was  intermediates, are observed, with vibriobactin produced at a

matched to that published for natural vibriobactii. NMR linear rate of 15«M/min. At 20 nM VibH, vibriobactin is
(200 MHz, CxOD): 6 7.22—-6.65 (m, 9H), 5.30 (dt, 1H] still the major product (2@M/min), but intermediates 6 and
= 16.2 and 5.8 Hz), 5.074.90 (m, 1H), 4.73 (d, 1H) = 7 accumulate at rates of 1@M/min and 2 uM/min,

2.2 Hz), 4.49 (d, 1HJ) = 7.4 Hz), 3.66-3.20 (m, 8H), 2.01 respectively. At higher concentrations of VibH, this trend
(m, 2H), 1.87 (dt, 2HJ) = 7.0 and 7.0 Hz), 1.57 (d, 0.5H, accelerates so thétand7 become the major products, while
J=6.0Hz), 1.54 (d, 0.5H) = 5.8 Hz), 1.45 (d, 0.5H) = vibriobactin production falls off to 1@M/min and 5uM/
6.6 Hz), and 1.29 (d, 0.5H] = 5.2 Hz). Amide rotational ~ min at 50 and 100 nM VibH, respectively.

isomers are apparent in the doubled signals for the oxazoline
p- and y-protons. DISCUSSION

Kinetics of vibriobactin formation by VibF from inter- ~ The genes that encode the machinery for biosynthesis of
mediate6 as substrate are plotted in Figure 7. Substantial the V. choleraeiron chelator vibriobactin are split between
substrate inhibition was observed at substrate concentrationgyg gene clusters separated by 1 megabase on the larger of
above 5QuM, preventing the determination of Michaetis  the bacterium’s two chromosomess]. Characterization of
Menten constants. The maximuknobserved for this step  three of the four required proteins, the 2,3-DHBMP ligase
was 55 min, with half this velocity reached at 26M VIibE, the bifunctional isochorismate lyasaryl carrier
substrate Km) (Figure 8). protein VibB, and the amide synthase VibH, was described

Time Course of Vibriobactin Biosynthesis by VibBEFH. in the accompanying papefl®) and culminated in the
When the four proteins VibE, holo-VibB, VibH, and holo-  biosynthesis of DHB-NSPD7j. The fourth protein is the
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Ficure 10: Effect of varying the concentration of VibH on vibriobactin production. Plots represent time courses of production of vibriobactin
(2), 6 (@), and7 (O) by 5uM VibB, 2 uM VibE, and 500 nM VibF in the presence of (A) 10, (B) 20, (C) 50, or (D) 100 nM VibH. In
the absence of VibH, no products were observed under these conditions (Figure 9e).

recently identified VibF, located in the second gene cluster at 450 residues, matches the accepted value for C domains
(12). Originally cloned as a 2158 residue, C-terminal- (22).

truncated fragment, VibF was assigned to the family of Remarkably, heterologous expression of this very large
nonribosomal peptide synthetases on the basis of sequencgolypeptide (270 kDa) was successfulEncoli under low-
homology that identified an adenylation (A) domain, a temperature growth conditions without induction. Subsequent
peptidyl carrier protein (PCP) domain, and a condensation affinity purification yielded usable quantities of VibF (Figure
(C) domain (2). By using this published clone to search 3). The long expression time appears to results in the
preliminary V. choleraesequence data from The Institute production of mostly holoprotein, as Sfp and CoA were able

for Genomic Research (TIGR), we identified a compleits- to only marginally increase levels of phosphopantetheiny-
open reading frame that encodes a 2413 residue proteinlation at Ser1891, as judged by covalent acylation wAfrhr.
(Figure 2). Sequence analysiswabF allowed the predictive The A domain of VibF was assayed both for amino acid

assignment of six functional domains in an unusual arrange-activation and for transfer of activated substrate to the holo-
ment (Figure 2): unique tandem cyclizatieayclization PCP domain. The ATPPR exchange assay demonstrated
domains (Cy-Cy), followed by the A domain, then a domain clear selectivity forL-Thr, the amino acid present in
with weak homology to C domains ({; followed by the vibriobactin (Figure 4 and Table 1]). Stereoisomers-Thr
PCP domain, and terminating in another C domais).(Che and L-allo-Thr were activated very poorly, as was the
conserved core motifs for GyCy,, A, and PCP were readily  isosteric substrate-Val. Smaller amino acids with similar
identified, although of the seven conserved residues sharedside-chain moieties [in this case;Cys, L-Ser, and §)-2-

by Cy and C domains identified by Konz et &1, all seven aminobutyrate] generally present difficulties for aminoacyl-
were found in Cy, while three were changed in (506 tRNA synthetases (AARSPR) and are discriminated against
for expected H, F694 for T, and E734 for F). Fos, €he here less well than the isosteric substrates: the unnatural
key catalytic core C3 (HHxxxDGWS) was present as amino acid §-2-aminobutyrate is down 37-fold in catalytic
HHIVLDEWS, and cores C1, C2, C4, C5, and C6 (but not efficiency, andL-Ser is down 70-fold. For comparison,
C7) could be found. In contrast, the domain assigned;as C ThrRS discriminates againstSer by 1000-fold versus Thr
was much more poorly conserved, with C3 present as (23).

HQIISEQWD, with C1, C2, and C4 only weakly represented, In the second step of A domain activity, the aminoacyl-
and with C5-C7 missing entirely. The second His and the AMP substrate is thioesterified to the phosphopantetheinyl
Asp of core C3 have been shown by mutation to be required arm of holo-PCP. VibF was able to aminoacylate itself with
for NRPS condensation functior2d); these residues are the three radiolabeled substrateEhr, 2-aminobutyrate, and
replaced by Gln and Glu in The length of G, however, L-Ser, althoughL-Ser transferred very poorly. The final
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stoichiometries (25% for-Thr, 65% for 2-aminobutyrate,  central amine is not acylated in this step, its presence is
15% for L-Ser) did not reach 100%, and these values are important for efficient binding and acylation of the primary
difficult to rationalize. This behavior has been observed amine.
previously in other NRPS systems$, (19, 24), and may The end product vibriobactin is also detected in reactions
reflect incomplete phosphopantetheinylation, incorrect spe- with intermediate or with 6 introduced as substrates for
cific radioactivity of the substrates, different equilibrium VibF and results from either bisacylation (fp or monoa-
constants of transfer for different substrates, or actual cylation (to 6) with DHP-oxazoline. To isolate this latter
substoichiometric acylation. We conclude, however, that VibF acylation step for kinetic measureme®tyas purified
covalent aminoacylation occurs, and the subsequent resultfrom enzymatic reactions and used as substrate for the
bear out robust overall activity for VibF. production of vibriobactin (Figures 7 and 8). Severe substrate
According to precedent from the thiazoline-forming yers- inhibition of the acylation reaction prevented measurement
iniabactin and pyochelin synthetase8, @5), oxazoline of Michaelis—Menten kinetics, but the formation of vibrio-
formation by VibF should proceed from DHB-loaded VibB bactin was robust.
and Thr-loaded VibF, catalyzed by a Cy domain. This If NSPD is incubated with VibB, VibE, VibF, VibH, and
mechanism is shown in Figure 6. Oxazoline biosynthesis sufficient DHB, L-Thr, and ATP, vibriobactin is produced
requires initial bond condensation (drawn, but not established,(Figures 8 and 9), thus reconstituting the entire synthetase.
as the amide bond) and is followed by heterocylization and Vibriobactin arises from three sequential acylations of
dehydration to the 2-(2,3-dihydroxyphenyl)-5-methyloxazo- norspermidine: first, primary amine capping with VibB-
line-acyl-enzyme species, all presumably catalyzed by Cy derived DHB, catalyzed by VibH1@); second, primary
or Cy,. However, we were unable to detect turnover of a amine capping with the DHP-oxazoline-acyl moiety from
coupled and cyclized DHP-oxazolinecarboxylate substratethe PCP of VibF, catalyzed by VibF, and finally, acylation
by HPLC. This is likely because this species remains of the secondary amine, again with the DHP-oxazoline-acyl
thioesterified to the PCP of VibF and is not readily group by VibF (Figure 8). The combination of three separate
hydrolyzed and released into solution (Figure 6). To provoke acylation reactions catalyzed by two enzymes with evidence
release and turnover of this aryl oxazoline, exogenous of some degree of substrate inhibition in the first and third
primary amines were added to the reaction mixture. VibF cappings predicts that flux through the system may have a
condensed the inferred DHP-oxazoline-acyl-enzyme inter- complex dependence on enzyme and substrate concentrations,
mediate with five of these substrates, yielding the oxazoline- particularly the diffusible intermediatésand7. To test this,
containing product2—6 identified in Figure 5 with mass  we titrated VibH at fixed VibF and NSPD concentrations
spectral data. Although Cy-domain-mediated thiazoline (Figures 9 and 10). As VibH concentration is increased, the
formation from cysteine has been shov® 25), and one rate of vibriobactin formation increases, then peaks, and
other oxazoline-specific Cy domain has been identified, but ultimately drops. Meanwhile the intermediaieand6, which
not assayed2), this represents the first demonstration of do not accumulate at low VibH, become the major products
oxazoline formation by an NRPS Cy domain. Which of the at high VibH. Due to the high catalytic efficiency of the
two tandem Cy domains catalyzes this step remains as yeffirst two acylations, this occurs a8 reaches inhibitory
undetermined. concentrations~100 M), which causes a drastic slowing
The fact that diaminoheptane was acylated only once, in the rate of the third acylation to vibriobactin, and thus
despite its two free amines, demonstrated clear discriminationeven more accumulation & Low concentrations of VibH
against a second primary amine acylation step. Norspermi-slow the rate of7, and thust formation, allowing the final
dine on the other hand was exclusively acylated twice, and acylation to escape substrate inhibition. This all points to
while the regiochemistry o# could not be determined, the vibriobactin synthetase being a system very sensitive to
circumstantial evidence of monoacylation prod8ets well relative and absolute enzyme, substrate, and intermediate
as the structure of vibriobactin point to acylation of one concentrations and one that is likely balanced to most
primary and the secondary amine. Exclusive detection of the efficiently take advantage of cellular concentrations of
bisacylated product was likely due to rapid second transfer substrates to produce vibriobactin without leaving partially
to the monoacylated intermediate. VibF possesses two Cformed products to accumulate.
domains (Figure 2), and it is unknown which of these Vibriobactin biosynthesis presents a different picture from
catalyzes acyl transfer to the free amine. Furthermore, it is the NRPS paradigm of linear, stepwise chain elongation of
not clear at present whether the same C domain catalyzesstoichiometric, carrier-protein-bound substrates and inter-
transfer to both primary and secondary amines, or if these mediates 14). Rather than being a linear or cyclized peptide
activities are distinct. whose final structure is evident from the domain organization
For the three uncapped substrates (octylamine, diamino-of its synthetase proteins, vibriobactin is a triacylated
heptane, and norspermidine), kinetics of transfer are relativelytriamine, lacking a carboxylate in the norspermidine back-
poor (Table 2). For the two DHB-acylated substrates, the bone that would allow thioesterification and immaobilization
kinetics of transfer of DHP-oxazolinecarboxylate from VibF of a linearly growing chain. Vibriobactin synthetase uses the
are dramatically improved. DHB-NSPD)(is acylated some  enzymatic domains of an NRPS to produce the two different
(3 x 10°)-fold more efficiently than uncapped norspermidine, acyl caps for vibriobactin: DHB and 2-DHP-5-methylox-
while DHB-DAH was 10 better than DAH. Produdb is azoline-4-carboxylate (Figure 6); the latter is employed twice
acylated exclusively on the primary amine, as determined to yield the bis-DHP-oxazolines df These carrier-protein-
by the NMR spectrum. The desamino substrate DHB-DAH attached species are then transferred sequentially to the three
is down 120-fold in catalytic efficiency relative to the amines of norspermidine by three specialized C domains.
presumed natural substrafe showing that although the These C domains (VibH and;Gnd G of VibF) share
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homology with standard C domains but bind an upstream
carrier protein thioester and a downstream soluble amine and
are chemically more analogous to aminotransferase enzymes
such afN-myristoyltransferase (myristoyl-CoA to N-terminal
glycines) @7) and aminoglycoside B8lacetyltransferase
(acetyl-CoA to aminoglycoside antibiotic98). Because the
acceptor amine for each of the C domains is a soluble
molecule, there is no need for a C-terminal thioesterase
domain to release the final product; after the third acylation
(of the secondary amine), VibF turns over the product into
solution.

Vibriobactin synthetase is also unusual in that its NRPS
machinery possesses two branch points. In a typical NRPS,
the linear order of domains determines the final product
[syringomycin synthetase frolseudomonas syringamay
present an exception: its final A domain appears to lie
upstream of the first two module®9)]. By contrast, in
vibriobactin synthetase, the DHEB(VibB acylated carrier
is the first branch point; it serves as donor for both VibH (C
domain) to acylate NSPD and for VibF (Cpr Cy,) to
transfer to.-Thr and then to cyclize to the oxazoline (Figure
6). This product, 2-DHP-5-methyloxazoline-4-carboxg)-(
PCP on VibF, is the second branch point; it serves as donor
for both subsequent acyl transfers to the remaining two
amines of7 (Figure 8).

Despite its characterization here as an oxazoline-forming
NRPS competent for the final two acylations to produce
vibriobactin, VibF still presents unusual aspects for further
study. Foremost are the redundant cyclization domains: even
though two condensation/heterocyclization events take place,
both could be catalyzed by a single Cy domain, as the two
L-Thr loadings are performed by one A domain. Second, the
two C domains that flank the PCP domain in VibF are
postulated to acylate the primary and secondary amines of
DHB-NSPD sequentially. While we assume that both

domains are active, mutagenesis will be necessary to assay»q
each domain separately for competence and substrate speci-

ficity. In particular, G has only weak homology to other
NRPS C domains, and this only in the N-terminal half of
the domain. Examination of this domain will assess the
nonstandard core catalytic His motif as well as any obligatory
ordering of the acylation events.
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