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Subcloning of the Enterobactin Biosynthetic Gene entB: Expression, Purification, 
Characterization, and Substrate Specificity of Isochorismataset 
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and Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 021 39 
Received July 19, 1989; Revised Manuscript Received October 3, I989 

ABSTRACT: The Escherichia coli entB gene, coding for the enterobactin biosynthetic enzyme isochorismatase, 
has been subcloned into the multicopy plasmid pKK223-3 under the control of the tac promoter. The resulting 
recombinant plasmid pFRl  expresses isochorismatase amounting to over 50% of the total cellular protein. 
The enzyme has been purified to homogeneity and a convenient assay developed. The enzyme has a K, 
for isochorismate of 14.7 pM and a turnover number of 600 m i d .  By use of 'H N M R  spectroscopy, the 
progress of the reaction was followed with the expected formation of 2,3-dihydro-2,3-dihydroxybenzoate 
product. Several substrate analogues were also utilized by the enzyme including chorismic acid, the immediate 
precursor to isochorismic acid in the enterobactin biosynthetic pathway. 

x e  biosynthesis of the bacterial siderophore enterobactin 
from chorismic acid and serine is accomplished by the enzymes 
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encoded for by the ent genes in E .  coli. In these biosynthetic 
reactions, chorismic acid is first converted into 2,3-di- 
hydroxybenzoate by the entC, entB, and entA gene products 
(Young et al., 1971; Nahlik et al., 1987). The final assembly 
of 2,3-dihydroxybenzoate and L-serine is an ATP-requiring 
process carried out by the products of the entD, entE, entF, 
and entG genes (Luke & Gibson, 1971; Woodrow et al., 1975). 
Recently, the entA and entE genes have been subcloned into 
multicopy expression vectors and expressed in E.  coli in 
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Chart I 

Rusnak et al. 

enzymes. 

MATERIALS AND METHODS 
Materials. NADH disodium salt was from Boehringer- 

Mannheim Biochemicals. L-Lactate dehydrogenase was from 
Sigma Chemical Co., St Louis, MO. dGTP, dATP, and the 
Dale rapid-deletion subcloning primer (Dale et al., 1989,  
RD22-mer, were from IBI Inc., New Haven, CT. The 29-base 
oligonucleotide primer used in the deletion reaction was from 
Research Genetics, Huntsville, AL. D 2 0  (99.99%) was from 
Cambridge Isotope Laboratories, Woburn, MA. 

Syntheses of Compounds Tested with Isochorismatase. (a) 
Chemical Syntheses. The following compounds used in this 
study (Tables I11 and IV) were synthesized according to the 
following procedures: (&)-isochorismic acid (1) (Busch & 
Berchtold, 1983); (f)-trans-2,3-dihydro-2,3-dihydroxybenzoic 
acid (3) (DeMarinis et al., 1974; Quinn and Berchtold, 
manuscript in preparation); (f)-trans-3,4-dihydro-3,4-di- 
hydroxybenzoic acid (4) (Chiasson & Berchtold, 1974); 
(*)-disodium 3-[( 1-carboxylatoethenyl)oxy]cyclohepta- 1,6- 
diene-1-carboxylate (6) (Pawlak & Berchtold, 1988); di- 
hydropyran (12) (Ganey, 1986); (*)-( 1&3P,4a)-dihydro- 
chorismate (9) [prepared from (f)-2] and the dihydropyran 
compound 11 (Delaney, Padykula, and Berchtold, manuscript 
in preparation); (1 a,3@,4a)-dihydrochorismate (10) and 3- 
[(carboxyethenyl)oxy]benzoic acid (14) [both prepared from 
(-)-21 (Ife et al., 1976); (f)-trans-3-[( I-carboxyetheny1)- 
oxy] -4-methoxy- 1,s-cyclohexadiene- 1-carboxylic acid (16) and 
(*)-trans- 1 - [ ( 1 -carboxyethenyl)oxy] -2-hydroxy-3,5-cyclo- 
hexadiene (17) (Pawlak et al., 1989); (f)-3-[(l-carboxy- 
ethenyl)oxy]-2-hydroxy-6-cyclohexene- 1-carboxylic acid (5), 
(f)-cis-3- [(carboxyethenyl)oxy] -4-cyclohexene- 1 -carboxylic 
acid (7), (f)-3-[(carboxyethenyl)oxy]-l-cyclohexene-l- 
carboxylic acid (8), the TFA salt of (&)-3-[(carboxy- 
ethenyl)oxy] -2-amino-6-cyclohexene- 1 -carboxylic acid (13), 
and (f )-3- [ (carboxyethenyl)oxy]-6-hydroxy- 1 -benzoic acid 
(15) (Quinn and Berchtold, manuscript in preparation). 

(b) Biosynthesis of (-)-Chorismic Acid and (+)-Zsochor- 
ismic Acid. (-)-Chorismic acid (2) was prepared from 
Klebsiella pneumoniae 62- 1 (formerly Aerobacter aerogenes 
62-1) according to the method of Gibson (1968). For the 
production of (+)-isochorismate (l), 39.2 mg of (-)-chorismic 
acid was dissolved in 100 mL of 100 mM pH 8.0 Tris-HC1 
buffer containing 10 mM MgC12. A preparation of isochor- 
ismate synthase (= 1.5 units), partially purified by chroma- 
tography on phenyl-Sepharose CL-4B resin (Pharmacia) from 
the overproducing E. coli strain K38/pJLT5053 harboring the 
entC gene (Liu et al., 1990), was added to initiate the reaction. 
The absorbance of the reaction mixture at 278 nm was 
monitored until no further increase was observed (about 1 h), 
at which point the solution was cooled to 0 OC and filtered 
through an Amicon PM-30 filter to remove isochorismate 
synthase. The filtrate was then acidified with concentrated 
HCl to pH 2 and extracted four times with 50 mL of ethyl 
acetate. The organic extracts were combined, dried with 
anhydrous magnesium sulfate at 0 " C ,  and filtered, and the 
ethyl acetate was removed in vacuo. The residue was dissolved 
in 2.0 mL of HPLC buffer (55% 0.01 M trifluoroacetic acid, 
45% methanol), injected onto a Merck Lobar C8 reverse-phase 
A column (240 X 10 mm, 40-63-pm particle size), and eluted 
with HPLC buffer. Fractions containing isochorismic acid 
were combined and concentrated by lyophilization. Yields 
were 52% based on the amount of isochorismic acid expected 
from equilibrium mixtures with chorismic acid (Liu et al., 
1990). The optical rotation of this solution was measured at 
22 "C. The final solution after lyophilization was divided into 

YOOH r 
U o A C O O H  

OH 
'COOH 

1 - Isochorismic Acid 2 - Chorismic Acid 

6:; 
3. - trans-2,3-Dihydro-2,3-dihydroxybenzoic Acid 

COOH 
I 

&OH 
OH 

4 - trans-3,4-Dihydro-3,4-dihydroxybenzoic Acid 

quantities suitable for rigorous enzymological studies (Liu et 
al., 1989; Rusnak et al., 1989). In this and the preceding 
report (Liu et al., 1990), we report the successful subcloning, 
overexpression, and characterization of isochorismatase 
(product of the entB gene) and isochorismate synthase (product 
of the entC gene), respectively. Thus, all of the essential genes 
that comprise the entCEBA operon have now been subcloned 
and their respective protein products purified to homogeneity. 

Enzymic transformations of chorismic acid (2; Chart I) ,  a 
precursor common to (a) the aromatic amino acids via pre- 
phenic acid (Addadi et al., 1983; Guilford et al., 1987) and 
anthranilic acid (Policastro et al., 1984; Teng & Ganem, 
1984), (b) the p-aminobenzoic acid moiety of folic acid (Walsh 
et al., 1987; Nichols et al., 1989), (c) thep-hydroxybenzoic 
acid precursor to ubiquinone (Lawrence et al., 1974), and (d) 
2,3-dihydroxybenzoic acid (Earhart, 1987), have been the focus 
of many investigations. Recently, the more obscure metabolite 
isochorismic acid (1; Chart I) has been proposed to play 
equally important roles in aromatic biosynthetic conversions. 
Isochorismic acid was first discovered in growth cultures of 
E. coli mutants which accumulated this metabolite while 
grown under iron-deficient conditions (Young et al., 1971). 
These mutants, unable to synthesize 2,3-dihydroxybenzoic acid 
from chorismic acid, were blocked in the synthesis of iso- 
chorismatase, which converts isochorismic acid into 2,3-di- 
hydro-2,3-dihydroxybenzoic acid (3) in the biosynthetic 
pathway to enterobactin. Isochorismic acid has also been 
proposed to be the precursor to o-succinylbenzoic acid in the 
biosynthesis of menaquinone (Bentley & Meganathan, 1987; 
Weische & Leistner, 1985; Weische et al., 1987) and may be 
involved in arene oxide formation in the biosynthesis of cro- 
tepoxide, senepoxide, and pipoxide (Ganem & Holbert, 1977). 
Isochorismate is also a likely intermediate in the formation 
of salicylic acid from chorismic acid in Mycobacterium 
smegmatis (Marshal & Ratledge, 1971) and is probably a 
precursor of m-carboxyphenylalanine in plants (Weiss & 
Edwards, 1980). Since the conversion of isochorismic acid 
to o-succinylbenzoic acid (Weishce & Leistner, 1985) and the 
conversion of chorismic acid to salicylic acid (Marshall & 
Ratledge, 1972) have been demonstrated only in crude prep- 
arations, this report and the preceding paper (Liu et al., 1990) 
detailing the reversible interconversion of 1 and 2 by iso- 
chorismate synthase represent the first reported instances of 
the purification and characterization of isochorismate-utilizing 
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0.5-mL quantities and frozen at -80 OC until further use. 
Bacterial Strains and Plasmids. E. coli JMlOl [supE thi 

A(lac-proAB)/F'(traD36 proA+ p r o p  laqP lacZAM15)] and 
JM105 [A(lac-pro)xIII thi rpsL (str') endA sbcB supE 
hsdRIF'(traD36 proA+ proB+ laqP lacZAM15)I and the 
replicative form of M13mp19 were obtained from New Eng- 
land Biolabs, Beverly, MA. pKK223-3 was from Pharmacia, 
Piscataway, NJ. pMSl11, a pBR322 derivative harboring the 
entA, entB, and entE genes on an EcoRI fragment, was pro- 
vided by Dr. I. G. Young of the Australian National Univ- 
ersity. 

DNA Manipulations. DNA manipulations were carried out 
as described (Maniatis et al., 1982). All restriction enzymes 
were obtained from New England Biolabs and were used in 
accordance with the manufacturers' instructions. T4 DNA 
ligase, T4 DNA polymerase, 1OX ligase buffer, and 1OX po- 
lymerase buffer were from International Biotechnologies Inc.; 
X-Gal, IPTG, and calf intestine alkaline phosphatase were 
from Boehringer-Mannheim Biochemicals. DNA sequencing 
was carried out by using the Sequenase kit, version 2, from 
United States Biochemical Corp., Cleveland, OH, with [a- 
35S]thio-dATP (1000 Ci/mmol) from Amersham, Arlington 
Heights, IL. 

Construction of an Isochorismatase-Overproducing Strain. 
(a) Subcloning of the 2.0-kb entB-Containing Fragment into 
M13mp19. The DNA sequence of a 3.25-kb portion of 
pMSl11 containing the entE, entB, and entA genes indicated 
that the entB gene was located on a 2.0-kb HpaI fragment (Liu 
et al., 1989). The 2.0-kb fragment containing the entB gene 
was isolated (after digestion of pMS111 with HpaI) by 
electrophoresis in low melting point agarose and purified by 
ion-exchange chromatography on an Elutip (Schleicher & 
Schuell) column. The purified entB-containing fragment was 
subsequently ligated into the replicative form of M13mp19 
which had been digested with SmaI and treated with calf 
intestine alkaline phosphatase. Ligation using T4 DNA ligase 
was carried out by incubation at  2 "C for 72 h. The ligation 
mixture was then transformed into E. coli JM101, and clear 
plaques were isolated from 2X TY (1.6% Difco bacto tryptone, 
1% Difco yeast extract, 0.5% NaC1, 1.5% agar) plates. 
Preparation of single-stranded template following the Am- 
ersham protocol led to the isolation of single-stranded DNA. 
Sequencing of the template showed the presence of the insert 
in the proper orientation. The M13 phage containing the 
2.0-kb entB insert is called mFRl  (Figure 1A). 

(b) Deletion of 801 bp Upstream of entB. In order to reduce 
the distance between the tac promoter (in the multicopy 
plasmid pKK223-3, see below) and the start codon of the entB 
gene, 801 base pairs prior to the start of entB were deleted 
from mFRl in a manner similar to the procedure described 
for constructing an overproducing system for the entC gene 
(Liu et al. 1990). Single-stranded mFRl (==l pg) was primed 
with the oligonucleotide used in the Dale rapid-deletion sub- 
cloning method (RD22-mer, =40 ng; Dale et al., 1985) and 
cut with EcoRI for 2 h at 42 "C. After inactivation of EcoRI 
by heating at  65 "C for 10 min, 40 ng of a 29-base oligo- 
nucleotide primer corresponding to the first two amino acid 
residues of entB, 18 upstream residues, and five overhanging 
bases of an EcoRI restriction site was subsequently ligated to 
the resulting nicked mFRl (Figure 1B). Deletion of single- 
stranded DNA in the 3' to 5' direction was carried out by using 
the exonuclease activity of T4 DNA polymerase at 37 "C for 
30 min in the presence of 0.2 mM dGTP. Deletion of sin- 
gle-stranded DNA occurs up to the region of double-stranded 
DNA at which point the exonuclease activity is compensated 
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MIJmpl9 

29-mer primer 
E ' CCTGMGGIGIGMCACGATGGCT in HPY 

,.-E~~@--T~~~. ,Ee& I]. .TAGTCGGACTTCCTCTCTTGTGC?ACCGATAAGGEefl@ 1' 'CTTM-5' - 
mFR, Suncodon- EcoRI' 

f a  e& 
in SMI 

FIGURE 1: Subcloning strategy for the entB gene. (A) The 2.0-kb 
entBcontaining fragment from pMSl11 was ligated into the SmaI 
site of M13mp19. An M13mp19 clone selected with the 5' end of 
the entB gene proximal to the EcoRI site in the polylinker cloning 
sites was called mFR1. The 2.0-kb insert of mFRl codes for the 
carboxy terminus of entE, the complete entB gene, and the first ~ 3 0 0  
bases of the entA gene. (B) The single-stranded form of mFR1, 
corresponding to the antisense strand of the entB gene, was linearized 
by annealing RD22-mer primer and cutting with EcoRI as described 
under Materials and Methods. Subsequent annealing of the synthetic 
29-base oligonucleotide was followed by deletion of 801 bases in the 
3'4' direction by using the exonuclease activity of T4 polymerase. 
Reannealing produced a new M13 clone, mFR5, containing a trun- 
cated insert now 1.1 kb in length. The SmaI/HpaI site produced 
by ligation of the 2.0-kb HpaI fragment into the SmaI site of 
M13mp19 and the EcoRI site used to linearize single-stranded mFRl 
are shown. (C) Digestion of double-stranded mFR5 with EcoRI/ 
Hind111 and subsequent ligation into EcoRIIHindIII-digested 
pKK223-3 produced pFR1. 
by the polymerase activity in the presence of the dGTP, the 
nucleotide corresponding to the first base of the double- 
stranded region. T4 polymerase was then inactivated by 
heating for 10 min at  65 "C and the reaction mixture allowed 
to cool slowly to room temperature over 2 h. Ligation was 
accomplished by using T4 DNA ligase plus ATP to 1 mM at 
24 "C for 2.5 h. The ligation mixture was subsequently 
transformed into competent JMlOl cells. Several clear plaques 
that appeared were then isolated and used to prepare phage 
by inoculating 2 mL of freshly diluted JMlOl cells in 2X TY 
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medium at  37 "C. After 6 h, the cells were collected by 
centrifugation and 5 pL of IOX SDS loading dye (250 mM 
EDTA, 1% SDS, 0.1% bromophenol blue, 50% glycerol, pH 
8.0) was added to 25 pL of culture supernatant and the total 
loaded onto a 1% agarose gel without ethidium bromide. A 
substantial portion of DNA had been deleted from 10 out of 
a total of 54 clones screened. Sequencing of single-stranded 
template prepared from these phage confirmed that 801 base 
pairs had been deleted and the EcoRI site originally in the 
M 13mpl9 polylinker region was still intact in 8 of these clones. 
The resulting M13 phage containing the 1.1-kb entB fragment 
is called mFR5. 

(c) Subcloning into pKK223-3. The replicative form of 
mFR5 was incubated with EcoRI/HindIII, and the 1.1-kb 
fragment containing the entB gene was isolated and purified 
by low melting point agarose gel electrophoresis and ion-ex- 
change chromatography (Elutip). The plasmid pKK223-3 was 
linearized by EcoRI/HindIII, isolated, and purified in a similar 
fashion. Ligation of the 1.1-kb fragment containing the entB 
gene into pKK223-3 using T4 DNA ligase at 24 "C for 14 
h was followed by transformation into E.  coli JM105. After 
overnight incubation at 37 "C, individual colonies were picked 
from the plate and grown in 5 mL of LB broth containing 100 
pg/mL ampicillin a t  37 "C for 6 h and collected by centri- 
fugation. A DNA miniprep and subsequent restriction map- 
ping showed the presence of the recombinant pKK223-3 
plasmid containing the 1.1-kb insert, herein described as pFR1. 

Purification of Isochorismatase. (a) Crude Cell Extract. 
A 1.1-L culture of E .  coli JMIOS/pFRI was grown in LB 
broth containing ampicillin (100 pg/mL) at 37 "C until the 
OD,,, reached 0.6, at which point IPTG was added to a final 
concentration of 1 mM. Three hours later, the cells (2.8 g) 
were harvested by centrifugation, washed in 0.1 M Tris-HCI/S 
mM DTT/pH 8.0, resuspended in 8.2 mL of the same buffer, 
and lysed by three passages through a French press cell op- 
erating at 12 000 psi a t  the orifice. Cell debris was removed 
by centrifugation (15 min, lOOOOg), DNase added ( = I  mg), 
and the resulting crude extract incubated on ice for 1 h. 

(6) Ammonium Sulfate Fractionation. Ammonium sulfate 
was added to the crude extract slowly while stirring on ice to 
give a final concentration of 30% saturation. After centrifu- 
gation (15  min, 1OOOOg) to remove the precipitate, isochor- 
ismatase was precipitated by bringing the ammonium sulfate 
concentration of the supernatant to 50% saturation by slow 
addition while stirring on ice. The precipitate was collected 
by centrifugation (1 5 min, IOOOOg) and dissolved in 6.0 mL 
of 25 mM Tris-HCI buffer, pH 8.0, containing 5 mM di- 
thiothreitol (buffer B). 

(c) Gel Filtration Chromatography. The protein fraction 
after ammonium sulfate precipitation was applied to a 11 5 X 
2.6 cm column of Sephadex G-150-120 (Sigma) and eluted 
with buffer B at  a flow rate of 20 mL/h at  4 "C. Fractions 
(6.0 mL) were collected and assayed for protein by measuring 
the absorbance at 280 nm. Fractions of the major peaks that 
eluted were assayed for isochorismatase activity. A single peak 
which eluted after the void volume was found to catalyze the 
hydrolysis of isochorismate to pyruvate and 2,3-dihydro-2,3- 
dihydroxybenzoate. The fractions from this peak were com- 
bined for the next purification step. 

( d )  Anion-Exchange Chromatography. The fractions 
containing isochorismatase activity were applied to a prepacked 
Mono-Q 16/10 column (Pharmacia) at 4 "C and a flow rate 
of 5.0 mL/min. After washing with 250 mL of buffer B, 
isochorismatase was eluted with a linear 500-mL gradient of 
0-0.6 M KC1; isochorismatase eluted at  about 0.4 M KC1. 
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Scheme I :  Coupled Assay for Isochorismatase 
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(e) Analysis of Proteins. Polyacrylamide gel electrophoresis 
under denaturing conditions was performed on 12-13% gels 
as previously described (Laemmli, 1970). High molecular 
weight standards were from Bethesda Research Laboratory, 
Gaithersburg, MD. Protein determinations used Bradford's 
method (Bradford, 1976) with bovine serum albumin as a 
standard. 

(f) Storage of Purified Protein. After anion-exchange 
chromatography, the fractions containing isochorismatase were 
pooled and dialyzed quickly by repetitive concentration/di- 
lution twice with buffer B in a 50-mL Amicon filtration cell 
with a PM-10 membrane and further concentrated to 15 mL. 
This solution was then dialyzed further in Spectra/Por 2 
dialysis tubing (American Scientific Products Inc.) against a 
solution of 50% buffer B and 50% glycerol over 24 h with three 
changes of buffer. The resulting protein was stable for several 
months at  -20 or +2 "C. 

(g) Native Molecular Weight Determination. The native 
molecular weight for isochorismatase was determined by 
chromatography of the purified protein on a TSK-250 (Bio- 
Rad) gel filtration column using the following molecular 
weight standards ( M r ) :  thyroglobulin (669 000), ferritin 
(440000), catalase (232 000), aldolase (I49 000), hemoglobin 
(64 500), and carbonic anhydrase (29 000). A flow rate of 1 .O 
mL/min with 25 mM Tris-HC1/25 mM NaCl/pH 7.0 at  24 
"C as eluate was employed. A plot of (V, - Vo)/(Vt  - Vo), 
where V, = elution volume, V, = void volume, and V, = total 
column volume, versus log (molecular weight) for the standards 
gave a linear curve which could be used to predict the mo- 
lecular weight. 

(h) N- Terminal Sequence Determination. Twelve residues 
of the N-terminal sequence of isochorismatase were determined 
by using the Edman degradation procedure by Dr. William 
Lane at Harvard Microchemistry Facility, Harvard University, 
Cambridge, MA. 

Assays for Isochorismatase. (a) Coupled Assay with L- 
Lactate Dehydrogenase. Isochorismatase activity could be 
monitored by observing the decrease of absorbance at  340 nm 
due to NADH oxidation using L-lactate dehydrogenase (LDH) 
to convert the released pyruvate to L-lactate (Scheme Ia). The 
assay mixture contained isochorismic acid (1) (or a substrate 
analogue), NADH (0.10 mM), and LDH (approximately 3.5 
units) in 50 mM potassium phosphate buffer, pH 7.01 at 37 
"C. The order of addition was NADH and isochorismate 
followed by LDH; this allowed the consumption of extraneous 
pyruvate. Isochorismatase was added after the absorbance 
at  340 nm remained constant with time. In certain cases, it 
was necessary to add an additional aliquot of NADH if the 
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Table I: Purification of Isochorismatase Activity from a 1.1-L Shake Flask of JMlOS/pFRl 
volume protein specific purification yield 
( m u  activity" (mg/mL) (x-fold) (a) activityb 

crude extract 5.6 158.3 35.5 4.46 1 100 
0-30% (NH4)2S04 5.4 155.5 35.2 4.42 0.99 95 

Sephadex G-150 54.0 14.5 2.7 5.37 1.20 88 
30-50% (NHJ2SO4 5.0 158.1 36.8 4.30 0.96 89 

Mono-Q anion exchange 73.0 10.4 1.2 8.67 1.94 86 
OActivity is defined as the number of rmol of NADH oxidized mi& mL-' in the L-lactate dehydrogenase coupled assay after subtracting NADH 

oxidase activity in the absence of isochorismic acid. *Specific activity is defined as the number of rmol of NADH oxidized min-I (mg of protein)-! 
in the L-lactate dehydrogenase coupled assay after subtracting NADH oxidase activity in the absence of isochorismic acid. 

extraneous pyruvate consumed too much NADH. 
(b) Coupled Assay with 2,3-Dihydro-2,3-dihydroxybenzoate 

Dehydrogenase. Alternatively, isochorismatase activity could 
be monitored by using a coupled assay with 2,3-dihydro-2,3- 
dihydroxybenzoate dehydrogenase (2,3-diDHB dehydrogenase; 
Liu et al., 1989) and observing the increase of absorbance at 
340 nm due to NAD reduction by the other product of the 
isochorismatase reaction, 2,3-dihydro-2,3-dihydroxybenzoate 
(Scheme Ib). The assay mixture contained isochorismate, 
NAD+ (0.10 mM), and 2,3-diDHB dehydrogenase (=lo pg) 
in 50 mM potassium phosphate buffer, pH 7.01, at 37 "C. The 
reaction was initiated by the addition of isochorismatase. 

( c )  Determination of Substrate Concentrations. (+)-Iso- 
chorismate (1) was determined by the absorbance at 278 nm 
by using €278 = 8300 M-l cm-' as described below. (-)- 
Chorismate (2) was determined by the absorbance at 275 nm 
by using €275 = 2630 M-' cm-' (Addadi et al., 1983). 3- 
[ (Carboxyetheny1)oxyl benzoic acid (14) was determined by 
measuring the absorbance at 287 nm by using €287 = 1530 M-' 
cm-' (Young et al., 1969b). The extinction coefficient used 
for isochorismic acid (1) (8830 M-' cm-') differs from the 
value reported in previous reports (Young et al., 1969a; Busch 
& Berchtold, 1983). The extinction coefficient of 8300 M-' 
cm-' was determined by comparing the absorbance at 278 nm 
of a solution of isochorismic acid in pH 7.01,50 mM potassium 
phosphate buffer, with the amount of NADH consumed or 
NAD+ reduced in coupled assays with either LDH or 2,3- 
diDHB dehydrogenase, respectively [as described above in (a) 
and (b)]. For the determination of kinetic constants, the 
concentration of (f)-isochorismate (1) and compounds 5-8 
was determined by the amount of pyruvate released after 
incubation with isochorismatase using the LDH coupled assay 
described above in (a). This method determines the concen- 
tration of only those isomers that are utilized by the enzyme. 
Concentrations of compounds 9-13 and 15-17 were deter- 
mined gravimetrically. 

( d )  Determination of pH Optimum for Isochorismatase. 
The assay described above in (a) using LDH and natural 
isochorismate (900 pM) was performed in various buffers from 
pH 5.5 to 9.0 in increments of 0.5 pH unit. The following 
buffers were used instead of potassium phosphate: for pH 
5.5-6.5, 50 mM 2-(N-morpholino)ethanesulfonic acid; for pH 
7.0 and 7.5, 50 mM 3-(N-morpholino)propanesulfonic acid; 
for pH 8.0 and 8.5, 50 mM tris(hydroxymethy1)amino- 
methane; and for pH 9.0 and 9.5, 50 mM 2-(N-cyclohexyl- 
amino)ethanesulfonic acid. The amount of LDH in each assay 
was adjusted appropriately to keep the pyruvate to L-lactate 
reaction non rate limiting. 

( e )  Kinetic Isotope Effect in D,O. Deuterated 50 mM 
potassium phosphate buffer was prepared by dissolving 340 
mg of K2HP04 and 41 5 mg of KH2P04 in a 100 mL of D 2 0  
after repeated lyophilization/rehydration D20. The pD of the 
resulting buffer was measured to be 6.8 1. Enolpyruvyl ether 
hydrolysis was measured at 37 OC by using the LDH coupled 

assay described above with (f)-isochorismate (1) at a final 
concentration of 370 pM. The control reaction was carried 
out identically except pH 7.01, 50 mM potassium phosphate 
buffer was used. 

(f) Determination of Kinetic Constants. K ,  and k,, values 
for isochorismate and other substrates listed in Table I11 were 
determined by using the LDH coupled assay described above 
in (a) usually using eight different substrate concentrations. 
The values were determined by using the fitting routine HYPER 
(Cleland, 1979). Inhibitor constants for the compounds listed 
in Table IV were determined from reciprocal plots at four 
different inhibitor concentrations (Segel, 1975) according to 
the LDH coupled assay of enolpyruvyl ether hydrolysis of 
(f)-4,5-dihydroisochorismate ( 5 ) .  

N M R  Experiments. NMR spectra were recorded at 500 
MHz with a Varian VXRSOO spectrometer using a water 
suppression pulse sequence. Samples were maintained at 30 
OC during data acquisition. Standard N M R  spectra of iso- 
chorismate ( l ) ,  chorismate (2), 2,3-dihydro-2,3-dihydroxy- 
benzoate (3), and 3,4-dihydro-3,4-dihydroxybenzoate (4) were 
obtained on 1-2 mg dissolved in 0.70 mL of the deuterated 
buffer described above for the kinetic isotope experiment. 
Enzyme was dialyzed three times by rapid Centricon filtration 
of a 50% glycerol enzyme solution against deuterated potas- 
sium phosphate buffer. Dialyzed isochorismatase (=lo0 pg) 
was added to observe either the conversion of isochorismate 
(1) to 2,3-dihydro-2,3-dihydroxybenzoate (3) or that of 
(-)-chorismate (2) to 3j-dihydro-3,4-dihydroxybenzoate (4). 
(f)-Isochorismate (1) purified by reverse-phase chromatog- 
raphy as described above was used for these experiments. 

RESULTS 
Subcloning of entB and Overproduction of Isochorismatase. 

The strategy to subclone and express the entB gene eventually 
involved inserting the gene into the multicopy plasmid 
pKK223-3 containing the strong tac promoter. Subcloning 
of the fragment directly into this vector using the available 
restriction sites flanking the entB gene, however, would have 
resulted in a large stretch of untranslatable DNA (1800 base 
pairs) between the start of the gene and the promoter element 
and would drastically reduce the efficiency of transcription. 
Therefore, the 2.0-kb HpaI fragment containing the entB gene 
was first cloned into the SmaI site of M13mp19 (Figure lA), 
and the method described in the preceding paper for overex- 
pressing the entC gene product (Liu et al., 1990) was used to 
delete 801 bp from the EcoRI site in the polylinker region of 
M13mp19 to a region just upstream of the entB gene Shine- 
Delgarno sequence (Figure 1 B). The proper clone resulting 
from the deletion reaction, mFR5, now contains an EcoRI site 
23 base pairs upstream from the start of the entB gene. It is 
now straightforward to remove the entB fragment (now =1.2 
kb) by digestion of double-stranded mFR5 with EcoRIIHin- 
dIII and subclone this fragment into EcoRI/HindIII-digested 
pKK223-3 (Figure 1C). The resulting plasmid pFRl was 
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FIGURE 2: Purification of isochorismatase as followed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis. Lane 1 , whole 
cells of uninduced pFRI/JMl05, 50 pg of protein. Lane 2, whole 
cells of pFR 1 /JM 105 4 h after induction by IPTG, 50 pg of protein. 
Lane 3, crude extract from pFRl/JMIOS, 50 pg of protein. Lane 
4, &30% ammonium sulfate precipitation of crude extract, 50 pg of 
protein. Lane 5,30-50% ammonium sulfate precipitation, 40 pg of 
protein. Lane 6, combined isochorismatase fractions after Sephadex 
G- 150 gel filtration chromatography, 15 pg of protein. Lanes 7-9, 
combined isochorismatase fractions after Mono-Q anion-exchnge 
chromatography. The amount of protein loaded was 5 pg in lane 7, 
IO pg in lane 8, and 20 pg in lane 9. Lane IO, molecular weight 
standards. 

transformed into JM105; after induction by IPTG, it was 
found that 150% of the total cellular protein expressed was 
isochorismatase on the basis of the yield of purified enzyme 
(Table I). This is qualitatively consistent with the amount 
of enzyme present in the crude extract as determined from 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) (lane 2, Figure 2). 

Purification and Characterization of Isochorismatase. The 
purification of isochorismatase was accomplished by a five-step 
procedure (Table I) yielding 88 mg of essentially homogeneous 
enzyme from I. 1 L of growth medium containing 2.8 g of cells. 
Crude extract was treated with DNase to remove nucleic acids 
since protamine sulfate precipitated isochorismatase. Gel 
filtration chromatography immediately following ammonium 
sulfate precipitation obviated the need for dialysis. SDS- 
PAGE of the protein fraction after anion-exchange chroma- 
tography indicated an essentially pure protein (Figure 2, lanes 
7-9; overloading of the protein in lane 9 indicates < I %  con- 
tamination remaining). The subunit molecular weight was 
calculated to be 35000 compared with the calculated molecular 
weight obtained from the DNA sequence of 32 554 (Nahlik 
et al., 1989; Liu et al., 1989). Gel filtration of isochorismatase 
on a Superose 12 gel filtration column against molecular 
weight standards yielded a native molecular weight of 159 OOO 
(=4.9 monomers/holoenzyme). Amino-terminal sequencing 
of the first 12 residues of isochorismatase gave the sequence: 
H2N-A-I-P-K-L-Q-A-Y-A-L-P-E ...- COOH. This sequence 
is identical with that predicted from the DNA sequence 
(Nahlik et al., 1989; Liu et al., 1989) after processing of the 
first methionine. 

The strategy for assaying isochorismatase is outlined in 
Scheme I. The substrate isochorismate (1) is now readily 
available by either chemical or enzymic synthesis (see Ma- 
terials and Methods). Progress of the isochorismatase reaction 
can be followed by using a coupled assay to monitor either of 
the products of the reaction, pyruvate or 2,3-dihydro-2,3-di- 
hydroxybenzoate (2,3-diDHB; 3) by their respective de- 

Table 11: Stoichiometry of the Isochorismatase-Catalyzed Reaction" 
substrate 

(+):is+ (f):iF 
chorismic chorismic 

acid acid 
nmol of isochorismate6 42.23 45.30 
nmol of pyruvate formede 44.21 22.35 
nmol of 2,3-diDHB formedd 43.89 18.81 
nmol of pyruvate/nmol of isochorismate 1.05 0.49 
nmol of 2,3-diDHB/nmol of isochorismate 1.04 0.42 
O Errors for each number are about 5%. Nanomoles of isochoris- 

mate was determined by using 9 7 8  = 8300 M-' cm-I. eNanomoles of 
pyruvate was determined by the amount of NADH consumed in the 
LDH assay by using cM = 6220 M-' cm'l. dNanomoles of 2,3-di- 
hydroxy-2,3-dihydrobenzoate (2,3-diDHB) was determined by the 
amount of NADH produced in the 2,3-diDHB assay by using cM = 
6220 M-' cm-I. 

hydrogenases, L-lactate dehydrogenase and 2,3-diDHB de- 
hydrogenase. Table I1 validates the expected stoichiometry 
of the two products formed by using the coupled assays de- 
scribed in Scheme I. Table I1 also indicates that only half of 
(f)-isochorismate (1) is converted into pyruvate and 2,3- 
diDHB, suggesting that only one enantiomer is utilized by the 
enzyme. This is verified below by 'H NMR spectroscopy. 
Although 2,3-diDHB dehydrogenase is available from an 
overproducing strain of E. coli harboring the entA gene (Liu 
et al., 1989), the coupled assay using L-lactate dehydrogenase 
is preferred when monitoring the time dependence of product 
formation due to the large amounts of auxiliary enzyme 
necessary. 

Calculated kinetic parameters at  37 OC for natural iso- 
chorismate (1) in the L-lactate dehydrogenase coupled assay 
are K, = 14.7 pM and V,, = 18.5 pmol of NADH oxidized 
min-' mg"'. By use of the subunit molecular weight derived 
from the gene sequence (32 554), the turnover number is 600 
m i d .  Kinetic parameters have also been determined for 
synthetic (racemic) isochorismate. By use of concentrations 
of substrate based on the amount of pyruvate formed [Le., 
concentration of substrate = (concentration of racemic 
compound)] , K, = 10.6 p M  and V,, = 16.0 pmol of NADH 
oxidized min" mg-'. These constants determined for both the 
natural and synthetic forms of isochorimate are in agreement 
if only one isomer of the racemic mixture is utilized by the 
enzyme. 

Isochorismatase has a broad pH optimum with maximum 
activity extending from pH 6.5 to 7.5 (data not shown). The 
decline in activity with pH is sharper at higher pH with less 
than 3% of the maximum activity remaining at pH 9.0 while 
at pH 5.5, almost 50% of the maximum activity is retained. 

A deuterium isotope effect is observed when the reaction 
is run in D20. Thus, when the reaction is buffered at  pH 7.01 
in H20, the velocity of the reaction is 19.00 pmol m i d  mg-I. 
When the reaction is carried out in D20  (pD = 6.81), the 
velocity of the reaction is 9.20 pmol m i d  mg-I, a 2-fold 
decrease in the rate of the reaction. This result indicates that 
a step involving hydrogen transfer is partially rate limiting. 

Substrate Analogues for and Inhibitors of Isochorismatase. 
A number of structural isomers of isochorismate have been 
tested as either alternate substrates or inhibitors of isochor- 
ismatase. Table 111 lists those compounds that were utilized 
by isochorismatase. This was verified by the production of 
pyruvate using the LDH coupled assay system (Scheme I). 
The compounds listed in Table 111 can be grouped into two 
classes on the basis of the representative values of Km,kmt, and 
the ratio of k,,/K,. Isochorismate (1) is the best substrate 
for enolpyruvyl hydrolysis in terms of the ratio k,,/K,,,. 
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Table IV" Table 111' 

K kcU1 kcU1lKm 
compound no. ( rM) (min-') (pM-I min-I) 

compound no. Ki (rM) type 

COOH 13 NI NA 
1 15 600 40 COOH :elcooH 

COOH 14 130 comp I 

2 237000 21300 20.030 

&oACOOH 
YOOH 

O O A C O O H  15 2000 comp 

H o ~ o ~ C O O H  

6 H  

FOOH 23 

120 

280 

86 

N D  

310 

540 

980 

1300 

22.1 

13 

4.5 

3.5 

15 

N D  

" Abbreviations: NI, not inhibitory; NA, not applicable; comp, 
comlletitive. 

COOH 
I 

mined by measuring the amount of pyruvate produced and, 
thus, the reported K ,  values represent only those isomers of 
the racemic mixtures that are utilized by the enzyme. 

The second group of substrate analogues, exemplified by 
chorismate (2) and compounds 9-12, appear to be "poor" 
substrates when the relative values of k,, are compared. These 
compounds also have K ,  values at least 3 orders of magnitude 
larger than the K ,  value for isochorismate (1) (data not 
shown). This decreased binding affinity most likely relates 
to the presence of the hydroxyl group at C4 in all of these 
compounds (except 12 which has two methyl substituents at 
C5). It is also of interest that the k,, for chorismate (2), when 
extrapolated to infinite chorismate concentration, is over 2 
times larger than k,,, for isochorismate (1). Thus, the 
1400-fold difference in k,,/K, between isochorismate and 
chorismate is due solely to the decreased affinity of the enzyme 
for chorismate. 

It is important to emphasize that there is a larger uncer- 
tainty in the calculated kinetic constants of the second group 
of compounds 2 and 9-12 than in those compounds that are 
better substrates (compounds 1 and 5-8). The reason for this 
is twofold. First, except for chrorismate, which has a well- 
known extinction coefficient (Addadi et al., 1983), the con- 
centration of the substrates 9-12 was determined gravime- 
trically and thus there is a larger uncertainty in the concen- 
tration of these compounds. Second, the velocity versus 
concentration curve for compounds 2 and 9-12 does not show 
complete saturation over the practical range of substrate 
concentrations used in these experiments, and thus the values 
of k,, and K ,  computed for these compounds are probably 
lower limits. For example, for the assay concentrations of 
chorismate from 50 pM to 10 mM, the velocity ranges from 
0.075 to 8.2 pmol of NADH oxidized m i d  mg-' (data not 
shown) and is practically linear throughout this range. As a 
result, we are reluctant to draw conclusions about the reaction 
from kinetic data obtained with the "poor" substrates. Thus, 
although it is interesting to note the range of k,, values 
calculated within this group of similar compounds (2,9-12), 
the uncertainties of these values makes it difficult to attribute 
these differences to effects such as ring conformations or the 
configuration of the carboxyl group at C1. 

A number of compounds that contained an enolpyruvyl 
group at C3, in addition to those shown in Table 111, were not 
utilized by isochorismatase; Le., if any pyruvate was released, 
it was I 1  nmol in a 10-min period. Table IV documents two 
that were competitive inhibitors. 4,5-Dihydroisochorismate 
(5) was chosen as the substrate in the inhibitor studies since 
these studies require extensive amounts of substrate and 5 is 

O O ' C O O H  

COOH 

&oACOOH 
YOOH 

& ) h O O H  

dH 
FOOH 10 ND 252.7 ND 

0 0 C 0 0 H 

6H 

6 o A C O O H  OH 

COOH 

ND 22.3 ND 11 

12 ND 29.5 ND 

A o A C O O H  
"Abbreviation: ND, not determined. 

However, 4,5-dihydroisochorismate (5), the cycloheptadienyl 
compound 6, and compounds 7 and 8 are also very good 
substrates for the enzyme despite significant structural dif- 
ferences. Compounds 5-8 also have k,, values comparable 
to the k,,, value of isochorismate. Compounds 7 and 8 are 
interesting since the k,, values for these compounds are ac- 
tually larger than the k,, for isochorismate by 1.6 and 2.2 
times, respectively. It is interesting to note that the absence 
of the C2 hydroxyl group in compounds 6-8 does not seem to 
appreciably affect either substrate binding or the rate of the 
enzyme-catalyzed reaction, indicating that this functionality 
is not strictly required by the enzyme. The larger values of 
K ,  for compounds 6 and 7 may relate to the increased size 
of the ring in compound 6 and the altered geometry (from 
trigonal to tetrahedral about C1 with the carboxyl group now 
attaining a position above the plane of the ring) in compound 
7. Note that K ,  values for compounds 5-8 are again deter- 
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more stable than isochorismate. Dihydroisochorismate (5) is 
also an excellent substrate for the isochorismatase reaction 
(Table 111). Of the compounds listed in Table IV, the best 
inhibitor is the aromatic compound 14, which acts as a com- 
petitive inhibitor with Ki = 135 pM. The similar aromatic 
compound 15 with the additional hydroxyl function at C2 was 
a poorer competitive inhibitor with Ki = 2.04 mM. The di- 
hydro amino analogue of isochorismate, 13, is not inhibitory. 
Thus, the presence of the amino group at C2 evidently prevents 
productive binding. Other compounds that were not utilized 
by isochorismatase and were not inhibitory included the 
chorismate analogues 16 and 17 (data not shown). For these, 
compound 16 contains a methoxyl group at  C4 and compound 
17 is missing the C, carboxyl group. That these compounds 
are not inhibitory is not surprising given the very high K,,, 
observed for chorismic acid (2) (they all have substituents a t  

Progress of the Isochorismatase-Catalyzed Reaction Fol- 
lowed by N M R  Spectroscopy. The processing of (k)-iso- 
chorismate (1) by isochorismatase was followed by 'H NMR 
spectroscopy. The results, illustrated in Figure 3, clearly show 
the conversion of isochorismate to 2,3-dihydro-2,3-di- 
hydroxybenzoate (3). The N M R  spectrum of (f)-isochor- 
ismate at 30 "C in 50 m M  potassium phosphate, pD = 6.81 
buffer is shown in Figure 3A. The resonances appearing in 
the 5.0-7.0 ppm region include the three vinyl protons of the 
ring (6 6.14, dd, H,; 6 6.28, dd, H,; 6 6.76, d, H6) and the 
enolpyruvyl ether side chain proton trans to the ether oxygen 
(6 5.17, s, HA). Protons H2 and H3, and the other enolpyruvyl 
ether side-chain proton, HB, resonate upfield near the water 
proton frequency and are not observable under water sup- 
pression conditions. Since these upfield resonances are sup- 
pressed, they do not contribute to scalar coupling, explaining 
the coupling pattern of those protons shown in Figure 3. 

Upon addition of enzyme, several changes occur in the vinyl 
proton resonances over a period of about 12 min (Figure 3B, 
8.3 min after adding enzyme): (1) In addition to the loss of 
intensity of the doublet due to H6 a t  6 6.76, a well-resolved 
doublet a t  6 6.79 appears; (2) the 6.10-6.40 ppm region ap- 
pears more complex as additional multiplets appear a t  6 6.12 
and 6.24; (3) the intensity of the enolpyruvyl ether proton 
resonance (HA, 6 5.17) decreases; (4) an additional intense 
resonance assigned to the methyl protons of pyruvate appears 
at 6 2.30 (not shown). These changes are consistent with the 
reaction shown in Scheme I in which hydrolysis of the enol- 
pyruvyl ether side chain of isochorismate occurs to form 2,3- 
dihydro-2,3-dihydroxybenzoate and pyruvate. Evidence that 
the new resonances appearing in the 5.0-7.0 ppm region are 
due to 2,3-dihydro-2,3-dihydroxybenzoate is obtained by 
comparing the spectrum in Figure 3B with a spectrum of 
authentic (f)-2,3-dihydro-2,3-dihydroxybenzoate shown in 
Figure 3C. 

After 12 min, no further changes in the NMR spectrum are 
observed; the N M R  spectrum after completion of the reaction 
shows an approximately equimolar mixture of isochorismate 
(1) and 2,3-dihydro-2,3-dihydroxybenzoate (3) (spectrum not 
shown). The fact that only half of the (f)-isochorismate is 
consumed in the reaction implies that only one isomer of the 
racemic compound is metabolized by the enzyme. Since the 
(+)-2S,3S isomer of isochorismate has been isolated and shown 
to be metabolized by partially purified extracts of iron-re- 
pressed K. pneumoniae (Young et al., 1969a), it is presumed 
that the 2R,3R isomer of isochorismate accumulates. 

The hydrolysis of the enolpyruvyl ether side chain of 
(-)-chorismate (2) by isochorismatase was also followed by 
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FIGURE 3: Progress of the isochorismatase-catalyzed isochorismate 
to 2,3-dihydro-2,3-dihydroxybenzoate conversion as followed by IH 
NMR spectroscopy. (A) 30 O C  spectrum of (*)-isochorismate, 1.5 
mg/mL, in 50 mM potassium phosphate buffer, pD = 6.8 1. Only 
the 5.0-7.0 ppm region is illustrated. (B) Isochorismate sample shown 
in (A), 8.3 min after adding e100 pg of isochorismatase. Arrows 
show resonances that change in intensity as isochorismate is converted 
into 2,3-dihydro-2,3-dihydroxybenzoate. (C) NMR spectrum of 
(i)-2,3-dihydro-2,3-dihydroxybenzoate in the same buffer as in (A). 
The proton resonances of isochorismate and 2,3-dihydro-2,3-di- 
hydroxybenzoate are numbered according to the scheme for iso- 
chorismate shown in Table 111. 

N M R  spectroscopy with formation of the expected products 
3,4-dihydro-3,4-dihydroxybenzoate (4) and pyruvate (Figure 
4A,B). Thus, in addition to changes in the 5.8-6.3 ppm 
region, the resonance at  6 6.51 (s) of the HI proton of chor- 
ismate decreases and a resonance a t  6 6.43 ppm (s) appears 
while the intensity of the enolpyruvyl ether side-chain proton 
HA resonance (6 5.15, s) decreases and a resonance due to 
pyruvate appears a t  6 2.30. A spectrum of authentic 3,4-di- 
hydro-3,4-dihydroxybenzoate is shown in Figure 4C for com- 
parison. The reaction is about 80% complete after 28 min, 
with all of the natural (-)-chorismate eventually converted 
into 3,4-dihydro-3,4-dihydroxybenzoate. 

DISCUSSION 

The entB gene, coding for the enzyme isochorismatase, has 
been subcloned into the multicopy plasmid pKK223-3 and 
overproduced in a strain of E .  coli. The resulting clone is an 
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FIGURE 4: Conversion of (-)-chorismate to 3,4-dihydro-3,4-di- 
hydroxybenzoate catalyzed by isochorismatase as followed by 'H 
NMR spectroscopy. (A) (-)-Chorismic acid, 2.0 mg/mL in 50 mM 
potassium phosphate buffer, pD = 6.81. (B) Sample shown in (A), 
12.3 min after adding =lo0 rg of isochorismatase. (C) Spectrum 
of authentic (f)-3,4-dihydrc+3,4-dihydroxybenzoate in the same buffer 
as in (A). 

excellent overproducer, with isochorismatase accounting for 
over 50% of the total cellular protein, permitting its purification 
to homogeneity for the first time. As a result, 80 mg of pure 
enzyme is available from as little as 1 L of culture (2.8 g of 
cells) after a simple purification procedure involving ammo- 
nium sulfate fractionation and two chromatographic steps. 
Thus, all four of the essential enterobactin biosynthetic en- 
zymes (EntC, -E, -B, and -A) necessary for the biosynthesis 
and activation of 2,3-dihydroxybenzoate from chorismate have 
now been overproduced and purified separately (Liu et al., 
1989, 1990; Rusnak et al., 1989) in quantities sufficient for 
enzymological characterization. 

We have developed a convenient coupled assay for iso- 
chorismatase (Scheme I) using the respective dehydrogenases 
for the products of the reaction, pyruvate and 2,3-dihydro- 
2,3-dihydroxybenzoate. These assays have been used to de- 
termine kinetic constants for the substrate isochorismate as 
well as a number of analogues that act as either substrates or 
inhibitors. The K ,  and k,,, values for natural isochorismate 
in the coupled assay with L-lactate dehydrogenase at 37 "C 
are 14.2 p M  and 600 min-', respectively. Synthetic (&)-iso- 
chorismate yielded similar values for K,  and k,, of 10.6 pM 
and 520 m i d ,  respectively, based on the utilization of only 
one isomer of the racemic mixture. Within experimental error, 
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the values for K,,, and k,, are the same for natural and syn- 
thetic isochorismate. 

A number of compounds have been shown to act as alternate 
substrates of isochorismatase (Table 111). There does not seem 
to be a strict requirement for the diene system of isochorismate 
since many of the compounds in Table I11 which were hy- 
drolyzed have only one double bond in the ring (e.g., com- 
pounds 5 and 7-12) or a diene system different from iso- 
chorismate (e.g., compounds 2 and 6). The lack of the hy- 
droxyl group at C2 also does not affect the enzyme-catalyzed 
reaction. A substituent at C4 does, however, alter the binding 
properties of the substrate to isochorismatase. This is man- 
ifested in a series of chorismate analogues (compounds 2 and 
9-12) which have a hydroxyl group at C4 or large substituents 
at Cs and whose K,  values have increased over 1000-fold. This 
is supported by the lack of inhibition of compounds 16 and 
17. The fact that the planar aromatic compounds 14 and 15 
were not hydrolyzed suggests that the side chain of these 
compounds may not move into the proper orientation in the 
active site. Curiously, two compounds which have an oxygen 
atom in the ring (at the 6-position, compounds 11 and 12) can 
be hydrolyzed by isochorismatase. 

Of all compounds tested, perhaps the most surprising com- 
pound that was hydrolyzed by the enzyme was chorismate (2), 
the common precursor of the aromatic amino acids and a 
substrate for isochorismate synthase, the enzyme preceding 
isochorsmatase in the pathway to 2,3-dihydroxybenzoate 
(Young et al., 1971). This result explains an earlier report 
which found that chorismate is metabolized to 3,4-dihydro- 
3,4-dihydroxybenzoate by extracts of K. pneumoniae (Young 
& Gibson, 1969) grown under iron-deficient conditions (Le,, 
derepressing conditions for the entCEBA regulon). That the 
vinyl ether side chain of chorismate is hydrolyzed by iso- 
chorismatase seems counterproductive for the efficient pro- 
duction of enterobactin. However, this may not be a problem 
in vivo since the K ,  for chorismate is quite large (137 mM) 
and the intracellular concentration of chorismate may not 
become high enough for this (presumably adventitious) re- 
action to occur appreciably. 

The enzyme isochorismatase is an example of a group of 
enzymes in which an enol ether group is involved in an en- 
zyme-catalyzed group-transfer reaction. These enzymes can 
be classified into two subcategories, which we refer to as type 
I and type 11. Type I enzymes use phosphoenolpyruvate as 
the donor to effect the addition of the enolpyruvyl group to 
an alcohol function to form a vinyl ether bond (Scheme 11). 
Two noted examples of the type I enzymes are 5-enol- 
pyruvylshikimate-3-phosphate (EPSP) synthase, in which the 
enolpyruvyl group is added to shikimate-3-phosphate in the 
biosynthesis of chorismate (Bondinell et al., 1971), and the 
enzyme in peptidoglycan cell wall biosynthesis which adds the 
enolpyruvyl group to the sugar 3'-OH of UDP-N-acetyl- 
glucosamine (Cassidy & Kahan, 1973; Zemell & Anwar, 
1975a,b). A tetrahedral intermediate in the EPSP synthase 
reaction formed by the nucleophilic attack of Cs hydroxyl 
group on the C2 position of phosphoenolpyruvate has been 
detected recently by NMR spectroscopy (Anderson et al., 
1988). A similar intermediate may accumulate in the anal- 
ogous reaction with UDP-N-acetylglucosamine pyruvyl- 
transferase, although a mechanism different from the EPSP 
synthase mechanism involving a covalent enolpyruvyl enzyme 
has been proposed (Zemell & Anwar, 1975b). 

Type I1 enzymes, of which isochorismatase is an example, 
function as hydrolases to cleave a vinyl ether bond, releasing 
both alcohol and carbonyl products (Scheme 111). Besides 
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Scheme 11: Type I-Enolpyruvyl Ether Synthesis 
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Scheme 111: Type 11-Enol Ether Hydrolysis 
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isochorismatase, the only other example we are aware of at 
this time is the enzyme plasmalogenase, present in liver mi- 
crosomes (Warner & Lands, 1961; Ellingson & Lands, 1968; 
Gunawan & Debuch, 198 1 ) and oligodendroglial brain cells 
(Freeman et al., 1984). Plasmalogenase hydrolyzes the alkenyl 
ether bond of 1-0-( l’-alkenyl)-2-O-acyl-sn-glycero-3- 
phosphoethanolamine to produce a long-chain aldehyde and 
the 2-acylglycerophosphoethanolamine. The mechanism for 
plasmalogenase has not been worked out in detail but may 
involve a tetrahedral intermediate similar to the one described 
above for the type I enzymes. The principal difference between 
the proposed intermediates formed in the type I and type I1 
enzymes is that, in type I enzymes, deprotonation of the 
transiently formed methyl group leads to elimination of 
phosphate from the intermediate in the forward direction. In 
the type I1 enzymes, deprotonation would occur from the 
hydroxyl group originally derived from solvent water with the 
elimination of an alcohol group. The deprotonation in the type 
I enzymes probably involves an active site base to assist in 
catalysis. Deprotonation of the tetrahedral intermediate in 
the type I1 enzymes may well be spontaneous, owing to the 
inherent instability of the transiently formed hemiacetal/ 
hemiketal. 

Although a comparison of the DNA/protein sequence of 
isochorismatase failed to turn up any homologies, particularly 

when compared to the sequence of E.  coli EPSP synthase 
(Duncan et al., 1984), it remains to be determined whether 
there are any homologies between isochorismatase and either 
UDP-N-acetylglucosamine enolpyruvyltransferase or the more 
mechanistically similar enzyme plasmalogenase; a gene or 
protein sequence is not known for either of these two enzymes. 

ACKNOWLEDGMENTS 

pMSl11. 

REFERENCES 
Addadi, L., Jaffe, E. K., & Knowles, J. R. (1983) Biochem- 

istry 22, 4494-4501. 
Anderson, K. S., Sikorski, J. A., Benesi, A. J., & Johnson, K. 

A. (1988) J .  Am. Chem. SOC. 110, 6517-6519. 
Bentley, R., & Meganathan, R. (1987) Escherichia coli and 

Salmonella typhimurium. Cellular and Molecular Biology 
(Neidhardt, F. C . ,  Ed.) pp 512-520, American Society for 
Microbiology, Washington, DC. 

Bondinell, W. E., Vnek, J. ,  Knowles, P. F., Sphrecher, M., & 
Sprinson, D. B. (1971) J .  Biol. Ckem. 246, 6191-6196. 

Bradford, M. M. (1976) Anal. Biochem. 72, 248-254. 
Busch, F. R., & Berchtold, G. A. (1983) J .  Am. Chem. Soc. 

We thank Dr. I. G. Young for providing us with the plasmid 

105, 3346-3347. 



Subcloning of the Enterobactin Biosynthetic Gene entB 

Cassidy, P. J . ,  & Kahan, F. M. (1973) Biochemistry 12, 

Chiasson, B. A., & Berchtold, G. A. (1974) J.  Am. Chem. SOC. 

Cleland, W. W. (1979) Methods Enzymol. 63, 103. 
Dale, R. M. K., McClure, B. A., & Houchins, J. P. (1985) 

Plasmid 13, 31-40. 
DeMarinis, R. M., Filer, C. N., Waraszkiewicz, S. M., & 

Berchtold, G. A. (1974) J .  Am. Chem. SOC. 96, 1193-1197. 
Duncan, K., Lewendon, A., & Coggins, J. R. (1984) FEBS 

Lett. 170, 59-63. 
Earhart, C. F. (1987) Iron Transport in Microbes, Plants, and 

Animals (Winkelmann, G., van der Helm, D., & Neilands, 
J. B., Eds.) pp 67-84, VCH Verlagsgesellschaft, Weinheim. 

Ellingson, J. S., & Lands, W. E. M. (1968) Lipids 3, 11 1-120. 
Freeman, N. M., Carey, E. M., & Carruthers, A. (1984) 

Ganem, B., & Holbert, G. W. (1977) Bioorg. Chem. 6 ,  

Ganey, M. V. (1986) Ph.D. Thesis, Massachusetts Institute 

Gibson, F. (1968) Biochem. Prep. 12, 94-97. 
Guilford, W. J., Copley, S. D., & Knowles, J. R. (1987) J .  

Gunawan, J., & Debuch, H.  (1981) Hoppe-Seyler’s Z .  Phy- 

Ife, R. J., Ball, L. F., Lowe, P., & Haslam, E. (1976) J.  Chem. 

Laemmli, U. K. (1970) Nature (London) 227, 680-685. 
Lawrence, J., Cox, G. B., & Gibson, F. (1 974) J .  Bacteriol. 

Liu, J . ,  Duncan, K., & Walsh, C. T. (1 989) J.  Bacteriol. 171, 

Liu, J . ,  Quinn, N., Berchtold, G. A., & Walsh, C. T. (1990) 

Luke, R. K. J., & Gibson, F. (1971) J .  Bacteriol. 107, 

Maniatis, T., Fritsch, E. F., & Sambrook, J. (1982) Molecular 
Cloning: A Laboratory Manual, Cold Spring Harbor 
Laboratory, Cold Spring Harbor, NY. 

Marshall, B. J., & Ratledge, C. (1972) Biochim. Biophys. Acta 

Nahlik, M. S. ,  Fleming, T. P., & McIntosh, M. A. (1987) J .  

1364-1 374. 

96, 2898-2901. 

Neurochem. I n t .  6 ,  273-28 1. 

393-396. 

of Technology. 

Am. Chem. SOC. 109, 5013-5019. 

siol. Chem. 362, 445-452. 

SOC., Perkin Trans. 1 ,  1776-1783. 

118, 41-45. 

791-798. 

Biochemistry (preceding paper in this issue). 

557-562. 

264, 106-1 16. 

Bacteriol. 169, 4163-4170. 

Biochemistry, Vol. 29, No. 6 ,  1990 1435 

Nahlik, M. S., Brickman, T. J., Ozenberger, B. A,, & 
McIntosh, M. A. (1989) J .  Bacteriol. 171, 784-790. 

Nichols, B. P., Seibold, A. M., & Doktor, S. Z. (1 989) J.  Biol. 
Chem. 264, 8597-8601. 

Ozenberger, B. A,, Brickman, T. J., & McIntosh, M. A. 
(1989) J .  Bacteriol. 171, 775-783. 

Pawlak, J. L., & Berchtold, G. A. (1988) J .  Org. Chem. 53, 

Pawlak, J. L., Padykula, R. E., Kronis, J. D., Aleksejczyk, R. 
A., & Berchtold, G. A. (1989) J .  Am. Chem. SOC. 1 1 1 ,  

Policastro, P. P., Au, K. G., Walsh, C. T., & Berchtold, G. 
A. (1984) J .  Am. Chem. SOC. 106, 2443-2444. 

Rusnak, F., Faraci, W. S., & Walsh, C. T. (1989) Biochem- 
istry 28, 6827-6835. 

Segel, I. H. (1975) Enzyme Kinetics: Behavior and Analysis 
of Rapid Equilibrium and Steady State Enzyme Systems, 
John Wiley and Sons, New York. 

Teng, C.-Y. P., & Ganem, B. (1984) J .  Am. Chem. SOC. 106, 

Walsh, C. T., Erion, M. D., Walts, A. E., Delaney, J. J., & 
Berchtold, G. A. (1987) Biochemistry 26, 4734-4745. 

Warner, H. R., & Lands, W. E. M. (1961) J .  Biol. Chem. 

Weische, A,, & Leistner, E. (1985) Tetrahedron Lett. 26, 

Weische, A., Johanni, M., & Leistner, E. (1987) Arch. Bio- 
chem. Biophys. 256, 212-222. 

Weiss, U., & Edwards, J. M. (1980) The Biosynthesis of 
Aromatic Compounds, John Wiley and Sons, New York. 

Woodrow, G. C., Young, I. G., & Gibson, F. (1975) J .  Bac- 
teriol. 124, 1-6. 

Young, I. G., & Gibson, F. (1969) Biochim. Biophys. Acta 

Young, I. G., Batterham, T. J., & Gibson, F. (1969a) Biochim. 

Young, 1. G., Gibson, F., & MacDonald, C. G. (1969b) 

Young, I. G., Langman, L., Luke, R. K. J., & Gibson, F. 

Zemell, R. I., & Anwar, R. A. (1975a) J .  Biol. Chem. 250, 

Zemell, R. I., & Anwar, R. A. (1975b) J .  Biol. Chem. 250, 

4063-4069. 

3374-3381. 

2463-2464. 

236, 2404-2409. 

1487-1490. 

177, 182-183. 

Biophys. Acta 177, 389-400. 

Biochim. Biophys. Acta 192, 62-72. 

(1971) J .  Bacteriol. 106, 51-57. 

3 185-3192. 

4959-4964. 


