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Chorismate is a key intermediate in the biosynthesis of aromatic amino acids and other
natural products in microorganisms and plants. Four chorismate mutase-deficient strains of
Escherichia coli were evaluated for the large scale microbiological production of this metabolite
which is needed for detailed biochemical and structural studies of chorismate-utilizing enzymes.
Optimization of culturing and isolation conditions with one of these strains yielded an improved
protocol for the production of chorismate in yields that compare favorably with those
previously obtained with Klebsiella pneumoniae strain 62-1, a Class 2 pathogenic organism.
A simple, single-step procedure for the purification of large quantities of chorismic acid by
C18 reverse phase silica gel flash chromatography is also described. Chorismic acid obtained
through this procedure is 90–98% pure and can be stored as the free acid in crystalline form
over several months without decomposition.  1997 Academic Press

INTRODUCTION

(–)-Chorismate (1, Fig. 1) is a central metabolite in the biosynthesis of aromatic
amino acids and vitamins as well as a variety of other natural products in plants
and microorganisms. It is the product of chorismate synthase and a substrate for
chorismate mutase, anthranilate synthase, p-aminobenzoate synthase, isochorismate
synthase, and chorismate lyase (1). A great number of molecular genetic, biochemi-
cal, and biophysical studies have recently been reported on chorismate-utilizing
enzymes (2–13) and on corresponding man-made protein catalysts, such as catalytic
antibodies with chorismate mutase activity (14–16).

Extensive structural and kinetic investigations of these enzymes require the avail-
ability of large quantities of chorismic acid. Unfortunately, commercially available
chorismate is rather expensive ($460/100 mg) and typically of modest purity. Alter-
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FIG. 1. The importance of (–)-chorismate 1 in Escherichia coli metabolism. Two small arrows indicate
multiple metabolic steps.

natively, chorismic acid can be produced microbiologically using the chorismate
mutase-deficient Klebsiella pneumoniae strain 62-1 (17–20). We and others (21)
have found, however, that the original protocol for production and purification is
cumbersome and provides relatively impure material. By optimizing growth condi-
tions for K. pneumoniae 62-1 (subsequently referred to as ‘‘Kp’’) in small scale
cultures, the yield of chorismate per molecule of glucose has been increased three-
fold, a significant improvement for the preparation of radiolabeled chorismic acid
(22). Although the use of preparative HPLC has facilitated purification (21, 22),
manipulation of large amounts of chorismic acid remains impractical and none of
the new procedures increased the yield of chorismate obtainable per liter of culture.
Furthermore, K. pneumoniae is a Class 2 pathogen (10), and its handling requires
specific biosafety practices and installations (23). In search for an improved method
for producing chorismate, we have evaluated several recently constructed mutant
strains of Escherichia coli lacking chorismate mutase activity as alternatives to Kp.
One of these nontoxic E. coli strains, KA12, provides good yields of (–)-chorismate
under optimized conditions. The compound can be readily purified on a large scale
in one step by flash chromatography on a C18-reverse phase silica gel column.

MATERIALS AND METHODS

Analytical Procedures and Materials

Culture supernatants were assayed for chorismic acid by analytical HPLC using
a Vydac C18 reverse phase analytical column (injection volume 10 el; flow rate 1
ml/min; 5 min wash with 0.05% CF3COOH; followed by a 25-min linear gradient
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to 20% acetonitrile for 25 min; monitored at 274 nm; retention time (RT) 5 21.5
min). The concentration of chorismic acid was estimated by peak integration and
comparison with a standard curve generated with solutions of known concentration;
p-bromobenzoic acid was used as an internal standard (RT 5 31.5 min) (24). The
purity of final chorismic acid preparations was also analyzed by analytical reverse
phase HPLC on a C18 column using a Hewlett Packard 1100 system equipped with
a diode array detector (injection volume 10 el; flow rate 1 ml/min; 10 min wash
with 20% acetonitrile in 0.05% aq. CF3COOH, followed by a 30-min linear gradient
from 20 to 40% acetonitrile in 0.05% aq. CF3COOH, RT 5 17.2 min). Nuclear
magnetic resonance (NMR) spectra were recorded on Brucker AMX 400 and
AX 250 MHz spectrometers. Fast atom bombardment (FAB) mass spectra were
recorded on a VG ZAB-2VSe double focusing high resolution mass spectrometer.
Analytical thin layer chromatography (TLC) was performed using precoated
0.25-mm C18-reverse phase silica plates from E. Merck and Macherey-Nagel & Co.
All TLC plates contained a fluorescent indicator, and UV-active substances were
visualized under short-wave UV light. Other compounds were detected by means
of an iodine or a diluted potassium permanganate stain. Flash column chromatogra-
phy was performed on octadecyl-functionalized silica gel from Aldrich, and elution
with the desired eluant was carried out under pressure. All chemicals used were
reagent grade; solvents for analytical HPLC were HPLC grade. Yeast extract and
casamino acids were purchased from Difco.

Bacterial Strains

The bacterial strains used in this study are listed in Table 1. Strain 62-1 of the
species K. pneumoniae (formerly also known as Aerobacter aerogenes) was acquired
from the American Type Culture Collection (Rockville, MD). E. coli strain KA11
was obtained by generalized P1 transduction, as described earlier for KA12 (10).
Standard microbial techniques and LB medium were according to Miller (25).
Biosafety Level 2 practices (23) were adopted when working with the Class 2
pathogen K. pneumoniae.

Optimized Production of Chorismic Acid by Overproducing Cell Cultures

Culturing and isolation conditions were optimized as described under Results
and Discussion. The new protocol for 1-L cell cultures for either K. pneumoniae
strain 62-1 (Kp) or E. coli KA12 involves inoculation of 2 3 5 ml of LB medium
with a single colony each and shaking overnight at 378C. Two 500-ml aliquots of
growth medium A (per L: 2 g casamino acids, 2 g yeast extract, 41 mg L-tryptophan,
20 ml 503 Vogel & Bonner salts (18)) in 2-L Erlenmeyer flasks were autoclaved,
provided with glucose to 0.16% (w/v), and then inoculated with 5 ml preculture.
The cultures were incubated at 308C (220 rpm) for 4–6 h to give A620 5 1.9–2.1
and then centrifuged at 2000g for 20 min (48C). The cells were resuspended in
nonsterile (2 3 500 ml) accumulation medium B (per L: 12.8 g Na2HPO4 , 1.36 g
KH2PO4 , 18 g glucose, 2.7 g NH4Cl, 20.3 mg MgCl2 · 6H2O, 2 mg L-tryptophan (18,
19). This suspension was shaken at 308C (220 rpm) for 16 h allowing for production
of chorismate and its secretion into the medium. After removing the cells by centrifu-
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TABLE 1
Klebsiella pneumoniae and Escherichia coli Strains Used in this Study

Relevant Source or
Strain Genotype phenotypea construction Ref.

K. pneumoniae Phe2, Tyr2, Trp2 ATCC No. 25306 (17, 41)
62-1

E. coli KB224 F2, l2, D(pheA-tyrA-aroF), Phe2, Tyr2 K. Backman (29)
thi-1, endA1, hsdR17,
D(argF-lac)205(U169),
supE44

E. coli KB357 F2, l2, D(pheA-tyrA), thi-1, Phe2, Tyr2 K. Backman (30)
endA1, hsdR17,
D(argF-lac)205(U169),
supE44

E. coli KA11 Same as KB357, but Phe2, Tyr2, TetR, P1 transduction of This work
D(srlR-recA)306::Tn10 RecA2 KB357 to TetR

E. coli KA12 Same as KB224, but Phe2, Tyr2, TetR, P1 transduction of (10)
D(srlR-recA)306::Tn10 RecA2 KB224 to TetR

a All strains listed are chorismate-mutase deficient, but proficient for anthranilate synthase. To avoid
converting a significant fraction of the accumulated chorismate to anthranilate, L-tryptophan is added
to the growth and accumulation media to repress the synthesis of (and inhibit) anthranilate synthase (17).

gation at 2000g for 20 min (48C), the supernatant was collected, brought to pH 9.0
by the addition of 10 N NaOH, and transferred under pressure to an ion-exchange
column (BioRad AG1-X8, 200–400 mesh, Dowex 1-Cl; 6 3 2.4-cm bed size). The
column was washed with 80 ml water and chorismate was eluted as the ammonium
salt with 1 M NH4Cl (pH P 8.5). Fifty 6-ml fractions were collected and A274 was
determined for each at a 1 : 200 dilution in water. Chorismate-containing fractions
were pooled, acidified with concentrated HCl to pH 1.5, and extracted first with
dichloromethane (3 3 75 ml) to remove most of the phenylpyruvate and then with
ethylacetate (4 3 50 ml). The combined ethylacetate extracts were washed with
brine and dried over Na2SO4 . Removal of the solvent in vacuo yielded a yellow
oil, which was stored at 2788C to minimize decomposition.

Purification of Chorismic Acid by Reverse Phase Flash Chromatography

Crude chorismate was purified in a single step by flash chromatography on C18
reverse phase silica gel (26, 27). The crude material (150 to 420 mg) was loaded
on 220 g C18 reverse phase silica (4.5 3 30 cm bed size) and eluted with 10 mM
ammonium acetate (pH P 6) under pressure. Individual fractions (50 3 10 ml),
stored on ice, were checked for chorismate by thin layer chromatography on C18
reverse phase silica gel plates (Rf : 0.83, 1 M ammonium acetate). The relevant
fractions were pooled and ammonium acetate removed by lyophilization to yield
the desired material as the free acid in 90–98% purity. Sample purity was assessed
by 1H-NMR and analytical reverse phase HPLC, monitored at 274 and 225 nm.
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FIG. 2. Yields of chorismic acid from duplicate 100-ml cell cultures of K. pneumoniae 62-1 (Kp) and
three E. coli strains grown side-by-side. Concentrations of chorismic acid in cell culture supernatants
after the accumulation phase were determined by analytical C18 reverse phase HPLC at 274 nm.

The molecular mass was confirmed by high resolution mass spectrometry (HRMS
FAB): m/z Calcd for C10H10O6Na: 249.0375. Found: 249.0368 6 0.00016.

RESULTS AND DISCUSSION

Previous work in our laboratory to create a selection system for chorismate
mutase activity yielded E. coli strain KA12 (10, 28), a RecA2 derivative of KB224
(29). We have now constructed KA11 by deleting the chromosomal recA gene using
generalized P1 transduction of strain KB357 (30) to tetracycline resistance according
to Ihara et al. (31). The genotype of KA11 is listed in Table 1. E. coli strains KA11,
KA12, KB224, and KB357 lack the genes for chorismate mutase (see Table 1) and
thus were suitable candidates for evaluation as nonpathogenic alternatives to the
previously established production strain Kp for the microbial synthesis and accumu-
lation of chorismate.

We set out to test this hypothesis by initially monitoring the yield of chorismate
after culturing Kp and the four E. coli strains side-by-side in 100-ml cultures under
the conditions established by Gibson (18, 19). Briefly, these consisted of a cell
production phase in which the cultures were grown at 308C to an A620 value of 1.3
in rich medium A, followed by an accumulation phase for 16 h at 308C in medium
B which contains an abundance of glucose (carbon source) but lacks the amino
acids L-Phe and L-Tyr necessary for growth of the chorismate mutase-deficient
strains. Under these conditions, the derepressed shikimate pathway leads to accumu-
lation and secretion into the medium of large amounts of chorismate.

As shown in Fig. 2, yields of chorismate in culture supernatants varied from 0.07
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TABLE 2

Yields of Chorismic Acid 1 Obtained from 1-L Cell Cultures of K. pneumoniae 62-1 (Kp) and

E. coli Strain KA12 from Four Different Experiments Eacha

Strain/batch Crude 1 Yield of 1 after Purity by Purity by HPLC Purity by HPLC
no. (g/L) purification (%) 1H-NMR (%)b at 274 nm (%) at 225 nm (%)

Kp/1 0.41 62 95 92 96
Kp/2 0.42 73 97
Kp/3 0.61 70 94
Kp/4 0.34 61 98 98 96
KA12/1 0.18 90 97
KA12/2 0.52 67 96
KA12/3 0.53 75 93 93 90
KA12/4 0.22 69 95

a Listed are the yields of crude chorismic acid (1), the relative yields of pure 1 after reverse phase
chromatography, and the purity of the final product as obtained by 1H-NMR and HPLC assays.

b Purity was estimated by comparing integrals of characteristic signals from contaminating phenylpyru-
vic acid, PHBA, or pyruvic acid with the integral of the C5(H) resonance of chorismic acid at 5.8 ppm
(methanol-d4).

mg/ml for KA11 to 0.36 mg/ml for Kp, as determined by analytical C18 reverse
phase HPLC. KA12, which gave 0.15 mg/ml in the experiment of Fig. 2, produced
the highest levels of chorismate among the tested E. coli strains in a series of
independent experiments (data not shown). 1H-NMR spectra of crude chorismic
acid (65–75% pure) isolated from either Kp or each of the four tested E. coli strains
typically showed comparable levels of contamination with decomposition products
such as phenylpyruvic acid, p-hydroxybenzoic acid (PHBA), and pyruvic acid in
relative amounts ranging from 5 to 15% each. Other unidentified impurities were
observed predominantly in the aromatic region of the 1H-NMR spectra of prepara-
tions from the E. coli strains, whereas Kp exhibited unidentified signals in the
aliphatic region (data not shown).

Based on these initial studies, strain KA12 was chosen as the best E. coli strain
for optimization of culturing parameters in direct comparison with Kp on a 50-ml
scale. We examined the effects on the yield of chorismate in culture supernatants
of varying growth temperatures (30 to 378C), cell density at time of harvest (A620

0.9 to 2.8), aeration (culture volume vs flask size), and accumulation time (14 to
20 h). The amount of chorismate produced by Kp in 50-ml cultures was essentially
unaffected by the alterations of the conditions and varied between 0.4 and 0.7
mg/ml as determined by analytical HPLC. In contrast, it was possible to improve
the yield for KA12 several-fold to match the levels of the Kp cultures by increasing
aeration and cell density before harvesting. The optimized protocol, scaled up for
1-L cultures, is described in detail under Materials and Methods. Yields of crude
chorismate from 1 L of cell culture ranged from 0.2 to 0.6 g (Table 2). These yields
compare favorably with the values of 0.25–0.4 g/L obtained with Kp originally by
Gibson (18, 19) and more recently by others (21, 22). We find that the purity of
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the crude chorismate from both the Kp and E. coli cultures is comparable and is
approximately 65–75%, as judged by integration of characteristic 1H-NMR signals
of impurities relative to the C5(H) signal of chorismic acid; major impurities in the
crude material were phenylpyruvic acid, PHBA and pyruvic acid as noted above.
Our results contrast with the 93% yield reported by Gibson (18, 19); this is presum-
ably ascribable to the differences in the analytical assays used (e.g., NMR vs enzy-
matic conversion of chorismate to anthranilate).

In our hands, previously published protocols for further purification of large
amounts of crude chorismic acid were impractical. Recrystallization, as described
by Gibson (18, 19), did not yield the expected results (see also Connelly and Siehl
(21)). HPLC proved to be laborious and added undesired phosphate or trifluoro-
acetate salts (21). These salts could interfere with the later use or storage of chorismic
acid. We therefore developed an alternative approach consisting of C18 reverse
phase silica flash chromatography. This method allows the purification of up to 0.4
g crude chorismate on 220 g of silica in just 2 h (see Materials and Methods).
Ammonium acetate present in the eluant can be removed by lyophilization. Table
2 summarizes the results obtained from several 1-L cultures of Kp and KA12. Yields
of pure chorismic acid in its white crystalline form range from 0.16 to 0.40 g/L
original culture, with yields relative to the crude product of 61–90%. The final
preparations were checked for purity by 1H-NMR spectroscopy and HPLC. Re-
maining detectable impurities were phenylpyruvic acid, PHBA, or pyruvic acid.
Three independently obtained samples were also analyzed by analytical C18 reverse
phase HPLC monitored at two different wavelengths (225 and 274 nm). The purity
of the samples as judged by HPLC and 1H-NMR was comparable (Table 2, Fig.
3). None of the samples from eight different production batches exhibited more
than 10% impurities, and half of the preparations were at least 96% pure (Table
2). This protocol thus yields material that compares favorably with the commercially
available chorismic acid which is typically 80–90% pure (Sigma #C1761). Our conve-
nient single-step purification scheme makes it possible to obtain pure chorismate
rapidly. This is important in view of the instability of the compound; chorismate
has a half-life of 24 h at 258C (32).

Examination of the stability of our chorismic acid samples on prolonged storage
shows that contaminants present in crude preparations induce further decomposi-
tion, even if the mixture is stored at 2788C. Thus, for optimal yields, freshly prepared
batches of crude chorismic acid should be purified directly. The pure compound is
best stored dry under nitrogen at 2788C as the free acid in its crystalline form; no
decomposition was observed after 10 months within the detection limits of analytical
C18 reverse phase HPLC and 1H-NMR. Chorismate can also be stored frozen at
2788C in solution (50 mM phosphate buffer, pH 7.5) as previously suggested (21,
22), albeit with a possible small drop in purity over a three month period (from 98
to 95%).

Our results show that the nontoxic E. coli strain KA12 may be used as an
alternative chorismate production strain to avoid exposure to the Class 2 pathogen
Kp. K. pneumoniae is associated with several pathological processes in man, such
as infection of the urinary and respiratory tracts, and certain capsule types may be
the causative agent of pneumoniae (33). KA12 may also be useful for the production
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FIG. 3. Purity of the final chorismic acid preparation Kp/3 examined by analytical C18 reverse phase
HPLC: (A) detection at 274 nm; (B) detection at 225 nm.

of isotopically labeled chorismate derivatives. This can be achieved by feeding the
cells with isotopically labeled glucose as described previously (22), or by enzymati-
cally transforming labeled substrates into chorismate using cell extracts (20, 34).
For example, we have successfully used KA12 transformed with plasmid pKAD50
(35) which overproduces shikimate kinase, EPSP synthase, and chorismate synthase
to synthesize selectively labeled chorismate from labeled shikimate (Gustin, Kast,
and Hilvert, unpublished results).

Chorismate is essential for studies of the mechanism of chorismate-utilizing en-
zymes (2, 11) such as natural chorismate mutases (3, 6, 10, 12, 36), their mutants
(4, 5, 7–9, 13), and corresponding catalytic antibodies (14, 37) and also for investigat-
ing the nonenzymatic reactions of this metabolite (32, 34, 38–40). The ready avail-
ability of large amounts of chorismic acid should facilitate kinetic assays, NMR
experiments, and crystallographic studies of this fascinating set of enzymes.

ACKNOWLEDGMENT

We are grateful to K. Backman for providing strains KB224 and KB357.

REFERENCES

1. Haslam, E. (1993) Shikimic Acid: Metabolism and Metabolites, Wiley, New York.
2. Walsh, C. T., Liu, J., Rusnak, F., and Sakaitani, M. (1990) Chem. Rev. 90, 1105–1129.
3. Lee, A. Y., Stewart, J. D., Clardy, J., and Ganem, B. (1995) Chem. Biol. 2, 195–203.



CHORISMIC ACID PRODUCED FROM E. coli 305

4. Kast, P., Asif-Ullah, M., Jiang, N., and Hilvert, D. (1996) Proc. Natl. Acad. Sci. USA 93, 5043–5048.
5. Kast, P., Hartgerink, J. D., Asif-Ullah, M., and Hilvert, D. (1996) J. Am. Chem. Soc. 118, 3069–3070.
6. Rajagopalan, J. S., Taylor, K. M., and Jaffe, E. K. (1993) Biochemistry 32, 3965–3972.
7. Cload, S. T., Liu, D. R., Pastor, R. M., and Schultz, P. G. (1996) J. Am. Chem. Soc. 118, 1787–1788.
8. Liu, D. R., Cload, S. T., Pastor, R. M., and Schultz, P. G. (1996) J. Am. Chem. Soc. 118, 1789–1790.
9. Zhang, S., Kongsaere, P., Clardy, J., Wilson, D. B., and Ganem, B. (1996) Bioorg. Med. Chem.

4, 1015–1020.
10. Kast, P., Asif-Ullah, M., and Hilvert, D. (1996) Tetrahedron Lett. 37, 2691–2694.
11. Kozlowski, M. C., Tom, N. J., Seto, C. T., Sefler, A. M., and Bartlett, P. A. (1995) J. Am. Chem.

Soc. 117, 2128–2140.
12. Galopin, C. C., Zhang, S., Wilson, D. B., and Ganem, B. (1996) Tetrahedron Lett. 37, 8675–8678.
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