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ABSTRACT: Chorismate-utilizing enzymes catalyze diverse reactions, providing critical physiological
functions unique to plants, bacteria, fungi, and some parasites. Their absence in animals makes them
excellent targets for antimicrobials and herbicides. 4-Amino-4-deoxychorismate synthase (ADCS) catalyzes
the first step in folate biosynthsis and shares a common core mechanism with isochorismate synthase (IS)
and anthranilate synthase (AS), in which nucleophile addition at C2 initiates these reactions. Evidence
was presented previously [He, Z., Stigers Lavoie, K. D., Bartlett, P. A., and Toney, M. D. (2004)J. Am.
Chem. Soc. 126, 2378-2385] that K274 is the nucleophile in ADCS, implying formation of a covalent
intermediate. Herein, we report the direct detection of this covalent intermediate formed in ADCS-catalyzed
reactions by ESI-MS. Difference spectra show the covalent intermediate has an absorption maximum at
310 nm. This was used to study the pre-steady-state kinetics of covalent intermediate formation under
various conditions. Additionally, E258 in ADCS was shown to be critical to formation of the covalent
intermediate by acting as a general acid catalyst for loss of the C4 hydroxyl group. The E258A/D mutants
both exhibit very low activity. Acetate is a poor chemical rescue agent for E258D but an excellent one
for E258A, with a 20000-fold and 3000-fold rate increase for Gln-dependent and NH4

+-dependent activities,
respectively. Lastly, A213 in IS (structurally homologous to K274 in ADCS) was changed to lysine in an
attempt to convert IS to an ADCS-like enzyme. HPLC studies support the formation of a covalent
intermediate with this mutant.

4-Amino-4-deoxychorismate synthase (ADCS) is a key
enzyme in folate biosynthesis. Tetrahydrofolate and its
derivatives, commonly referred as folates, are a group of vital
cofactors for enzymes that catalyze one-carbon transfers.
Folates carry and donate one-carbon units in numerous
metabolic processes such as photorespiration in plants and
the biosynthesis of methionine (1). They are also involved
in DNA biosynthesis with implications for the regulation of
gene expression, chromatin structure, genomic repair, and
genomic stability (2). In microorganisms and plants, folates
are synthesized de novo from pterin, glutamate, andp-
aminobenzoate (PABA).

ADCS catalyzes the first step of PABA biosynthesis,
which starts from chorismate. It adds ammonia, generated
by enzymatic (PabA) hydrolysis of glutamine, to chorismate,
generating 4-amino-4-deoxychorismate (ADC). ADC is then
acted on by 4-amino-4-deoxychorismate lyase (ADCL) to
give PABA (3-5). The latter is subsequently incorporated
into folates by dihydropteroate synthase (DHPS) as shown
in Figure 1.

ADCS has been suggested to share an evolutionary
relationship with other chorismate-utilizing enzymes because
of their sequence homology, structural similarity, and the
similarity of the reactions they catalyze. This group of

enzymes includes anthranilate synthase (AS) (6), isochoris-
mate synthase (IS) (7), PapA (8), PhzE (9), and Irp9 (10).
Figure 2 shows the entire family of chorismate-utilizing
enzymes, including the two structurally unrelated enzymes
chorismate mutase (CM) (11) and chorismate lyase (CL)
(12). Chorismate-utilizing enzymes are responsible for
producing a number of carbocylic aromatic compounds that
are critical to the survival of plants, bacteria, fungi, and
apicomplexan parasites (13, 14). This pathway is unique to
these organisms and, thus, is an attractive target for antibiot-
ics and herbicides.

The sequence homology and structural similarity displayed
among this group of chorismate-utilizing enzymes imply a
common chemical mechanism. Several different proposals
have been investigated (15, 16) but only recently was a
unifying mechanism demonstrated (Figure 3) (17). According
to this mechanism, AS, IS, and ADCS all initiate replacement
of the C4 hydroxyl group by addition of a nucleophile to
C2 of chorismate via a SN2′′ displacement reaction. IS uses
water, AS uses ammonia, and ADCS uses theε-amino group
of K274 as nucleophiles. In the IS reaction, the initial C2
adduct is directly released from the enzyme active site as
the product isochorismate. In the AS reaction, the 2-amino-
2-deoxyisochorismate (ADIC) intermediate is tightly bound
to the active site, which subsequently catalyzes pyruvate
elimination. ADIC was identified as an intermediate using
mutant AS enzymes whose elimination reactions were
disrupted (18). In the ADCS reaction, a covalent intermediate
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with K274 is formed, which is converted to ADC by reverse
SN2′′ addition of ammonia to C4. A recent electrospray mass
spectrometry (ESI-MS) study has shown that 2-fluorocho-
rismate forms a stable covalent adduct with K274 of ADCS,
which irreversibly inhibits the activity of ADCS (19). This
finding not only explains the antibacterial properties of
6-fluoroshikimate, the precursor of 2-fluorochorismate, but
also provides strong evidence for covalent intermediate
formation between the true substrate chorismate and K274.

In this study, we demonstrate formation of a covalent
adduct between chorismate and K274 of ADCS using ESI-
MS. Spectroscopic experiments show an absorption band

centered at 310 nm for the covalent intermediate, which
enabled the measurement of pre-steady-state kinetics of its
formation. We also show that E258 of ADCS is critical to
the formation of the covalent intermediate and that acetate
can partially restore the activity of the E258A mutant.
Finally, we mutated A213 in IS to lysine to convert IS to an
ADCS-like enzyme. HPLC data provide evidence supporting
formation of a covalent intermediate in the A213K mutant.

EXPERIMENTAL PROCEDURES

Materials.Chorismic acid (barium salt), PABA, anthranilic
acid, NADH, Bicine, DTT, isopropylâ-D-thiogalactopyra-

FIGURE 1: Folate biosynthesis in plants, bacteria, fungi, andP. falciparumparasites. 4-Amino-4-deoxychorismate synthase (ADCS) catalyzes
the amination of chorismate at C4.

FIGURE 2: Overview of chorismate-dependent pathways. Abbreviations: AS (anthranilate synthase), ADCS (4-amino-4-deoxychorismate
synthase), IS (isochorismate synthase), CM (chorismate mutase), and CL (chorismate lyase). The enzymes shown in bold are structurally
homologous. The end product of each pathway is given.
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noside (IPTG), pyridoxal 5′-phosphate (PLP), 6-diazo-5-oxo-
L-norleucine (DON), sodium acetate, ammonium sulfate,
magnesium chloride, and manganese chloride were from
Sigma-Aldrich. Lactate dehydrogenase (LDH) was purchased
from Roche. All reagents used were of analytical grade.
Restriction enzymes and DNA ligase were from New
England Biolabs. Taq DNA polymerase was from Promega.
Primers were synthesized by Invitrogen.

Enzyme Preparation.The genes for PabA, ADCS, and
ADCL were cloned fromEscherichia coliK12 chromosomal
DNA (17). The PabA gene was subcloned into the pET3a
vector (Novagen) using theNdeI andBamHI restriction sites.
ADCS and ADCL genes were subcloned using theNdeI and
BamHI restriction sites into the pET28a vector (Novagen)
for expression as a His6-tagged fusions. Overexpression and
purification of these enzymes were carried out as described
(17).

Mutations were introduced into the pET28a-pabBconstruct
using the QuikChange site-directed mutagenesis kit (Strat-
agene). K274A and K274R were constructed, overexpressed,
and purified as described (17). The E258A mutagenic primers
were 5′-GGTGCAATTTTAAGCCTTTCGCCAGCGCGGT-
TTATTCTTTGTG-3′ (forward) and 5′-CACAAAGAATAA-
ACCGCGCTGGCGAAAGGCTTAAAATTGCACC-3′ (re-
verse). The E258D mutagenic primers were 5′-GGTG-
CAATTTTAAGCCTTTCGCCAGATCGGTTTATTCTT-
TGTG-3′ (forward) and 5′-CACAAAGAATAAACCTATCT-
GGCGAAAGGCTTAAAATTGCACC-3′ (reverse). E258A
and E258D were overexpressed and purified in a fashion
similar to that of the wild-type enzyme.

The entC gene encoding IS was amplified fromE. coli
BL21(DE3) chromosomal DNA using Taq DNA polymerase.
Chromosomal DNA was prepared by boiling cells in water
for 10 min. The primers used for PCR were designed to
introduceNdeI and BamHI restriction sites into the PCR
products. Their sequences were 5′-GCGCGGCAGCCATATG-
GATACGTCACTGGCTGAGGAAG-3′ (forward) and 5′-
CATGTTGAACGTTTTTGGATTGCATTAAGGATCCGA-

ATTC-3′ (reverse). TheentCgene was cloned using theNdeI
and BamHI restriction sites into the pET28a vector for
expression as a His6-tagged fusion.

Overexpression and purification of IS were carried out as
follows. BL21(DE3) Gold cells harboring the pET28a-entC
construct were grown in TB medium at 37°C. Overproduc-
tion was induced by addition of IPTG to 0.5 mM at OD600

) 0.5. Incubation continued for an additional 18 h at 20°C.
The cells were harvested, and the pellet was resuspended in
lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM
imidazole, 1 mMâ-mercaptoethanol, 5 mM MgCl2, 0.5 mg/
mL lysozyme, 0.2 unit/mL DNase I, pH 7.4). Cells were
chilled on ice and disrupted by sonication. Cell debris was
pelleted by centrifugation at 15000 rpm for 45 min. The
supernatant was incubated at 4°C for 60 min with NTA-Ni
resin (Qiagen). The resin was loaded into a column and
washed with 15 bed volumes of wash buffer (50 mM NaH2-
PO4, 300 mM NaCl, 20 mM imidazole, 1 mMâ-mercapto-
ethanol, 5 mM MgCl2, pH 7.4). Bound protein was eluted
with a linear 0.6 L 20-300 mM imidazole gradient in 50
mM NaH2PO4, 300 mM NaCl, 1 mMâ-mercaptoethanol,
and 5 mM MgCl2, pH 7.4. Activity was determined with
the spectrophotometric assay (described in Spectrophoto-
metric Activity Assays). Active fractions were pooled,
concentrated, and analyzed by SDS-PAGE. The final protein
sample was dialyzed against 20 mM KPi, 50 mM KCl, and
1 mM DTT, pH 7.4, and stored at-80 °C. The overall yield
was∼3 mg of IS/g of cell paste.

For the A213K mutant IS, the mutation was introduced
into the pET28a-entCconstruct using the QuikChange site-
directed mutagenesis kit. The IS A213K mutagenic primers
were 5′-GCTCCATTCCGTTAAAAGGTTCCGCGCGTCG-
TCAGCCG-3′ (forward) and 5′-CGGCTGACGACGCGCG-
GAACCTTTTAACGGAATGGAGC-3′ (reverse). The mu-
tant was overexpressed and purified similarly to the wild-
type IS enzyme.

Mass Spectral Analysis.Since ESI-MS is salt sensitive and
covalent intermediate formation is reversible, ADCS was

FIGURE 3: Common mechanism employed by the three homologous chorismate-utilizing enzymes IS, AS, and ADCS. The ring carbon
numbers are shown for chorismate. All three enzymes catalyze their reactions via a common intermediate, which is generated by addition
of a nucleophile to C2 and elimination of the C4 hydroxyl group. AS and IS both employ exogenous nucleophiles, while ADCS uses the
ε-amino group of K274 and thus affords a covalent intermediate.
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exchanged into water immediately prior to mass spectral
analysis. A 3K MWCO Centricon concentrator was used.
Chorismate used for MS analysis was further purified from
the commercial sample using a WatersµBondaPak prepara-
tory C18 column and the HPLC protocol described in the
HPLC Analysis section. Purified chorismate collected from
the HPLC was lyophilized and reconstituted in water. Base
was added to adjust the pH of chorismate solution to 7-8.

A reaction mixture containing 500µM ADCS, 250µM
MnCl2, and 1 mM chorismate was incubated at room
temperature for 5 min before it was diluted with an equal
volume of 30% methanol/1% formic acid. Mn2+ was used
instead of Mg2+ because of its lower binding constant. The
sample was then directly infused to the spray source on an
ABI/Sciex Qstar mass spectrometer with a syringe pump at
5 µL/min flow rate. The source voltage was 4500 V. The
ABI BioAnalyst with the Bayesian peak reconstruction tool
was used to analyze the data.

Spectrophotometric ActiVity Assays.Enzyme activity as-
says for ADCS were based on previously described methods
(3, 20). The first assay employs fluorescence detection of
PABA (excitation at 290 nm, emission at 340 nm) extracted
from reaction mixtures containing ADCL as a coupling
enzyme and was used for reactions in which the enzyme
activity was low, such as the E258 mutant of ADCS. The
second assay couples pyruvate formation in the ADCL
reaction to the LDH reaction, monitoring the decrease in
NADH absorbance at 340 nm. A standard glutamine-
dependent assay contains 100 mM Bicine, pH 8.5, 20 mM
glutamine, 5 mM MgCl2, 20 µM PLP, 10µM ADCL, 200
µM NADH, 4 units/mL LDH, and equimolar ADCS and
PabA. A standard NH4+-dependent assay contains 100 mM
Bicine, pH 8.5, 100 mM (NH4)2SO4, 5 mM MgCl2, 20 µM
PLP, 10µM ADCL, 200 µM NADH, and 4 units/mL LDH.
Ba2+ in the commercial chorismate was always removed by
addition of a slight excess of K2SO4 before use. EDTA (1
mM) was included in experiments designed to be free of
metal ions. All assays were performed at 25°C.

The activity assay for IS directly monitors the formation
of isochorismate by the absorbance increase at 278 nm
(∆εisochorismate-chorismate) 10211 M-1 cm-1) (18). The standard
assay contains 50 mM triethanolamine (TEA), pH 7.8, and
5 mM MgCl2. All assays were performed at 25°C.

Difference Spectral Studies.An HP 8453 diode array
spectrophotometer and a split cuvette were used. Enzyme
and substrate solutions were initially separated in the two
chambers of the split cuvette. A blank spectrum was taken
with the solutions unmixed. The difference spectrum was
taken immediately after mixing the two solutions, which
gives the spectral change incurred by mixing the enzyme
and substrate. A standard assay for difference spectral studies
contained 50 mM TEA, pH 7.8, 5 mM MgCl2, 1 mM DTT,
10 µM ADCS (with or without equimolar PabA), and 150
µM chorismate. Glutamine was added to 20 mM, and (NH4)2-
SO4 was added to 100 mM if an ammonia source was
included. All experiments were perfomed at 25°C. TEA
buffer was used since its absorption does not overlap with
that of the covalent intermediate. Thekcat value for ADCS
at pH 7.8 in TEA buffer is 95% of that at the optimum of
pH 8.5.

DON-inactivated PabA was prepared as follows. A 1:1
PabA/ADCS complex was incubated with 25 equiv of DON

in 50 mM TEA, pH 7.8, and 5 mM MgCl2 at 25°C for 20
min. PabA is not alkylated and inactivated by DON unless
ADCS is present (21). Dialysis was then performed to
remove excess DON.

Stopped-Flow Kinetic Analysis.All experiments were
performed on an Applied Photophysics SX.18MV-R stopped-
flow spectrometer. The covalent intermediate formation was
monitored by its absorbance at 310 nm. ADCS (10µM, with
or without equimolar PabA) was mixed against various
concentrations of chorismate (with or without 200 mM NH4

+

as cosubstrate) in 50 mM TEA, pH 7.8, and 5 mM MgCl2

at 25 °C. Averages of four to five traces were used. The
background absorbance changes generated by mixing buffer
and chorismate were also subtracted for each chorismate
concentration. The data were analyzed with Specfit (Spec-
trum Software Associates).

HPLC Analysis.A standard reaction mixture for HPLC
analysis contained 100 mM Bicine, pH 8.5, 5 mM MgCl2,
with or without 100 mM (NH4)2SO4, 5 mM chorismate or
ADC, and 15µM wild-type IS or its mutant A213K. After
4 h incubation at room temperature, glacial acetic acid was
added to 5% to the mixture to lower the pH to 5. The samples
were ultrafiltered to remove protein(s) and injected. A Rainin
Microsorb-MV analytical C18 column was used to separate
reaction mixtures on an Agilent 1100 HPLC system. Isocratic
elution with 95% solvent A (5% acetic acid in water) and
5% solvent B (acetonitrile) was employed, and the absor-
bance at 280 nm was monitored. Peaks were identified by
comparing retention times and UV absorption spectra with
authentic standards.

ADC was prepared as described (22). A reaction mixture
containing 30 mM chorismate, 200 mM NH4HCO3, pH 8.6,
100 mM (NH4)2SO4, 1 mM MgCl2, and 15µM ADCS was
incubated at 37°C for 3 h. The reaction was quenched with
2.4 mL of chloroform. The aqueous layer was removed and
acidified with 2 M trifluoroacetic acid to pH 1. Chloroform
(2.4 mL) was initially used to extract chorismic acid, with
three portions of 2.4 mL ethyl acetate to complete the
extraction. The final aqueous layer was lyophilized and stored
at -80 °C. ADC was quantitated usingε272nm ) 5230 M-1

cm-1 (23).

RESULTS

CoValent Intermediate Detection.The covalent intermedi-
ate formed in the ADCS reaction with chorismate was
directly detected by ESI-MS (Figure 4). ADCS alone exists
in two forms (Figure 4A). Peaks 1 and 3 are the two main
species with a 178 Da mass difference due to anR-N-6-
phosphogluconoylated His tag from expression inE. coli
(24). Peaks 2, 4, and 5 are the potassium adducts of the main
species, which are also present in Figure 4B-D. On addition
of 2 equiv of chorismate and 0.5 equiv of Mn2+, a third major
species, peak 6 in Figure 4B, with a 208 Da mass increase
from peak 3 appeared in the mass spectrum. This is the mass
shift expected from formation of the covalent intermediate
between chorismate and K274. Peak 4 in Figure 4B is also
208 Da greater in mass than peak 1 and is interpreted to be
the covalent intermediate formed from peak 1, which
coincidentally overlaps with the potassium adduct of peak
3.

K274A alone also exists in two forms, as shown in Figure
4C, with a 178 Da mass difference similar to wild type. Peaks
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1 and 3 are the two species without potassium while peaks
2, 4, and 5 are their potassium adducts. After incubation of
K274A with chorismate and Mn2+, no newpeaks appeared
in the mass spectrum with molecular mass increases of 208
Da due to covalent intermediate formation (Figure 4D).

Difference Spectral Studies of the CoValent Intermediate.
The covalent intermediate was detected spectroscopically
with UV/vis difference spectra. When chorismate is mixed
with ADCS, a new absorption band at 310 nm is observed.
The peak is characteristic of C2-substituted chorismate deriv-
atives, e.g., ADIC. The absorption spectra of relevant C2-
and C4-substituted compounds are given in the inset to Figure
5. The C2-substituted compounds have a common 310 nm
absorption peak that the covalent intermediate displays.

Figure 5 shows the UV/vis spectra of several different
reactions. The covalent intermediates formed share the 310
nm peak. Traces 1 and 2 show that, either with or without
PabA present, ADCS forms the covalent intermediate without
the inclusion of an ammonia source (i.e., glutamine or NH4

+).
It is estimated from the difference spectra that 33% and 22%
of ADCS exist as the covalent intermediate in traces 1 and
2, respectively (assuming identical extinction coefficients for
the covalent intermediate and ADIC at 310 nm). PabA
binding induces a 50% increase in covalent intermediate

accumulation. Trace 3 (with PabA) and trace 4 (without
PabA) demonstrate that K274A in the presence of chorismate
and ammonia gives a spectrally similar intermediate, which
was previously shown to be ADIC (17). Thus, NH3 acts to
replace the function of K274 in the K274A mutant. Trace 5
(with PabA) and trace 6 (without PabA) show that K274A
in the absence of an ammonia source does not form the
covalent intermediate with chorismate. DON inactivation of
PabA (which mimics the covalent thioester intermediate
formed in glutamine hydrolysis) does not enhance formation
of the covalent intermediate. Control experiments showed
that ADCS incubated either alone or with an ammonia
source, K274A (with or without pabA)+ chorismate, and
K274R (with or without pabA)+ chorismate produced no
covalent intermediate.

Steady-State Kinetic Analysis in the Absence of Metal Ions.
Steady-statekcat values were determined using the PABA
fluorescence assay to quantitate the activity of ADCS in the
absence of metal ions. Thekcat for PabA + ADCS +
chorismate+ Gln in the absence of metals is 1.14× 10-4

s-1, and that of ADCS+ chorismate+ NH4
+ in the absence

of metals is 8.30× 10-6 s-1.
Pre-Steady-State Kinetic Analysis.Pre-steady-state kinetic

analyses of covalent intermediate formation are presented

FIGURE 4: Direct detection of the covalent intermediate formed in ADCS-catalyzed reactions. (A) Wild-type ADCS. The peak masses are
as follows: peak 1) 52984.0, peak 2) 53022.1, peak 3) 53162.0, peak 4) 53200.1, and peak 5) 53239.1 (B) Wild-type ADCS+
2 equiv of chorismate+ 0.5 equiv of Mn2+ incubated for 5 min. The peak masses are as follows: peak 1) 52984.7, peak 2) 53021.5,
peak 3) 53162.2, peak 4) 53193.8, peak 5) 53211.4, and peak 6) 53370.6 (C) K274A. The peak masses are as follows: peak 1)
52927.6, peak 2) 52965.5, peak 3) 53105.7, peak 4) 53143.6, and peak 5) 53182.3. (D) K274A+ 2 equiv of chorismate+ 0.5 equiv
of Mn2+ incubated for 5 min. The peak masses are as follows: peak 1) 52927.2, peak 2) 52965.2, peak 3) 53104.6, peak 4) 53143.0,
and peak 5) 53181.5. A mass increase of 208 Da is only seen in the ADCS+ chorismate+ Mn2+ reaction and demonstrates the covalent
addition of K274 to chorismate during the course of reaction.
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in Figure 6 and Table 1. The time courses of the reactions
were fitted to either one or two exponentials. Data in the
absence of an ammonia source fit well to one exponential,
while data in the presence of an ammonia source fit well to
two exponentials. The observed rate constants for covalent
intermediate formation at various chorismate concentrations
were fitted to eq 1 to obtainkmax andKchorismate.

Thekmax for covalent intermediate formation is much larger
than the steady-statekcat (at least 160 times larger with PabA
and at least 120 times larger without PabA), indicating that
this step is not rate-limiting for steady-state turnover.
Addition of PabA increases thekmax value by approximately
10-fold, independent of the presence of an ammonia source.
PabA does not alterKchorismatesignificantly. Addition of NH4

+

lowers thekmax values approximately 30%, irrespective of
the presence of PabA, and also increasesKchorismatevalues
approximately 5-fold.

E258 in ADCS Is Crucial for the CoValent Intermediate
Formation.Strict conservation in multiple sequence align-
ments and the active site structure suggest that E258 in
ADCS assists covalent intermediate formation by acting as
a general acid to protonate the C4 hydroxyl group. The
E258A and E258D mutants were made, and their steady-
state kinetics were studied. The results are presented in Table
2. The E258A/D-catalyzed reactions are extremely slow.
Therefore, high concentrations of enzymes (10-60µM) and
long incubation times (18-24 h with sampling every 2-3
h) were required. The slowest reaction (E258A+ PabA+
chorismate+ Gln) was repeated at three different enzyme
concentrations to confirm that observed rates were enzyme
dependent. Nonenzymatic background rates were also mea-

sured in two control reactions: chorismate+ PabA+ Gln
and chorismate+ NH4

+. Both of these rates are negligible.
Compared with wild-type ADCS, the E258A mutant has a
kcat value that is 4× 106-fold lower with PabA+ Gln as
ammonia source and 2× 105-fold lower with NH4

+. The
E258D mutant, whosekcat value is 1× 104-fold lower than
wild-type ADCS with PabA+ Gln as ammonia source and
3 × 102-fold smaller with NH4

+ as ammonia source, is
remarkably inactive given the small change to the side-chain
structure. In contrast to ADCS, the NH4

+-dependent reactions
catalyzed by E258A and E258D are faster than the Gln-
dependent reactions.

Addition of acetate rescues the E258A reactions but not
the E258D reactions. Due to chorismate inhibition of the
E258A/D reactions at high concentrations, 150µM choris-
mate was used in the rescue experiments. At this chorismate
concentration, acetate increaseskcat for E258A + PabA +
chorismate+ Gln by a remarkable 2× 104-fold compared
to kcat for the same reaction with saturating chorismate in
the absence of acetate. Similarly, acetate increaseskcat for
E258A + chorismate+ NH4

+ by 3 × 103-fold. Difference
spectral studies of the E258A/D mutants showed no covalent
intermediate formation (data not shown). Addition of acetate
to the E258A reaction does not lead to detectable intermedi-
ate formation in difference spectra.

HPLC Separation of IS and A213K IS Reaction Mixtures.
The A213K mutant of IS was made in an attempt to convert
it into an ADCS-like enzyme, with the ability to form a
covalent intermediate with chorismate. IS (entC) was cloned
from E. coli BL21(DE3) and overexpressed using a pET28a
vector. The His-tagged enzyme was purified to homogeneity
by affinity chromatography.KM andkcat are 4.6µM and 31.4
min-1, respectively, at 25°C. These values are in reasonable
agreement with previously reported values ofKM ) 14 µM
andkcat ) 173 min-1at 37°C (7).

HPLC chromatograms for reactions with chorismate as the
substrate are shown in Figure 7A. The reaction of wild-type
IS with chorismate generated both isochorismate and ADIC
in the presence of H2O and NH4

+ (trace A). The reaction of
the A213K mutant in the absence of NH4

+ produced
isochorismate to a much lesser extent (trace B). When NH4

+

was added to the A213K reaction, strikingly, there was no
ADIC and even less isochorismate formed (trace C).p-
Hydroxybenzoate (PHB) was the nonenzymatic decomposi-
tion product of chorismate, confirmed by control reactions.
HPLC chromatograms with ADC as the substrate are shown
in Figure 7B. The reaction of IS+ ADC + H2O + NH4

+

gave the most interesting results (trace A). Besides ADC
remaining in the equilibrium mixture, ADIC, isochorismate,
chorismate, PABA, and pyruvate were also generated,
indicating that IS is capable of catalyzing the fully reversible
reaction from ADC to intermediates ADIC and isochorismate
and then to chorismate. In contrast to chorismate, ADC was
also carried onto PABA by IS by eliminating pyruvate. In
the reaction of A213K+ ADC + H2O, only the elimination
products PABA and pyruvate were detected (trace B). The
reversible pathway leading to ADIC, isochorismate, and
chorismate was blocked. Addition of NH4

+ to this mutant
reaction gave no observed differences (trace C). The retention
times of ADC and ADIC are known from previous studies
(17). Isochorismate was identified by ESI-MS using negative
ion mode. The identity of the peak marked with a star was

FIGURE 5: Difference spectra of C2-substituted intermediates
formed in different ADCS-catalyzed reactions. Traces 1-6 in the
main figure represent the following reactions: 1, PabA+ ADCS
+ chorismate; 2, ADCS+ chorismate; 3, PabA+ K274A +
chorismate+ NH4

+; 4, K274A+ chorismate+ NH4
+; 5, PabA+

K274A + chorismate; 6, K274A+ chorismate. The inset gives
absorption spectra of compounds involved in this pathway that are
grouped by differentλmax values. One group presented as dotted
lines is C4-substituted compounds whoseλmax are below 300 nm.
The other group illustrated as solid lines is C2-substituted com-
pounds whoseλmax are around 310-320 nm. Traces 1-4 in the
main figure show that C2-substituted intermediates exhibit the
shared 310 nm absorption. Traces 5 and 6 are negative control
reactions.

kobs)
kmax[chorismate]

Kchorismate+ [chorismate]
(1)
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not determined. It is a product of an enzymatic process
according to control reactions, but it was not PHB as
determined by differences in their fluorescence spectra.

Due to the instability of the A213K mutant in unbuffered
water, mass spectral analysis could not be carried out. Thus,
no direct evidence for covalent intermediate formation in
A213K was obtained. Difference spectral experiments on
A213K were also hindered by enzyme instability.

DISCUSSION

Four reaction mechanisms were previously considered as
the unifying mechanism for IS, AS, and ADCS (15, 16).
The first was a C2 Michael addition followed by C4
elimination in a stepwise sequence via an aci-carboxylate
intermediate. The second was a 1,5 SN2′′ concerted addition

of nucleophiles to C2 via a Mg2+-bound transition state. The
third was covalent catalysis by addition of an enzyme active
site nucleophile to C6 of chorismate. The fourth also involved
covalent addition to C6 with the carboxylate on the enoylpyru-
vate side chain of chorismate acting as an intramolecular
nucleophile to form a bicyclic lactone intermediate. The
available evidence from inhibitor studies precluded C6
addition mechanisms but failed to identify a unifying
mechanism for all three enzymes (16, 25).

The ADCS crystal structure suggested K274 as a potential
nucleophile (20). On the basis of K274 mutant studies, He
et al. proposed a unifying mechanism in which IS, AS, and
ADCS all initiate their reactions by nucleophilic addition at
C2 with different nucleophiles, namely, water in IS, ammonia
in AS, and K274 in ADCS (Figure 3). As a result, an
enzyme-bound covalent intermediate was proposed for the
ADCS-catalyzed reaction (17). Recently, ESI-MS detection
of a similar covalent adduct of ADCS has been reported using
a fluorinated chorismate analogue, providing further evidence
for covalent intermediate formation (19).

Here, direct detection of the covalent intermediate formed
at the ADCS active site was achieved. Since ammonia, which
adds to C4 to give the product, is not chemically required
for covalent intermediate formation, the intermediate is likely
to accumulate and thus be directly detected in the absence

FIGURE 6: Observed rate constants as a function of chorismate concentration for the covalent intermediate formation in (A) PabA+ ADCS
+ chorismate, (B) ADCS+ chorismate, (C) PabA+ ADCS + chorismate+ NH4

+, and (D) ADCS+ chorismate+ NH4
+. In these

reactions, the rate constants exhibit hyperbolic dependence on substrate concentration. The solid lines are the best fits to eq 1. Representative
absorbance versus time data fitted to exponentials are presented in the insets. Only 10% of the data points are shown, and the solid lines
are the best fits obtained from all data points. Chorismate concentrations shown are as follows: inset A, 64 (O), 90 (]), and 150 (×) µM;
inset B, 32 (O), 64 (]), and 150 (×) µM; inset C, 50 (O), 250 (]), and 450 (×) µM; inset D, 25 (O), 50 (]), and 250 (×) µM.

Table 1: Kinetic Constants from Pre-Steady-State Analysisa

reaction kmax(s-1) Kchorismate(µM)

PabA+ ADCS + chorismate 57( 3 75( 9
ADCS + chorismate 6.3( 0.2 71( 6
PabA+ ADCS + chorismate+ NH4

+ 41 ( 1 379( 23
ADCS + chorismate+ NH4

+ 3.8( 0.2 388( 39
a Assay conditions described in Experimental Procedures were used.

200 mM NH4
+ was used because a higher concentration of NH4

+

inhibits NH4
+-dependent activity of ADCS.
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of an ammonia source. The ESI-MS results clearly show that
ADCS mixed with chorismate shows a 208 Da mass increase,
the predicted mass increase due to covalent intermediate
formation. The K274A mutant did not produce the modified
species under the same conditions. This conclusively dem-
onstrates the formation of a covalent intermediate in the
ADCS-catalyzed reaction. A recently published study pre-
sented similarly convincing evidence for covalent intermedi-
ate formation (26).

The spectral properties of the covalent intermediate were
also characterized. The compounds under consideration fall
into two groups based on their spectral properties. ADC and
chorismate are C4-substituted cross-conjugated compounds
whose λmax are below 300 nm. In contrast, ADIC and
N-ethyl-ADIC are fully conjugated with the carboxylate
group and showλmax values between 310 and 320 nm. By
analogy to ADIC, the covalent intermediate is predicted to
absorb predominantly in the 310-320 nm region. This
proved to be the case. When chorismate was mixed with
ADCS, a peak at 310 nm was rapidly generated in difference
spectra. Additional experiments showed that the presence
of both chorismate and ADCS is necessary and sufficient
for formation of the 310 nm peak. PabA and different
ammonia sources were optional. Moreover, the K274A
mutant of ADCS combined with an ammonia source also
gave the 310 nm peak, which is expected to be ADIC instead
of the covalent intermediate.

The identity of the 310 nm peak as the covalent intermedi-
ate formed in ADCS reactions was further confirmed by the
following observations. First, the intensity of the 310 nm
peak was reduced approximately 2-fold when the ADCS
concentration was reduced from 10 to 5µM, demonstrating
that it was an enzymatic species. Second, addition of PabA
increased the intensity of the 310 nm peak, reflecting the
known fact that PabA binding enhances ADCS reactivity.
Third, the inclusion of ammonia sources in the reaction
(either NH4

+ or Gln) decreased the intensity of the 310 nm
peak, presumably by carrying it forward in the reaction
sequence and thereby depleting it. Fourth, on coupling with
excess ADCL in the presence of ammonia sources, the 310
nm peak was not observed. This demonstrates reversible
covalent intermediate formation and rapid equilibration with
ADC. Fifth, the 310 nm peak was not formed when metal
ions were excluded.

Table 2: Steady-State Kinetic Analysis of E258 Mutants of ADCS

kcat (s-1)

ammonia source wild type E258A E258D

PabA+ Gln 0.53( 0.02 (6.9( 1.2)× 10-8 a,b (2.0( 0.1)× 10-5 a,b

NH4
+ 0.032( 0.002 (1.7( 0.3)× 10-7 a,b (1.21( 0.02)× 10-4 a,b

PabA+ Gln + acetate 0.0012( 0.0001c no rescued

NH4
+ + acetate 0.00045( 0.00007c no rescued

a These constants were determined using the discontinuous PABA fluorescence assay. Saturating (1 mM) chorismate, 20 mM Gln, and 200 mM
NH4

+ were used.b Nonenzymatic background rates were also measured in two control reactions, chorismate+ PabA + Gln and chorismate+
NH4

+ (concentrations are the same as those used in enzymatic reactions), using the PABA fluorescence assay. The background rates are negligible.
c Acetate rescue reaction kinetic constants were determined by varying acetate concentration at fixed chorismate and ammonia source concentrations
using LDH assay. 150µM chorismate was used instead of 1 mM since a higher concentration of chorismate inhibits E258A/D when acetate is
present. Ammonia source concentrations remained the same.Kacetatefor E258A+ chorismate+ PabA+ Gln + acetate is 214( 47 mM, andKacetate

for E258A + chorismate+ NH4
+ + acetate is 412( 116 mM. d Acetate rescue was not detected in E258D reactions using the LDH assay. 150

µM chorismate was used.

FIGURE 7: (A) HPLC chromatograms of reaction mixtures catalyzed
by IS or its mutant A213K with chorismate as the substrate. The
figure labels indicate the following: A, IS+ chorismate+ H2O +
NH4

+; B, A213K + chorismate+ H2O; C, A213K+ chorismate
+ H2O + NH4

+. (B) HPLC chromatograms of reaction mixtures
catalyzed by IS or its mutant A213K when ADC was the substrate.
The figure labels indicate the following: A, IS+ ADC + H2O +
NH4

+; B, A213K + ADC + H2O; C, A213K + ADC + H2O +
NH4

+.

FIGURE 8: Mechanism of C4 hydroxyl cleavage facilitated by E258
during the formation of the covalent intermediate in ADCS.
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The pre-steady-state kinetics of covalent intermediate
formation were measured at 310 nm in a stopped-flow
spectrometer. The reaction of PabA+ ADCS + chorismate
shows that the covalent intermediate is indeed formed in a
kinetically competent manner (kmax ) 57 s-1) since thekcat

under similar conditions with Gln as a nitrogen source is
0.53 s-1 (17). Similarly, the ADCS+ chorismate reaction
forms the covalent intermediate in a kinetically competent
manner sincekmax ) 6.3 s-1 is significantly faster thankcat

) 0.032 s-1 under similar conditions with NH4+ as the
nitrogen source. These results also provide strong evidence
that the rate-limiting step occurrs after formation of the
covalent intermediate. PabA significantly increases both the
kmax values for covalent intermediate formation and the
steady-statekcat values presumably by binding ADCS tightly
and enforcing a more reactive conformation. TheKchorismate

values in either the absence or presence of NH4
+ are

significantly higher in the pre-steady-state kinetics, suggest-
ing that there is a significant forward commitment for the
covalent intermediate in the steady state once it is formed.

Multiple sequence alignment and active site modeling
studies show that E258 in ADCS is completely conserved
in AS, IS, and ADCS. It is well positioned to protonate the
C4 hydroxyl group of chorismate, thereby making it a better
leaving group. To test this hypothesis, E258A and E258D
were studied. The E258A-catalyzed reaction is 4× 106-fold
slower than that catalyzed by wild-type ADCS when PabA
+ Gln are the ammonia source and 2× 105-fold slower when
NH4

+ is the ammonia source.
E258D was expected to be, and is, more active than E258A

since it retains an acidic functional group that can protonate
the C4 hydroxyl. The E258D-catalyzed reaction is 1× 104-
fold slower than that catalyzed by wild-type ADCS when
PabA+ Gln are the ammonia source and 3× 102-fold slower
when NH4

+ is the ammonia source.
Acetate dramatically rescues E258A-catalyzed reactions

(2 × 104-fold for E258A+ PabA+ chorismate+ Gln, 3×
103-fold for E258A+ chorismate+ NH4

+). However, it does
not rescue those catalyzed by E258D. This is likely due to
the larger and negatively charged aspartate side chain in
E258D preventing the access of acetate to the C4 hydroxyl
group. Acetate-rescued E258A reactions have faster rates for
PabA+ Gln-dependent reactions than for NH4

+-dependent
reactions, reminiscent of the results with wild-type ADCS.
This suggests that acetate functionally replaces E258 and
facilitates the cleavage of the C4 hydroxyl by general acid
catalysis. Difference spectra showed no indication of covalent
intermediate accumulation in the E258A/D-catalyzed reac-
tions. The above evidence demonstrates the crucial role that
E258 plays as a general acid/base catalyst for facilitating
the departure of the C4 hydroxyl in covalent intermediate
formation in ADCS.

Unlike ADCS, IS and AS do not form a covalent
intermediate since they employ water and ammonia, respec-
tively, as nucleophiles. Correspondingly, the amino acid at
position 274 is alanine in both of these enzymes. Mutation
of A274 to Lys in IS and AS could potentially enable them
to form the covalent intermediate as in the ADCS reaction.
The IS mutant A213K was therefore studied. HPLC analyses
of wild-type IS and A213K provide circumstantial evidence
for the formation of covalent intermediates between K213
in the mutant and chorismate or ADC. In Figure 7A, when

chorismate was used as the substrate, both isochorismate and
ADIC were generated in the IS+ chorismate+ H2O + NH4

+

reaction. Strikingly, no ADIC was generated in the same
reaction catalyzed by A213K. The amount of isochorismate
generated was also sharply reduced in A213K-catalyzed
reactions. This is consistent with K213 in the mutant enzyme
forming a covalent adduct with C2 as in ADCS, thus
blocking the formation of ADIC and isochorismate. Never-
theless, simple steric hindrance by K213 cannot be ruled out.
Similarly, the A213K mutant showed altered reaction
specificity when ADC was used as substrate (Figure 7B). In
reactions containing IS+ ADC + H2O + NH4

+, the
elimination reaction products PABA and pyruvate and the
reversible reaction products ADIC, isochorismate, and cho-
rismate were detected. Remarkably, in reactions containing
A213K + ADC + H2O and A213K+ ADC + H2O + NH4

+,
only elimination products, whose production was unlikely
to be affected by the A213K mutation, were detected. The
products expected from reversible reactions involving K213
addition to C2 of chorismate were not detected, which is
most likely due, in our opinion, to formation of the covalent
intermediate between K213 and C2 but can also be explained
by steric hindrance without formation of a covalent inter-
mediate.
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