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Abstract
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The isochorismate and salicylate synthases are members of the MST family of enzymes. The
isochorismate synthases establish an equilibrium for the conversion chorismate to isochorismate
and the reverse reaction. The salicylate synthases convert chorismate to salicylate with an
isochorismate intermediate; therefore, the salicylate synthases perform isochorismate synthase and
isochorismate-pyruvate lyase activities sequentially. While the active site residues are highly
conserved, there are two sites that show trends for lyase-activity and lyase-deficiency. Using
steady state kinetics and HPLC progress curves, we tested the “interchange” hypothesis that
interconversion of the amino acids at these sites would promote lyase activity in the isochorismate
synthases and remove lyase activity from the salicylate synthases. An alternative, “permute”
hypothesis, that chorismate-utilizing enzymes are designed to permute the substrate into a variety
of products and tampering with the active site may lead to identification of adventitious activities,
is tested by more sensitive NMR time course experiments. The latter hypothesis held true. The
variant enzymes predominantly catalyzed chorismate mutase-prephenate dehydratase activities,
sequentially generating prephenate and phenylpyruvate, augmenting previously debated (mutase)
or undocumented (dehydratase) adventitious activities.
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Introduction
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The redesign of enzyme active sites has been successful to interconvert substrate
specificities in structurally homologous and functionally related enzymes. In some
examples, the interconversion is as simple as a single amino acid substitution, such as the
generation of a malate dehydrogenase from lactate dehydrogenase (1). In other cases the
interconversion of substrate specificity requires more complex changes including
modification to the active site and surface loop changes, such as the generation of a trypsin
serine protease with the substrate specificity of chymotrypsin (2–4). Enzymes dependent on
the cofactor pyridoxal 5′-phosphate, including ornithine decarboxylase (5) and amino acid
aminotransferases (6–8), have been redesigned to have new activities when changes in the
active site lead to a promiscuous addition of the proton to different locations on the
substrate-cofactor covalent intermediate. Enzymatic activities have been interconverted in
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the N-acetylneuraminate lyase subfamily of (β,α) -barrel enzymes with a single point
mutation (9). More recently, design of enzymes with augmented adventitious or promiscuous
activities by directed evolution, looking for an increase of a desired activity after cycles of
random mutagenesis, has been successful (10, 11).
The MST family of enzymes are structurally homologous, Mg2+-dependent, chorismateutilizing enzymes involved in menaquinone, siderophore and tryptophan
biosynthesis (12–14). This work will focus on two enzymes that isomerize the chorismate ring
to form isochorismate for siderophore biosynthesis (Figure 1A): PchA, the isochorismate
synthase from Pseudomonas aeruginosa, and Irp9, the salicylate synthase from Yersinia
enterocolitica. These enzymes are required to make the salicylate cap of the structurally
similar siderophores pyochelin and yersiniabactin (Figure 2). Both enzymes generate
isochorismate from chorismate, but Irp9 is then capable of generating salicylate from
isochorismate. An interesting question may be posed: what are the features of Irp9 that
makes this enzyme bifunctional, whereas PchA is not? This question can be extrapolated
more broadly to include other enzymes of this same family in similar biosynthetic pathways,
including the salicylate synthase for mycobactin biosynthesis (MbtI) and the isochorismate
synthases from E. coli (EntC of enterobactin biosynthesis and MenF of menaquinone
biosynthesis)
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The formation of isochorismate, common to all five enzymes, has been hypothesized to be
catalyzed by general acid-general base chemistry, in which a lysine (K221 in PchA) is the
general base for the activation of water to attack the C2 position and a glutamic acid (E269
in PchA) is the general acid for elimination of the C4-OH. This proposed mechanism is
supported by mutational analyses in MenF (13), Irp9 (15) and MbtI (14). When the general
base lysine was replaced with alanine or the general acid glutamic acid was replaced with
alanine or glutamine, the enzymes showed a loss of isochorismate synthase activity.
However, Ziebart and Toney (16) have shown that putative general base lysine to glutamine
variants in EntC and MbtI retained some activity. Ferrer and colleagues (17) have suggested
that the general base is a glutamic acid (E313 in PchA), but more recently Meneely et. al
report a model based on pH/pD rate profiles and mutagenesis that is most consistent with the
lysine general base and the glutamic acid general acid (18).
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For MbtI, NMR studies have shown that the isochorismate-pyruvate lyase activity observed
in the salicylate synthase enzymes is a pericyclic reaction (14). The proton transferred is
derived from the chorismate ring and not from solvent (14), similar to that seen for the standalone isochorismate-pyruvate lyase (19). A comparison of the active site residues between
enzymes that perform one activity (isochorismate synthase) such as PchA, EntC and MenF
(Figure 1B) and enzymes that perform two activities (isochorismate synthase and
isochorismate-pyruvate lyase) such as Irp9 and MbtI show these residues are conserved
except for two (Figure 3) (20). One of the differing residues is an alanine in the isochorismate
synthase enzymes that is a threonine in the salicylate synthase enzymes (cyan in Figure 3A).
In the salicylate synthases, the backbone carbonyl of the threonine forms a hydrogen bond
with the substrate hydroxyl-group and was hypothesized to be involved in orientation of the
substrate for the lyase activity (13, 21). Replacement mutagenesis (A→T) has not proven
enlightening, instead generating enzymes with no addition of lyase activity but also reduced
or abrogated synthase activity (13, 21). Lyase-deficient and lyase-proficient enzymes differ in
one of the two residues that chelate the Mg+2 ion through a water molecule (aspartic acid or
asparagine in the isochorismate synthase enzymes but a glutamic acid in the salicylate
synthase enzymes (yellow in Figure 3A) (20)). The longer sidechain of the lyase-proficient
salicylate synthases was hypothesized to shift the magnesium ion to a position permitting the
conversion of isochorismate into salicylate (20). This amino acid difference has been ignored
previously due to the distance from the site of chemistry.
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Here, we initially test the “interchange” hypothesis: the activities of the isochorismate
synthase PchA and the salicylate synthase Irp9 can be interconverted by mutational
exchange of one or both of the nonconserved active site residues that show a trend relative
to presence or absence of lyase activity. This is a simplistic view of enzymes, which are
known to be dynamic and capable of compensating for mutational change. Structurally
homologous MST enzymes have been classified as “chorismate-utilizing”(22) and can
perform a variety of chemistries, including the isomerization investigated here, but also
replacement of the C4-OH with an amine or removal of the C4-OH and addition of an amine
at C-2. Adventitious chorismate mutase activity (not physiologically important and detected
at low catalytic levels) has been debated in the salicylate synthases enzymes(14, 16). Since the
MST enzymes seem evolutionarily designed to permute chorismate, the more complex,
“permute” hypothesis would be that the enzyme catalyzes reactions based on a binding site
designed for arrangement of chorismate, and therefore interconversion of the nonconserved
residues may lead to other catalytic events, expected to be much lower in catalytic efficiency
than the physiological reaction.1 Our results show that the exchange of activities
(isochorismate versus salicylate synthase) is not achieved by the straightforward interchange
path. Indeed, the variant enzymes develop chorismate mutase and prephenate dehydratase
activities in agreement with the permute hypothesis, selectively catalyzing these activities
relative to the isochorismate synthase and isochorismate-pyruvate lyase activities.
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Materials and Methods
Preparation of overexpression plasmids
The pchA gene was cloned as previously described (18). The PchA variants were produced
using QuikChange (Agilent) with wildtype pchA plasmid as the template and the following
primers: D310E (5′-GAC AGC GCC AAG GAG AGG CAC GAA CAC-3′) and A375T (5′GCA TCC GAC CCC CAC GGT GGG CGG CTA CC-3′) and complementary reverse
primers for each variant. Each variant plasmid contained only the desired mutation.
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The irp9 gene was amplified from Y. enterocolitica 33114 genomic DNA (ATCC) by
polymerase chain reaction by use of Master Mix (Eppendorf) with 1.5 mM magnesium
acetate. The forward primer (5′-GGA ATT CCA TAT GAA AAT CAG TGA ATT TCT
ACA C-3′) includes an NdeI site (underlined) and the reverse primer (5′-AAA ACT CGA
GCA CCA TTA AAT AGG GCG CAA TG-3′) contains a XhoI site (underlined). The
amplified 1302 base pair fragment was digested with NdeI and XhoI and ligated into the
pET29b plasmid (Novagen) digested with the same enzymes. The resultant plasmid encodes
the irp9 gene with a C-terminal histidine tag and one mutation from that found in the
published structure (PDB: 2FN1) that changes proline 38 to a glutamic acid. The
homologous protein, YbtS, in Yersinia pestis also contains a glutamic acid at this position.
The Irp9 variants were produced with QuikChange (Agilent) using wildtype irp9 plasmid as
the template, the forward primers used were: E281D (5′-TGC TGC ACG ATA GTA AAG
ATG TGC TTG AGC ATA TCC) and T348A (5′-CGT GCT GTT TCC GTC GAT TGC
CGC CTC AGG-3′); in conjunction with complementary reverse primers. The irp9 variant
plasmids contained only the desired mutation relative to the wildtype plasmid.

1When measuring new activities in an active site evolutionarily designed for differing chemistry, one should consider the values of
rate enhancement in terms of enzyme engineering projects such as directed evolution where an order of magnitude increase is
significant (Aharoni et al., Nature Genetics 37, 73; Sarkar, Hauber, Hauber, Buchholz, Science 316, 1912), as opposed to standard
enzyme catalytic efficiencies were a good enzyme is 105 M−1 s−1.
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Wildtype and variant PchA was purified as previously described (18) with a yield of 16–74
mg/L of culture for the variants. The P. aeruginosa isochorismate-pyruvate lyase PchB used
in the coupled assay with PchA to convert isochorismate to salicylate was purified as
previously described (23).
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BL21 Star (DE3) pLysS E. coli containing the Irp9 wildtype or variant expression plasmid
were grown in LB medium containing 50 μg/mL kanamycin at 37 °C with shaking (225
rpm) until an OD600 of ~1.0 was reached. The culture temperature was reduced to 18 °C and
the cells were harvested by centrifugation (6,000×g, 10 min, 4 °C) after 20 h. The cell pellet
was resuspended in 15 mL of 25 mM Tris-HCl pH 8.5, 500 mM NaCl, 5 mM imidazole
(buffer A) per liter of culture. Cells were disrupted by use of a French pressure cell (35,000
psi), and cellular debris was removed by centrifugation (12,000×g, 30 min, 4 °C). The
supernatant was applied to a chelating Sepharose fast-flow column (Amersham Biosciences)
charged with nickel chloride and pre-equilibrated in buffer A. Irp9 protein eluted at 300 mM
imidazole in a step gradient of 30 mM, 45 mM, 150 mM and 300 mM imidazole in buffer A.
The pooled fractions were applied to a Superdex 200 size-exclusion column (Amersham
Biosciences) equilibrated with 20 mM Tris-HCl pH 8, 100 mM NaCl. The fractions
containing Irp9 were pooled and concentrated by use of an Amicon stirred cell with a
YM-30 membrane to 125 – 333 μM as determined by absorbance at 280 nm (ε = 53,400
M−1cm−1) and stored at −80 °C. Wildtype Irp9 had a yield of 60 mg/L culture and the Irp9
variants had yields of 4–46 mg/L of culture.
Preparation of isochorismate and chorismate
Isochorismate was isolated from Klebsiella pneumoniae 62–1 harboring the entC plasmid
pKS3-02 (24) with only minor changes, as described previously (25). Chorismate was isolated
from K. pneumoniae 62–1 as previously described (26) with minor modifications (18).
Isochorismate synthase activity assays
Enzyme was added to the standard assay buffer containing 50 mM Tris-HCl pH 7.5, 10 mM
MgCl2, 10% glycerol and incubated with a 20-fold excess of PchB. The reaction was
initiated by the addition of chorismate (0–300 μM). The accumulation of salicylate was
measured by fluorescence with an excitation wavelength of 310 nm and an emission
wavelength of 430 nm at 25 °C using a Cary Eclipse fluorescence spectrophotometer
(Varian) and an electrothermal single cell holder for temperature control (0.1 °C). For the
D310E-PchA variant assay, the enzyme concentration was 0.1 μM, and for all of the other
PchA and Irp9 variants the enzyme concentration was 1 μM.
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Isochorismate-pyruvate lyase activity assays
All isochorismate-pyruvate lyase assays were performed using a TgK Scientific SF-61DX2
stopped-flow apparatus equipped with a photomultiplier detector and a xenon lamp with the
monochromator set at 310 nm, and a 360 nm cutoff filter operated at 25 °C. Equal volumes
of enzyme and substrate in the standard reaction buffer were injected into a 22 μl cell and
initial velocities of salicylate production were collected for 30 seconds during which the
reaction was linear. Pre-injection enzyme and substrate concentrations were twice the final
enzyme/substrate concentration in the cell (post mixing). Unless otherwise specified, all
concentrations reported are final post-mixing concentrations. Enzyme concentrations used
for the assays with PchA variants was 10 μM, for WT-Irp9 and E281D-Irp9 assays the
enzyme concentration was 0.05 μM and for the T348A-Irp9 and E281D/T348A-Irp9
variants the enzyme concentration was 0.1 μM with isochorismate concentrations of 0 – 400
μM.
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Salicylate production with wildtype PchA, PchA variants, T348A-Irp9 and E281D/T348AIrp9 was measured using 10 μM enzyme and the reaction was initiated with 1 mM
chorismate. For reactions with wildtype Irp9 and E281D-Irp9, salicylate production was
measured using 100 nM enzyme and initiated by the addition of chorismate (0 – 25 μM).
Initial velocities were determined at 25 °C in the standard assay buffer by measuring the
accumulation of salicylate by fluorescence with an excitation wavelength of 310 nm and an
emission wavelength of 430 nm using a Cary Eclipse fluorescence spectrometer (Varian)
with temperature controller.
Chorismate mutase activity assays
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Chorismate mutase activity for wildtype and variant PchA and Irp9 was measured in 50 mM
Tris-HCl pH 7.5, 10 mM MgCl2, 10% glycerol or with 50 mM Tris-HCl pH 7.5, 1 mM
EDTA, 10% glycerol at 25 °C according to the method optimized by Gaille et. al (27). The
enzyme concentration was 25 μM and the reaction was initiated by the addition of
chorismate (0 – 10 mM). The reaction was terminated at the various time points by the
addition of 20 μl 1 M HCl to 40 μl of reaction mixture and the reaction product, prephenate,
was converted to phenylpyruvate upon incubation at 37 °C for 20 min. The phenylpyruvate
concentration was determined at 320 nm under basic conditions with the addition of 140 μl
of 2.5 M NaOH (ε320 = 17,500 M−1cm−1) using a Cary 50 Bio spectrophotometer (Varian).
Salicylate production progress curves
Salicylate production by PchA and Irp9 variants was monitored over time at 25 °C using a
TgK stopped-flow apparatus. Enzyme in the standard reaction buffer was mixed in the
stopped-flow apparatus in a 1:1 ratio with reaction buffer containing chorismate such that
the final concentration of enzyme was 10 μM and of chorismate was 1 μM. The fluorescence
was measured with a 360 nm cutoff filter upon excitation at 310 nm and converted to
salicylate concentration using a standard curve.
Nuclear magnetic resonance data
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NMR time course reactions were obtained with 1 mM chorismate in 50 mM Tris-HCl pD
7.9, 10 mM MgCl2, using a protocol akin to that performed for the uncatalyzed
reaction (28, 29) and for EntC (30). Enzyme (25 μM final concentration) was added to start the
reaction and 1H-NMR spectra were collected at 25 °C with an Avance AV-III 500 with a
dual carbon/proton (CPDUL) cryoprobe, every 5 min for the first 2 hours and every 30 min
for the remaining 16 hours. The reaction products were analyzed using MestReNova
(Mestrelab Research). NMR spectra peaks were assigned according to those of standards in
50 mM Tris-HCl pD 7.9, 10 mM MgCl2 in a range from 8 – 5.5 ppm. Chorismate δ 6.60 (s,
1H), 6.37 (dt, J = 10.1, 1.8 Hz, 1H), 6.01 (dd, J = 10.0, 2.7 Hz, 1H); isochorismate δ 6.86 (d,
J = 5.6 Hz, 1H), 6.38 (dd, J = 9.6, 5.6 Hz, 1H), 6.24 (dd, J = 9.6, 4.3 Hz, 1H); salicylate δ
7.83 (dd, J = 7.8, 1.8 Hz, 1H), 7.49 – 7.44 (m, 1H), 7.00 – 6.94 (m, 2H); phenylpyruvate δ
7.45–7.40 (m, J = 7.4 2H), 7.39 – 7.33 (m, 1H), 7.33 – 7.26 (m, 2H);. Prephenate peaks were
determined from a chorismate NMR time course by the addition of new peaks at δ 6.03 (dd,
J = 10.3, 1.7 Hz, 2H), 5.94 (dd, J = 10.4, 3.2 Hz, 2H). No 4-hydroxybenzoate or
isoprephenate (other decomposition products of chorismate and isochorismate) were
detected under our experimental conditions, which differed from previous work by buffer,
pH and temperature (28, 29).
Data analysis
Steady state kinetic data were fit to the Michaelis-Menten equation by the nonlinear
regression function of KaleidaGraph (Synergy Software). At subsaturating concentrations of
Arch Biochem Biophys. Author manuscript; available in PMC 2014 November 01.
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substrate, kinetic constants were determined using Henderson and Dixon plots (31). kobs
values reported in Table 4 were determined by curve fitting using KaleidaGraph (Synergy
Software). Simulation was conducted using KinTek Global Kinetic Explorer (32, 33) for the
NMR time course experiments, following the manufacturer’s instructions.

Results
PchA and Irp9 steady state activity assays
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PchA is an isochorismate synthase (Figure 1A) (18, 34). Isochorismate synthase activity was
determined using a coupled assay in which isochorismate produced by PchA is converted to
the fluorescent salicylate by the isochorismate-pyruvate lyase, PchB (18). Chorismate is
provided as the substrate, and PchB is used in 20-fold molar excess such that any
isochorismate produced is immediately converted into salicylate. Irp9 is a salicylate
synthase (15, 35), in which isochorismate synthase and isochorismate-pyruvate lyase activities
are performed sequentially. Isochorismate synthase activity cannot be determined for Irp9
independently because the isochorismate is immediately converted to salicylate in the same
active site. Salicylate synthase activity is detected using chorismate as the substrate and
measuring salicylate fluorescence. Isochorismate-pyruvate lyase activity in both PchA and
Irp9 is measured with isochorismate as the substrate, detecting salicylate fluorescence.
Chorismate mutase activity has previously been detected in the absence of magnesium for
the salicylate synthase enzyme MbtI (14). More recently, chorismate mutase activity was not
detected in MbtI or EntC, and the previous mutase activity was hypothesized to be the result
of a co-purified chorismate mutase contaminant (16). Chorismate mutase activity is measured
using chorismate as a substrate. The prephenate product is converted to phenylpyruvate at
low pH for detection by absorbance.
PchA and Irp9 wildtype kinetic parameters
Wildtype PchA isochorismate synthase and isochorismate-pyruvate lyase kinetic parameters
recorded here have been reported previously and are listed in the tables for easy comparison
(Tables 1 and 2) (18). Wildtype Irp9 salicylate synthase activity was determined to be 42,000
M−1s−1 (Table 3), whereas isochorismate-pyruvate lyase activity was 159,000 M−1s−1
(Table 2). The salicylate synthase kinetic parameters for wildtype Irp9 are as expected based
on those previously reported (35).
A375T-PchA and T347A-Irp9 variants (H-bonds to substrate hydroxyl-group)
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One of the differing residues between lyase-active and lyase-deficient enzymes is an alanine
in the isochorismate synthases and a threonine in the salicylate synthases (cyan in Figure
3A). These residues are hypothesized to be involved in substrate orientation by forming a
hydrogen bond using the backbone carbonyl (13, 21). A variant of PchA to change the native
alanine to threonine (A375T-PchA) results in a loss of the physiological isochorismate
synthase catalytic efficiency by three orders of magnitude (Table 1), and a 2-fold gain in
isochorismate-pyruvate lyase catalytic efficiency (Table 2). A corresponding mutation in
EntC (21) resulted in reduction of isochorismate synthetase catalytic efficiency by two orders
of magnitude; a corresponding variant of MenF (13) had no detectable activity. In these
previous studies, none of the A→T variants in the isochorismate synthases gained lyase
activity to produce salicylate (13, 21). The converse T→A variant in the salicylate synthase
Irp9 results in a reduction in salicylate synthase catalytic efficiency by 5 orders of
magnitude: 42,000 M−1s−1 in WT-Irp9 to undetectable levels in T348A-Irp9. However, if
the reaction is allowed to progress for a more extended period of time, salicylate formation
can be detected. This result will be described in more detail in the section on progress
curves. Isochorismate-pyruvate lyase catalytic efficiency in the T348A-Irp9 is reduced by
17-fold (Table 2).
Arch Biochem Biophys. Author manuscript; available in PMC 2014 November 01.
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D310E-PchA and E281D-Irp9 variants (change in Mg2+ chelator length)
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A second active site residue that shows a trend between the isochorismate synthase and
salicylate synthase enzymes is one of the two residues involved in chelating the Mg+2 ion
through a water molecule. This residue is an aspartic acid or asparagine in the isochorismate
synthase enzymes but a glutamic acid in the salicylate synthase enzymes (yellow in Figure
3A) (20). A PchA variant that changes the amino acid from the isochorismate synthase native
sidechain to the salicylate synthase amino acid (D310E-PchA) has a kcat/Km value for the
isochorismate synthase activity that is within error of the wildtype enzyme (Table 1). Using
isochorismate as the substrate, the isochorismate-pyruvate lyase activity of the D310E-PchA
variant was determined to have a kcat/Km value that is 3-fold greater than wildtype (Table
2). Previous work on wildtype PchA did not detect salicylate production (34). Therefore, the
isochorismate synthase activity is unperturbed by the generation of the D310E-variant, and
the isochorismate-pyruvate lyase was very modestly increased. A variant salicylate synthase
enzyme in which the wildtype glutamic acid is changed to the aspartic acid present in
isochorismate synthase (E281D-Irp9) showed salicylate synthase catalytic efficiency that is
32-fold less than that of the wildtype enzyme (Table 3). The E281D-Irp9 variant showed an
isochorismate-pyruvate lyase catalytic efficiency loss of 5-fold relative to the wildtype
(Table 2). Taken together, these data would suggest that the isochorismate synthase activity
is more perturbed than the isochorismate-pyruvate lyase activity in the E281D-Irp9 variant.

NIH-PA Author Manuscript

Double variant (D310E/A375T-PchA and E281D/T348A-Irp9) kinetic parameters
The double variants of PchA and Irp9 with changes at both non-conserved residues were
also generated and their kinetic parameters determined. For PchA, the double variant had
similar activity in the isochorismate synthase and isochorismate-pyruvate lyase assays as the
A375T-PchA variant (Table 1, 2), suggesting that this variation is the more dominant and
deleterious. The double variant of Irp9 appeared to have more than an additive effect of the
two individual variants with isochorismate-pyruvate lyase catalytic efficiency three orders of
magnitude less than WT-Irp9 (Table 2) and undetectable salicylate synthase activity.
Chorismate mutase activity
We did not detect chorismate mutase activity for PchA or Irp9 or any of the variants in the
presence or absence of magnesium using the standard steady state chorismate mutase assay.
The rate of salicylate production by PchA and Irp9 and active site variants (progress
curves)
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Salicylate synthase activity had not been previously reported for PchA. Unexpectedly, over
extended periods of time (up to 2000 s) we determined that the production of salicylate
could be detected for all variants of PchA and Irp9 tested here. However, for only the WTand E281D-Irp9 could we measure linear initial velocities for the production of salicylate for
the determination of kinetic parameters (Table 3). Therefore, we investigated salicylate
production using progress curves collected on a stopped-flow apparatus. When plotted on
the logarithmic scale, WT-Irp9 showed a lag time of 2 seconds and produced 93% of the
expected salicylate (Figure 4, closed circles) assuming complete conversion of chorismate to
isochorismate to salicylate. E281D-Irp9 produced 81% of the expected salicylate after a lag
of 10 s (closed squares). T348A-Irp9 (closed diamonds) produced 48% salicylate after a lag
of 200 s, and E281D/T348A-Irp9 (closed triangles) only converted 15% of the chorismate to
salicylate after a lag of 400 s. WT-PchA and the corresponding variants all showed 15–18%
conversion to salicylate (open circles, squares and diamonds) with the exception of the
double mutant (open triangles) which produced 34% salicylate, all producing the fluorescent
species after 400 s. The question arose as to whether the fluorescent species was indeed
salicylate, and if the chorismate remained unreacted or if a new product was being formed.
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Reaction Time Courses by NMR
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The disappearance of substrate (chorismate) and the formation of intermediates and products
were determined by 1H-NMR (Supplemental Figure S1) using a method akin to that used for
the uncatalyzed reaction and for EntC(28–30) and analyzed to give relative concentrations
which could be plotted as percentages over time (Figure 5). It should be noted that the
starting chorismate substrate has a small amount of phenylpyruvate contamination (~6–7%)
that can be seen in all of the time course experiments. The fluorescent species was
confirmed as salicylate by NMR (Figure S1). Furthermore, three other compounds were
observed to be formed: isochorismate and two new products, prephenate and
phenylpyruvate. Prephenate is the product of the mutase reaction of chorismate, a reaction
that may be performed nonenzymatically in aqueous solution. The prephenate is
subsequently converted to phenylpyruvate over time, a reaction that may occur
nonenzymatically (29). Since these two latter reactions occur nonenzymatically, the
uncatalyzed reaction was recorded for these buffer and temperature conditions for direct
comparison (Figure S1F and Figure 5F).
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The WT-PchA time course shows an equilibrium of chorismate (46% of reaction products at
960 min) and isochorismate (37%) that is reached within 15 min (Figure 5A) with a kobs for
chorismate disappearance of 0.27 min−1 and a kobs for isochorismate formation of 0.29
min−1 (Table 4). The final ratio of chorismate to isochorismate is ~5:4, comparable to that
reported for the isochorismate synthase EntC (30). Over the time course of the experiment,
9% of the chorismate is converted to prephenate with a rate of 0.00029 min−1 and 1% of the
chorismate is converted to salicylate with a rate of 0.0013 min−1. Phenylpyruvate (7% final,
up from 5% initial) was formed from prephenate at a rate of 0.00027 min−1. This value is
1,300-fold greater than the uncatalyzed reaction (0.00000021 min−1) and represents
adventitious catalysis. Values for rate enhancement (kobs/kuncat) are found in Supplemental
Table S1. These data agree with the previous conclusions that wildtype PchA is an
isochorismate synthase that establishes an equilibrium between chorismate and
isochorismate

NIH-PA Author Manuscript

D310E-PchA established an equilibrium between chorismate (14% of reaction products at
960 min) and isochorismate (10.5%) with a kobs for chorismate disappearance of 0.10 min−1
and a kobs for isochorismate formation of 0.12 min−1 (Figure 5B and Table 4). The final
ratio of chorismate to isochorismate is ~4:3. Over the time course of the experiment, 14% of
the chorismate is converted to prephenate with a rate of 0.010 min−1 and 4.5% of the
chorismate is converted to salicylate with a rate of 0.0040 min−1. Phenylpyruvate (57%
final, up from 6% initial) was formed from prephenate at a rate of 0.050 min−1. This value is
240,000-fold greater than the uncatalyzed reaction. Therefore, the variant does produce
more salicylate than the native enzyme as proposed by the interchange hypothesis. However,
the primary product being formed is phenylpyruvate from the prephenate intermediate,
which is more suggestive of the permute hypothesis.
D310E/A375T-PchA established the equilibrium between chorismate (50% of reaction
products at 960 min) and isochorismate (25%) much slower (Figure 5C) with a kobs for
chorismate disappearance of 0.0018 min−1 and for isochorismate formation of 0.0017 min−1
(Table 4). The final ratio of chorismate to isochorismate is 2:1. Salicylate (4%) was
produced very slowly at 0.00075 min−1. Prephenate (15%) was produced at 0.00027 min−1
and was attributed to the uncatalyzed reaction. Phenylpyruvate (6% final, up from 5%
initial) was formed from prephenate at a rate of 0.0018 min−1. This value is 8,600-fold
greater than the uncatalyzed reaction and represents adventitious catalysis. The
isochorismate synthase reaction is sufficiently impaired by the generation of the PchA
double variant that the uncatalyzed mutase reaction allows for an accumulation of
prephenate relative to the wildtype enzyme.
Arch Biochem Biophys. Author manuscript; available in PMC 2014 November 01.
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WT-Irp9 produced primarily salicylate (82% of reaction products at 120 min) in agreement
with the results seen in the progress curve. The kobs for salicylate formation was determined
to be 0.23 min−1 (Table 4) with no isochorismate intermediate detected (Figure 5D). A
prephenate intermediate is detected at early timepoints with phenylpyruvate forming at a
rate of 0.063 min−1 to a final concentration of 14% at the end of the reaction time (up from
an initial 5.5%). This value is 300,000-fold greater than the uncatalyzed reaction and
represents adventitious catalysis. Only 5% of the chorismate in the absence of enzyme is
converted to prephenate (uncatalyzed reaction) over the time course of the Irp9 reactions
(120 min) with kobs of 0.0011 min−1 (Table 4) and minimal change in the phenylpyruvate
concentration (Figure 5F). These results suggest that WT-Irp9 performs an adventitious
reaction to convert chorismate to phenylpyruvate with a prephenate intermediate.
Nevertheless, Irp9 is most efficient as a salicylate synthase, with no buildup of the
isochorismate intermediate.
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E281D/T348A-Irp9 produced 11% salicylate (of the reaction products at 120 min) (Figure
5E) in agreement with the progress curve. A kobs for salicylate formation of 0.056 min−1
was determined (Table 4). No isochorismate intermediate was detected in this reaction.
Unexpectedly, the majority of the product was phenylpyruvate (85% final, up from 6%
initial) with kobs for phenylpyruvate formation of 0.048 min−1. This value is 230,000-fold
greater than the uncatalyzed reaction. The accumulation of the prephenate intermediate is
evident in the early timepoints; however, a kobs for prephenate formation could not be
reliably determined from these data. In contrast to the interchange hypothesis, the double
variant does not become an isochorismate synthase (lose the isochorismate-pyruvate lyase
activity selectively), but instead becomes a chorismate mutase-prephenate dehydratase as
suggested by the permute hypothesis.
Global fit of NMR time course experiments
The NMR time course data in Figure 5 were simulated with KinTek Global Kinetic
Explorer (32, 33) using the model shown in Figure 1. The exception is the uncatalyzed
reaction, where only the k3 and k4 were modeled based on precedent(29). Indeed, the curves
in the Figure 5 panels are the results of simulated time courses. The rate constants
determined by global simulation (Table 5) are in good agreement with those determined
experimentally

Discussion
Isochorismate and Salicylate Synthases of the MST family
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PchA and Irp9 are both involved in production of salicylate-capped siderophores, pyochelin
(PchA) and yersiniabactin (Irp9) (Figure 2). PchA and Irp9 are putative structural
homologues that both conduct the same first reaction: the conversion of chorismate to
isochorismate (Figure 1A). Irp9 (15, 35, 36) subsequently converts the isochorismate to
salicylate and pyruvate, whereas the production of salicylate in P. aeruginosa requires a
second enzyme, an isochorismate-pyruvate lyase, to carry out the second reaction. This
dichotomy is seen in other enzymes of this structural family (Figure 1B). EntC and MenF
are isochorismate synthases: EntC (21, 37) is found in the pathway for the formation of the
dihydroxybenzoate-capped siderophore enterobactin whereas MenF (13) is involved in the
biosynthesis of the electron-carrier menaquinone (Vitamin K) (Figure 2). Both EntC and
MenF are from Escherichia coli. MbtI is a salicylate synthase involved in salicylate-capped
siderophore biosynthesis to form mycobactin (Mycobacterium tuberculosis) (14, 38). The
inability to form salicylate is not surprising for EntC and MenF, because the isochorismate is
subsequently converted to 2,3-dihydroxybenzoate (in two steps, enterobactin
biosynthesis (39, 40)) or o-succinylbenzoate (in two steps, menaquinone biosynthesis (41–43))
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for ultimate incorporation into metabolites that are not salicylate-containing. However, the
inability to perform the lyase reaction is intriguing for PchA, since this means that P.
aeruginosa requires a separate isochorismate-pyruvate lyase enzyme to form salicylate.
Structures of MenF (13), EntC (21, 37), Irp9 (15) and MbtI (14, 38) have been determined. A
structure of PchA has yet to be determined; however, the active site residues are highly
conserved (Figure 3) (20).
The enzyme engineering hypotheses for lyase activity in MST enzymes
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Inspection of the active sites of the structurally and functionally homologous members of the
MST family that generate isochorismate, either as intermediate or product, showed two sites
with trends consistent with the absence or presence of lyase activity (Figure 3). An alanine
residue in the isochorismate synthases (lyase-deficient; A375 in PchA) is instead a threonine
in the salicylate synthases (lyase-active; T348 in Irp9). The backbone carbonyl oxygen of
this residue forms a hydrogen bond to the substrate hydroxyl in the salicylate and thought to
be important in substrate orientation for lyase activity (13, 21). An aspartic acid or asparagine
in the isochorismate synthases (lyase-deficient; D310 in PchA) is a glutamic acid in the
salicylate synthases (lyase-active; E281 in Irp9). This amino acid chelates the catalyticallyrequired magnesium ion through a water molecule (13, 15, 21, 37). The length of the sidechain
has been hypothesized to be important in active site architecture, possibly allowing the
formation of a reactive substrate conformation to drive the pericyclic lyase reaction (20). The
simple, “interchange” hypothesis proposes that lyase activity could be instituted into the
isochorismate synthase PchA and could be removed from the salicylate synthase Irp9 by
interchanging these nonconserved active site residues. A second, more complex “permute”
hypothesis proposes that the chorismate-utilizing enzymes are evolutionarily designed to
convert chorismate into a variety of products, and active site mutagenesis may lead to the
identification and/or augmentation of lesser adventitious activities.
Steady state kinetic parameters are inconclusive for testing these hypotheses
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Steady state kinetic parameters for isochorismate synthase, isochorismate-pyruvate lyase
and salicylate synthase activities were measured for the individual and double variants
(Table 1, 2 and 3). The variation for binding the substrate hydroxyl (A375T in PchA or
T348A in Irp9) showed a universal decrease for catalytic efficiency for the formation of
isochorismate, as measured by isochorismate synthase or salicylate synthase activities. This
was not the desired effect, as the interchange hypothesis suggested that sidechain swapping
at these sites would alter lyase activity not isochorismate synthase activity. However, this
result was not unexpected based on previous results which documented a similar change
(loss of isochorismate synthase activity) in MenF and EntC (13, 21). In all cases, the
mutational effect of the residue that chelates the magnesium (D310E in PchA or E281D in
Irp9) had the less detrimental effects on catalytic efficiency. Indeed, the D310E-PchA
showed isochorismate synthase catalytic efficiency that was within error of the wildtype
value and a three-fold increase in the isochorismate-pyruvate lyase catalytic efficiency as
proposed by the interchange hypothesis. The converse mutant in Irp9 (E281D) showed a
diminished lyase catalytic efficiency, but showed a more significant decrease in salicylate
synthase catalytic efficiency, suggesting that the isochorismate synthase activity is the more
impaired of the two activities by this variation, in contrast to the interchange hypothesis.
The progress curves (Figure 4) made it evident that there were possibly more reaction
products than merely chorismate, isochorismate and salicylate as proposed by the permute
hypothesis. In the reaction carried out by the wildtype Irp9, not all of the substrate was
converted to the salicylate product and in the reaction carried out by the wildtype PchA, a
small amount of a product with fluorescent properties consistent for salicylate was being
formed. Therefore, a more sensitive method for measuring the products than the simple

Arch Biochem Biophys. Author manuscript; available in PMC 2014 November 01.

Meneely et al.

Page 11

NIH-PA Author Manuscript

steady state assays was required. Using NMR time courses similar to those used previously
for the uncatalyzed reaction(28, 29) and for EntC (30), the relative concentrations of the
products formed (expressed as percentages) and the rates at which the products were formed
could be measured (Figures 5 and S1). Global analysis in KinTek Global Kinetic
Explorer (32, 33) was used to determine rate constants using the model in Figure 1. In brief,
k1 represents the isochorismate synthase reaction, k2 is the isochorismate-pyruvate lyase
reaction, k3 is the chorismate mutase reaction and k4 is the prephenate dehydratase reaction.
All reactions were allowed to be reversible in the model for the enzyme catalyzed reactions.
Only k3 and k4 were modeled in the uncatalyzed reaction, as per precedent (28). The curves
in Figure 5 were generated by the global analysis.
Adventitious chorismate mutase and prephenate dehydratase activity
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Our results weigh in on the controversy as to whether enzymes of this class have chorismate
mutase activity (14, 16).2 If the rate constants determined from the global analysis are used to
define the rate enhancement compared to the uncatalyzed reaction, it is evident that both
wildtype and the double variant of the salicylate synthase (Irp9) catalyze the chorismate
mutase reaction (k3) 77 to 230-fold more efficiently than the uncatalyzed reaction (for
example, wildtype 0.025 min−1/ uncatalyzed 0.00032 min−1 ≈ 77-fold rate enhancement;
Supplemental Table S2). Moreover, the formation of phenylpyruvate from prephenate is
catalyzed 890 (wildtype) to 1700-fold (double variant) faster than the enzyme-free reaction.
In the wildtype enzyme, this means that the enzyme displays predominantly salicylate
synthase activity, but does also have adventitious chorismate mutase-prephenate dehydratase
activity. Conversely, the Irp9-double variant is predominantly a chorismate mutaseprephenate dehydratase with adventitious salicylate synthase activity.
A similar comparison of rate enhancement for the isochorismate synthase PchA indicates
that this enzyme shows no chorismate mutase activity (~2-fold greater than the uncatalyzed
reaction) but does have some adventitious prephenate dehydratase activity (24-fold
enhancement). The D310E-PchA variant arguably has chorismate mutase activity (5-fold
rate enhancement), and has significant prephenate dehydratase rate enhancement (330-fold).
The double variant of PchA does not display activities other than those for the formation of
isochorismate (no rate enhancement for isochorismate-pyruvate lyase or chorismate mutase)
with a ~6-fold increase for prephenate dehydratase activity. Therefore, the wildtype PchA
enzyme and the double variant are truly isochorismate synthase enzymes with the wildtype
enzyme displaying nominal prephenate dehydratase activity. The D310E-PchA variant is an
isochorismate synthase with considerable prephenate dehydratase activity.
Altered partitioning in the variant proteins
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A critical look at partition ratios (Table 6) helps to explain the calculated rates and observed
accumulation of products. There is one branch point and two commitment points in the
model (Figure 1A). When chorismate binds, it may be converted to isochorismate (k1,
isochorismate synthase activity) or it may be converted to prephenate (k3, chorismate mutase
activity). This represents the branch point. All the enzymes and variants are strongly in favor
2Chorismate mutase activity in MST enzymes has previously been attributed to a contaminant from the protein expression and
purification process (Ziebart, Toney. Biochemistry 49, 2851). The products detected by NMR could be attributed to contamination of
the variant enzymes by PheA, the chorismate mutase-prephenate dehydratase enzyme of the essential aromatic amino acid
biosynthetic pathway, carried along during the purification process from the E. coli protein overexpression system. For PheA, the ratio
of kcat for chorismate mutase to kcat of prephenate dehydratase is ~ 1 (Zhang, Wilson, Ganem. Biochemistry 39, 4722). In the data
presented here, there are several variants for which the mutase activity is not greater than the uncatalyzed reaction, and for all of the
variants the ratio for mutase (k3) to dehydratase (k4) from the global analysis ranges from 0.05 to 0.4. Because all of the enzymes are
purified using the same protocol and because the ratio of the two activities should be constant regardless of concentration of the
contaminating PheA, we propose that the mutase and dehydratase activities detected herein are not the result of contamination by
proteins from the E. coli producer strains.
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of the generation of isochorismate (k1/k3 = 4 to 250) with the exception of the double variant
of Irp9 (k1/k3 = 0.2). The first commitment point is the formation of either salicylate or the
regeneration of chorismate from isochorismate (k2/k−1). The enzymes are divided at this
junction as would be expected based on their lyase-active or lyase-deficient states: the PchA
enzymes preferably regenerate chorismate (k2/k−1 = 0.00038 to 0.44), whereas the Irp9
variants preferentially form salicylate (k2/k−1 = 2.2 to 2.5). Finally, if prephenate is formed
by a mutase reaction, there is a second commitment point for generation of phenylpyruvate
or the regeneration of chorismate (k4/k−3). For the wildtype enzymes, these partition ratios
are ~1. The most interesting value is that of the D310E-PchA variant that shows that the
prephenate dehydratase activity of this enzyme is favored by 18,000,000 relative to the
reformation of chorismate (while this value is error prone, it does show a strong
commitment for dehydratase activity). If one considers the double variant of PchA only
nominally catalytically active, this means that the variants of PchA (D310E) and Irp9
(E281D/T348A) tend toward chorismate mutase-prephenate dehydratase activity, but arrive
there by different pathways. The D310E-PchA variant establishes an equilibrium between
chorismate and isochorismate. If any chorismate is converted to prephenate then the
prephenate is highly preferentially converted to phenylpyruvate. Conversely, for the E281D/
T348A-Irp9, chorismate is more likely to be converted to prephenate (5-fold more likely)
and then subsequently converted to phenylpyruvate (2-fold more likely).
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Implications for acid-base chemistry in the MST enzymes
The permute hypothesis for these chorismate-utilizing enzymes suggests that these active
sites are designed to permute chorismate and that variation in the active site may lead to
development of adventitious activities. The mechanism of the isochorismate synthase
activity has been previously defined as general acid-general base chemistry with a lysine
general base and a glutamic acid general acid in reverse protonation states (Figure 6A) (18).
Presumably, this is true for both the structurally conserved isochorismate and salicylate
synthases. Prephenate dehydratase activity is a concerted decarboxylation reaction assisted
by general acid catalysis for removal of the hydroxyl group (Figure 6B). Aromatization is
hypothesized to be promoted by a forcing of planarity of the ring (44). One might imagine
that a strategically placed general acid residue for the isochorismate synthase activity in the
wildtype enzymes may serve a similar role in the variants for prephenate dehydratase
activity (compare Figures 6A and 6B).
Implications for pericyclic reactions in MST enzymes
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Similar arguments can be made for the lyase and mutase activities as were for the acid-base
chemistry above. The isochorismate-pyruvate lyase activity is hypothesized to be a
pericyclic reaction: quantitative hydrogen transfer from C2 to C9 has been demonstrated in
the independent isochorismate-pyruvate lyase from Pseudomonas aeruginosa (PchB) (19) and
experiments in the salicylate synthase MbtI (14) gave similar results. The chorismate mutase
activity is likewise pericyclic, converting the linkage of the pyruvate tail to the ring from the
C3 ether linkage to a C1-C9 linkage(45). Therefore, the transition states of the isochorismatepyruvate lyase (Figure 6C) and chorismate mutase (Figure 6D) activities are achieved by
folding of the pyruvate over the ring, aligning the C9 carbon either with the hydrogen
attached to C2 (lyase) or the carbon of C1 (mutase). Since pericyclic reactions have a strong
entropic/steric component to their energy barrier, it follows that enzymes that perform one
reaction may have adventitious activity for the other. This has been documented previously
for PchB (a lyase with adventitious mutase activity) (23, 25, 27, 46–48), and here for Irp9 (an
enzyme with physiological lyase activity and adventitious mutase activity). The adventitious
pericyclic reactions were more readily measured and sometimes augmented in the variants
tested.
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The simple interchange hypothesis that lyase activity could be instituted into the
isochorismate synthase PchA and could be removed from the salicylate synthase Irp9 by
interchanging the nonconserved active site residues was not borne out. Instead, the variants
showed an augmentation of the adventitious chorismate mutase and prephenate dehydratase
activities in agreement with the more complex, permute hypothesis. The sidechain of most
importance was the residue that chelates the magnesium ion through a water molecule. This
variation most likely moves the metal ion within the active site. Since the substrate
carboxylate binds to the metal ion, subtle changes in the location of the ion may cause the
formation of different transition states and the augmentation of adventitious activities.
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Abbreviations and Full Textual Notes
EntC

isochorismate synthase from E. coli

Irp9

salicylate synthase from Yersinia enterocolitica

MbtI

salicylate synthase from Mycobacterium tuberculosis

MenF

isochorismate synthase from E. coli

MST

protein family containing proteins of menaquinone, siderophore or tryptophan
biosynthesis

PchA

isochorismate synthase from Pseudomonas aeruginosa

PchB

isochorismate-pyruvate lyase from Pseudomonas aeruginosa
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•

Exchange of active site residues in related enzymes doesn’t interchange
activities.

•

Exchange of active site residues augments adventitious or promiscuous
activities.

•

Active site mutants in synthases augment mutase activity up to 12-fold.

•

Active site mutants in synthases augment dehydratase activity up to 240,000fold.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Arch Biochem Biophys. Author manuscript; available in PMC 2014 November 01.

Meneely et al.

Page 18

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 1. Enzymatic activities of PchA and Irp9 and their variants

A. Schematic of the isochorismate synthase, isochorismate-pyruvate lyase, salicylate
synthase, chorismate mutase and prephenate dehydratase activities. B. The physiological
functions of the isochorismate synthases and salicylate synthases of the MST family
discussed herein.
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Figure 2. Biosynthetic Products for the isochorismate and salicylate synthases

The compounds in the left column are all generated in a pathway that includes an
isochorismate synthase (PchA for the siderophore pyochelin, EntC for the siderophore
enterobactin, and MenF for the electron carrier menaquinone). The compounds in the right
column are both generated in siderophore biosynthetic pathways that include a salicylate
synthase (Irp9 for yersiniabactin, and MbtI for mycobactin). The portion derived from
chorismate is shown in bold.
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Figure 3. Active site residues of the salicylate and isochorismate synthases

A. Irp9 (PDB: 2FN1) active site residues are shown in grey with the exception of the nonconserved residues within the isochorismate synthase and salicylate synthase enzymes.
Salicylate is tan and pyruvate is brown. The magnesium ions (green) and coordinating
waters (red) are shown as spheres. Amino acids are labeled with Irp9 (PchA) numbering.
The highlighted residues, E281 (yellow), T348 (cyan) and Y372 (purple) are the nonconserved residues. The chart in part B indicates that for two of these residues (E281 and
T348) there is a trend between lyase-deficient (the isochorismate synthases) and lyase-active
(the salicylate synthases) enzymes. The final change (F327 in EntC) is a conservative
change in only one of the five enzymes. This figure was generated with PyMOL (49).
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Figure 4. Progress curves

Representative salicylate-versus-time progress curves for WT-Irp9 (●), E281D-Irp9 (■),
T348A-Irp9 (◆), E281D/T348A-Irp9 (▲), WT-PchA (○), D310E-PchA (■), A375T-PchA
(◇) and D310E/A375T-PchA (△) showing a lag phase before salicylate production from
chorismate. Every 5th data point is displayed per trace for clarity.
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Figure 5. Kinetic analysis of the enzymatic conversion of chorismate

by WT-PchA (A), D310E-PchA (B), D310E/A375T-PchA (C), WT-Irp9 (D), E281D/
T348A-Irp9 (E), and the uncatalyzed reaction (F) in 50 mM Tris pD 7.9, 10 mM MgCl2 at
25 °C. The inset in part (F) shows a longer timeframe for comparison with PchA. The
reactions were monitored by 1H-NMR spectroscopy (spectra are found in Supplemental
Figure S1). Relative concentrations of chorismate (○), isochorismate (□), salicylate (◇),
prephenate (■), and phenylpyruvate (◆) are plotted as a function of time. The lines
connecting data points represent the curves determined by global fitting using KinTek
Global Kinetic Explorer (32, 33).
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Figure 6. Catalytic mechanisms and transition states

A) Isochorismate synthase mechanism (18). B) Prephenate dehydratase mechanism (44) . C)
Isochorismate-pyruvate lyase transition state (19). D) Chorismate mutase transition state (45)
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Table 1

Isochorismate Synthase activity for PchA of non-conserved amino acids
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The substrate is chorismate which is converted by PchA to isochorismate. The isochorismate-pyruvate lyase
from P. aeruginosa (PchB) is added in excess to convert isochorismate to salicylate which is measure by
fluorescence (excitation at 310 nm, emission at 430 nm).
Isochorismate synthase activity
kcat (×10−3 s−1)

Km (μM)

kcat/Km (M−1s−1)

50.4 ± 0.2

0.9 ± 0.1

57,000 ± 7,000

D310E

22 ± 1

0.6 ± 0.1

41,000 ± 9,000

within error

A375T

9.3 ± 0.3

150 ± 20

62 ± 4

0.001

D310E/A375T

4.0 ± 0.3

119 ± 5

34 ± 4

0.0006

Mutational effect (mutant/WT)

PchA
WTa

a

Wildtype PchA data from Meneely, Luo, Dhar and Lamb, reference 18.
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Isochorismate-Pyruvate Lyase activity for PchA and Irp9 variants of nonconserved amino
acids
The substrate is isochorismate. Salicylate production is measured by fluorescence (excitation at 310 nm,
emission >360 nm using stopped-flow spectrometer).
Isochorismate-pyruvate lyase activity
kcat (×10−3 s−1)

Km (μM)

kcat/Km (M−1s−1)

WTa

0.70 ± 0.01

42 ± 2

17 ± 1

D310E

0.69 ± 0.00

13.7 ± 0.1

50.4 ± 0.2

3

A375T

0.44 ± 0.00

12 ± 0

36.6 ± 0.3

2

D310E/A375T

0.38 ± 0.00

11 ± 2

37 ± 6

2

Mutational effect (mutant/WT)

PchA

Irp9
WT

92 ± 2

0.58 ± 0.01

159,000 ± 6,000

50.4 ± 0.3

1.7 ± 0.2

31,000 ± 3,000

T348A

5.5 ± 0.2

0.59 ± 0.05

9,300 ± 500

0.06

E281D/T348A

34.3 ± 0.0

47 ± 1

740 ± 10

0.005

E281D

0.2
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a

Wildtype PchA data from Meneely, Luo, Dhar and Lamb, reference 18.
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Table 3

Salicylate Synthase activity for Irp9 variants of non-conserved amino acids
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The substrate is chorismate which is converted to salicylate with isochorismate as an intermediate. Salicylate
production is measured by fluorescence (excitation at 310 nm, emission at 430 nm).
Salicylate synthase activity
kcat (×10−3 s−1)

Km (μM)

kcat/Km (M−1s−1)

WT

84 ± 7

1.98 ± 0.05

42,000 ± 2,000

E281D

8±1

6.0 ± 0.1

1,300 ± 200

Mutational effect (mutant/WT)

Irp9

0.03
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*

*
0.063

Prephenate disappearance

Phenylpyruvate formation

rates not reliably determined

0.048

*

*

Prephenate formation

n.d.
0.056

n.d.
0.23

0.070

Salicylate formation

n.d. = not detected;

*

Irp9
E281D/T348A

Isochorismate formation

0.24

Chorismate disappearance

WT

0.00027

n.d.

0.00029

0.0013

0.29

0.27

WT

0.050

n.d.

0.010

0.0040

0.12

0.10

D310E

PchA

k obs (min−1)

0.0018

n.d.

0.00027

0.00075

0.0017

0.0018

D310E/A375T
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kobs determined from NMR time course reactions

0.00000021

n.d.

0.00081

n.d.

n.d.

0.0011

uncatalyzed
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16
0.032
0.025
0.10
0.098
0.0011

k2 (isochorismate → salicylate)

k−2 (salicylate → isochorismate)

k3 (chorismate → prephenate)

k−3 (prephenate → chorismate)

k4 (prephenate → phenylpyruvate)

k−4 (phenylpyruvate → prephenate)
0.0040

0.18

0.089

0.074

0.0034

1.2

0.49

0.015

E281D/T348A

WT

0.0015

0.0027

0.0024

0.00051

0.0021

0.000061

0.16

0.13

0.0098

0.036

0.0000000027

0.0017

0.0010

0.00028

0.079

0.062

D310E

PchA

0.00018

0.00063

0.0011

0.00023

0.00022

0.00087

0.0020

0.00098

D310E/A375T

-

0.00011*

-

0.00032

-

-

-

-

uncatalyzed

this value represents an upper limit. A value of 0.00000021 min−1 (as seen in the fitting of the kobs in Table 4) was fit equally as well.

*

7.3

k−1 (isochorismate → chorismate)

WT
0.30

k1 (chorismate → isochorismate)

Irp9

rate (min−1)
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Rate constants from global fitting
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Table 6

Partition ratios calculated from global fitting
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k1/k3

k2/k−1

k4/k−3

250

0.00038

1.1

D310E

36

0.035

18,000,000

D310E/A375T

4.3

0.44

0.57

WT

12

2.2

0.98

E281D/T348A

0.2

2.5

2

>1, chorismate → isochorismate

>1, isochorismate → salicylate

>1, prephenate → phenylpyruvate

<1, chorismate → prephenate

<1, isochorismate → chorismate

<1, prephenate → chorismate

PchA
WT

Irp9

Key
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