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ABSTRACT: Menaquinone biosynthesis is initiated by the conversion of chorismate to isochorismate, a
reaction that is catalyzed by the menaquinone-specific isochorismate synthase, MenF. The catalytic
mechanism of MenF has been probed using a combination of structural and biochemical studies, including
the 2.5 Å structure of the enzyme, and Lys190 has been identified as the base that activates water for
nucleophilic attack at the chorismate C2 carbon. MenF is a member of a larger family of Mg2+ dependent
chorismate binding enzymes catalyzing distinct chorismate transformations. The studies reported here
extend the mechanism recently proposed for this enzyme family by He et al.: He, Z., Stigers Lavoie, K.
D., Bartlett, P. A., and Toney, M. D. (2004)J. Am. Chem. Soc. 126, 2378-85.

Menaquinone (MK) is a chorismate-derived metabolite
essential for electron transport and ATP synthesis in both
aerobic and anaerobic bacteria (1). In humans, who are
unable to synthesize MK, it is essential for blood clotting
and is obtained from both intestinal flora and dietary sources
(2). MK is synthesized by the coordinated activity of up to
eight menaquinone-specific genes (menA-menH) lacking
human homologues and each representing a potentially novel
drug target (3). Inhibitors of menaquinone biosynthesis may
be particularly effective against pathogens such asMyco-
bacterium tuberculosis(Mtb), which rely solely on menaquino-
ne for oxidative phosphorylation (4). Although an obligate
aerobe, Mtb is able to maintain infection under reduced
oxygen conditions for more than a decade in a state of
nonreplicating persistence (5). Recent studies have shown
that inhibitors of the Mtb type II NADH:menaquinone
oxidoreductase are bactericidal (6).

Like numerous other metabolites, including siderophores
and aromatic amino acids, MK is derived from chorismate

(1). The initial transformation is performed by a menaquinone-
specific isochorismate synthase (ICS), normally annotated
as menF. Interestingly, in the Mtb H37Rv genome, no
annotatedmenFgene has been identified. A putative ICS,
annotated asentC, is located more than one million base
pairs from a cluster of othermengenes (7). As a prelude to
characterizing the Mtb ICS, we focus here on theEscherichia
coli MenF,1 which is a component of the menaquinone
operon in this organism. MenF is a member of a larger family
of chorismate binding enzymes that has descended from a
common ancestor. As this family catalyzes the initial
reactions in menaquinone, siderophore, and tryptophan
biosynthesis, it will be hereafter referred to as the MST
enzyme family. Common transformations of chorismate are
shown in Figure 1 and include those catalyzed by the
isochorismate synthase (ICS) enzymes MenF, EntC, and
PchA, the salicylate synthases (SS) MbtI and Irp9, the
anthranilate synthase (AS), and the aminodeoxychorismate
synthases (PabB). Additional enzymatic reactions of cho-
rismate are performed by the evolutionally distinct choris-
mate mutases (AroH and AroQ) (8) and chorismate lyases
(UbiC) (9).

High affinity MST inhibitors, designed to mimic the
isochorismate synthase transition state, have been reported
(10). All known MST enzymes are Mg2+ dependent, and
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studies utilizing the series of inhibitors synthesized by
Kozlowski et al. support the Mg2+ bound transition state
originally proposed by Walsh et al. (11) (Figure 2A).
However, the crystal structure of AS fromSerratia marce-
scens(AS-sm) in complex with Mg2+, pyruvate, and benzoate
(12) demonstrates that the Mg2+ is coordinated via conserved
glutamate residues and the benzoate C1 carboxyl group in a
conformation distinct from that originally proposed (Figure
2B). Similar Mg2+-protein ligand interactions are also
observed in the recently reported structure of salicylate bound
to Irp9, the salicylate synthase fromYersinia enterocolitica
(13).

Using a PabB model, He et al. have proposed a general
mechanism for catalysis in the MST enzyme family (14).

Based on a combination of biochemical studies and molecular
modeling they proposed an SN2′′ mechanism in which
catalysis is initiated by the attack of either an exogenous or
main chain nucleophile at the C2 carbon of chorismate
(Figure 3). In MenF and AS the exogenous nucleophiles are
water and ammonia, respectively, while inE. coli PabB the
amino side chain of Lys274 is the nucleophile. The PabB
reaction thus proceeds via formation of a covalent enzyme-
substrate intermediate (15), which yields the aminodeoxy-
chorismate product following a second SN2′′ reaction initiated
by attack of ammonia at C4 (14, 16).

In the present work, we have determined the three-
dimensional structure ofE. coli MenF in the apo form.
Comparison of this structure with those of other MST family
members, coupled with a kinetic analysis of wild-type (WT)
and mutant enzymes, reveals that Lys190 in MenF is in a
position to activate a water molecule for attack at the
chorismate C2 carbon, without direct involvement of the
Mg2+ ion. The proposed mechanism reconciles previous data
on the structure and inhibition of isochorismate synthase

FIGURE 1: Enzymatic transformations of chorismate and their incorporation into aromatic products. With the exception of chorismate
mutase (AroQ and AroH) and chorismate lyase (UbiC) all shown chorismate transformations are catalyzed by members of a related family
of chorismate binding enzymes. Reactions shown include isochorismate synthase (MenF, PchA, and EntC), salicylate synthase (MbtI and
Irp9), anthranilate synthase (AS), aminodeoxychorismate synthase (PabB), and aminodeoxyisochorismate synthase (PhzE).

FIGURE 2: Proposed conformations of bound Mg2+ in the MST
family. (A) Transition state for isochorismate synthase and related
enzymes proposed by Walsh et al. (11) where Mg2+ was proposed
to simultaneously coordinate the incoming nucleophile and the
departing C4 hydroxyl. (B) Interactions involving Mg2+ in the
crystal structure of anthranilate synthase fromSerratia marcescens
(PDB ID 1I7Q). The cluster of residues coordinating Mg2+ is highly
conserved and includes the C1 carboxylate of the substrate/product.
The figure was created using pymol (40).

FIGURE 3: SN2′′ reaction mechanism adapted from He et al. (14).
An incoming nucleophile attacks the C2 carbon of chorismate
resulting in an SN2′′ reaction. InE. coli PabB this nucleophile is
theε-amino of Lys274. In all other members of the enzyme family
it is an exogenous ammonia or solvent hydroxide molecule.
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(10-12) and adds further details to He et al.’s unified
mechanism for catalysis in this enzyme family.

MATERIALS AND METHODS

Protein Expression and Purification.Chorismate was
purified from theE. coli strain KA12 as previously described
(17). E. coli menFandentBwere cloned fromE. coli BL21
whole cell lysate. All primers were synthesized by Integrated
DNA Technologies (Coralville, IA). A 1 mL sample of a
log phase culture was centrifuged and resuspended in 100
µL of H2O, and 0.2-1.0 µL was then used as template in a
standard 50µL PCR reaction using Stratagene (La Jolla, CA)
Pfu polymerase. An initial 6 min 95°C denaturation step
was used to disrupt the cells. TheentBgene was amplified
using the primers ggaattccatatggctattccaaaattaca (forward)
and cccctcgagtcattatttcacctcgcgggagag (reverse). Using the
underlinedNde1 and XhoI sites, entB was cloned into a
Novagen pET15b vector for expression. ThemenFgene was
similarly amplified from a whole cell template using the
primers ggaattccatatgcaatcacttactacggcgct (forward) and
cccaagcttgatatgaatcggtaatgatgcgac (reverse). ThemenFgene
was then cloned into theNde1 andHindIII sites of a Novagen
pET28b vector. Both MenF and EntB were expressed as
previously reported forE. coli MenF (18). Selenomethionine
(Se-Met)-substituted MenF was grown in BL21(DE3) cells
in minimal media. After 8 h ofgrowth at 37°C, endogenous
methionine production was down regulated by negative
feedback inhibition through the addition of 100 mg/L Phe
and Thr, and 50 mg/L Ile, Leu, and Val. Subsequently, 60
mg/L of Se-Met was added (19) and protein expression was
induced overnight with 0.4 mM IPTG. Purification of all
proteins was carried out using Novagen Ni-NTA metal
affinity chromatography according to the manufacturer’s
instructions. 10 mMâ-mercaptoethanol (BME) was included
in all the purification steps for MenF. After metal affinity
chromatography, WT, mutant, and Se-Met MenF were
exchanged into 50 mM Tris, 1 mM EGTA, 5 mM BME pH
7.5 using Sephadex G-25 chromatography and concentrated
to 25 mg/mL using a Millipore YM-30 centriplus. Aliquots
(60 µL) of MenF were frozen in liquid N2 and stored at-80
°C. After metal affinity chromatography EntB was exchanged
into 25 mM Tris-HCl, 5 mM DTT, pH 8.0 and concentrated
to 400µM. Glycerol was added to 50% and EntB was stored
at-20°C. MenF protein concentration was determined using
an extinction coefficient of 71305 M-1 cm-1 at 280 nm
calculated using the EXPASY protparam tool (http://us.ex-
pasy.org/tools/protparam.html). Protein concentrations cal-
culated using this extinction coefficient correlated well with
determinations made using the Bradford assay. The MenF
mutants Lys190Ala, Glu240Gln, Leu255Ala, Ala344Thr, and
Arg387Ala were prepared using QuikChange mutagenesis
(Stratagene, La Jolla, CA) and purified as described above
for the WT enzyme.

CD Spectra.The far-UV CD spectra of the wild-type
MenF protein and its mutant variants were recorded at a
protein concentration of 20µM in 50 mM Tris buffer pH
7.5 at 37°C by using an AVIV 62 DS spectrometer equipped
with a Peltier temperature control unit.

Enzyme Kinetics.MenF was assayed in a coupled reaction
using the isochorismatase EntB, which converts isochoris-
mate to 2,3-dihydro-2,3-dihydroxybenzoate (20). All coupled

reactions were performed in 200 mM Tris pH 7.5, 1 mM
EGTA, 1 mM DTT. After ensuring that the EntB reaction
was not limiting, kinetic parameters were obtained by varying
the concentrations of both MgCl2 and chorismate. Activity
was monitored on a Varian CARY 100 spectrophotometer
at 37°C by following the increase in absorbance at 275 nm
using an extinction coefficient of 5520 cm-1 M-1 (20). The
method described by Mildvan and co-workers (21) was used
to obtain the kinetic parameters shown in Scheme 1, which
is based on the general rate equation (eq 1) for a ternary
complex random order mechanism.

To determine the affinity of the enzyme for Mg2+ in the
absence (Ka

Mg2+) and presence (Km
Mg2+) of chorismate, initial

velocities were measured while varying the [chorismate] at
several fixed [Mg2+]. A double reciprocal plot (1/V against
1/[chorismate]) of these data gave a family of curves with
slopes and intercepts as a function of [Mg2+]. Subsequent
plots of the slopes against 1/[Mg2+] and intercepts against
1/[Mg2+] yieldedKa

Mg2+ andKm
Mg2+, respectively, while the

latter plot also furnishedkcat. An analogous procedure was
used to determine the affinity of the enzyme for chorismate
in the absence (KS

chor) and presence (Km
chor) of Mg2+. Note

that in eq 1,âKS
chor ) Km

chor while âKa
Mg2+ ) Km

Mg2+.
Crystallization.WT MenF (25 mg/mL) was crystallized

by vapor diffusion. 1µL of MenF was mixed with 1µL of
a reservoir solution containing 0.1 M Hepes pH 7.5, 0.8 M
potassium sodium tartrate tetrahydrate and equilibrated
against the same reservoir solution. Se-Met-MenF (25 mg/
mL) was crystallized by mixing 1µL of protein with 1µL
of a reservoir solution containing 0.05 M KH2PO4 and 10-
20% w/v PEG8000.

Data Collection and Structure Determination.Diffraction
data were collected at beamline X26-C at the National
Synchrotron Light Source, Brookhaven National Laboratory.
For Se-Met labeled crystals, the wavelengths were chosen
on the basis of the fluorescence spectrum taken at the
beamline. Data were collected for two wavelengths corre-
sponding to a high energy remote wavelength (0.9745 Å)
and the inflection point (0.97971 Å). WT and Se-Met crystals
diffracted to 2.5 Å and 3.0 Å, respectively. All data sets were
processed, scaled, and integrated using HKL2000 (22). Both
the WT and Se-Met crystals belonged to the tetragonal space
groupP43212 with a ) b ) 146.41 Å andc ) 125.60 Å and
contained 2 molecules in the asymmetric unit. Se-Met data
were used for initial phase determination using SOLVE (23).
SOLVE located ten out of fourteen selenium positions in
the asymmetric unit, which were used for initial phasing.
Phases were further improved by density modification using
RESOLVE (24), and a clear interpretable electron density
map was obtained, which was extended to the full resolution

Scheme 1: Kinetic Scheme for the MenF Reaction

V ) (Vmax[Mg2+][S])/(âKa
Mg2+KS

chor + âKa
Mg2+[S] +

âKS
chor[Mg2+] + [Mg2+][S]) (1)
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using DM (25, 26). The model was built manually with O.
Several cycles of rigid body refinement with REFMAC (27)
reduced theRfree to 0.43. After a few cycles of model building
and restrained refinement, theRfree was 0.305 for the
resolution range 25-2.5 Å. At this stage of refinement water
molecules were added, and after few cycles of further
refinement the stereochemistry of the model was checked
with PROCHECK (28). Data and refinement statistics are
shown in Table 1.

RESULTS

Protein Purification.MenF was purified in yields of up
to 70 mg/L using Ni-NTA metal affinity chromatography.
As previously reported (18), MenF rapidly lost activity at 4
°C and was therefore stored at-80 °C at a concentration of
25 mg/mL. In addition to being kinetically compromised by
overnight storage at 4°C, MenF lost its ability to crystallize.
In contrast, EntB, which was similarly purified using Ni-
NTA chromatography, was stable for>1 year in 50%
glycerol at-20 °C (29).

Sequence Alignment.Using the Blast alignment tool, MenF
is 28% identical and 43% similar (C-terminal 254 residues)
to the TrpE subunit of anthranilate synthase fromS.
marcescens(AS-sm). The AS-sm structure with bound Mg2+,
pyruvate, and benzoate has been reported (12). Eighteen of
the 26 amino acids within 6 Å of the bound ligands are
conserved in MenF. Of the 8 residues that differ between
the two enzymes, none of the side chains directly contact
the ligand and only Lys190, Leu255, and Ala344 are unique

to ICS enzymes. Based on a sequence alignment (30) of more
than 1000 MST sequences, Lys190 is conserved in all
enzymes which hydroxylate chorismate but is primarily Gln
in enzymes which aminate chorismate. The position corre-
sponding to MenF Leu255 is generally conserved as a large
hydrophobic residue and is part of larger variable motif. The
position corresponding to MenF Ala344 is conserved in all
ICS enzymes but is replaced by a Thr in salicylate synthases
and AS enzymes, and Ser in PabB. MenF Ala344 was
mutated to a Thr in an attempt to convert MenF into a
salicylate synthase; however, the Ala344Thr MenF enzyme
was inactive. A sequence alignment including the active site
residues of all characterized MST enzymes is shown in
Figure 4. The entire amino acid sequences are not shown
but instead just those sequences containing residues homolo-
gous to the 26 residues within 6 Å of the bound Mg2+,
benzoate, and pyruvate in the AS-sm structure.

Kinetic Analysis of WT and Mutant MenF Enzymes.MenF
was characterized using a previously described coupled assay
for E. coli EntC that utilized the isochorismatase EntB (29).
Data were analyzed using the method described by Mildvan
and co-workers (21) to extract the kinetic parameters shown
in Scheme 1. WT MenF had akcat value of 213( 5 min-1

andKm values of 192( 7 and 770(12 µM for chorismate
(Km

chor) and Mg2+ (Km
Mg2+), respectively, similar to previ-

ously published values (18, 31). TheKm
Mg2+ value is 4-fold

lower than the kinetically determined affinity of Mg2+ for
the free enzyme (Ka

Mg2+), indicating that Mg2+ binds more
tightly to the enzyme in the presence of chorismate. A smaller
effect on chorismate binding in the absence (Ks

chor) and
presence (Km

chor) of Mg2+ was observed. No activity could
be detected for any of the point mutants (Lys190Ala,
Glu240Gln, Ala344Thr, and Arg387Ala) with the exception
of Leu255Ala, for which thekcat value was decreased by an
order of magnitude compared to the WT enzyme. CD spectra
were obtained for all the mutant enzymes, and the resulting
spectra were identical to that of the wild-type enzyme (Figure
5), suggesting that mutagenesis had not altered the overall
structure of the protein. The four equilibrium constants of
MenF Leu255Ala all had similar values compared to the WT
enzyme, with the largest effect onKm

Mg2+, which was
increased 3-fold. The results are presented in Table 2.

Structure of MenF.The two molecules in the asymmetric
unit of the apo MenF structure have theR/â fold first
characterized by Kno¨chel et al. in the structure of AS from
S. solfataricus(32). Continuous electron density was seen
for both molecules for residues 2-429 out of 431 possible
residues which can be superimposed with a rms deviation
of 0.42 Å for all CR atoms. MenF shares high structural
similarity to the TrpE subunits of anthranilate synthase (AS)
from Sulfolobus solfataricus(AS-ss) (32), Salmonella typh-
imurium (AS-st) (33), andSerratia marcescens(12) as well
as the salicylate synthase Irp9 (34) and PabB, the aminode-
oxychorismate synthase fromE. coli (16).

Many AS enzymes are feedback inhibited by Trp, and the
regulatory binding site has been identified in both the AS-
sm (12) and AS-st (33) structures complexed with tryptophan.
The presence of an exogenous Trp essential for structural
integrity in PabB suggested that other MST enzymes,
including MenF, bind Trp in a similar manner (16). However,
the addition of Trp has no effect on MenF activity, and the
MenF structure does not contain an analogous Trp binding

Table 1: MenF Data Collection and Refinement Statisticsa

Se-inflection Se-remote native

Data Collection
wavelength (Å) 0.9800 0.9795 1.2536
resolution (Å) 3.0 3.0 2.5
no. of reflections (measd) 229837 301765 433357
no. of reflections (unique) 28063 28112 47352
completeness (%) 99.9 99.9 99.1
Rmerge(%) 7.6 (32.7) 8.1 (37.0) 9.1 (41.2)
〈I〉/〈σI〉 17.7 (4.6) 19.8 (5.2) 39.4 (2.4)
no. of sites 11
mean figure of merit 4.0 Å 0.57

Refinement
resolution range (Å) 30-2.5
reflections 44680
Rcryst 0.229
Rfree 0.276
no. of atoms

protein 6695
ligands 20
water 150

rms deviation
in bond length (Å) 0.015
in angles (deg) 1.59

Ramachandran statistics (%) 88.4/9.6/0.7/1.3
a Rmerge ) ∑hkl∑i|Ii - 〈I〉|/∑hkl∑iI where Ii is the ith measurement

and〈I〉 is the weighted mean of all measurements ofI. 〈I〉/〈σI〉 indicates
the average of the intensity divided by its average standard deviation.
Numbers in parentheses refer to the respective highest resolution data
shell in each data set.Rcryst ) ∑||Fo| - |Fc||/∑|Fo| whereFo andFc are
the observed and calculated structure factor amplitudes.Rfree same as
Rcryst for 5% of the data randomly omitted from the refinement.
Ramachandran statistics indicate the fraction of residues in the most
favored, additionally allowed, generously allowed, and disallowed
regions of the Ramachandran diagram, as defined by the program
PROCHECK (28).
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site. Instead, the side chain of Trp55 partially occupies the
position of the external Trp side chain in the Trp inhibited
protein structures. A comparison with other MST enzymes
reveals that the loop connectingâ-strandsâ2 andâ3 (residues
Q57-D61), which contains the Trp binding residues in AS
and PabB, is shortened in MenF and is disordered in the
unliganded AS-ss enzyme (32) (PDB ID 1QDL). This
comparison also reveals that aâ-hairpin, which extends from

the â-sheet of the second domain and is present in PabB
(PDB ID 1K0E), AS-sm (PDB ID 1I7Q, 1I7S), and AS-st
(PDB ID 1I1Q), is absent in MenF.

DISCUSSION

Glu240, Leu255, and Ala344: Isomerization.When the
MenF structure is superimposed on AS-sm, the only residues
adjacent to the face of the AS-sm ligand where isomerization
is proposed to occur are MenF Glu240, Ala344, and Leu255
(Figure 6). The corresponding residues in the AS-sm structure
are Glu309, Thr425, and Ile326. Leu255 is conserved as a
large hydrophobic residue while Ala344 is conserved in
isochorismate synthases but is replaced by a Thr in anthra-

FIGURE 4: Active site sequence conservation in the MST family. The alignment explores sequence conservation in the MST family at the
26 positions within 6 Å of the Mg2+, benzoate, and pyruvate in the AS-sm structure (12). The underlined residues can be assigned to the
10 labeled motifs which collectively signify a MST enzyme. Arrows indicate the location of site directed mutants of MenF. The asterisk
indicates the position of the Lys essential for PabB activity. The solid arrow indicates the position homologous to the water activating base
in MenF, Lys190. “Mg2+” and “Mg2+’ ” designate the conserved residues which directly and via water, respectively, coordinate Mg2+. “π”
indicates the position of an absolutely conserved Lys.

FIGURE 5: CD spectra of wild-type and mutant MenF proteins.

Table 2: Kinetic Evaluation of Wild-Type and Mutanta MenF
Enzymes

enzymeb
kcat

(min-1)
Ka

Mg2+

(µM)
Ka

Mg2+

(µM)
Ks

chor

(µM)
Km

chor

(µM)

wild-type 213( 5 3000( 500 770( 12 320( 5 192( 7
Leu255Ala 19( 1 4700( 550 2100( 95 433( 22 319( 13

a Ka
Mg2+ andKm

Mg2+ are the dissociation constants of Mg2+ for the
free enzyme and enzyme-chorismate complex, respectively.Ks

chor and
Km

chor are the dissociation constants of chorismate for the free enzyme
and the enzyme-Mg2+ complex, respectively.b The Lys190, Glu240Gln,
Ala344Thr, and Arg387Ala MenF mutants had no detectable activity.

FIGURE 6: Conserved MenF active site residues with superimposed
chorismate ligand. MenF was superimposed on the AS-sm structure
and chorismate was superimposed onto the ring of the bound AS-
sm benzoate ligand. The chorismate is in a diaxial conformation.
An ordered water molecule (H2O) from the homologous Irp9
structure (PDB ID 2FN1) is also included. MenF residues are
labeled, and the corresponding AS-sm residues are given in
parentheses. The side chain of Glu240 and the backbone carbonyl
of Leu255 are positioned to interact with the C4 hydroxyl of
chorismate. The backbone carbonyl of Ala344 is adjacent to both
the C2 and C3 chorismate carbons. Lys190 is invariant and is
positioned to activate the ordered water molecule for attack at the
C2 carbon of chorismate. The figure was created using pymol (40).
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nilate and salicylate synthases. Although this might suggest
that the presence of Ala or Thr at position 334 controls the
retention or elimination of pyruvate in this enzyme family,
replacement of Ala344 in MenF with a Thr residue resulted
in an inactive enzyme. In addition, we note that a Thr is
observed at this position in aminodeoxyisochorismate syn-
thase PhzE (35) (Figure 4), which catalyzes aminodeoxy-
chorismate formation without cleavage of the pyruvate side
chain. As shown in Figure 6, if chorismate is modeled onto
the benzoate ring of the AS-sm structure and MenF is
superimposed, the backbone carbonyl oxygen of Ala344
(Thr425 As-sm) is directed toward the C3 carbon of
chorismate. The homologous carbonyl group has also been
proposed to interact with the C2 substituent of isochorismate
in the salicylate synthase Irp9 and aminodeoxychorismate
in anthranilate synthase (36, 37). The side chain of AS-sm
Thr425 forms a hydrogen bond with the side chain of a
conserved glutamate, Glu309, a residue that is thought to
assist in the elimination of the chorismate C4 hydroxyl group.
In agreement with the proposed importance of this glutamate,
replacement of the homologue in MenF (Glu240) with a Gln
results in an inactive enzyme. Like the side chain of Glu240,
the backbone carbonyls of MenF Leu255 and AS-sm Ile326
are also positioned to interact with the C4 hydroxyl of
chorismate. When MenF Leu255 was mutated to Ala,kcat/
KM for chorismate and Mg2+ decreased significantly by 21
and 46-fold, respectively. Thus, even subtle changes in active
site architecture impact catalysis. The effect of the Leu255Ala
substitution on substrate isomerization could result from an
alteration in the interaction between the backbone carbonyl
of this residue and the substrate and/or repositioning of the
substrate in the active site such that stabilization of the rate-
limiting transition state is compromised.

Allosteric Regulation.In an average bacterial cell there
can be six or more enzymes competing for chorismate
(Figure 1). The interaction of substrate with these enzymes
is regulated by both allosteric and genetic mechanisms. AS-
sm is feedback inhibited by Trp (12). In AS-sm, binding of
Trp to a site that is distinct from the active site causes several
conformational changes including a rotation of Glu309 by
more than 90°, so that it can no longer interact with the C4
hydroxyl of chorismate. In our MenF structure, the homolo-
gous residue (Glu240) aligns well with Glu309 in the
benzoate bound AS-sm structure. Analysis of the region in
MenF where the As-sm Trp binding site is located reveals
that this site is occupied by the side chain of Trp55. In
agreement with this observation and in contrast to all
characterized enzymes which aminate chorismate, MenF is
not kinetically or structurally affected by Trp. Instead, MenF
is thought to be regulated at the transcriptional level based
on the identification of a putative cAMP dependent regula-
tory site upstream of the start codon (31).

Lys190: The ActiVe Site Base.The original proposed
transition state for isomerization in the MST family is shown
in Figure 2A (10, 11). This model was based on the
requirement for Mg2+, as well as on inhibition data obtained
using a series of high affinity inhibitors that preferentially
mimic a pseudoaxial transition state with Mg2+ coordinated
to both the incoming nucleophile and the departing C4
chorismate hydroxyl group. However, the crystal structures
of Irp9 and AS-sm show that Mg2+ binds in an alternative
conformation, coordinated by the C1 chorismate carboxylate

and a series of universally conserved acidic residues (12).
Although binding of a second Mg2+ is plausible, there are
no side chains available to coordinate the metal in order that
it could interact with the attacking and departing groups.
Instead, we hypothesize that Lys190 in MenF and the
corresponding residue in all MST enzymes, specifically
Lys193 in Irp9 and Gln263 in AS-sm, is responsible for
directing and activating the exogenous nucleophile. This
hypothesis is supported by the observation that the Lys190Ala
mutant is inactive. Superposition of MenF with AS-sm
reveals that Lys190 is positioned at the junction between
the TrpE and TrpG subunits of AS-sm (Figure 7). Anthra-
nilate synthase is a TrpE2TrpG2 heterotetramer in which
TrpG provides ammonia from glutamine, which is used by
TrpE to form anthranilate. In AS-sm there is a 23 Å channel
between the active sites of TrpG and TrpE along which the
ammonia is thought to diffuse. TrpG generates ammonia
from Gln and forms a covalent glutamyl thioester (Figure
7). Although MenF lacks an additional subunit corresponding
to TrpG, it is likely that the incoming solvent nucleophile
enters the active site in an identical manner, and Liu et al.
have previously established that the incoming nucleophile
in ICS is solvent derived (20). Lys190 is the only residue
along this channel that can activate the nucleophile. The
corresponding residue in related enzymes catalyzing choris-
mate amination (TrpE, PabB, ADIC synthase (PhzE)) is
primarily Gln, but Asn and Glu are also observed.

Although the solution pK of lysine is approximately 10.8,
the MenF protein environment must modulate the Lys190
ε-amino group such that it can act as an efficient base at
physiological pH. Our structure reveals that Lys190 is
shielded from solvent and faces into the protein where its
side chain may form hydrophobic interactions with Val193

FIGURE 7: Lys190 activates water for attack at the C2 of chorismate.
MenF (yellow) was overlaid on the TrpE subunit of 1I7Q AS-sm.
The 1I7Q structure includes both TrpG (glutamine amidotransferase,
shown in magenta) and TrpE (not shown) subunits. TrpG provides
ammonia for incorporation into anthranilate by TrpE. By analogy,
MenF incorporates a hydroxyl group from solvent water into
chorismate and the incoming nucleophiles in both reactions are
proposed to enter their respective active sites in an identical manner.
When the structures are overlaid, MenF Lys190 is in a direct line
between the TrpG and MST active sites, shown by an arrow, and
is positioned to activate water for attack at the C2 of chorismate.
No other side chains are available to aid in nucleophile transfer.
The figure was created using pymol (40).
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and Val405. Theε-amino group hydrogen bonds with either
the side chain or backbone of Glu284. These interactions
are conserved throughout the family and in the salicylate-
bound structure of the salicylate synthase Irp9, the corre-
sponding Lys193 interacts with Ile195 and Ile409 and the
ε-amino hydrogen bonds to the backbone carbonyl of
Glu284. In a recent study on the enzyme Ubc9, Yunus and
Lima (38) concluded that desolvation was the primary driving
force for the 2.8 pH unit reduction in pK of Lys524. The
unique microenvironment within the MenF protein adjacent
to the active site may provide an analogous environment and
promote deprotonation of Lys190, allowing it to act as the
catalytic base.

He et al. have proposed a general mechanism for the MST
family in which catalysis is initiated by the attack of a main
chain or exogenous nucleophile at the C2 carbon of choris-
mate (14). The identification of MenF Lys190 as the base
responsible for activating the water nucleophile in MenF
supports and extends this mechanism. Based on the available
data, our proposed mechanism for the MenF reaction is
shown in Figure 8. Our model is further supported by the
recently reported structure of Irp9 with bound Mg2+, pyru-
vate, and salicylate. In the Irp9 salicylate-bound structure,
there is an ordered water molecule located in the channel
described above that is 3.8 Å from the C2 carbon of the
bound salicylate and 2.8 Å from theε-amino of Lys193, the
residue in Irp9 that is homologous to MenF Lys190.

The MST Superfamily.More than 1000 amino acid
sequences having homology toE. coliMenF can be identified
in the National Center for Biotechnology (NCBI) genomic
data base (39). This unique family catalyzes at least five
distinct transformations of chorismate using a conserved
structural template. The homology among family members
suggests that identifiable differences in active site residues
may be sufficient to explain the various enzyme activities
that are observed. In the present work we show that MST
enzymes that either hydroxylate or aminate chorismate can
be distinguished based on the identity of the residue at the
position occupied by Lys190 in MenF. This residue is a Lys
in all enzymes which hydroxylate chorismate and primarily
conserved as Gln in enzymes which aminate chorismate.

SUMMARY

Structural and kinetic data on MenF, the menaquinone-
specific isochorismate synthase fromE. coli, identify specific
residues involved in the more general mechanism proposed
by He et al. (14) for the MST enzyme family. We propose
that Lys190 in MenF activates water for attack at the C2 of
chorismate and that residues homologous to Lys190 perform
a corresponding role in other members of the MST enzyme
family. Since the MST enzymes catalyze the initial step in
biosynthetic pathways that are essential for many organisms,
they represent a wealth of potential novel drug targets. Along
these lines, compounds that inhibit two or more members
of the MST family simultaneously would be particularly
useful. This in turn will require a detailed understanding of
the mechanistic features that distinguish between the MST
enzymes, all of which bind chorismate but perform catalyti-
cally distinct transformations. An important milestone in
these studies will be to use our knowledge to rationally
interchange activities within the MST family. Remaining
questions include the order of bond formation and cleavage
and the exact geometry at the active site that allows catalysis
to proceed. Ongoing crystallographic and isotopic labeling
studies will address these questions.
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