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Escherichia coli Chorismate Mutase
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The first committed step in the biosynthesis of the aromatic
amino acids phenylalanine and tyrosine is the chorismate
mutase-catalyzed conversion of chorismate (1) to prephenate
(2).! How the enzyme accelerates this pericyclic rearrangement
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by at least 10°-fold is not well understood,>? and analysis has
been complicated by the existence of many different chorismate
mutases with low sequence identity and unknown structural
similarity. Recently reported structures of the monofunctional
chorismate mutase from Bacillus subtilis (BsCM),** and the
monofunctional allosteric chorismate mutase from yeast (Sac-
charomyces cerevisiae, ScCM),S presented important insights,
but the extent of mechanistic and structural similarity among
chorismate mutases remained unanswered.

The biosynthesis of phenylalanine in E. coli is initiated by
the bifunctional P-protein, whose N-terminal 109 residues
constitute a fully functional chorismate mutase domain.” The
X-ray crystal structure at 2.2 A resolution shows that the
engineered chorismate mutase from E. coli (EcCM) forms a
homodimer (Figure 1). Each monomer consists of a single
polypeptide chain folded into three a-helices connected by two
loops: o-helix 1 (H1), a-helix 2 (H2), and o-helix 3 (H3)
(Figure 1A). The three a-helices, two long and one short, are
arranged to give the monomer a novel fold resembling the figure
“4”, The two monomers are related by a noncrystallographic
twofold axis where the helices of one monomer cross over those
of the other monomer (Figure 1A). Dimer formation buries
almost one-third (roughly 2600 A2) of the monomer’s solvent-
accessible surface area and gives an elongated dimer with
approximate overall dimensions of 60 A x 35 A x 20 A (Figure
1). The twofold molecular symmetry generates two antiparallel
helix pair interactions between H1—H1’ and H3—H3’ (Figure
1A). The unusually long H1—H1’ pair forms an antiparallel
coiledcoil®® involving numerous interhelical leucine—leucine
interactions with the heptad repeat Leu 10, Leu 17, Leu 24,
Leu 31 in the J-position as well as Leu 7 and Leu 21 in the
a-position (Figure 1C). The H3—H3’ helices are essentially
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antiparallel. The H1—H1’ and H3~H3’ pairs pack together with
a 45° crossing angle to form an antiparallel four helix bundle
motif? that is quite hydrophobic and well packed. The dimer
has two other regions where two pairs of helices interact in a
parallel fashion: H1—H1’ with H2’—~H3’ and the twofold related
H1'—H1 with H2—H3 (Figure 1A). Inhibitor 3, which is based
on the putative transition state for the rearrangement,’! binds
near the middle of this relatively open helical bundle (Figure
1A,B). The fold of EcCM is novel, but the central region of
the dimer is related to the fold of ScCM.6 In the monomer of
ScCM, helices H2, H7, H8, and H12 correspond to H1, H3,
HY’, and H3’ of EcCM, respectively.

The clear electron density of inhibitor 3 identifies two
equivalent active sites in the dimer, each with contributions from
both monomers (Figure 2A). Overall there are 12 hydrogen
bonds or electrostatic interactions between the enzyme and
inhibitor 3, and every oxygen atom of 3 is involved in two polar
interactions (Figures 2A and 3). All but one interaction involves
side chain, not main chain, atoms, and an extensive network of
interactions holds the side chains in the appropriate conformation
for binding. Key residues playing this supporting role include
Gln 88, Arg 47, Asp 18, Ser 15/, and Asp 48 (data not shown).
The inhibitor is completely buried and has no solvent-accessible
surface area in the complex (Figure 1B,C).

Despite their low amino acid sequence similarity—17%
identity using standard alignment methods—EcCM and BsCM
have been viewed similarly since they are roughly the same
size (109 vs 127 residues, respectively) and have similar values
of keakuncar and K; for inhibitor 3. It is now clear that their
secondary structures and folds are completely different. BsCM
monomers form a five-stranded mixed f-sheet with an 18
residue a-helix and two 3;¢-helices.*® Three BsCM monomers
form a symmetric trimer, with two monomers contributing to
each active site.*?

Given the disparate protein structures, the bound inhibitor
has been used to align the active sites. Binding chorismate in
its reactive pseudodiaxial conformation'? is central to cataly-
sis, '3 and both enzymes bind the reactive conformer 1 through
multiple, albeit different, interactions (Figure 2). The two
enzymes show the greatest similarities in binding the left side
of 3 (C11 carboxylate and C4 hydroxyl) and the greatest
differences in binding the right side (C10 carboxylate and Q7).
The C11 carboxylate interacts with Arg 11’ in EcCM and Arg
7 in BsCM, while the C4 hydroxyl interacts with Glu 52 in
EcCM or Glu 78 in BsCM (Figures 2 and 3). These charged
residues approach the inhibitor from different directions in the
two structures (Figure 2). The Lys 39 residue that interacts
with carboxylate C11 and the ether oxygen O7 in EcCM has
an equivalent position and identical charge with the Arg 90
residue in BsCM. These residues, which share the greatest
degree of structural similarity, create a highly charged active
site. In EcCM, the tightly bound water bridging the two
carboxylates and Arg 51 finds no simple analogy in the Tyr
108 residue of BsCM. In the EcCM binding pocket, the C10
carboxylate interacts strongly with Arg 28 and Ser 84, while
the ether oxygen O7 interacts with the side chain of Gln 88
(Figures 2A and 3). There are no equivalent interactions in
BsCM (Figure 2B). The hydrophobic interactions in the two
structures are roughly equivalent with Val 85, Val 35, Leu 55,
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Figure 1. Dimeric chorismate mutase domain on E. coli P-protein’ complexed with a transition state analog inhibitor'! as defined by a 2.2 A
resolution X-ray diffraction analysis. (A) Ribbon diagram with the different monomer chains shown in purple and magenta, and the inhibitor
shown as a ball and stick model. (B) The same view as A but with a space-filling rendering. Note the barely visible inhibitor (3) shown in yellow.
(C) The view in B rotated by 180° around a horizontal axis to show the back. Note the “knobs in holes™ interaction of the coiled coil of H1—H1".
From this side the inhibitor is not visible. The inhibitor is buried by a single layer of side chains on each side of the roughly 20 A thick enzyme

so that access to the active site may be possible from either side.
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Figure 2. (A, top) Stereoview of the active site of ECCM showing 3
and important side chains. Residues Arg 28, Val 35, Lys 39, Asp 48,
Arg 51, Glu 52, Leu 55, Ile 81, Ser 84, Val 85, and GIn 88 from one
monomer and Arg 11’ from the other contribute to the active site. (B,
bottom) Stereoview of the active site of BsCM, showing inhibitor 3
and important side chains.*

and Ile 81 of EcCM, corresponding to Phe 57, Leu 115, Val
73, and Ala 59 of BsCM (Figure 2). A major structural
difference is a completely enclosed inhibitor 3 in EcCM and a
partially exposed 3 in BsCM. As a consequence, 14 EcCM
residues are within 4 A of an atom of 3, while 11 BsCM residues
make similar contacts.

In addition to binding the reactive conformation, an efficient
catalyst might also stabilize the polar pericyclic transition
state,>!415 and EcCCM and BsCM show interesting differences
in this regard. Stabilizing an incipient negative charge on the
ether oxygen O7 may be important to catalysis.!*!¢ In both
EcCM and BsCM, a positively charged side chain interacts with
the ether oxygen from one side, but in EcCM there is an
additional interaction in the hydrogen bond from Gln 88 on the
other side (Figure 3), so that both lone pairs of the ether oxygen
are hydrogen bonded to active site residues. By controlling the
C1—C10 torsional angle using Arg28 in EcCM, the enzyme
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Figure 3. Schematic diagram comparing the hydrogen-bonding and
electrostatic interactions of transition state inhibitor 3 with relevant side
chains of EcCM (A) and BsCM (B).

may also stabilize the cyclohexadienyl cation fragment and thus
enhance the rearrangement rate. There is no equivalent interac-
tion in BsCM.

Activation parameters for the catalyzed and uncatalyzed
reactions suggest that chorismate mutases exert their effect
through a combination of conformational control and enthalpic
lowering. That two quite different folds display mutase activity
suggests that the number of catalytic motifs for this pericyclic
process may not be exhausted.
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EcCM-3 complex (7 pages). This material is contained in many
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ordering information and Internet access instructions. Coordinates for
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