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ABSTRACT 5-enol-Pyruvylshikimate-3-phosphate syn-
thase (EPSP synthase; phosphoenolpyruvate:3-phosphoshiki-
mate 1-carboxyvinyltransferase, EC 2.5.1.19) is an enzyme on
the pathway toward the synthesis of aromatic amino acids in
plants, fungi, and bacteria and is the target of the broad-
spectrum herbicide glyphosate. The three-dimensional structure
of the enzyme from Escherichia coli has been determined by
crystallographic techniques. The polypeptide backbone chain
was traced by examination of an electron density map calculated
at 3-A resolution. The two-domain structure has a distinctive
fold and appears to be formed by 6-fold replication of a protein
folding unit comprising two parallel helices and a four-stranded
sheet. Each domain is formed from three of these units, which
are related by an approximate threefold symmetry axis; in each
domain three of the helices are completely buried by a surface
formed from the three B-sheets and solvent-accessible faces of
the other three helices. The domains are related by an approx-
imate dyad, but in the present crystals the molecule does not
display pseudo-symmetry related to the symmetry of point group
32 because its approximate threefold axes are almost normal. A
possible relation between the three-dimensional structure of the
protein and the linear sequence of its gene will be described. The
topological threefold symmetry and orientation of each of the
two observed globular domains may direct the binding of
substrates and inhibitors by a helix macrodipole effect and
implies that the active site is located near the interdomain
crossover segments. The structure also suggests a rationale for
the glyphosate tolerance conferred by sequence alterations.

Herbicides have become an integral part of modern agriculture
providing cost-effective and reliable weed control during crop
production. The herbicide Round-up (Monsanto) has outstand-
ing toxicological, environmental, and herbicidal properties (1,
2). Glyphosate, its active ingredient, inhibits S-enol-pyru-
vylshikimate-3-phosphate synthaset (EPSP synthase; phos-
phoenolpyruvate:3-phosphoshikimate 1-carboxyvinyltrans-
ferase, EC 2.5.1.19), an enzyme leading to the biosynthesis of
aromatic compounds in plants and microbes. EPSP synthase
catalyzes an unusual, reversible condensation of shikimate
3-phosphate (S3P) and phosphoenolpyruvate (PEP) with trans-
fer of the carboxyvinyl moiety from PEP to S3P. Glyphosate is
a competitive inhibitor with respect to PEP and an uncompet-
itive inhibitor with respect to S3P (3, 4).

Introduction of glyphosate tolerance into crop plants is of
significant academic and commercial interest (5). Recent de-
velopments in plant genetic engineering permit the introduction
and expression of genes in a wide range of crop plants (6).
Expression of glyphosate-tolerant EPSP synthase variants in
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plants has been demonstrated to confer tolerance to the herbi-
cide (7). The P101S EPSP synthase from Salmonella typhimu-
rium shows a 3-fold increase in K; for glyphosate (8, 9), but most
glyphosate-tolerant EPSP synthases have a significant alter-
ation in K, for PEP; for example, the K; for glyphosate of the
G96A Escherichia coli (SM-1) variant is increased 8000-fold
relative to the wild-type enzyme, and this is accompanied by
13-fold increase in K, for PEP (5). An EPSP synthase variant
ideal for genetically engineering glyphosate tolerance in crop
plants would have no alteration in k., and K, for substrates and
>10-fold enhancement in the K; for glyphosate.

EPSP synthase has been extensively investigated by using
chemical and biophysical approaches (10-16); correlation of
these data with the three-dimensional structure of the enzyme
is essential for a detailed description of the reaction mecha-
nism and its inhibition by glyphosate. Understanding how
substrates and the inhibitor, glyphosate, bind to EPSP syn-
thase would facilitate both the design of glyphosate-tolerant
variants and the targeted synthesis of new herbicides. As a
first step toward understanding the interaction of glyphosate
with EPSP synthase, we have crystallized the enzyme from
E. coli and determined its structure at 3-A resolution.$

METHODS

E. coli EPSP synthase was isolated from a cloned E. coli
strain that overproduces the protein, and the enzyme was
purified as described (18, 19). Crystals were grown by the
method of vapor diffusion in sitting or hanging drops (20) by
using 35-45% saturated ammonium sulfate buffered at pH
7.5-8.5 with 100 mM Tris as the precipitant. The protein
concentration was adjusted to 15 mg/ml in 29 mM 2-mer-
captoethanol buffered at pH 7.5 with 10 mM Tris. The
enzyme crystallizes in the orthorhombic space group P2,2,2,
witha = 92.1, b = 83.2, and ¢ = 71.7 A and with one molecule
of the monomeric protein in the crystallographic asymmetric
unit. X-ray diffraction data were measured from native and
derivative crystals with a dual chamber multiwire detector
system (21). The structure was determined by the multiple-
isomorphous replacement method (22) using five mercurial
derivatives (22, 1) that all bind at three sites with varying

Abbreviations: EPSP synthase, 3-enol-pyruvylshikimate-5-phosphate

synthase; S3P, shikimate 3-phosphate; PEP, phosphoenolpyruvate.

1Official enzyme nomenclature renumbers the Shikimate ring in the
reverse direction; hence the systematic name exchanges the substitu-
ents at positions 3 and 5.

$The atomic coordinates have been deposited in the Protein Data
Bank (17), Chemistry Department, Brookhaven National Labora-
tory, Upton, NY 11973 (reference code 1EPS).

The five heavy atom derivatives were prepared by soaking native EPSP
synthase crystals in 1 mM ethyl mercurithiosalicylate, 1 mM methyl
mercury (II) chloride, 1 mM mercury (II) acetate, saturated mercuri-
phenyl glyoxal, and saturated dimercuriacetate (23). The latter was a gift
from Robert Fletterick of the University of California, San Francisco.
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occupancies. The resulting electron density map was further
improved by using the density modification procedure de-
scribed by Wang (24) with 0.84 as the figure-of-merit of the
solvent-leveled map.

RESULTS AND DISCUSSION

The chain tracing of a single molecule of E. coli EPSP
synthase is illustrated in Fig. 1. The structure consists of two
distinct globular domains, which are roughly hemispheric,
each with a radius of about 25 A. Both the amino and the
carboxyl terminus of the chain are located in the lower
domain with two polypeptide crossover segments clearly
defined in the 3-A electron density map. Distributed about
the axis of each hemisphere are three buried parallel helices
of three to four turns each; the domain surfaces comprise
three B-sheets, most with four strands, and three parallel
helices that have solvent accessible faces. These constitute
the principal elements of secondary structure in the EPSP
synthase molecule. The backbone folds of the two domains
are therefore remarkably similar. Superposition of a-carbon
atoms from one domain on those of the other yields a 2.1-A
rms deviation when 131 atoms (of 208 atoms in each domain)
are considered equivalent and used in the least-squares
calculation of the transformation matrix (26). These results
initially suggested that EPSP synthase is the product of gene
duplication. However, the structure displays higher than
twofold topological symmetry.

As shown in Fig. 2, in each domain an approximate
threefold axis of symmetry relates the principal elements of
secondary structure and generates three subdomains or pro-
tein folding units. The topology of each of these folding units
is illustrated in Fig. 3. The four-stranded B-sheet structures
contain both parallel and antiparallel strands; the helices are
parallel with equivalent chain polarities. Among the six
folding units in the structure, three are individually formed
from continuous segments of the polypeptide chain; the
connectivity within each of these units is shown schemati-
cally in Fig. 3 Left and three-dimensionally in Fig. 3 Right. As
illustrated in Fig. 4, these three folding units are subdomains
4, 5, and 6. The other three units are not formed from
continuous polypeptide chain. Folding unit 1 comprises both
the amino and carboxyl terminus. This is the only example of
an incomplete folding unit that we observe in the EPSP
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synthase structure; the strand corresponding to strand e in
Fig. 3 Left is missing. Folding units 2 and 3, although
complete, are formed from discontinuous polypeptide chain
segments (Fig. 4). .

The backbone chain fold of EPSP-synthase is therefore not
that of a simple symmetric molecule formed by sequential
repetition of a folding motif. Were this the case, it would be
elegant to imagine that the structure had evolved via 6-fold
replication of a primordial gene for the folding unit. As
explained below, however, close examination of the order in
which the secondary structural elements of the folding units
occur along the sequence suggests that such a mechanism is
still possible. In Fig. 3 Left, the strands and helices of the
folding unit are assigned letters a through f in the order in
which they appear in each of the three examples connected
by continuous polypeptide chain. In Fig. 4 Right, the ele-
ments of secondary structure are expressed in the order in
which they appear along the chain of the folded protein.
Although the elements of secondary structure of folding units
2 and 3 are from discontinuous segments of the chain (Fig. 4
Left), in the coding segment of the gene of E. coli EPSP
synthase they are joined by the two pentapeptide interdomain
crossover segments (Fig. 4 Right). At the first crossover, the
union of the amino terminus of unit 2 and the carboxyl
terminus of unit 3 yields continuous expression of secondary
structural elements a through f. Likewise, crossback from
folding unit 3 to unit 2 is also accomplished with related
continuity.

Consistent with the blocking shown in Fig. 4 Right, the
discontinuous DNA coding sequences for folding units 2 and
3 may have evolved from ancestral genes for originally
independent units that later incorporated the messages for the
domain crossovers, even though the elements of secondary
structure in these units are now formed from discontinuous
polypeptide chain segments. Thus, the gene sequence for the
enzyme should exhibit six consecutive homologous regions.
We are examining the protein and gene sequences of plant
(27, 28), fungal (29, 30), and bacterial (9, 31, 32) EPSP
synthases in efforts to detect linear evidence for the three-
dimensionally observed pseudo-symmetry. The searches will
intensify when side-chain positions are more firmly estab-
lished and coordinates for the fully refined structure are
suitable for deposition in the Protein Data Bank (17).

FiG. 1. Stereo ribbon diagram of the E.
coli EPSP synthase polypeptide fold as seen
in the 3-A electron density map. The mole-
cule folds into two globular hemispheric do-
mains, each with a radius of about 25 A. The
domains are linked by two crossover chain
segments with both the amino and carboxyl
termini of the protein in the lower domain.
The clarity of the 3-A electron density map in
these regions and observation of the topo-
logical symmetry and approximate equiva-
lence of the two domains (see text) indicate
that the linkages between principal second-
ary structural elements and the overall fold
of the molecule are reported correctly. The
two flat surfaces of the hemispheres, which
in projection form a *‘V,’’ are almost normal
and accommodate the amino termini of the
six helices in each domain. Helical macrodi-
polar effects (25) thereby can create a po-
tential well that would guide anion ligands to
an active site near the intersection at the
domain crossovers.
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It is also interesting to consider the relationship between
the folded backbone structure and the molecular event that it
catalyzes. The reaction is selectively inhibited by glyphosate
(4) with a K; of 0.16 uM (12), and the mechanism has been
shown recently to involve a stable tetrahedral intermediate
(33-36) as shown in Scheme 1.

In the EPSP synthase reaction, reactants, products, the
tetrahedral intermediate, and the inhibitor glyphosate are all
multiply charged anions. It is reasonable to speculate that the
binding of anion ligands at the active site may be electrostat-
ically facilitated by a helical macrodipole effect (25), which
results from the spatial orientation of the two domains. The
flat surfaces of the hemispheric domains are almost normal,
and the amino termini of the 12 helices in the molecule are all
positioned near these two planes (Fig. 1). Positive charge
should accumulate on the two surfaces with dipolar contri-
butions from each helix. The generated field would have a
gradient, created by the perpendicular orientation of the two
planes, with maximal positive charge density at their inter-
section near the domain crossovers. We postulate that an
anion in the vicinity of an EPSP synthase molecule should be
attracted and guided to an active site near the crossover
region. Model building and side-chain placement, as well as
the structure elucidation of enzyme-ligand complexes, will

SURFACE INTERIOR
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FiG. 2. Views down the axes of the two
hemispheric domains illustrate the general
equivalence of their secondary structural fea-
tures. In both domains, three buried parallel
helices are surrounded by a surface that includes
three helices with solvent-accessible faces and
three B-sheets, most with four strands. In each
domain an approximate threefold symmetry
axis, parallel to the helix axes, appears to relate
the principal elements of secondary structure.

provide ancillary data to confirm or to disprove this hypoth-
esis, but our observations also suggest experiments that
investigate the ionic-strength dependence of the rate con-
stants in the well-characterized steps (13) of the reaction
mechanism.

Side-chain placement has been difficult in the 3-A map and
will require data at higher resolution; the present crystals

" show order to about 2.1-A resolution. At the present stage of

the analysis it is not possible to offer a structural rationale for
the glyphosate tolerance conferred by the substitution of
alanine for glycine at position 96; nevertheless, it has been
possible to examine the region of proline-101, where the
mutation to serine in the S. typhimurium enzyme confers a
measure of resistance to glyphosate inhibition (9). We have
engineered by site-directed mutagenesis the corresponding
substitution in E. coli K-12 EPSP synthase. The serine-101-
containing E. coli enzyme is also glyphosate tolerant, exhib-
iting an ICsy value of 5 mM, compared with 20 uM for the
wild-type protein. The E. coli and the S. typhimurium en-
zymes show 88% identity in their amino acid sequences (28),
with the differences well scattered within the molecules.
Tentative placement of the proline ring about one turn from
the amino terminus of a buried helix near the domain cross-
overs is consistent with our speculations on the active-site

Fi1G. 3. (Left) Topology of the principal elements of secondary structure in the folding units that are related by the pseudo threefold axes

is illustrated. The folding unit includes a B-sheet and two parallel helices with equivalent chain polarities. One of the helices is completely buried
in the interior of the EPSP synthase molecule; the other is only partially buried and includes a solvent-exposed face. The B-sheet is also located
on the surface of the molecule; the first two strands of the four-stranded sheet are parallel, with the last three strands antiparallel. The structure
folds by forming six of these folding units or subdomains, and only one of the units in the structure is incomplete. The chain connectivity of
the three folding units formed by continuous segments of the polypeptide chain is also shown. The principal elements of secondary structure
are assigned letters a through f according to the sequence in which they occur along the chain. (Right) Stereo diagram of the a-carbon backbone
of one of the three folding units formed by continuous polypeptide chain; this view is from the solvent into the center of the upper domain in
Fig. 1. The overall topology (37) is +1X, +2X, —1 with one of the parallel helices in each of the two crossover connections. With about 70 residues
per folding unit, 6-fold repetition of this motif accounts for almost all 427 amino acid residues of the E. coli protein.
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Domain 1.
Folding units 1, 2 and 6.

1 2 3 4
[t] - |[a] T [b-f]| - [af] -
L cross over

Doy cnits 3, 4and5. D 3 2 6

a-f| — T b-f||— |a-f|—

4 L_cross back
1
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Fi1G.4. Schematic illustration of the chain tracing of E. coli EPSP synthase (Left) and the order of the principal secondary structural elements
as they occur in the EPSP synthase gene (Right). Folding unit 1 comprises both the amino and carboxy termini. In Left, open arrows distinguish
strands that are not directly connected to other elements of secondary structure in the folding units (1, 2, and 3) in which they occur. With
reference to Fig. 3 Left and beginning at the amino terminus, formation of strand f of folding unit 1 is followed by formation of strand a of the
unit 2 with subsequent crossover to the other domain. Elements b through f of folding unit 3 then form, followed by the formation of units 4
and 5 from the continuous chain. The remainder of folding unit 3, strand a, forms next, with cross-back to the initial domain and formation of
the remainder, elements b through f, of unit 2. This is followed by formation of unit 6 from the continuous chain. The polypeptide terminates
by completing most of folding unit 1, elements a through d. In Right the principal elements of secondary structure are listed as they occur
sequentially in the chain tracing (Fig. 1) and therefore as they occur along the coding segment of the gene of E. coli EPSP synthase. Numbers
above the boxes indicate the folding unit of the gene product, and letters within the boxes indicate the elements of secondary structure identified
in Fig. 3 Left. Folding units 2 and 3 are not formed from continuous polypeptide chain segments. The amino terminus of folding unit 2 is joined
directly to the carboxyl terminus of folding unit 3 by a domain crossover segment, and their union, indicated by blocking (the two larger boxes),
results in the expression (a through f) of a set of the elements of secondary structure of a complete folding unit. Similarly, at the other domain
crossover, strand a of folding unit 3 is joined directly to structural elements b through f in folding unit 2 by an interdomain polypeptide linkage.
Coding for elements a through d of folding unit 1 should appear at the 3’ end of the gene, while strand f is apparently encoded at the 5’ end;
code for strand e of folding unit 1, not present in the structure, should therefore not be present in the E. coli gene sequence.

molecule may reflect 6-fold gene replication, and the ap-

locale. Since it is unlikely that a proline residue could be
directly involved in substrate or inhibitor binding, we have
focused our attention on nearby residues and suggest that the
mutation straightens a kink in the helix near its amino
terminus. Therefore, it is possible that, upon mutation, the
side chains of residues neighboring proline-101, such as the
guanidinium group of arginine-100, would experience reori-
entation in the active site, thereby influencing ligand binding.

In summary, chain tracing establishes E. coli EPSP syn-
thase as a structure with two globular domains. Taxonomic
description (37, 38) of the symmetric domains is problematic:
the interacting helices are parallel and are completely or
partly buried, while extensive areas of the domain surfaces
are covered by B-sheets. It is tempting to propose a new term
such as ‘“‘inside-out a/B-barrel,”” but this may be inappro-
priate. A more vivid descriptor is the ‘‘mushroom button,”’
wherein we suggest that the buried helices form the chopped
stems and that the surface helices and sheet strands form the
caps of a molecular fungus. The topological symmetry of the

proach of anion ligands can be directed to an active site near
the domain junctures by macrodipolar effects. Tolerance to
glyphosate inhibition offered by the mutation at position 101
probably reflects spatial rearrangements of active site resi-
dues as they adopt conformations that straighten a proline-
induced helix kink in the wild-type protein. Given that
sequence homologies among the bacterial, fungal, and plant
EPSP synthases are substantial (28), we anticipate that the
three-dimensional structures of the proteins from other
sources will resemble the fold of the enzyme from E. coli. The
use of protein crystal structures as templates in the design of
candidate drug molecules has become standard. By contrast,
related applications in agricultural science are limited (39—
43). EPSP synthase represents a unique opportunity in mo-
lecular design; its structure will be used both as a template in
the biorational synthesis of new inhibitors and in the design
of catalytically competent variants useful for the engineering
of crop selectivity to an environmentally acceptable herbi-

cide.
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Fi1G. 5. Double-stranded hinge connecting the two domains.

Note. We have now calculated an isomorphous replacement electron
density map at 2.5-A resolution and used it to build a complete model
of the structure with side-chain placement. Refinement of this
structure leads to a current crystallographic residual of 23.2%.
Analysis of these difference maps confirms the correctness of the
chain tracing derived from the electron density map calculated at 3-A
resolution. Our present interpretation of the regions that compose the
active site is complicated because it is becoming increasingly clear
that EPSP synthase is a hinged molecule that experiences a substan-
tial conformational change during catalysis and on inhibition. A map
illustrating the clarity of the double-stranded hinge that connects the
two domains is shown in Fig. 5. Phases were calculated from the
refined structure, and the Fourier amplitudes are (|2F,| — |F,)); side
chains from Lys-22 and Glu-240 are labeled.
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