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ABSTRACT. 3-Deoxyb-arabino-heptulosonate-7-phosphate synthase (DAHPS), the first enzyme of the
aromatic biosynthetic pathway in microorganisms and plants, catalyzes the aldol-like condensation of
phosphoenolpyruvate (PEP) anérythrose 4-phosphate (E4P) with the formation of DAHP. The native
and the selenomethionine-substituted forms of the phenylalanine-regulated isozyme [DAHPS(Phe)] from
Escherichia coliwere crystallized in complex with PEP and a metal cofactorZMibut the crystals
displayed disorder in their unit cells, preventing satisfactory refinement. However, the crystal structure of
the E24Q mutant form of DAHPS(Phe) in complex with PEP andMmas been determined at 1.75 A
resolution. Unlike the tetrameric wild-type enzyme, the E24Q enzyme is dimeric in solution, as a result
of the mutational perturbation of four intersubunit salt bridges that are critical for tetramer formation.
The protein chain conformation and subunit arrangement in the crystals of E24Q and wild-type DAHPS
are very similar. However, the interaction of #nand PEP in the enzymatically active E24Q mutant
complex differs from the Ph—PEP and MA™—phosphoglycolate interactions in two enzymatically inactive
wild-type complexes whose structures have been determined previously. The geometry of PEP bound in
the active site of the E24Q enzyme deviates from planarity due td a8t of the carboxylate plane
relative to the enol plane. In addition, seven water molecules are within contact distance of PEP, two of
which are close enough to its C2 atom to serve as the nucleophile required in the reaction.

The first step of the common pathway leading to the  We have recently determined the crystal structures of three
biosynthesis of most aromatic compounds in microorganismsforms of the Phe-regulated isozyme Bf coli DAHPS-
and plants is the aldol-like condensation of phospho- (Phe) in complex with PEP and Ph a poorly activating
enolpyruvate (PEP)and p-erythrose 4-phosphate (E4P), metal @); DAHPS(Phe) in complex with the nonutilizable
forming 3-deoxyp-arabincheptulosonate 7-phosphate (DAHP) PEP analogue 2-phosphoglycolate (PGL) andi\ithe most
with the release of the phosphate of PEP. The reaction isefficient metal activator3); and DAHPS(Phe) in complex
catalyzed by the metal-activated enzyme, DAHP synthasewith PEP, Mi#*, and Phe, the feedback inhibitat)( These
(DAHPS) (1), which in most microorganisms is the target studies have established the overall fold of the enzyme and
for pathway regulation by negative feedback inhibition. In many details of the structure of its catalytic and regulatory
Escherichia coli there are three DAHPS isozymes, each sites.
specifically regulated by one of the three aromatic amino  The DAHPS(Phe) monomer is &/()s barrel enhanced
acid end products, either Phe, Tyr, or Trp. with an N-terminal extension (strarft followed by helices
000 anda0) and an extr@6aj36b sheet inserted before the
" This research was supported by Grants MCB-0110877 (R.H.K.) ﬂG strand of t_he barrel2J. E':'Zym_e monomers form_ tight
and MCB-0110984 (R.B.) from the National Science Foundation and dimers that in turn associate into tetramers with 222
Gf?nt J-563 from the Jeffress Memorial Trust. _ ~symmetry, held together by a limited number of interactions
the y?&;ﬁ?é??é; nokf Eg‘fn;ef'lnﬁd structure have been deposited with yatyeen interface residues. The active site of the enzyme is
y 1IN8F). . . .
*To whom correspondence should be addressed: Department ofMade up of residues from a single monomer and is located
Biology, University of Virginia, Gilmer Hall, Charlottesville, VA in a cleft at the C-end of the barrel. The coordination of
22903-2477. Phone: (434) 982-5764. Fax: (434) 982-5626. E-mail: pEP and metal in the active site is well-defined; however,
rhk5i@virginia.edu. P . . . .
I Abbreviations: PEP, phosphoenolpyruvate; EgHerythrose 4-phos- the binding site for E4P is presently only inferred from its
phate; DAHP, 3-deoxy-arabino-heptulosonate 7-phosphate; PGL, fortuitous occupancy by a S& ion present in the crystal-
2-phosphoglycolate; DAHPS, 3-deowyarabino-heptulosonate-7- |ization solution. The feedback site of DAHPS(Phe) is

hosphate synthase; DAHPS(Phe), Phe-regulated DAHPS; KDOPS, : ; ;
g_ketgo_manﬁoz_octu|osonate(_8_pgosphategsymhaéml KDops. ~'composed of residues from both monomers of a tight dimer

KDOPS fromAquiflex aeolicusASP, p-arabinose 5-phosphate; EPSPS, and is located~20 A from the nearest active sitd)( The
5-enolpyruvylshikimate-3-phosphate synthase; S3P, shikimate 3-phos-mechanism of allosteric regulation involves two interrelated

phate; GPJ, glyphosate; BTP, 1,3-bis[tris(hydroxymethyhmethylaminol- hathg of conformational changes, one propagated within the
propane; EDTA, ethylenediaminetetraacetic acid; MR, molecular .
replacement; MAD, multiwavelength anomalous dispersion; NCS, €NZyme monomer and the other between the subunits of the

noncrystallographic symmetry; rmsd, root-mean-square deviation.  tight dimer. Together, these transmit the inhibitory signal
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Table 1: Data Collection and Refinement Statistics for DAHRS—PEP Crystals

E24Q wild type 1 wild type 2 SeMet

diffraction data

C2 unit cell 213.2A,53.3A, 209.9 A, 53.1A, 210.2 A, 53.1A, 211.8 A, 53.3 A,

150.2 A, 116.9 150.2 A, 115.7 150.3 A, 115.8 151.2 A, 116.4

resolution (A) 20.6-1.75 20.6-2.15 20.6-2.3 20.0-2.5

no. of unique reflections 151346 76652 64383 48308

completenesq%) 99.4 (98.6) 93.8 (80.6) 95.9 (76.8) 91.4 (74.3)

multiplicity? 4.2 (3.8) 4.3(3.8) 5.8 (3.2) 5.5 (3.7)

oe() @ 15.5(2.5) 23.9(8.6) 22.3(6.3) 14.7 (3.0)

Rinergé (%) 5.9 (34.8) 5.3(11.9) 6.8 (13.9) 7.5(27.1)

outermost shell (A) 1.811.75 2.23-2.15 2.38-2.3 2.59-2.5
refinement

rmsd for bond lengths (A) 0.006 0.008 0.008 0.006

rmsd for bond angles (deg) 1.2 1.3 1.3 1.2

averageB-factor (protein) (&) 31.3 42.5 50.8 48.6

Ruork/Reree (%) 20.9/23.7 25.1/29.6 26.6/30.2 23.1/26.5

test set (%) 2.0 2.6 2.9 2.7

aValues in parentheses are for the outermost resolution shell.

from the Phe binding site to the active site, preventing the diffusion method. Wild-type and SeMet-substituted DAHPS
binding of E4P and flipping the orientation of bound PEP. Mn—PEP crystals grew in the drops with 7 mg/mL protein,
A similar understanding of the catalytic mechanism of 4.2 mM PEP, 0.7 mM MnS© 0.1 M Li,SQ,, and 12% (w/
DAHPS has still not been achieved in part because all of v) PEG1000 in 50 mM BTP (pH 8.7). The reservoir solution
the determined crystal structures are of enzyme complexescontained 19% PEG1000, 0.1 M 80, and 20% (v/v)
that lack catalytic activity. ethanol in 50 mM BTP (pH 8.7). The best diffracting crystals
Here we report the results of crystallographic studies of of the E24Q DAHPS Mn—PEP complex were grown in a
two enzymatically active DAHPS forms, the wild-type drop containing 7 mg/mL E24Q DAHPS, 4.2 mM PEP, 0.7
DAHPS(PheXMn—PEP complex and the mutant E24Q mMM MnSQ;, 0.1 M Li,SO;, and 12% (w/v) PEG4000 in 50
DAHPS—Mn—PEP complex. The E24Q mutation alters four mM BTP (pH 8.1). The reservoir solution contained 30%
electrostatic interactions that are crucial for tetramer forma- PEG4000, 0.1 M LiSOs, and 20% (v/v) ethanol in 50 mM
tion (2), thereby rendering the enzyme a dimer in solution BTP (pH 8.1). The crystals of the E24A and R124A
(manuscript in preparation). Unfortunately, refinement of the DAHPS—Mn—PEP complexes grew under the same condi-
wild-type crystal structure was confounded by apparent tions but had a platelike shape and lower diffraction limits.
disorder in the unit cell. However, the crystal structure of Variations in pH and in the concentration of the components
the E24Q enzyme, which has kinetic properties similar to and the use of different PEGs and salt additives did not
those of the wild-type enzyme, has been determined andsignificantly improve the quality of these crystals.
refined to 1.75 A. The structure reveals that the plane of pata Collection and Refinementll data sets were

PEP bound at the active site is twisted”#bout its C-C  ¢ollected at beamline X4A at the NSLS from single crystals
single bond. This structural distortion of PEP is very likely flash-frozen in an evaporating nitrogen stream. The data from
a crucial step in the reaction mechanism of the enzyme.  the wild-type DAHPS-Mn—PEP crystal were collected first
(Table 1). The crystal belonged to space grdt® and
MATERIALS AND METHODS diffracted to 2.15 A with the following cell dimensions
Protein Purification and CrystallizationThe E24Q, E24A,  =209.9 Ab=53.1A,c=150.2 A, ang§ = 115.7. There
R124A, and H217A replacements were introduced by site- is one tetramer of DAHPS in the asymmetric unit; the water
directed mutagenesis of the wild-typeoG gene using the ~ content of the crystal i5~52%. Data were processed with
Promega Altered Sites procedure (manuscript in preparation).HKL2000 (6) and programs of the CCP4 suit&)( A
The E24Q enzyme was purified by dye ligand chromatog- Molecular replacement (MR) search performed using CNS
raphy on Dyematrex gel Blue A (Amicon Corp.) following (8) with the enzyme subunit from the DAHP$In—PGL
the general protocol developed for the wild-type enzyB)e ( Structure as a model located all four subunits in the
The E24A, R124A, and H217A enzymes were purified asymmetric unit. The structure was adjusted with¥pand
similarly except that Mono Q ion exchange FPLC chroma- refined with CNS, REFMACT), and ARP (0). However,
tography was used instead of dye ligand chromatography.the R and Riee values did not improve after reaching 25.1
The native and SeMet-substituted wild-type enzymes were and 29.6%, respectively, despite multiple rounds of manual
purified as previously described, ). The purified enzymes ~ adjustment and refinement. The quality of the electron
were made metal-free by exhaustive dialysis against 10 mM density varied significantly in the DAHPS tetramer. The best
EDTA in 5 mM 1,3-bis[tris(hydroxymethyl)methylamino]- ~ density was found in the residues of subunit B and regions
propane (BTP) buffer (pH 7.0) and then against 1.0 mM BTP of subunits A, C, and D located near subunit B, while more
buffer (pH 7.0) to remove EDTA. distant regions of subunits A, C, and D had multiple
All solutions used for crystallization, except for the undefined side chains and breaks in the density.
solutions of MNSQ@ and protein, were treated with Chelex Since the problem with the refinement of the wild-type
100 to remove metal cations. The crystals were grown at DAHPS—Mn—PEP structure could potentially be related to
room temperature in-810 L hanging drops using the vapor some error in the data, a second set of data was collected
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from another wild-type DAHPSMn—PEP crystal grown  determined DAHPSPb—PEP and DAHPSMn—PGL struc-

in a different batch (Table 1). This crystal had nearly identical tures. All of these crystals belong to space gr&@ipwith

cell dimensionsg = 210.2 A,b = 53.1 A, c = 150.3 A, very similar unit cell dimensions, and all have a tetramer in
and f = 115.6) and diffracted to 2.3 A. However, the the asymmetric unit. However, while DAHP®b—PEP and
refinement encountered similar problems as before. Rhe DAHPS—Mn—PGL complexes were successfully refined
and Ry Values stabilized at 26.6 and 30.2%, respectively, with goodR and Ry values and stereochemisti, 8), all

and the regions of the tetramer distant from subunit B had attempts to refine the structure of the DAHPENn—PEP

the worst electron density. complex were problematic. These included the analysis of

Two data sets near the Se K absorption edge weretwo independent data sets measured from native wild-type
measured from a SeMet-substituted DAHRSn—PEP ~ DAHPS-Mn—PEP crystals and a two-wavelength MAD
crystal (Table 1). This crystal also belonged to space groupdata set from the SeMet-substituted DAHR®N—PEP
C2 and diffracted to 2.5 A with the following cell dimen- ~complex. Twinning of the crystals does not seem to
sions: a = 211.8 A,b =533 A, c = 151.2 A, andB = contribute to the problem according to the available twinning
116.£. The data were processed and scaled with HKL2000 tests. _
and programs of the CCP4 suite. The MR search was carried A molecular replacement (MR) search with a DAHPS
out with CNS using the enzyme subunit with Met residues monomer as the model yielded the positions of all four
replaced with Ala as a model. All four subunits in the subunits presentin the asymmetric unit with each of the three
asymmetric unit were identified, and the positions of 28 Se data sets. As expected from the similarity of the unit cells,
atoms were established from the difference Fourier map andthese positions are very similar to positions of subunits in
used for MAD phasing with MLPHARE and DM7J. the DAHPS-Pb-PEP and DAHPSMn—PGL crystals.
Experimental phases were combined with phases calculatediowever, none of three independent attempts to refine the
from the model in the refinement. O was used for structure DAHPS—Mn—PEP structure yielded satisfactory agreement
adjustment, and CNS and REFMAC were used for refine- factors or well-defined electron density maps. In all cases,
ment. AfterR andRqee reached 23.1 and 26.5%, respectively, the residues of subunit B and the regions of the other subunits
model adjustment and further refinement did not improve bordering it have the lowest temperature factors and exhibit
the residual values. Many side chains on the outside of aclear electron density (Figure 1a). The temperature factors
molecule had poorly defined electron density, and the quality of subunits A, C, and D are significantly higher (Table 2),
of the density varied in the tetramer as it did in the wild- and the o levels of their electron densities are lower,
type crystals. especially at the surface regions where many side chains are

Finally, 1.75 A resolution data were collected from an Undefined in the density (Figure 1b). The poorest quality
E24Q DAHPS-Mn—PEP crystal (Table 1). This crystal also electron density is observed at the surface of subunit C that
belonged to space groug? with the following cell dimen- 1S most distant from subunit B. .
sions: a = 213.2 A,b = 53.3 A, c = 150.2 A, and8 = In all structures of the DAHPS complexes, subunit B forms
116.9. The MR solution was refined using ARP and CNS the most extensive contacts with the neighbor tetramers in
without symmetry restraints. The electron density was well- the crystal, while the areas of the other three subunits
defined throughout the tetramer located in the asymmetric involved in these interactions are significantly smaller (Table
unit. A search for the bound water molecules was carried 2)- The areas of intersubunit contact vary in the different
out with ARP. All waters that were related by the noncrys- COmplexes. This is caused by the small differences in the
tallographic symmetry operators to two or three symmetry Orientation of the tetramer in the unit cell_s due primarily to
mates were retained. Waters that had only one or no the rotation around the noncrystallographic symmetry (NCS)
symmetry mates were inspected on the basis of their @XIS directed along the crystallograpki@axis. As a result,
temperature factors and suitable positions for hydrogen the crystals of these DAHPS complexes are not isomorphous.
bonding. TheR and Ryee values are 20.9 and 23.7%, We suggest that the poor electron density and high temper-
respectively, for the final model that includes 10 424 protein ature factors observed for the DAHPSIN—PEP crystals
atoms, four M&" and PEP molecules, eight sulfates, and aré due to the distribution of the enzyme tetramer between
1395 water molecules. Alternative conformations were WO Or more alternative orientations, probably due to the
observed for several side chains. The model has goodslight rotations of the entire tetramer about subunit B as a
stereochemistry as analyzed by PROCHECKL) (with pivot. The relative occupancies of these alternative orienta-
91.6% of the residues in the most favored regions of the tions of subunits are sensitive to small variations in the
Ramachandran plot. The coordinates and structure factorscrystallization conditions. _
have been deposited in the Protein Data Bank as entry 1N8F. Crystallographic Analysis of Mutant Enzymes with Altered

Crystals of the E24A and R124A DAHPSIn—PEP Quaternary StructureSince the problem with the refinement

complexes diffracted to less than 2.3 A resolution and were of the wild-type DAHPS-Mn—PEP structure appeared to

not used for data collection. They also belong to space groupbe related to crystal packing, we decided to explore factors

C2 and have cell dimensions similar to those described that m|ght mfluen(_:e packmg. We were not able to find
alternative crystallization conditions for the wild-type en-

above. zyme; hence, we turned to crystallography of mutant DAHPS
RESULTS enzymes with single amino acid substitutions at the dimer

dimer interface that convert the quaternary structure of the

Attempts To Refine the Wild-Type DAHA@n—PEP enzyme in solution from tetrameric to dimeric (manuscript

Structure.The wild-type DAHPS(Phe}Mn—PEP complex in preparation). The dissociative effect of these mutations is
crystallizes under the same conditions as do the previouslyconsistent with the fact that association of the tight dimers
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FIGURE 1: Representative electron density of wild-type (2.1R%&ndRyec = 25.1 and 29.6%, respectively) and E24Q (1.75R%ndRyee

= 20.9 and 23.7%, respectively) DAHP®In—PEP crystals. TheR2 — F. maps are contoured at &.3(a) Subunit B of the wild-type
complex has well-defined density. (b) Densities of a number of side chains in the outer regions of subunit C of the wild-type complex are
poorly defined and are not improved by refinement. (c) The E24Q DAHRS—PEP complex has a well-defined density throughout the
tetramer; subunit C is shown. All figures were drawn with RIBBONS)(

Table 2: Surface Areas of Subunits of DAHPS Complexes Involved in Contacts with Crystallographic Mates and Average Temperature Factors

DAHPS—Mn—PEP SeMet DAHPSMn—PEP E24Q DAHPSMn—PEP DAHPS-Mn—PGL
A [areaB-factor (A?)] 500/47.8 465/60.3 493/31.1 515/37.7
B [areaB-factor (A?)] 1555/28.5 1607/32.3 1610/21.1 1392/22.3
C [areaB-factor (A2)] 470/51.7 447162.1 523/36.0 433/42.2
D [areaB-factor (A2)] 764/42.1 778/49.0 823/31.6 620/32.7

is mediated by relatively few surface interactio@}. (_Less activities of the naturally occurring dimeric DAHPS(Trp) and
than 4% of the solvent accessible area of a DAHPS(Phe) DAHPS(Tyr) isozymes 12). Also, the § £4” constants of
subunit (550 &) participates in the interdimer contact. Polar these three mutant enzymes vary by no more th&0%
interactions between the residues of tight dimers are limited from the wild-type value. No tetrameric species can be
to salt bridges between the side chains of E24 and R124,detected in the purified enzymes when analyzed by either
H-bonds between the main chain O of E24 antidfl K25, size exclusion FPLC or analytical ultracentrifugation at
and H-bonds and stacking interactions between the imidazoleprotein concentrations of up to 1.0 mg/mL. In contrast, the
rings of H217 (Figure 2). The other two DAHPS isozymes H217A enzyme displays a concentration-dependent equilib-
in E. coli, i.e., DAHPS(Tyr) and DAHPS(Trp), are dimers rium between the dimer and tetramer under the same
in solution. In both of these, all four of these interacting conditions.
residues are nonconserved, precluding a similar association Accordingly, the E24Q, E24A, and R124A enzymes were
of tight dimers into tetramers. crystallized in the presence of Mthand PEP. Crystallization
Site-directed substitutions E24Q, E24A, and R124A in conditions were similar for the three mutant proteins but
DAHPS(Phe) have yielded enzymes that are dimeric in differed from those used for the wild-type complex. A lower
solution but that also retain robust catalytic activity. M pH, 8.1 instead of 8.7 (the calculated pl of DAHPS-6.6),
of each of the three enzymes is-600% of that of the wild- and 30% PEG4000 instead of 19% PEG1000 as a precipitant
type DAHPS(Phe) (manuscript in preparation), similar to the were used. The three mutant proteins crystallize in the same
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FIGURE 2: Interactions between tight dimers in the asymmetric unit
of the E24Q DAHPS Mn—PEP crystal. (a) The organization of
the tetramer of E24Q in the asymmetric unit is nearly identical to
that of the wild-type enzyme. E24Q consists of two tight dimers
(AB and CD), each of which consists of a green and a purple
subunit. The eight strands of th@/¢)s barrel are blue in all
subunits. MA™ (cyan), PEP (gold), and sulfate (yellow) are at the
C-ends of the barrels. The side chains indicated along the dimer

dimer interface provide polar interactions between tight dimers. The

Shumilin et al.

difference is caused mostly by the rotation of the entire
tetramer~2° about an NCS axis near the crystallograpdnic
axis. The altered packing is probably responsible for the
greater order of the protein in the mutant crystals. Interdimer
contacts in E24Q correspond to those in the wild-type
enzyme. All nonpolar dimerdimer interactions, which
constitute a majority of these contacts, are retained. The
cluster of four H217 residues that surround the origin of the
222 NCS in the wild-type enzyme2) is also present in
E24Q. This cluster is supported by thestacking interaction
between the imidazole rings of the H217 residues of subunits
A and D, and B and C, and by the interaction betwee N

of the H217 residues of subunits A and C, and B and D.
Pairs of N2 atoms do not form a direct H-bond as was
reported previously2) but are bound through H-bonds with
water molecules visible at the higher resolution. H-Bonds
between N of K25 and the peptide O of E24 are also seen.
The only difference observed in the dimatimer interaction

is a change in the bonding between residues 24 and 124. In
E24Q, there is a single H-bond betweenl®f Q24 and
N7l of R124 (Figure 2b), whereas in the wild-type DAHPS,
both carboxylate O atoms of E24 participate in the H-bonds
with R124, interacting with 1§ and Ny2 (Figure 2c). Thus,

the loss of energy due to the change in the-ER424 bridge

is sufficient to cause the dissociation of the E24Q tetramer
into dimers in solution. However, in the crystal, this energy
loss is apparently compensated by the energy of the crystal
contacts, resulting in the formation of a tetramer. Similar
unit cell parameters were also found in the E24A and R124A
crystals, where no interaction is possible between residues
24 and 124, suggesting that crystal contacts are able to

cluster of four H217 residues is in the center, and Q24, K25, and compensate for an even greater energy loss.
R124 are outlined by the orange square and shown in panel b. (b) The two tight dimers located in the asymmetric unit of

Interactions of Q24 with K25 and R124 of the neighboring subunit
of the other tight dimer in the E24Q DAHPS tetramer. H-Bonds

are shown as black dashed lines. (c) Interactions of E24 with K25

and R124 in the wild-type enzyme.

space groupC2, with unit cell dimensions very similar to
those of the wild-type protein. Crystals of the E24Q enzyme

E24Q are very similar to each other (rmsd of 0.29 A for
main chain atoms) and to the respective tight dimers of the
wild-type protein (rmsd of 0.30 A). The numerous polar and
nonpolar contacts between subunits comprising the tight
dimer are unaffected by the E24Q substitution, which is
located away from the intersubunit interface. These contacts

have a compact shape and diffract to 1.75 A, while both the include interactions between residues of a three-stranded

E24A and R124A enzymes form thin platelike crystals that
diffract to no better than 2.3 A. The E24Q crystals were

antiparallel intersubunft-sheet §0*—/36a—/6b) 2 of the a4
and a5 helices, and of thg2—a2, f3—a3, f4—o4, ad—

selected for further study, and the structure of this complex 5, f5—05, anda5—f6a loops. The total contact area is
was determined by molecular replacement. The refined model~2750 A per subunit.

has good stereochemistry aR&nd Ry values of 20.9 and
23.7%, respectively (Table 1). The electron density is well-

The four subunits of the asymmetric unit of E24Q are also
similar to each other as well as to the subunits of the wild-

defined throughout the molecule and shows fine details of type enzyme. The rmsd values for superposition of main

the protein structure at high resolution (Figure 1c).
Overall Structure of the E24Q DAHPSMn—PEP Com-

chain atoms are 0.25 and 0.32 A, respectively. As in the
wild-type complex, the first seven residues at the N-terminus

plex. The structure of the E24Q enzyme (hereafter termed are disordered and not visible in the electron density maps

E24Q) is similar to the structure of the wild-type DAHPS
Pb—PEP and DAHPSMn—PGL enzymes described previ-
ously @, 3). Although E24Q is a dimer in solution, albeit at
concentrations significantly lower than those used for
crystallization, the asymmetric unit of its crystal contains a
tetramer, comprised of two tight dimers with 222 noncrys-
tallographic symmetry, closely resembling the wild-type

of E24Q. These N-terminal residues become ordered upon
the binding of the feedback inhibiton,-phenylalanine,
forming part of the inhibitor-binding pocke#). A segment

of the 58—a8 loop (residues 313317) is disordered in the
wild-type DAHPS-Pb—PEP and DAHPSMn—PGL struc-
tures except when stabilized by crystallographic contagts (
This segment is visible in all four subunits of the E24Q

enzyme (Figure 2a). Superposition of main chain atoms of DAHPS-Mn—PEP complex. However, the relatively high

all four subunits of E24Q with those of the DAHP$Nn—
PGL complex yields an rmsd of 0.50 A.

The orientation of the tetramer in the asymmetric unit of
E24Q differs slightly from that of the wild-type enzyme. The

temperature factors of its residues, some fragmentation of
the electron density, and the conformational variability

2 Strandp0* is from the other subunit of the tight dimer.
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(a) (b) H268

K186

K87

Ficure 3: PEP binding in the active site of the E24Q DAHP8n—PEP complex. (a) Stereoview of the PEP-binding site. PEP-coordinating
interactions (Table 3) are shown as black dashed lines.Ffhe F. electron density map was calculated with PEP omitted fromRthe

terms and is contoured at5(b) Only the interactions of the carboxylate group of PEP are shown. These interactions catiseist 20

the carboxylate plane relative to the enol plane, while the phosphate is tightly anchored. A charge interaction between a carboxylate O of
PEP and MA" is likely to contribute to the twist, but the distance of 3.2% is too long to consider this O as a ligand?of Wiater

molecules Wa and Wf are potential candidates for an attack at C2 of PEP in the enzymatic reaction.

between subunits indicate a similar flexibility of this loop.

Table 3: Polar Interactions Involved in PEP and PGL Coordination

Small differences in the conformations of several side chains in E24Q DAHPS-Mn—PEP, DAHPS-Mn—PGL (3), andA.a.

in the E24Q DAHPSMn—PEP complex likely reflect the

KDOPS-Cd—PEP (L6) Complexe3

higher resolution of the E24Q structure (1.75 A) and not

, , i E24Q DAHPS-
real differences relative to the wild-type structures (2.6 and Q

Mn—PEP

DAHPS—
Mn—PGL

KDOPS-
Cd—PEP

2.0 A). Approximately 1400 water molecules, most of which

honor the NCS symmetry, are visible in the E24Q DAHPS ot 5372:“22(2(272)5 ) Eﬁﬁ’éiz@éi? ﬁé—mg 8:;8

Mn—PEP structure compared to approximately 800 waters Wa (2.91) Wa (2.87)

observed in the DAHPSMn—PGL structure and four waters Mn?*(3.11) Mrt* (2.40) Cd* (4.12)

assign(_ed in the DA_HPS_Pb—PEP structure. 02 R92-Nyl1(3.06) R92-Nyl(2.93) S40r (3:49)
Details of the Actie Site and the PEP Twist in the E24Q K186—-NC (3.03) K186-Nf (3.34)  K124-NE (2.90)

EnzymeAs in the wild-type enzyme, the active site of E24Q Wb (2.68) Wb (2.57) Q990¢1 (2.96)

is located at the C-end of the8/ft)s barrel and is fully 02  KI186-N{(2.88) KI186-N{(2.64)  K124-Ng (2.90)

occupied by metal cofactor, PEP, and sulfate; the latter is o1p VX‘;&?I\SI)(Z 88) \AVIS'_O,\?)(Z 84) X‘fo(g_'?\l"'zz 85)

inferred to occupy the position of the phosphate of E4P. The We (2.85) We (3.03) We (2.84)

active sites of all four subunits in the asymmetric unit of WH (2.94) Wi (3.14) Wi (2.94)

the E24Q DAHPS Mn—PEP complex are nearly identical, Wh (2.83)

and both the protein ligands and the bound molecules are ©2P R165N71(2.80) R165Ny1(3.02) Wg (2.70)

R234-Ny2 (3.24)
wd (2.71)
We (3.18)

R234-Nyj2 (3.41)
wd (2.59)

clearly visible in the electron density map. RI54Ny2 (2.81)

Mn2* is coordinated by § of C61 (distance of 2.6 A),
Ne2 of H268 (2.2 A), @2 of D302 (2.1 A), and 02 of
E326 (2.2 A) and by the water molecule Wa H-bonded to R234-Ne (2.71)  R234Ne (2.76)  R154-Ne (2.84)

K97 (2.2 A). A carboxylate O of PEP approachesfrom aDistances in parentheses are in angstroms. Atoms are named
the sixth vertex defining an octahedral coordination sphere according to the PDB convention for PEP (O1 and &2 carboxylate

. . O atoms; O2 is a bridging phosphate O; GXP3P are three other
of the metal. However, the distance betweerdMand this hosphate O atoms). The distance between O1 of PEP cbCthe

carboxylate O_ (3.14) is_mUCh greater than the typi_cal range A a. KDOPS-Cd—PEP complex is listed, although this interaction is
for Mn2f—0 distances, i.e., 2:82.4 A; hence, PEP isnota negligible.

metal ligand (Figure 3). The distance betweertMand G:1
of D302 is also long (3.2 A). Thus, in contrast to the typical
octahedral and tetrahedral coordinations?*Ma coordinated

We (2.82)

03P KI186-NZ (2.94) K186-N£(2.89)  K124-NE (2.82)

phosphate and carboxylate groups (Figure 3 and Table 3).

by only five ligands in the E24Q DAHPSVIn—PEP The phosphate group is tightly fixed with each of its O atoms
complex. participating in at least two interactions with A164, R165,

The conformation of PEP bound in the active site clearly K186, or R234 or with water molecules. One of the
deviates from its typical planar geometry (Figure 3). The Ccarboxylate oxygen atoms, O1, interacts with2Nof R92,
molecule is rotated-30° around the bond between C1 and N& of K97, and water molecule Wa that also serves as a
C2. The planarity of the carboxylate (C2, C1, and carboxylate Mn?* ligand, while the other, O2is coordinated by M1 of
O atoms) and of the enol groups (€(|:3 and a br|dg|ng R92, I\K of K186, and water Wh. H268 is located on the
phosphate O) is retained; however, the two planes are rotatecgame side of the PEP carboxylate group as*MiThe
by ~30° relative to each other. Refinement results in the distance betweend? of H268 and the O atom of the PEP
same geometry of PEP whether or not the planarities of the carboxylate is 3.4 A, too long for a H-bond. The imidazole
carboxylate and enol groups of PEP are restrained. ring of H268 and the plane of the PEP carboxylate form a

PEP is bound in the active site of the E24Q DAHPS dihedral angle of-45°; the closest approach between these
Mn—PEP complex by multiple H-bonds involving both its planes is 2.8 A.
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bound substrate. PEP is bound in an extended, twisted
conformation with its enol and carboxylate planes forming
a dihedral angle of~30°; this we term the twist of the
carboxylate group (Figure 3). In PEP in solution, the dihedral
angle between the enol and carboxylate groups-®
because the molecule is stabilized by conjugation of their
mr-orbitals. This stabilization energy depends on the ionization
state of PEP with the highest estimated value-6f5 kcal/

. mol in PEP~ (13). The relative turn of carboxylate and enol
Ficure 4: Similar binding sites of the E4P or A5P phosphate in planes by 30is estimated to require 3.5 kcal/mol in PEP-
DAHPS fromE. coliand KDOPS fromA. aeolicusformed by the but has very low energy cost in both PERind PEP". In

residues of theirf2—o2 loops. (a) A sulfate ion from the : ; ; ; ;
crystallization medium is coordinated at the binding site of the E4P DAHPS, PEP is coordinated by six Arg and Lys side chains

phosphate in the E24Q DAHP3In—PEP complex by R99 and ~ @nd is inferred to be in its trianionic form. Thus, the enzyme
T100. Water molecules are denoted with the letter w. H-Bonds are appears to select a twisted conformation of PEP without the
showr:l as b|ackddashed Iings. (b& A r|]ohct>)spdhate ion ffrﬁm the need to provide significant energetic assistance.
crystallization medium is coordinated at the binding site of the ASP  Tha nhosphate of bound PEP is tightly anchored by eleven
plhgsphate in th&.a. KDOPS-Cd—PEP complex by R49 and S50 polar c%ntagts with the N of A164g7y\1y0f R165 N;yof
(16). ] K186, Ne and \y2 of R234, and the O atoms of waters Wc¢
Numerous water molecules are observed in the vicinity \wf that surround it (Figure 3 and Table 3). On the other
of the active site; most of them fill an opening of the channel ngng N7 and N2 of R92, Nt of K97, and N of K186
at the C-end of thefj{a)s barrel. Seven waters are located that interact with the carboxylate of PEP are located
within contact distance of PEP. Two of these, Wa and Wb, approximately in its plane. It appears that the carboxylate
form H-bonds with the carboxylate of PEP, and four others, of pEP rotates under the influence of Wb, which is positioned
We—WH, participate in the coordination of the PEP phos- oy there side of PEP and pulls O2f the carboxylate due
phate; the remaining water molecule is 3.6 A from the C3 {4 4 H-bond, and of Wa, which is located on 8iside and
atom of PEP (Figure 3 and Table 3). With the exception of attract O1 of the carboxylate. The interaction with Wb and
We in subunit C, all seven water molecules are observed in\ya would force the carboxylate to rotate by more thaf, 30
all four subunits of the enzyme located in the asymmetric pyt the rotation is balanced by the compensating influence
unit. The distance between C2 of PEP, which ultimately of K97 and K186 so that the carboxylate O atoms are located
receives a hydroxyl group from water in the enzymatic \yithin H-bonding distance of waters Wa and Wb as well as
reaction, and the closest water molecule, Wf, is 3.0 A. Wf ¢ the N atoms of both K97 and K186 (Figure 3b).
approaches C2 from thee face of PEP. The distances Comparison with the Acie Sites of DAHPSMn—PGL
between C2 and the other surrounding water molecules are;nq DAHPS-Pb—PEP ComplexesThe structure of the
between 3.6 (Wa) and 5.1 A (We). _ DAHPS-Mn—PGL structure determined at 2.0 A resolution
As observed in the wild-type complexes, a sulfate anion (3) shows a similar but smaller twist of phosphoglycolate
from the crystallization medium is bound at the opening of ,ond in the active site. PGL is a structural analogue of PEP
the active site channel above PEP in the E24Q complex. Theyhose lack of an enol group enables free rotation of its
C3 atom of PEP, which forms a bond with C1 of EAP in the  ¢arpoxylate around the G1C2 bond. PGL binds in a mode
enzymatic reaction, is the PEP atom closest to the boundgjmiiar to that of PEP in the E24Q DAHPSIn—PEP
sulfate; the distance between C3 and S is 8.7 A. The twist complex but with some rearrangement of coordination

of the PEP plane orients its enol group so that the sulfate (Figyre 5a and Table 3). Superposition of the active site
approaches it from itssi side in accordance with the residues places the P atoms of PGL and PEP within 0.1 A
demonstrated stereochemistry of the reaction. The sulfate isy¢ gach other; however, the orientation of the phosphate
coordinated by the side chain of R99 and by the peptide N itfers slightly. In contrast to PEP, the carboxylate O of PGL
and Or1 of T100 located at the bend of ti#2—a2 l00p s 3 jigand of Mi*, which is located only 2.4 A away.
(Figure 4a). The higher resolution of the E24Q crystal pegjdes the seven waters in the vicinity of PEP, the active
permits several corrections in the coordination sphere of the g of the DAHPS-Mn—PGL complex contains an extra
bound sulfate. First, the side chain of R99 is notin a typical \yater molecule, Wh, H-bonded to a phosphate O of PGL.
rotamer conformation; this enables both&hd Ny2 to form — Thjs water would not be able to be bound in the presence of
contacts with different sulfate O atoms. In addition, two water pep que to steric conflict with C3 that is absent in PGL.
molecules that participate in the sulfate coordination are now Consequently, We moves toward Wh, engaging it in an

visible. , , H-bond and abandoning a rather distant H-bond with the
Although, as already ment_|oned, not_ all O_f the wild-type phosphate. The carboxylate of PGL is twisted in the same
DAHPS-Mn—PEP structure is well-defined in the electron  gjrection as the carboxylate of PEP, but the dihedral angle
density, the active site is sufficiently resolved in three of panveen the carboxylate plane and the plane defined by C1,
the subunits to reveal a close correspondence with the activecs  gnd the bridging phosphate O is onyl5° compared
site of the E24Q enzyme, including the PEP twist and some 1o an angle of 30for PEP. The dihedral angle is smaller
of the bound water molecules. because the entire PGL molecule, which is anchored by
DISCUSSION its phosphate, rotates closer to Mnthereb_y decreasing
the magnitude of the carboxylate twist. It is unclear why
The most significant feature of the active site of the E24Q PEP does not have the same conformation as PGL because
DAHPS—-Mn—PEP complex is the unusual geometry of the the closer interaction with M should be advantageous
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(a) K186 K186

K186

+
H268 ‘aps

R165 [
Py
K97

Ficure 5: (a) Stereoview of the PGL-binding site in the DAHPENn—PGL complex 8). The carboxylate O of PGL is a ligand of ¥in

located 2.4 A from it. Water molecules W&\Vf are also present in the E24Q DAHPSIn—PEP complex; the counterpart of Wh is not

seen in E24Q. The superimposed PEP-binding site of E24Q (Figure 3) is shown in green. H-Bonds are shown as black dashed lines. (b)
PEP-binding site in the DAHPSPb—PEP complexZ). P interacts with the conjugateetsystem of PEP, preserving its planar geometry;

the distances from Pb to four atoms of PEP indicated by the dashed light blue lines are 3%BA.

considering that the other contacts would be nearly un- dependent 2-keto-mannae2-octulosonate-8-phosphate syn-
affected. thase (KDOPS) from the hyperthermophilic bacterium
The DAHPS-Pb—PEP complex has a different type of Aquiflex aeolicugA.a) [several complexes at 1.89.94 A
interaction between the metal cation and PEP; this is probablyresolution 6, 17)], the metal-independent KDOPS frdi
responsible for its poor catalytic efficienc®)( The general  coli [2.8 A (18)], yeast enolase [1.8 ALQ) and 2.0 A @0)],
position of PEP in the active site of the DAHPBb—PEP and human PEP carboxykinase [2.0 &1)]. Of these,
complex (Figure 5b) is similar to that in PEP in the E24Q KDOPS is the only enzyme that is mechanistically and
DAHPS—Mn—PEP complex and PGL in the DAHP$In— structurally similar to DAHPS. It catalyzes the analogous
PGL complex. The interactions of PEP with the residues of condensation of PEP and arabinose 5-phosphate (A5P) with
the enzyme are also similar (a wrong side chain rotamer wasthe formation of 2-ket@-manne2-octulosonate 8-phosphate
originally assigned to R234 because of a low resolution of (KDOP). DAHPS is able to use A5P as a substrate, albeit
2.6 A). This low resolution also precluded visualization of poorly, while KDOPS is unable to utilize E4P, which is one
water molecules in the electron density of the DAHHE®— carbon shorter than A5P2%). Both reactions are stereo-
PEP complex, but they probably occupy the same positionsspecific with thesi face of C3 of PEP attacking thre face
as observed in the E24Q DAHP®Mn—PEP complex since  of the aldehyde of E4P or ASR3—-25), and both involve
the organization of the two active sites is similar. Although the release of the phosphate of PEP by cleavage of the
the fine details are obscured due to the low resolution, boundC—O rather than the ©P bond. The two other enzymes
PEP appears to retain a planar geometry and is oriented s&known to catalyze €0 cleavage, namely, 5-enolpyruvyl-
that four of the six atoms forming a plane, namely, <13 shikimate-3-phosphate synthase (EPSPS) and NaEetyl-
and O1 of the carboxylate, approact?Pat similar distances  glucosamine enolpyruvyltransferase (MurA), are structurally
of 3.6-3.9 A. This type of PB" coordination was described and mechanistically similar to each other but differ signifi-
for its complexes with organic compounds that possess acantly from DAHPS and KDOPS. In the reactions catalyzed
mr-electron system such as crotonic acld)( It is achieved by EPSPS and MurA, the intact enolpyruvyl group of PEP
due to the ability of the lone pair of &slectrons of Pb" to is transferred to the COH group of the second substrate,
develop p characteflb). When this orbital conjugates with  shikimate 3-phosphate and UMNRacetylglucosamine, re-
mr-orbitals of a hemidirectionally coordinated organic ligand, spectively. High-resolution structures have been determined
PL** lies near the perpendicular to the center of the plane for several complexes of both EPSPZp)(and MurA 7,
containing thes-system,~3.6 A from that plane. We  28), but none of these complexes contain PEP. The structures
suggested that the planar structure of PEP is stabilized dueof PEP-bound complexes of the two enzymes that do not
to the conjugation of itst-orbitals with the 6% electron employ the cleavage of the-@ bond of PEP, namely,
orbital of PB* that has p character. This interaction changes enolase and PEP carboxykinase, have been determined.
the reactivity of PEP, making Pba poor metal activator.  Enolase catalyzes the addition of water to PEP to form
PEP Binding in Other Enzymentries in the Protein Data  2-phosphas-glycerate (2-PGA), while PEP carboxykinase
Bank for structures that contain bound PEP include the metal-catalyzes the carboxylation of PEP to oxaloacetate with the
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Ficure 6: PEP-binding site of the metal-dependent KDOPS fharaeolicusThe relative twist of its carboxylate and enol planesK0°.
PEP-coordinating interactions (Table 3) are shown as black dashed lines. (a) A stereoview of the superimposed PEP-binding site of the
E24Q DAHPS-Mn—PEP (Figure 3) is shown in green. (b) Interactions of the carboxylate group of PEP. The H-bond of the carboxylate

O of PEP with S43 and the absence of its interactions with Wa ard &e responsible for the smaller twist. Wa and Wf are potential
candidates for an attack at C2 of PEP in the enzymatic reaction.

release of phosphate from PEP by the cleavage of thB O residues in a very close position (Figure 6a). Interactions of
bond. the PEP phosphate with A102, K124, R154, Wc, We, and
Prior to the availability of the three-dimensional structures Wfin A.a.KDOPS are very similar to its contacts with A164,
of the enzymes, a theoretical analysis of PEP reactivity in K186, R234, Wc, We, and Wf in DAHPS. Two differences
the DAHPS, KDOPS, and EPSPS reactions was carried outin the phosphate coordination are related to the presence of
by applying the hardsoft acid-base theoryX3). The PEP F103 in A.a. KDOPS in place of R165 in DAHPS. The
conformations were predicted in these reactions on the basisaromatic ring of F103 is turned aside, and the water, Wg,
of the hypothesis that the reactivity of PEP is controlled by which is not present in DAHPS, is located near the position
the relative rotation of its carboxylate and enol groups. This occupied by &2 of R165 in DAHPS, which coordinates
twist and the ionization state of bound PEP define the chargethe same phosphate O. Wd, which forms a H-bond with O2P
and highest occupied molecular density at C3 and control of PEP phosphate and was also stabilized by R165 in
whether C3 serves as a soft or hard base in the reaction. INDAHPS, is absent id.a. KDOPS. The resulting orientation
the DAHPS and KDOPS reactions where C3 behaves as aof the PEP phosphate ih.a. KDOPS is nearly identical to
soft basic atom, the twist of the PEP plane was predicted to that in DAHPS.
be ~70 if the substrate binds as PEPor ~90° if it binds The coordination of the PEP carboxylateAma. KDOPS
as PEP". In the EPSPS reaction, in which C3 is a hard base and in DAHPS has more differences. Its interactions with
because it is protonated, PEP was predicted to bind in theK46 and K124 inA.a. KDOPS and K97 and K186 in
dianionic form with its plane twisted by 300ur observa-  DAHPS are similar. R92 in DAHPS is substituted Ana.
tions support the idea that a deformation of the planar KDOPS with K41, whose M interacts with O1 of the PEP
structure of PEP is an important factor in DAHPS catalysis. carboxylate and is also located approximately in the car-
Although the dihedral angle of 30n PEP in the E24Q  boxylate plane. Wb, which interacts with O2 of the PEP
DAHPS—Mn—PEP complex differs from the predicted value carboxylate in DAHPS, is replaced Mma.KDOPS with /1
of 90°, the twist may be altered when the enzymatic reaction of Q99 located at the same position. ThislGorms a similar
proceeds upon the binding of the second substrate, E4P. H-bond with O2 and should be able to provide the same
A different type of distortion of PEP geometry was driving force for the rotation of the carboxylate that Wb does
described for the complexes Afa. KDOPS with PEP (1.94  in DAHPS. However, inA.a. KDOPS, its impact is com-
A resolution), C&" and PEP (1.9 A), Cd, PEP, and A5P  pensated by an H-bond between O1 of the carboxylate and
(1.85 A), Cd*, PEP, and E4P (1.9 A), and &Jd PEP, and Oy of S43 positioned on the same side of the carboxylate
ribose 5-phosphate (1.9 AlL§, 17). In all of these com-  plane as is @1 of Q99, which is not present in DAHPS. In
plexes, five of six atoms that define a plane in the unbound contrast to DAHPS, O1 does not interact with Wa and'Cd
PEP, namely, C1, C2, O1, and O2 of the carboxylate and alocated on the other side of the carboxylate plane (distances
bridging phosphate O, still reside in this plane. However, of 3.6 and 4.1 A, respectively). O1 therefore lacks the second
C3 bulges out of thei face of the plane by-12° or 0.3 A. factor responsible for the carboxylate twist. When thé 30
This deviation from planarity was explained by the effect twist of the PEP carboxylate is modeled, a slight adjustment
of the active site environment that prepares C2 of PEP for a of PEP would bring the carboxylate O atoms to the position
conversion from spto sg hybridization that occurs in the  where they interact with €1 of Q99, Wa, and Cd as
reaction intermediate. observed in DAHPS while the H-bond withy@f S43 would
The organization of thA.a. KDOPS active site has much  be lost.
in common with DAHPS, and the orientation and coordina-  The difference in the distortion of the PEP geometry in
tion of PEP in the two enzymes are similar (Figure 6 and the similar binding sites of DAHPS and &.a. KDOPS
Table 3). The superposition of the PEP molecules bound to presents something of an enigma. No deformation of either
A.a.KDOPS and the E24Q DAHPS using C1, C2, and five the enol or the carboxylate planes is observed in PEP in the
phosphate atoms places the corresponding coordinatinge24Q DAHPS-Mn—PEP complex. We cannot identify a
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factor that causes C3 of PEP to bulge out of the enol planeln both DAHPS and KDOPS, the binding site of the E4P
in A.a. KDOPS bhut is absent in DAHPS. Calculation of the or ASP phosphate is located on thieside of the PEP enol
electron density of the PEP-containing complexesAdi. group so that the aldehyde group of E4P or A5P is able to
KDOPS from the coordinates and structure factors depositedapproach C3 of PEP from only th& face, in agreement
in the PDB database shows that PEP is well-defined in the with the established stereochemistry of the reactions. A very
density and deviates noticeably from planarity. However, similar coordination of sulfate and phosphate in DAHPS
PEP can be satisfactorily built into the density by moving and KDOPS is provided by unusual rotamers of Arg (R99
C3 out of the enol plane as was described previous8y (  in DAHPS or R49 inA.a KDOPS) and by the following
and/or by twisting its carboxylate group bylL0°. Although Thr (in DAHPS) or Ser (inA.a. KDOPS) located on the
the resolution of thé\.a. KDOPS structures is high, itis not  bend of thef2—a2 loop (Figure 4). Although E4P is one
sufficient for distinguishing clearly between alternative carbon shorter than A5P, the 8.7 A distance between C3 of
geometries of the bound PEP. We suggest that the conformaPEP and the S of the sulfate in DAHPS is close to the
tion of PEP bound irA.a. KDOPS deviates from planarity ~ distance (9.0 A) between C3 of PEP and the P of the A5P
due to the 10 relative rotation of its enol and carboxylate phosphate or the phosphate anion bound in its pladean
planes similar to the 30rotation observed in DAHPS. The KDOPS.
larger magnitude of the PEP twist in DAHPS facilitates its ~ When E4P in the extended conformation is modeled into
identification. The smaller twist iA.a. KDOPS might be the DAHPS structure with its phosphate anchored at the
related to the fact that the structure of this hyperthermophilic sulfate binding site, C1 of E4P approaches within 2.4 A of
enzyme was determined at low temperatures where it hasC3 of PEP. This supports the hypothesis that the condensa-
no detectable activity. However, we cannot completely tion proceeds through a linear intermediate with a water
dismiss the possibility that DAHPS arkda. KDOPS modify molecule attacking C2 of PERY) rather than through the
the conformation of the bound PEP in different ways. The cyclic intermediate with the C3-OH group of E4P or A5P
structure of the PEP-containing complex of metal-indepen- attacking C2 of PEP. Two water molecules, Wf and Wa,
dent KDOPS fronE. coliwas determined at 2.8 A resolution located 3.0 and 3.6 A, respectively, from C2 of PEP, are the
(18), a resolution that is too low for observation of the details potential candidates for the attack. Analogous water mol-
of PEP conformation. ecules are present i.a KDOPS, 3.2 and 3.5 A from C2

Neither of the two enzymes that catalyze reactions of the bound PEP. Duewel et alg) proposed a nucleophilic
involving the breaking of the €0 bond of PEP in the  attack on C2 by the hydroxide ion that originates from Wa.
release of phosphate demonstrates significant relative rota-This water is a metal ligand and also forms an H-bond with
tions of the enol and carboxylate groups of the bound PEP.N¢ of K97 in DAHPS or K46 inA.a. KDOPS. These
In the 2.0 A resolution structure of PEP carboxykinase with interactions are expected to lower tH&,pf Wa, facilitating
bound PEP, M#f, and Nd (21), the observed substrate twist its ionization. However, Wa is positioned on the same side
is ~9° while the deformation of the enol and carboxylate of the PEP enol as is the aldehyde of E4P or A5P. Therefore,
planes is~5° and ~3°, respectively. One of the two the reaction initialized by the attack of Okriginating from
independently reported structures of the PiERolase com-  Wa on C2 of PEP would represent an unussyal addition
plex contains an equilibrium mix of PEP and 2-PGA and of water and A5P to thei side of PEP.
two Mg?" atoms at both active sites of the enolase dimer In contrast, Wf is more appropriately located on the
[determined to 1.8 A resolution19)], while the second opposite side of the enol plane of PEP from the aldehyde of
structure is asymmetric with PEP and ¥Mdoound to one E4P or A5P and is closer to C2 of PEP than to Wa. However,
enzyme subunit and 2-PGA, Mg and Li" to the other in both enzymes, Wf is involved in three H-bonds that are
[2.0 A resolution 20)]. No significant twist of enol and  unlikely to facilitate its transformation into OHby the
carboxylate is observed in either complex, but the planarities abduction of its proton. In DAHPS, Wf participates in
of the enol and carboxylate groups of PEP are distorted by H-bonds with @1 of E143, Wb, and O of the PEP
8° and 3, respectively, in the symmetric enolase structure phosphate. IiA.a. KDOPS, Wf interacts with @2 of D81,
and by 12 and &, respectively, in the asymmetric one. The Oel of Q99, and O of the PEP phosphate. The proton transfer
deformations of the three planes recognized in PEP (enol,chain consisting of D81 and H83 could potentially be
carboxylate, and a common plane that includes both groups)involved in the abduction of Hfrom Wf in A.a. KDOPS
in both PEP carboxykinase and enolase appear to be within(16), but such a chain is not present in DAHPS. Thus, at
the appropriate limits for resolution-related errors and do present it is impossible to determine whether Wa or Wf is
not indicate any major distortion of the typical planar involved in the attack at C2 of PEP in the reaction. Work
geometry of PEP. Thus, DAHPS is the only enzyme that on the structures of DAHPS complexes containing E4P and
has been shown to induce a large twist of the carboxylate its analogues now under way in our laboratory should clarify
group of the bound PEP, suggesting that this is a critical the mode of E4P binding and reveal the catalytic mechanism
factor in the mechanism of enzymatic reactions involving of DAHPS.
C3 of PEP.
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