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Crystal Structures of KDOP Synthase in Its Binary Complexes with the Substrate
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ABSTRACT. The crystal structures of 3-deoxymannae2-octulosonate-8-phosphate synthase (KDOPS) from
Escherichia colicomplexed with the substrate phosphoenolpyruvate (PEP) and with a mechanism-based
inhibitor (K¢ = 0.4 uM) were determined by molecular replacement using X-ray diffraction data to 2.8
and 2.3 A resolution, respectively. Both the KDOPEP and KDOP#Snhibitor complexes crystallize in

the cubic space grou23 with cell constantes = b = ¢ = 117.9 and 117.6 A, respectively, and one
subunit per asymmetric unit. The two structures are nearly identical, and superposition ofotleonts
indicates an rms difference of 0.41 A. The PEP in the KD complex is anchored to the enzyme

in a conformation that blocks itsi face and leaves itee face largely devoid of contacts. This results

from KDOPS's selective choice of a PEP conformer in which the phosphate group of PEP is extended
toward thesi face. Furthermore, the structure reveals that the bridgirgOQPC) oxygen atom and the
carboxylate group of PEP are not strongly hydrogen-bonded to the enzyme. The resulting high degree of
negative charge on the carboxylate group of PEP would then suggest that the condensation step between
PEP and-arabinose-5-phosphate (A5P) should proceed in a stepwise fashion through the intermediacy
of a transient oxocarbenium ion at C2 of PEP. The molecular structural results are discussed in light of
the chemically similar but mechanistically distinct reaction that is catalyzed by the enzyme 3mleoxy-
arabino-2-heptulosonate-7-phosphate synthase and in light of the preferred enzyme-bound states of the
substrate A5P.

The enzyme 3-deoxy-manne2-octulosonate-8-phosphate Scheme 1: Proposed Mechanism for the KDOPS-Catalyzed
(KDOP)! synthase (KDOPS) (EC 4.1.2.16) catalyzes the Reaction

condensation reaction betwemiarabinose-5-phosphate (A5P) HO
and phosphoenolpyruvate (PEP) to form KDOP and inor- HO o
ganic phosphate (PScheme 1)J). This enzymatic reaction AsP 1
plays an essential role in the assembly process of lipo- d
2,

polysaccharides of most Gram-negative bacteria and is

T This research was supported by U.S.-Israel Binational Science s
Foundation Grant 97-356 (T.B. and J.F.), by the Foundation for
Promotion of Research at the Technion (T.B.), by the University of
Houston Institute for Molecular Design, Keck Center for Computational
Biology, and the Environmental Institute of Houston (J.F.), and by the
Center of Absorption in Science, Ministry of Immigration Absorption
and the Ministry of Science and Arts, State of Israel, Kamea Program
(V.B)).

*The structural coordinates for the KDOPEP and KDOPL
structures have been deposited in the Protein Data Bank under ID codes
1G7U and 1G7V, respectively.

* Corresponding authors. T.B.: Department of Chemistry, Tech-
nion—Israel Institute of Technology, Haifa, 32000 Israel. E-mail:
chtimor@tx.technion.ac.il. Fax: (972)-4-823-3735. J.F.: Department
of Chemistry, University of Houston, Houston, TX 77204-5641.
E-mail: friedman@kitten.chem.uh.edu. Fax: (713)-743-2726.

§ Department of Chemistry, University of Houston.

' Department of Chemistry and Institute of Catalysis Science and
Technology, Technion.

U Department of Food Engineering and Biotechnology, Technion.

1 Abbreviations: KDOP, 3-deoxp-manne2-octulosonate-8-phos-
phate; KDOPS, KDOP synthase; PEP, phosphoenolpyruvate; A5P,
arabinose-5-phosphate; DAH7PS, 3-deoxgrabino-2-heptulosonate-

7-phosphate synthase; REDOR, rotational-echo double resonance

MurZ, UDP-GIcNAc enolpyruvoyl transferase; EPSPS, 5-enolpyru-
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therefore an attractive target for the design of novel
antibacterial drugs?). Interestingly, KDOPS belongs to a
family of PEP-utilizing enzymes, two of whieRUDP-
GIcNAc enolpyruvoyl transferaseMurZ) and 5-enolpyru-
voylshikimate-3-phosphate synthase (EPSR8¢ targeted
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by the antibiotic fosfomycin and by the herbicide glyphosate, information about the enzyme active site architecture and
respectively. The last member of this family is 3-deoxy- about the interactions between the substrates and the enzyme.
p-arabinc-heptulosonate-7-phosphate (DAHP) synthase Some important mechanistic implications of these observa-
(DAHPS), which catalyzes a net aldol reaction similar to tions are discussed.

that of KDOPS, but between PEP and erythrose-4-phosphate

(E4P) to produce DAHP3]. A unique mechanistic feature MATERIALS AND METHODS

shared by the reactions catalyzed by these four enzymes is
that while most enzymatic reactions that use PEP as a
Zggztrétéf;oc_ele f_éhii?:;%?nglliat\ﬁaeg?ec;fctt?;nzl%? tigifﬁoﬁ:r from the overproducinge. coli DH5a (pJU1) strain, as

previously described7j. For the production of seleno-
Egﬁﬁrgispggfgéd through the unusual cleavage of 1@ C methiqnine—la}be!ed KDOPS ([Se—Met]KDC_)PS), competent
While the mechanisms of EPSPS) @ndMurZ (6), two E. coli methionine auxotroph .ceIIs [Stl:all’l BSM:(ES) _
enolpyruvoyl transferase enzymes, have been characterize@rl:lol\(/gg:n)] we[Je 'gransr:‘ormed W'tlh ?Iasm|q pJUL c;)ntalnlr;]g
unambiguously, some mechanistic details of the reactions ed.$ ger(;e. Ismg(; © prr]qtolccl)o 0 optlmlzatlonl;) grov(\;t
catalyzed by KDOPS and DAHPS are still unresolved. Early Cr? nditions deve ope; hm this fa oratoSrSzSQM Wigossgve Id
studies on KDOPS suggesteg) that this enzyme acts upon that over 100 mg ot homogeneous [Se-Met] cou
the acyclic form of A5P and demonstrated) @n ordered be obtained per liter of culture. The molecular mass

sequence of substrate binding and product release, with PEFﬁ:ffereT'ce bfggsg [%%_gﬂfzt]gﬁ?apgi@l 313:44,[@'66) agci
binding before A5P does and with Being released prior to € native . ( : -97) was determined 1o
KDOP. The condensation step was shown to be stereospefbe .470.'8 mass units (VG.B'OQ electr(_)spray spectro_meter),
cific, with the si face of PEP attaching to the face of the indicating 100% substitution of Met with Se-Met residues.
carb'onyl of ASP 8, 9). More recent studies using rapid- The kea value for [Se-Met]KDOPS (5.3'%) was about 29%

: A . . lower than that of the native enzyme (7. 1)s(7). Both the
guench techniqued(), including the synthesis and evalu- i d the [Se-Mef]KDOPS exhibited simik val
ation (L1) of the first acyclic bisubstrate inhibito2(Ky = native and the [Se-Met] exibitea simita, velues

0.44M), supported the original hypothesis of Hedstrom and for PEP binding (7.1 and 7/8M, respectively). These kinetic

Abeles (12), which was that the reaction pathway proceeds _data clearly demonstratg th_a_t the incorpor_ation of Se-Met
through an acyclic bisphosphate intermedib{&cheme 1). Into KDOPS. QOes not significantly a.'t.e'f either KDOPS's
Despite all of the above observations, none of the available cataly.u'c activity or its substrate ;peuﬂmty. . )
evidence unambiguously identifidsas the true enzymatic Purified [Se-Met]KDOPS was dialyzed against 0.1 M Tris-
intermediate. HCI buffer (pH 7.2) containing 0.029%-mercaptoethanol

Very recently (3), we reported the first direct identifica- @nd 0.02% sodium azide, for three changes over 12 h, and
tion of active site residues of KDOPS by solid state, Was then conce_ntrated to about 45 mg/mL with an Amicon
rotational-echo double-resonance (REDOR) NMR, in com- Centricon-10 microconcentrator. A!I crystals were grown at
bination with mutagenesis studies4). In parallel, the first 23 °C by vapor diffusion in hanging drops. Drops were
X-ray crystal structure of KDOPS at 2.4 A resolution was Prepared by mixing 2L of the above concentrated enzyme
reported {5). This study demonstrated that the enzyme is a solut!on with ZyL of t_he reservoir solution. The reservoir
homotetramer in which each monomer has the fold gi/a ( Selution contained either inhibito2 (0.053 mM) or the
o)s barrel, similar in many respects to the previously solved Substrate PEP (10 mM) in sodium ®-(norpholino)ethane-
X-ray structure of DAHPS 16). These earlier KDOPS Sulfonate (MOPS) buffer (61 mM, pH 6.1) with glycerol
crystals were grown in the presence of 1.4 M (iSO (25% v/v) as cryosolvent and PEG 400 (10% v/v).
and 0.4 M (K/H}PQ,, and had two S@/HPO,2~ sites that Cubic crystals of the [Se-Met]KkDOPBEP complex in
were identified in the structure. These were interpreted asthe space grouf23, with cell constanta =b =c=117.9
occupying the phosphate positions of the substrates, PEP and\ and o = g = y = 90°, appeared within several days.
A5P. On the basis of this interpretation, a model structure Crystals were flash frozen in a stream of. M-ray data
for the active site of KDOPS was proposed in which the extending to 2.8 A were collected at180 °C using the
phosphate groups of PEP and A5P are 13.0 A apart, allowinginverse-beam method on an R-axis Il imaging plate system.
KDOP synthesis to proceed via aeyclic intermediatel. A complete set of data was collected from a single crystal.

Using molecular replacement, Kretsinger and co-workers  The crystals of the [Se-Met]KDOP3 complex also
(17) have recently solved another structureEsfcherichia belong to the space grod@3 with cell constanta = b =
coli KDOPS at 3.0 A resolution. Although in this case the c¢=117.6 A andu = = y = 90°. X-ray data extending to
crystals were grown in poly(ethylene glycol) (PEG) 1500 in 2.3 A were collected at+180°C at an energy of 12 660 eV
the presence of both substrates, PEP and A5P, neither the@n Beamline X4A at the Brookhaven National Synchrotron
enzyme-bound PEP nor the bound A5P or the product KDOP Line Source. This Se-Met MAD (multiple wavelength
could be identified. Two phosphate peaks were found in this anomalous diffraction) data set could not be used to
structure as well, only 10.3 A apart, in contrast to the distance determine MAD phases because of missing data at other
of 13.0 A found in the structure of Radaev et dl5) wavelengths. X-ray data sets were processed using the

As part of our study on the structuréunction relationship programs DENZO 19) and SCALEPACK 20). The struc-
of KDOPS, we report here the first crystal structures of the ture was solved by molecular replacement using AMORE
E. coli KDOPS in binary complexes with the substrate PEP (21) with the ligand-free structure of KDOP synthagb)(
and with the mechanism-based inhibitat 2.8 and 2.3 A (subunit A) as the search model. The crystallographic model
resolution, respectively. These structures provide importantwas refined using X-PLOR2Q).

Protein Purification and CrystallizationThe wild-type
KDOPS (specific catalytic activity 9 units/mg) was isolated
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Ficure 1: Superposition of the KDOPBEP and KDOP£ structures, the Radaev et dl5f KDOPS structure (PDB code 1D9E, subunit

a), and the Wagner et all7) KDOPS structure (PDB code 1GGO0). (A) The main chains of all four overlapped KDOPS structures are
almost identical, and therefore only the KDORS$hain is shown in beige ribbon form for clarity. The two phosphate/sulfate ions proposed

to bind to the A5P-phosphate position (at the top of the protein) and the -RAiE®sphate position (in the middle of the protein) are
depicted in green and brown for the 1D9E and 1GGO structures, respectively. Carbon backbones of the PEP and2inhibliécu(es are

shown in yellow and cyan, respectively, while oxygens, nitrogens, and phosphorus atoms are shown in their default CPK colors. (B)
Magnified view of the overlapped ligands and phosphate/sulfate ions in the active site. Colors are as described in panel A. The phosphate/
sulfate distances are 12.11 and 10.32 A for the 1D9E (subunit a) and 1GGO structures, respectively, while the pipbssiphienate

distance in the KDOPS structure is 11.69 A. All illustrations were prepared using Insightll (Molecular Structure Inc.).

RESULTS the substrate and inhibitor molecules in our structures (Figure
3). In particular, a featureless strand near the active site

corSnIggzti\tgﬁnrrlri]tﬁ'lgrctlnagwit{g(g;tr:(@ cz otZZMT%SJm%?;:Qt appears to adopt a more helical conformation in our structure.
the key features of both substrates PEP and A5P into a singleOther major differences arise (1) in surface loops, (2) in the

interdomain strand region at the C-terminus, and (3) in the
molecule (Scheme 1), the structural data for the KDOPS . . . . : .
PEP and KDOP& complexes that were obtained in this amino acid residues immediately adjacent to the unobserved,

studv are likelv indicators of the identity of active site disordered segments of the previous structures. Following
ay y Ind . ity coordinate refinement by simulated annealing and conjugate
residues that participate in the recognition of both natural

: gradient minimization (Table 1), the interactions between
subs_trates by KDOPS. Analy3|s of these_ structures al',sothe substrates and active site residues could be identified in
provides an important basis for understanding how KDOP’s

three-dimensional structure dictates its catalytic mechanism our structure. Several residues near the ASP portion of the
Overall Structure.In the structures of the KDOPBEP active site retain high-temperature factors, indicating the

and KDOPS2 complexes. the enzvme is present as a flexibility of this region. The active site can be described as
tetrameric com Iexp one ,subunit inythe as F;nmetric unit, 2 long narrow cleft in the center of tf§ barrel (Figure 1).

. PieX, one y ' The cleft is shallowest in the ASFphosphate binding site
confirming the conclusion of Radaev et al. about the

tetrameric nature of KDOPSLE). While the overall §/a)s aﬂd br(]actorrkl)(_asd.prog;esavely deeper toward the PEP
barrel structures reported here (Figure 1A) are very similar phosphate binding s e:

to those reported earlier, for our crystal forms, all of the ~KDOPS-PEP InteractionsThe closest contacts of KDOPS
amino acid residues were visible and could be identified. With PEP appear to be salt bridges that form between the
Two peptide loops that were missing in the molecular Phosphate oxygens and Arg168 and His202, while Lys138
replacement search model (Asp2a8ly216 and Ala247 and GIn141 form longer range electrostatic contacts (Figure
Gly251, an active site strand) were identifiableAp— F, ~ 4A). The carboxylate group of PEP lies between His202 and
difference maps and could be traced (Figure 2). The two Asn62 and points into the cleft toward the A5P_ binding site.
structures presented in this report are almost identical with Radaev et al.15) proposed that three lysine residues (Lyss5,
each other (rmsd values of 0.41 or 0.45 A éocarbons or  Lys60, and Lys138) might interact with the carboxylate group
all atoms, respectively). The two structures are also very Of PEP; however, at the present level of detail, these three
similar to the two previously solved structures: the rmsd residues are all too distant for the formgtlon of hydrogen
values are 1.3 A for all comparabtecarbon atoms, when ~ Ponds to the carboxylate of PEP. The vinyl group of PEP
our structures are aligned with the structure of Radaev et al.Points outward from the active site cleft and is not within
(15) or with the structure of the Wagner et a7}. However, van der Waals contact _d|stance of any nearby residue. The
since our structures are both more complete and containPhosphate/sulfate ions in the Radaev et) and Wagner
bound substrate/inhibitor, when these regions of the protein €t al- (L7) structures are about 3.3 A away from the PEP
are not included in the calculation, thecarbon rmsd for ph_osphate and are more deeply buried in the active site cleft
the remaining 91% of the protein is 0.70 A. A number of (Figure 1B).

critical residues occupy significantly different positions, and ~ KDOPS-2 Interactions.The structure oR is comprised
these shifts are necessary to accommodate the presence aff three unique molecular fragments: the phosphonate group,
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oxygen atom is within 3.8 A of Nof Lys138 (Figure 4).

The A5P portion oR is stretched along the cleft, exhibiting
many van der Waals contacts with the protein. Residue Arg63
contacts this sugar portion extensively, folding over the
carbon chain of the sugar and shielding sugar carbon atoms
corresponding to C4 and C5 of A5P nearly completely from
the solvent. Carbon atoms C1 and C2 of A5P are relatively
open to the solvent on one face 2fThe phosphate group
of 2, corresponding to that of A5Pphosphate, is in close
contact with the guanidino group of Arg63 (Figure 4B). The
conformation of this side chain differs significantly between
the KDOPS2 and KDOPSPEP complexes (Figure 3).
Residue Ser64 (not shown) is abdi A away from the
closest phosphate oxygen2and does not appear to interact
with the A5P fragment 02, in contrast to earlier indications
by Radaev et al.15). The phosphate/sulfate ions in the
Wagner et al. 17) structure are positioned quite differently
than the phosphonate and phosphate groups of the inhibitor
2. The anion in the structure of Wagner et al7) that
corresponds most closely to the phosphate group of A5P lies
almost completely outside the cleft, ngafl A away from
corresponding phosphate in the structure of the KDQPS
complex (Figure 1B).

Water.The positions of 15 and 21 ordered, protein-bound
water molecules were found in the structures of the KDOPS
PEP and KDOP& complexes, respectively. A single water
molecule in the structure of the KDOFRZcomplex is within
hydrogen-bonding distance of Asn62 (data not shown), which
is the only protein residue that is even remotely close to the
re face of the PEP moiety o2. The absence of a water
molecule positioned more closely to C2 of PEP may indicate
FiGurE 2: Omit maps of the refined coordinates of two loops in that this Watg_r molecule, which is_ mechanis_tically required
the KDOPSPEP strF:Jcture not present in the original moIeF():uIar for nucleophilic attack, may be disordered in the KDOPS
replacement search model (1D9E, subunit A). The two loops addedPEP structure (see the Discussion section).

in the KDOPSPEP and KDOPZ structures include residues 206
217 (panel A) and 245252 (panel B). Following positioning of ~ DISCUSSION

the sequence in unrefined electron density maps and refinement of . . . . . .
the structureF, — F. omit maps were calculated to ensure proper The structural information achieved in this study confirms
positioning. in many aspects the recently reported substrate-free structures
of KDOPS (L5, 17). However, major differences are observed
the carboxylate group, and the A5P group (Figure 1B). The in the conformations of the active site residues responsible
distance between the two phosphorus atomg af the for the binding of both the PEP and A5P substrates (Figure
structure of the KDOP& complex is 11.8 A. This value is  1). Visualization of the PEP and inhibit@rin our structures
intermediate between those observed for the correspondingallows us to rationalize the chemically determined stereo-
interanionic distances (phosphate/sulfate ions) in the structurechemical course of the enzyme-catalyzed reac8pB)( The
of Radaev et al.15) and in that of Wagner et all{) (Figure results of such analysis lead to important implications about
1). It is not unexpected that the observed positions of ions the mechanism of action of KDOPS.
bound at higher ionic strength may vary slightly upon  Stereochemical Control at the PEP Binding Silehe
observation at reduced ionic strength and in the presence ofstrong, well-defined electron density in the map of the
additional constraints imposed by the remainder of the KDOPSPEP complex (Figure 4A) clearly defines the
substrate. The similar general location of bound anions on positions of the two vinylic carbon atoms and of phosphate
the surface of the enzyme, under the variety of experimentaland carboxylate groups of the enzyme-bound PEP. Inspection
conditions, further accentuates the positive electrostatic of the PEP binding site shows that PEP contacts the protein
potential that must be present in this cavifyp,(17). The predominantly through its peripheral phosphate oxygen
phosphonate group @is bound between residues Arg168, atoms, with this phosphate group anchored to the enzyme
Asnl141, and His202 (Figure 4B). In the KDORSomplex, in a configuration that blocks thsi face of the PEP and
residues Lys138 and Arg168 occur in different orientations leaves thae face of PEP largely devoid of close contacts.
than they do in the KDOP®EP complex. In the present By analogy with other small, highly charged substrates, this
KDOPS2 complex, N of Arg168 lies most closely to the  suggests that the driving force for substrate binding is largely
peripheral oxygen atom of the phosphonate group, @fith electrostatic with substantial contributions to the free energy
Lys138 directed away from this phosphonate group. In the of interaction arising from the release of water from the
KDOPSPEP complex, one peripheral phosphate oxygen solvation sphere of PEP upon going from its free to its
atom interacts with the periphera}l Nf Arg168 and a second  enzyme-bound form.
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Ficure 3: Positions of active site amino acid residues which have significant conformational changes upon replacement of the substrate
PEP (from the KDOP&EP structure, yellow) with the inhibit@ (from the KDOPS2 structure, cyan). Oxygens (red), nitrogens (blue),
and phosphorus (magenta) atoms are colored to clarify the side chain positions.

Table 1: Diffraction Data and Refinement Statistics

KDOPSPEP KDOPS2
diffraction data
space group 123 123
cell dimensions a=117.9 a=117.6
resolution (A) 20-2.8 20-2.23
outer shell resolution (A) 2:92.8 2.3-2.23
Rinerge (%) 6.6 9.1
redundancy
overalll/o 6.9 (3.2} 17.1 (2.8}
completeness (%) 85.8 (85%3) 70.6 (14.13
no. of residues 248 248
no. of protein atoms 2193 2193
no. of nonprotein atoms
water 15 31
ligand 10 25
refinement statistics
no. of reflections
working R set 6494 7164
freeR set 317 360
|/o cutoff 3.0 3.0
resolution (A) 8-2.8 8-2.3
R-factor (%) 22.8 22.5
free R-factor (%) 28.1 25.9
geometry
rmsd from ideality
bond length (A) 0.016 0.017
bond angles (deg) 2.5 2.4
improper angles (deg) 2.3 2.2
dihedral angles (deg) 26.1 25.7

a Statistics for outer shell reflections.

bonded. All possible contacts of this®—C oxygen atorm-
those with Q of Asn62 (4.3 A and toward thee face of
PEP), N of Arg168 (4.48 A and toward thsi face), and

N, of His202 (4.36 A and toward the face)—are too far or
are apparently in unfavorable orientations for hydrogen
bonding (Figure 4A). This lack of direct contact to the
P—O—C oxygen atom, resulting in an electron-rich bridging
oxygen, may serve to favor nucleophilic attack by C3 of the
vinylic double bond of PEP onto the electrophilic C1 atom
of A5P (Figure 5A). The observed conformer is also in
complete accord with the observed stereochemical course
of the condensation stef,@). That is, the observed addition
by thesi face of PEP to thee face of the carbonyl of A5P
may be rationalized by the enzyme-mediated direction of
one of the lone pair $porbitals of the bridging oxygen to
be antiperiplanar relative to the newly generateeGChond
(23). Thus by stabilizing the obserd conformer of bound
PEP, the enzyme may awie the C3 atom of PEP to be
more nucleophilic This, indeed, can only be achieved by
the conformer given in Figure 5A, while its opposite
conformer (Figure 5B) would lead to addition to the wrong
(i.e., re) face of PEP.

A second important feature of the interaction of PEP with
KDOPS arises from how PEP’s carboxylate group interacts
with the protein. This carboxylate group is distant from the
nearest protein residues. Atom 'Qif the carboxylate is 4.0
A away from either nitrogen atom Mr N;s of His202. Atom

Two features of PEP’s interaction with the enzyme are of 02 lies 3.8 and 3.6 A away from these nitrogen atoms and
importance. First, while the carboxylate oxygen atoms, the lies 4.3 A away from Nof GIn205 (Figure 4A). Additionally,
bridging oxygen atom of the phosphate, and all three of the the positive charge of His202 is largely compensated by its
carbon atoms are coplanar, the phosphate group extends froninteraction with the anionic phosphoryl group. All of these
this plane toward thai face of the PEP molecule (Figure observations suggest that the carboxylate group of PEP
4A and Figure 5A). Such a distinct conformational selectivity should bear a full, albeit delocalized negative charge. Two

of KDOPS in its recognition and binding of PEP is likely to

important mechanistic advantages may be drawn from this

be of some mechanistic significance. Indeed, the bridging implied ionization state of the carboxylate group of enzyme-
oxygen atom (P-O—C) appears not to be strongly hydrogen- bound PEP.
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A

His202

Ficure 4: Interactions within the KDOPS active site. (A) Interactions between KDOPS amino acid residues and PEP in theREFOPS
crystal structure. PEP carbon atoms are in yellow; all other atoms are colored according to the CPK scheme. A sdgfierFfedectron

density omit map, contoured at &,5shows unambiguous density for the PEP molecule in the configuration shown. Residues Asn62 and
Arg63, which interact weakly with the PEP substrate, are depicted to show the difference between the tight contact wiifé&EeRied

the weaker contact with thee face. (B) Interactions between KDOPS residues and inhilditécyan carbon atoms) in the KDOFS
structure. A section of &, — F¢ electron density omit map, contoured atd,.8hows unambiguous density fBr Strong contacts between

the protein an® are seen on both phosphate and phosphonate ends and with the carboxyl group.

of PEP and thereby facilitates nucleophilic attack by water
at this position.

A second advantage of maintaining a negative charge on
the carboxylate group of PEP in the KDOPS reaction is that
such negative charge should inductively stabilize the partial
positive charge that is present on C2 of PEP in the transition
state of the condensation stefa(Scheme 1). Similar rate
FiGure 5: Two conformers of PEP. The phosphate;Rfboup enhancements due to a negatively chargechrboxylate
extends from the plane of the PEP molecule either_ tOWQI’dSithG group are well documented in the acid-catalyzed hydrolysis
face (A) or toward thee face (B). One of the lone pair orbitals of ¢ KDO-2-phosphates2d). Thus, although at this stage of

the bridging (P-O—C) oxygen is oriented to either the face (A) ) ST -
or thesi face (B) of the molecule so that is antiperiplanar relative NVestigation it is not clear whether the formation of new

to the newly generated-6C bond between C3 of PEP and the C1 C—C and C-O bonds during the condensation step is a
aldehyde of A5P. The R group represents the remaining sugarsynchronous or stepwise process, the current results on the

portion of ASP. position of PEP in its binding pocket would suggest that these
processes should occur in a stepwise manner. The initial
The first such advantage is that the inductive electron- formation of a transient oxocarbenium intermediage or
donating characteRd) of the negatively charged carboxylate an early transition state having oxocarbenium character, must
group is expected tancreasethe nucleophilicity of the be followed by the capture of water at the cationic C2
double bond of PEP, an important requirement for the first position to complete the formation of acyclic intermedihte
event of the coupling step. Neutralization of the charge of (Scheme 1). The opposite sequence of steps, the initial
PEP’s carboxylate group (e.qg., through either strong hydrogen-nucleophilic attack of water at C2 of PEP and subsequent
bonding or salt-bridging interactions) would have led to a coupling of carbanionic C3 with the carbonyl of A5P, is very
strong decrease in the nucleophilicity of the double bond unlikely because it would require a highly activated hydrox-
due to the electron-withdrawing character of “neutral” ide ion and strong neutralization of PEP chargg),(which
carboxylic acid 24). The strongly reduced nucleophilicity —are not observed in KDOPS.
of the olefin in the neutral carboxylic acid form of PEP is The suggested stepwise mechanism for KDOPS is further
independently indicated (1) by the prior observation that the indicated by results obtained through mechanistic experi-
enolic O-C2 bond exhibits partial double bond character in ments with2 (11), with analogues of PEP27), and with
several different small molecule crystal structures of monoion- intramolecular models of the KDOPS-catalyzed reactis). (
ized PEP 25) and (2) by crystal structure analysis of the Furthermore, the same oxocarbenium ion transition state of
enolase-catalyzed transformation of PEP to 2-phospho- PEP has been suggested earlier to account for the enzymatic
glycerate (PGA)Z6). In this enolase reaction, the negatively reactions ofMurZ (29) and EPSPS30). These enzymes
charged carboxylate group of PEP is strongly neutralized catalyze the enol ether transfer from PEP to their respective
by a catalytic M@" ion situated at 2.4 A from both oxygen cosubstrate alcohols and represent a different distinct class
atoms of the carboxylate group. Such neutralization of the of enzymatic reaction involving the same—O bond
carboxylate charge leads to increased electrophilicity at C3 cleavage of PEP and the same stereospecifgt face
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addition of an electrophile at C3 of PEP, which is observed nistic characterization of both enzymes and of site-directed
for KDOPS @). mutants of these enzymes.
This commonality in stereochemical course of the reaction  The ASP Binding Sité2revious studies have demonstrated

further strengthens the mechanistic links between these twothat KDOPS acts upon the acyclic (aldehyde) form of ASP
distinct classes of enzymes and may also indicate a structuraf?) and that initial binding of either PEP or ASP leads to
and evolutionary relationship between these two clasges ( kmgucally competent catalysid@). In add|t!on, the recent
We therefore suggest that, although PEP-bound structuresS0lid-state REDOR NMR datdl4) on the binary KDOPS

are not yet available for EPSPS aNtlirZ, the recognition ~ ASP complex strongly suggested that both the and

and binding of PEP by these enzymes should resemble thaf’-furanose forms of ASP, which constitute more than 97%
by KDOPS. Moreover, although the-@ bond cleavage of of its anomers in solut_lon, are t_he primary forms which bind
PEP represents an unusual class of PEP reaction, thd© KDOI_DS. The rationalization _for these accumulated
stereospecific i face addition at C3 of PEP is consistent ©bservations was that bound cyclic ASP should be able to
for nearly all PEP-utilizing enzymes, and this poses some OP€n up to its acyclic form before the chemistry of the©
intriguing evolutionary questions regarding a common PEP coupling step occurs. The structural data that we present here
binding motif @, 8, 13, 31). Indeed, a search of 3D structures [OF the ASP region of the KDOP& complex strongly

of PEP-utilizing enzymes in the Protein Data Bank reveals SUPPOrt this assumption. _

that yeast enolase26), PEP-carboxylase (PEPCB2), First, while the two hydroxyl groups corfes_po.ndmg to€2
pyruvate kinase (PK)33), and pyruvate phosphate dikinase OH and .C3.—OH of the ASP portion of the inhibitor are cIo;e
(PPDK) (34) all have similar PEP binding domains that form {0 Or within hydrogen-bonding range of a few possible
ana/B barrel. While it had only been clearly demonstrated nydrogen bond donors and acceptors on the enzyme, two
that PEP binds to enolase with its phosphate group extending®ther hydroxyl groups corresponding to €0H and C4-

from thesi face @6) (Figure 5A), model studies with metal- ©OH have no neighboring hydrogen-bonding atoms from the
bound PEPC, PK, and PPDK also predict the identical Protein closer tha 4 A away (Figure 4B). The structure

binding mode for PEP with these enzyma&g)( implies that, aside from the ionic interactions With'the—CS
phosphate group, the €DH and C3-OH may participate
in recognition of A5P through possible hydrogen-bonding
interactions. The C40OH participates through a van der
Waals contact with gof Asn62, and the involvement of

Surprisingly, in contrast to the similarities observed within
the other class of PEP-utilizing enzymes, comparison of the
KDOPS-bound PEP to the PEP molecule bound by the
structurally and mechanistically most closely related enzyme, \ha c1-OH appears to be less direct. In general, much
DAHPS, reveals that DAHPS binds to the opposite confor- though not all, of the ASP portion o fits rather sn,ugly '
mation of PEP (Figure 5B)16). Although the latter structure ’

: . , into the active site pocket, indicating a large degree of van
was determined for the DAHPBEPRPI?" complex, in which

: . der Waals contact. This suggests that much of the free energy
the conformation of PEP may be dramatically perturbed by ¢ ineraction of ASP with KDOPS may be entropic in origin,
the unique chemical properties of PH16), it is clear that  aiging from the release of water from the hydration zone of
resolution of this apparent discrepancy b(_atween the b'nd',ngfree A5P, again a common situation for small hydrophilic
of PEP by KDOPS and by DAHPS awaits further experi- |ijgands. Thus the orientation of ASP appears to be driven
ments. by electrostatic and complementary van der Waals interac-
Catalytic Strategies of KDOPS and DAHPEhe recent tions with the protein.
insightful analysis of the structural and evolutionary relation-  The results of some earlier experimental observations of
ship between KDOPS and DAHPS led Radaev etld) (0 the interactions of deoxy analogues of A5P with KDOPS
conclude that these proteins evolved from a common ancestoican be rationalized with regard to the geometry of this
and that they follow identical catalytic strategies. In contrast, interaction surface. The analogue 4-deoxy-A5SP serves as a
on the basis of the different structural motifs for the substrate with & value that is similar to that of A5F7],
recognition and binding of PEP by these two enzymes, we while 2-deoxy-A5P and 3-deoxy-A5P do not function either
suggest that the initial elementary steps of their catalytic as substrates or as inhibitors of the enzyn3&).( The
mechanisms might be also very different. Indeed, earlier hydroxyl groups corresponding to EOH and C3-OH of
studies by DeLeo et al3p) and recently by Wagner et al.  A5P both interact predominantly with the one peptide turn
(36) have suggested that C2 of PEP serves as an electrophili¢residues Gly15%Pro152) that becomes ordered in the
center in the DAHPS-catalyzed reaction. Regiospecific attack structures of both the PEP a@domplexes. However, those
by water at this center was proposed to be the initial catalytic corresponding to CtOH and C4-OH of A5P interact
step, followed by addition by C3 of PEP to C1 of E4P. This mainly with residues from the loop, including Arg63 that
mechanism differs from that in the KDOPS reaction, in which folds over the top o in our structure. The results with the
C3 of PEP instead appears to function as a nucleophile indeoxy analogues therefore suggest that interaction with the
the first step. Thus, the functioning of PEP either as a C2 initially disordered 147152 turn is crucial for the proper
electrophile (in DAHPS) or as a C3 nucleophile (in KDOPS) recognition of A5P or its analogues by KDOPS and that some
must be exquisitely controlled by the interaction of PEP with of the favorable binding energy may arise from interaction
these enzymes. This postulated mechanistic difference be-with, concomitant ordering of, and increased intramolecular
tween these two enzymeslespite the apparent chemical hydrogen bonding within the strand that ends at this turn.
similarity in the catalyzed reactiofisn fact can rationalize Second, while the openness of the region surrounding the
the unique requirement for metal ions by DAHPS, but not C1 hydroxyl group predisposes KDOPS to be less sensitive
by KDOPS (). However, it is clear that the complete to variation at this position in the substrate, this openness
resolution of this issue awaits further structural and mecha- also provides sufficient free space to accommodate binding
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by the acyclic form of A5P or by either of A5P’s cyclic
furanose forms (Figure 6). Indeed, the C1, which represents
the anomeric carbon of A5P, is only 3.6 A away from the
hydroxyl oxygen at C4 and is thus sufficiently close to
rationalize KDOPS'’s recognition of the ring-opened form
or of either furanose form. In addition, since the values of
the rate constants for the ring opening of free A5P in solution
are 1 order of magnitude greater than g for KDOPS

(7), the enzyme need not activate bound anomeric forms of
A5P for ring opening. Thus, if we assume that the position
of the C1 hydroxyl of the A5P moiety in KDOP3closely
mimics the position of the A5P carbonyl in its bound acyclic
form (KDOPSAGSP), then KDOP’s active site should allow
the ring closure and the ring opening of A5P to proceed
spontaneously, with little conformational mobility at the
active site. A definitive confirmation of the A5P’s binding
features awaits the determination of the X-ray structure of a
KDOPSASP complex; however, the present structural data
in conjunction with our very recent observations by solid-
state REDOR NMR 14) suggest that A5P’s dynamic
mutarotation (Figure 6), an interconversion between cyclic
and acyclic forms, should be possible at the enzyme active
site.

SUMMARY AND CONCLUSIONS

The two crystal structures of KDOPS that we present here
illustrate the value of protein crystal structural analysis for
characterizing the enzymatic reaction mechanism of KDOPS.

Mechanistic hypotheses have underscored certain specifics 0
of the interaction between the enzyme and the substrate, and “™

these features in turn have provided further clarification of
the details of the enzymatic reaction. The observed stereo-
chemical preference for a distinct conformer of PEP suggests

that the condensation step between PEP and A5P should 22.

proceed in a stepwise manner through the formation of a
transient oxocarbenium ion at C2 of PEP. Comparison of
the observed unique mode of binding by PEP to KDOPS
with the mode of binding by PEP to the very closely related
enzyme DAHPS suggests that their initial elementary steps
of catalysis are different. This postulated mechanistic dif-

Biochemistry, Vol. 40, No. 21, 20056333

ference between these two enzymes can rationalize the
unique requirement for metal ions by DAHPS, but not by
KDOPS, even though the chemical reactions catalyzed by
both enzymes appear to be remarkably similar.
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