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ABSTRACT. We have determined the crystal structures of the metalloenzyme 3-dem&ynceoctulosonate
8-phosphate (KDO8P) synthase frakquifex aeolicusn complex with phosphoenolpyruvate (PEP) and
ribose 5-phosphate (R5P), and with a bisubstrate inhibitor that mimics the postulated linear reaction
intermediate. R5P, which is not a substrate for KDO8P synthase, binds in a manner similar to that of
arabinose 5-phosphate (A5P), which is the natural substrate. The lack of reactivity of R5P appears to be
primarily a consequence of the loss of a water molecule coordinated?oadd located on thsi side

of PEP. This water molecule is no longer present because it cannot form a hydrogen bond with C2-
OHR5P which is oriented in a different direction from C2-®#. The bisubstrate inhibitor binds with its
phosphate and phosphonate moieties occupying the positions of the phosphate groups of A5P and PEP,
respectively. One of the inhibitor hydroxyls replaces water as a ligand ©f. Ctle current work supports

a mechanism for the synthesis of KDO8P, in which a hydroxide ion ositbiele of PEP attacks €2,

forming a tetrahedral-like intermediate with a buildup of negative chargef&O3he ensuing condensation

of C3PEP with C145P would be favored by a proton transfer from the phosphate moiety of PEP to the
aldehyde carbonyl of A5P to generate the hydroxyl. Overall, the process can be descrilsgdaidition

of water and A5P to thsi side of PEP.

3-Deoxyb-manneoctulosonate (KDJ)is an essential  of normal growth and functiorsj. This observation, coupled
component of the lipopolysaccharide (LPS) of all Gram- with the fact that KDO is present only in Gram-negative
negative bacterialf. This eight-carbon sugar is the first bacteria and plant&), suggests that a valuable chemothera-
component of the oligosaccharide core region that links the pic strategy may be based on the inhibition of the synthesis
lipid A moiety of LPS to the O-antigerlj. The importance  and incorporation of KDO into LPS.
of KDO for cellular homeostasis and growth was first  The first step in the synthesis of KDO is the condensation
recognized by Rick and Osborg)(with the isolation of a of arabinose 5-phosphate (A5P) and phosphoenolpyruvate
temperature sensitive mutant &almonella typhimurium  (PEP) to form KDO 8-phosphate (KDO8P), the phosphor-
defective in KDO synthesis that accumulated incomplete LPS ylated precursor of KDO, catalyzed by KDO8P synthase
and was severely compromised in DNA, RNA, and protein (KDO8PS, EC 4.1.2.168]J. Two distinct classes of KDO8P
synthesis§). Characterization of this and other mutant strains synthases have been identified differing primarily in the
of S. typhimurium(4, 5) has shown that disruption of LPS requirement, or lack thereof, of a divalent metal ion for
through inhibition of KDO synthesis leads to severe alteration activity (9, 10). We have recently determined the crystal

structure of one member of the metal-free class Bbeheri-

T This research was supported by U.S. Public Health Service Grants chia ,C,OI' enzyme {1, 12), and of one member of the metal?
Al42868 to D.L.G. and GM53069 to R.W.W. H.S.D. was a recipient equiring class, the enzyme from the hyperthermophile
of a NSERC (Canada) postdoctoral fellowship. Aguifex aeolicug13). A structural investigation of th&.

* The structure factor amplitudes and the refined coordinates of ;
aeolicuskDO8PS in the complexed states described in this study have coli enzyme has been reported also by Wagner etld). (

been deposited in the Protein Data Bank (entries 1JCX and 1JCY). and more recently by Asojo et all). In this latter study,
“*To whom correspondence should be addressed: Department ofboth the position of PEP and the mode of binding of a
Biochemistry and Molecular Biology, Wayne State University School - pisubstrate inhibitor were determined. The structuredof
gl'\?i')eg%r_‘g’?(%?tgf%a'\iﬂ' ﬁ%%%gg;ﬁg?}ﬁ . éﬁg&nge?gaf%' Fax: aeolicuskDO8PS in complex with various combinations of
sWayne State University School of Medicine. the natural substrates ASP and PEP and of the activating
""University of Michigan. ion Cc*" (which elicits a 250-fold rate enhancement with
! Abbreviations: KDO, 3-deoxy-manncoctulosonate; KDOSP, respect to the metal-free enzynii)) provides the highest

3-deoxyp-manneoctulosonate 8-phosphate; KDO8PS, 3-deoxy- . . .
manneoctulosonate 8-phosphate synthase; DAH7P, 3-deeasabino level of definition (1.8 A resolution) achieved so far for these

heptulosonate 7-phosphate; DAH7PS, 3-demgrabinoheptulosonate  €nzymes 13). Of particular note is the fact that sinde
g-pEOSpEa:e ;)gghaze: PSEPH ph?]srghoggilp%/ruxate;hAﬁP, ?rtablzgsl%\eolicus KDOS8PS is fully active at 95°C and has no
-phosphate; , ribose 5-phosphate; , 2-phosphoglycolate; API, . :
{[(2,2-dihydroxyethyl)(z,3,4,5-tetrahydroxy-6-phosphonooxyhexyl)- getﬁc,;as?:l)e a((;tl\F/)ltEbee|OV|Vd3§C (156)’ a teJr.]art)t/] Complte)i Wlthh_ h
amino]methy} phosphonic acid; rms, root-mean-square; H, helix; S, PO an could be observed In the crystals, whic

strand; L, loop. are stable only below 10C.
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4.1.2.15) is very similar to KDO8P synthesis, requiring the
condensation of erythrose 4-phosphate (E4P) and RBP (
The recently determined structure f coli DAH7PS (14,

R4 Qeved LY ' 25) confirms that KDO8PS and DAH7PS are not only
B S O, mechanistically but also structurally related, and that they
L7 \* probably originated from a common ancestor. Interestingly,
L8 i i
Q188 while two different groups or classes of KDO8P synthases

have been recognized with respect to their requirement for
a metal 0), all known bacterial and eukaryotic DAH7P
synthases require divalent metals for activi2g,(27). With
regard to this point, it is possible that the absence or presence
of metal in the active site may be associated with subtle
differences in the way the reaction progresses. For example,
Asojo et al. (5 have proposed that nonmetallo KDO8P

Clig | WAT,
.4185?'\'

E222 Tc, L

S8 PE: o0 e w‘* synthases form the postulated linear reaction intermediate
P P O WaAT A102 stepwise via a transient oxocarbenium ion af€2Scheme
\ 1, path A). In contrast, Duewel et all3) and Wagner et al.
S2 K124 (28) favor for both metallo-KDO8PS and DAH7PS an attack
K41 S5 by a hydroxide ion on CZF with formation of a transient
C3 carbanion as originally proposed by Hedstrom and Abeles
(21) (Scheme 1, path B). In this study, we present new
FiGure 1: A. aeolicuskDOBPS active site with A5P and PEP. evidence that the latter mechanism is operationalAin
The Gx trace and side chains of the enzyme are shown with salmon aeolicuskDO8PS, which is a metallo synthase.
and white bonds, respectively. A single residue, Arg106, originating

from a different monomer in the same asymmetric unit, is shown EXPERIMENTAL PROCEDURES
with khaki bonds. The coordination of the €don is shown as

transparent light green bonds. Hydrogen bonds are shown as Pprotein Crystallization and Structure DeterminatioFhe

transparent dashed light blue lines. Atom colors are as follows: ASP—PEP bisubstrate inhibitof [(2,2-dihydroxyethyl)-
nitrogen, blue; oxygen, red; carbon, orange; sulfur, yellow; ’ y yethy

phosphorus, pale biue; and cadmium, cyan. PEP is shown as a ball{2,3,4,5-tetrahydroxy-6-phosphonooxyhexyl)aminojmgthy|
and-sticks model with gold bonds; tiséside of PEP is pointing ~ phosphonic acid (abbreviated APl in Scheme 1 and Figure
up and to the left, and the side is pointing down and to the right.  2), containing both the ASP and PEP moieties, was synthe-
ASP is shown as a ball-and-sticks model with green bondstehe  gjze( according to the method of Du et &9); Crystals of

face of the aldehyde carbonyl is pointing toward $htace of PEP. . . .
Note the presence of two water molecules, one, which is also arecomblnanA. aeolicuskDO8P'S belonging to space group

ligand of C&*, on thesi side of PEP and a second on tfeeside, P3:21 (@ = b = 84.3 A, c = 159.5 A) were obtained as
hydrogen bonded to one of the oxygens of the phosphate moiety.described previouslyl@) and incubated in a cryoprotectant
These two water molecules are equidistant frofif€Zoordinates holding solution consisting of 100 mM sodium acetate (pH
for this figure are from PDB entry 1FWWLE). 4.8-4.9), 21% polyethylene glycol 4000, 16% glycerol, 5%
ethylene glycol, 10Q«M CdClk, and one or more of the
following: 10 mM R5P, 5 mM PEP, and 10 mM API. At
the pH of this holding solution, the enzyme is 25% active
(H. S. Duewel, unpublished observation). Data sets were
collected at 100 K with a R-axis IV image plate detector at
the Cu Ko wavelength (Table 1). Oscillation data were
processed with HKL30). Model refinement was carried out
with CNS version 1.0 using cross-validated maximum
likelihood as the target functio{). Solvent molecules were
added during the final stages of refinement after the protein
model had stabilized. Least-squares superpositions were
carried out with the program LSQMANBR). Figures were

of CFEP to the re face of the A5P carbonyll—20), and drawn with Molscript 83), Bobscript 84), and Raster-3D

suggests that the reaction leads to the formation of a Iinear(35)'

tetrahedral intermediate as originally proposed by Hedstrom pegyTs

and Abeles?1) (Scheme 1). In the final step of the reaction,

phosphate release occurs by cleavage of th®Cather than Structure of the Enzyme in Complex with R5P and PEP.
the P-O bond. As a consequence, the anomeric oxygen of R5P and A5P are epimers differing only in the configuration
the product KDOS8P originates from bulk solve@s). This of the C2 chiral center. The C2 hydroxyl of A5P is not
unusual cleavage of the-€D bond has been observed in expected to be involved in the condensation of A5P and PEP
very few other enzymes, namely, UNPacetylglucosamine  or in the cyclization of the linear intermediate to form
enolpyruvyl transferase (MurA), 5-enolpyruvylshikimate-3- KDO8P. Therefore, it is of great interest to understand why
phosphate (EPSP) synthase, and 3-dem@yabino-heptu- R5P is not a substrate for the enzyme while A5P is. Just as
losonate 7-phosphate (DAH7P) synthas2?, (23). The A5P forms a ternary complex with PEP in the active site of
reaction catalyzed by DAH7P synthase (DAH7PS, EC A. aeolicusKDOS8PS (3), so does R5P (Figure 2A,B). As

The general features of the reaction of KDO8P synthesis
have been elucidated. The structure ofAhaeolicusnzyme
in complex with both A5P and PERY) reveals that PEP
binds at the bottom of the active site cleft, with the acyclic
aldehyde form of A5P immediately above it (Figure 1). This
observation is consistent with the previous finding that
4-deoxy-A5P, which cannot form a ring, is a good substrate
for KDO8PS (L7). PEP and A5P are held in place primarily
by interactions of their phosphate moieties with several active
site residues. The relative position of the two substrates in
the active site confirms earlier evidence that their condensa-
tion is stereospecific, involving the addition of tlseface



15678 Biochemistry, Vol. 40, No. 51, 2001 Wang et al.

Scheme 1: Biosynthesis of 3-Deoxyrtinnoeoctulosonic Acid (KDO8P) from Arabinose 5-Phosphate (A5P) and
Phosphoenolpyruvate (PEP)

°\HL Fo &»( 8

21n path A, the postulated linear reaction intermediate (INT) is formed stepwise via a transient oxocarbenium [fitae€&acts with water.
In path B, attack by a hydroxide ion on &2leads to a transient carbanion at'€3hat reacts with C*P. The bisubstrate inhibitor (API) is shown
in the inset delimited by a dashed line. Transient species are in brackets and are marked with a double daggar (f) symbol. Only the hydrogens
derived from the attacking water or hydroxide ion are shown. Charges on the carboxylate, phosphate, and phosphonate moieties are not shown.

described by Duewel et all18), A5P binds in the active  bonded to a water molecule that is coordinated to the active
site of only one of the two molecules of KDO8PS present site Cd* (Figure 1). In contrast, the C2 hydroxyl of R5P
in the asymmetric unit of the crystal. When this happens, points in a different direction and is not optimally oriented
the L7 loop, which is otherwise disordered, closes onto the to accept a hydrogen bond from the water molecule
substrate and seals the active site from the external environ-coordinated to Ct (Figure 2A,B). The loss of this hydrogen
ment (Figure 1). In addition to interactions between residues bond may be the primary reason this water molecule is not
of the L7 loop and the phosphate moiety of A5P, a weak observed in the complex with R5P. In contrast, the water
hydrogen bond to the bridging oxygen of the A5P phosphate molecule typically located on the side of PEP is present

is formed by the guanidinium group of Argl06 belonging also in the ternary complex with R5P. The distance between
to the other molecule of KDO8PS present in the asymmetric C3E” and CISP/RSP js essentially unchanged in the two
unit. All of these interactions are retained when ASP is complexes and therefore is not expected to be a major
replaced with R5P. Like A5P, R5P binds only to one of the determinant in explaining the different reactivities of ASP
two molecules of KDO8PS in the asymmetric unit; the other and R5P.

molecule binds only PEP, and a phosphate ion occupies the Structure of A. aeolicus KDO8PS in Complex with an
position corresponding to the phosphate moiety of R5P. Inhibitor Containing both A5P and PEP Moieties.bisub-
Furthermore, in the active site in which R5P binds, the L7 strate inhibitor of KDO8PS (AP for “APed nhibitor) Mimick-

loop is ordered and contributes to stabilizing this substrate ing the postulated reaction intermediate (INT in Scheme 1)
analogue (Figure 2A,B). The electron densities for the carbon contains an A5P moiety and a PEP-like moiety that bears a
backbone and the aldehyde carbonyl of R5P are well-defined,phosphonate instead of a phosphate group and an amine at
and the positions of the hydroxyl groups, although not the position corresponding to €2 (29). In addition, one
directly visible, can be inferred on the basis of the known extra carbon atom separates the carboxylate group from the
configuration of the chiral centers. As expected from the fact amine. With aK; of 3.3 uM for the E. coli enzyme and of
the A5P and R5P are epimers, the most notable difference7.0uM for the A. aeolicusenzyme, this compound is among
between these two compounds resides in the orientation ofthe most potent inhibitors of KDO8PRE H. S. Duewel,

the C2 hydroxyl. When A5P binds, this hydroxyl is hydrogen unpublished observation). Overall, the inhibitor fits well in
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FiIGURE 2: A. aeolicusKDOS8PS active site with R5P and PEP or with a bisubstrate inhibitor. The color coding and viewpoint are the same
as in Figure 1. (A) Relative positions of PEP and R5P inside one of the two active sites contained in the asymmetric unit. Note the
incomplete octahedral coordination of €dacking one equatorial ligand (a water molecule that here is missing), with respect to when A5P

is bound (Figure 1). (B) SigmaA-weighted omit map of PEP and R5P contoured @aivtl® the section of the refined model already
shown in panel A. (C) Model for the bisubstrate inhibitor (API) containing both PEP and the A5P moiety. Note the direct coordination of
one of the inhibitor hydroxyls to Cd and the absence of the additional stabilization of the phosphate moiety of the inhibitor by Ser197,
which instead occurs when either A5P (Figure 1) or R5P (panel A) is bound. (D) SigmaA-weighted omit map of the inhibitor contoured
at 0.9 with the section of the refined model already shown in panel C. The electron density of the carboxylate group and of one of the
hydroxyls is not well-defined.

an area covering the combined binding sites of A5P and PEP,site is shown in Figure 2). A water molecule is hydrogen
and its phosphate and phosphonate moieties occupy, respedsonded to the nitrogen, occupying the same position of a
tively, the positions of the phosphate moieties of the two water that in the enzyme with PEP is located onréaside
substrates (Figure 2C,D; compare this to Figure 1). Crystalsof C2°EP. In contrast, the water molecule usually located on
of A. aeolicusKkDO8PS are maintained in a holding solution the si side of PEP and coordinated to €ds completely

at pH 4.8. At this pH, API should be in the form of a displaced by the hydroxyl group of API that corresponds to
guaternary amine (Scheme 1). However, the electron densitythe aldehyde carbonyl of A5P. Overall, the active site of the
of the carboxylate group is not well-defined, and therefore, enzyme undergoes only minimal changes to accommodate
it is not possible to determine unambiguously the nitrogen the inhibitor. The largest changes with respect to the enzyme
chirality (the configuration that gives the best fit in the active with bound A5P, or with both A5P and PERJ), are
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in addition to a water molecule on teeside of CZEdirectly
coordinated to the active site metal, there is also a water

Table 1: Data Collection and Refinement Statistics

RSP and PEP AP molecule on thee side of CZFPthat might be activated by
data collection A a nearby base. The structures presented in this study help
Leos_%'?ﬂ]o;ag:grengn)ts 21119281 27;313';3390 clarify the role played by these two water molecules in the
no. of unique reflections 46090 58558 condensation reaction. When R5P and PEP bind in the active

(fedundancy 9.1 14.3 site of A. aeolicusKDO8PS, a water molecule is present on
completeness (%) 87.8 94.2 the re side of PEP, but not on thsi side (Figure 2A,B).
gmme‘;iﬂm(% ) %.164 é_léo This is possibly the_co_nse'quenqe of.the fgct that the C2 OH
refinement group of R5P is pointing in a direction different from that
Reryst (%) 20.2 20.6 of A5P and is not optimally positioned to stabilize the water
Riee (%) _ 23.1 22.9 molecule on thesi side of PEP. It is worth noting that the
28: 8; ﬂt'gfmag'@imes 52%86 g%% orientation and distance of the aldehyde moieties of RSP and
B(A?) 36.7 34.1 A5P from C3EPare almost identical. Thus, the absence of
oa coordinate error (A) 0.26 0.19 the water molecule located on thieside of PEP is the most
rmsd for bond lengths (A) 0.005 0.005 notable effect of the binding of R5P with respect to that of
ng ;8; gmcég}g'?dsegj)eg) 212'.45 354 AS5P, and appears to be the primary reason for the lack of
rmsd for impropers (deg) 0.81 0.83 reactivity of R5P toward PEP. This observation cannot be

= . , . easily explained with the mechanism postulated by Asojo et

aFor each condition, diffraction data were collected from a single | di hich d hould b f
crystal at 100 K® Rperge= 353 1ll(h) — D(R)US 4l (), wherel(h); al. (1&_3), according to which R5P and A5P should be equally
is the ith measurement.Reyst = Y |Fobs — Feaid/Y |Fobd. Riee WaS reactive toward PEP.
calculated on 10% of the data omitted from refinementcoordinate The bisubstrate analogue utilized by Asojo et &) (with
error was cglculated with CNS§). MeanB values were calculated the E. coli enzyme, and by us in this study (Figure 2C,D)
from the refined models. mimics an intermediate of the reaction immediately anteced-

) . ) . . ent to phosphate release. However, this compound does not

observed in the positions of the side chains of His185 and appear to bind similarly in theE. coli and A. aeolicus
Arg106 and in the residues of the L7 loop. The imidazole enzymes. Asojo et al16) have reported two structures of
ring of His185 moves away from the PEP moiety of APl £ ¢|iKDOSPS from crystals maintained in a polyethylene
probably to make space for the extra carbon atom connect!ngg|yco| (PEG)-based holding solution, one in complex with
the amine and the carboxylate group. The L7 loop is pgp (PDB entry IG7U), and one in complex with the
disordered, and Arg106 of the other molecule pulls away pisypstrate inhibitor (PDB entry 1G7V). In both structures,

from API phosphate moiety (Figure 2C,D). Finally, while = he phosphate moiety of PEP and the phosphonate moiety
ASP binds to only one of the two molecules of the enzyme ot the inhibitor occupy approximately the same position.
in the asymmetric unit, the inhibitor binds to both molecules. yowever. this position does not correspond to the position

DISCUSSION pf a sulfate or phosphate ion ob_served by Radaev et gl. (
in the structure of theE. coli enzyme from crystals

More than a decade ago, Hedstrom and Abed (  maintained in ammonium sulfate, and interpreted as repre-
proposed that the enzymatic condensation of PEP and A5Psenting the position of the phosphate moiety of PEP.
to form KDOSP proceeds via attack by water aPE&2while Interestingly, a superposition of eight different X-ray struc-
C3FPis added to the aldehyde of A5P; this process would tures, includingE. coli KDO8PS as determined by Asojo
yield a linear intermediate (INT in Scheme 1). Recent (15), Radaev 11), and WagnerX4), A. aeolicusKkDO8PS
crystallographic studies of KDO8PS and of the homologous (ref 13 and this study), an&. coliDAH7PS @5, 28), shows
enzyme DAH7PS X1, 13 14, 28) have largely confirmed that in all except the Asojo structures (corresponding to the
this hypothesis. However, a recent mechanistic complication P3 cluster in Figure 3), the positions of an isolated sulfate
has been introduced by the discovery that two classes ofor phosphate ion, of the phosphate moiety of PEP or
KDOS8P synthases exist, one requiring metal for activity and phosphoglycolate (PGL), and of the phosphonate moiety of
one not 9, 10). All known DAH7P synthases require metal, API coincide almost perfectly (P1 cluster in Figure 3).
and thus should be equivalent to metallo-KDO8PS. Particular Likewise, the positions of an isolated sulfate or phosphate
importance has been attributed to the difference betweenion and of the phosphate moieties of A5SP and API are all
nonmetallo KDO8PS and metallo-DAH7PS by Asojo et al close to each other (P2 cluster in Figure 3) with the exception
(15), who have proposed that nonmetallo KDO8P synthasesof the Asojo structure of the API inhibitor bound to tEe
form the postulated linear reaction intermediate via a transientcoli enzyme (P4 position in Figure 3). Thus, although
oxocarbenium ion at C2P (Scheme 1, path A). Water internally consistent, the two structures®fcoli KDOSPS
addition at C2 would then be facilitated by the positive reported by Asojo appear to be at odds with the structures
charge of the transient intermediate, leading to the formation of KDO8PS from E. coli or A. aeolicus and with the
of a tetrahedral intermediate. In contrast, a reaction path structure of the functionally and structurally homolog&is
based on an initial attack by water at®€2(Scheme 1, path  coli DAH7PS. It is unlikely that the differences in the
B) would require the formation of a hydroxide ion and is observed location of phosphate and of the phosphate or
therefore more likely to occur in metallo-KDO8PS and phosphonate moieties of PEP, A5P, or APl in the active site
DAH7PS, in which direct coordination of water by the metal of these enzymes are due to differences in the precipitant
would favor its deprotonation. However, Duewel et aB)( (PEG or ammonium sulfate) used to obtain and maintain the
have noted that iA. aeolicusKDO8PS, a metallo synthase, crystals. For example, the structure Bf coli KDO8PS
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Ficure 3: Clustering of the binding sites for different ligands in the active sites of KDO8PS and DAH7PS.d trad@s of the eight
independent structures of KDO8PS and DAH7PS were superimposed and the relative positions of the active site ligands determined. They
are shown here in stereoview against the common backgrouidaafolicusKkDO8PS (represented in the same orientation as Figure 2, but

with transparent bonds). The superimposed ligands are sulfate or phosphate ions (PDB entries 1D9E and 1GGO0), PEP (PDB entry 1G7U),
and API (PDB entry 1G7V) bound in the active siteEbtoli KDO8PS; PEP and A5P (PDB entry 1IFWW) or API [PDB entry 1JCX (this

study)] bound in the active site &. aeolicuskDO8PS; and phosphate and PEP (PDB entry 1QR7) or phosphate and PGL (PDB entry
1GG1) bound in the active site &. coli DAH7PS. Isolated phosphate ions are represented with blue bonds, PEP and PGL in gold, and
A5P and API inA. aeolicuskDO8PS in green; API irkE. coli KDO8PS is shown in magenta. P1 and P2 mark the positions of phosphate

or phosphonate ligands in a group of six consistent structures [PDB entries 1D9E, 1GGO0, 1GG1, 1IFWW, 1QR7, and 1JCX (this study)];
P3 and P4 mark the positions of phosphate or phosphonate ligands in two outlier structures (PDB entries 1G7U and 1G7V). Least-squares
superpositions were calculated with the program LSQMAR).(

reported by Radaev et all]) was in ammonium sulfate and  for bond formation. Significant mobility of ASP in the active
is consistent with the structure of tie aeolicuskDO8PS site of the enzyme was already noticed by Duewel et al.
in PEG determined by Duewel et al3). Finally, it should (13): “...the active site (...) allows significant conformational
be noticed that the API position as observed by Asojo (Figure flexibility to ASP. An interesting possibility is that the (...)
3, magenta trace) is such that the bond between the A5Pconformations of A5P reflect the affinity of the enzyme for
and PEP moieties of the inhibitor is directed along the bond A5P (or for the chemical groups originating from A5P) at
between C2 and the carboxylate group of PEP rather thandifferent stages of catalysis. At the start of the reaction, water
along the general direction of the €Z3 bond, as would  may be necessary as a simultaneous ligand of the metal and
be expected if this compound was reporting the correct of A5P to favor the formation of a bond between PEP and
position of the linear intermediate. In this study, we show AS5P (...). Once the reaction intermediate is formed, then that
that the same bisubstrate inhibitor is instead positioned in part of the molecule that originated from A5P could be
the active site oA. aeolicusKkDO8PS in such a way that its  stabilized via a direct interaction with the metal.” In the
PEP moiety overlaps PEP almost perfectly, and its A5P panels of Figure 4, we have modeled the minimal positional
moiety overlaps A5P, suggesting that the position of the and conformational changes necessary to convert A5P and
inhibitor in theA. aeolicussnzyme may reflect more closely PEP into KDO8P and inorganic phosphate following the
the binding mode of the reaction intermediate (Figure 3, reaction coordinate postulated in path B of Scheme 1. The
green trace). positions of the phosphate groups were left unchanged in
What is the likely course of the reaction of KDO8P the various steps of the modeled reaction, because it is clear
synthesis as suggested by the studies presented here? Thbat these groups represent the primary anchors of the
observation that the only significant effect of the binding of substrates, the intermediate and the product inside the active
R5P is the loss of the water molecule coordinated by'Cd site (see Figures-13). Therefore, any reorientation of the
and the fact that R5P is not a substrate indicate that thistwo substrates necessary to bring together the reactive groups
water may be essential for the condensation step of thewas achieved only through modification of the various
reaction. This water molecule is in van der Waals contact torsion angles. Panel A of Figure 4 shows the postulated
with the si face of C2®F and its coordination to Cd is attack onto thesi side of PEP by a water (colored in red)
expected to lower its K., favoring deprotonation to a activated by C&". The predicted relative position of PEP
hydroxide ion and the attack on &2 The consequent and A5P at the moment of bond formation is such that the
concentration of negative charge at"€3would drive the 2-OH group of A5P would replace water in the coordination
condensation between &3 and C®5P. According to this of Cc?™ (Figure 4B). At that same instant, the carbonyl of
mechanism, the formation of the linear intermediate results the aldehyde moiety of A5P would be within 2.5 A of one
from asynaddition of water to CZand of C3E"to C1AP, of the hydroxyls of the phosphate moiety of PEP. As
Since C1°° and C3EP are more than 3.0 A apart in the condensation between PEP and A5P must be coupled to
structure ofA. aeolicusKDOS8PS in complex with PEP and  conversion of the aldehyde carbonyl to hydroxyl, we propose
A5P (13), some reorientation of the two substrates in the this might occur via proton transfer from the phosphate group
active site must occur to bring the two atoms close enough of PEP to the carbonyl oxygen of AS5P. Phosphate reproto-
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Ficure 4: Model for KDO8P synthesis. Four snapshots along the reaction coordinate from PEP and A5P to KDO8P were modeled keeping
the phosphate groups fixed at their binding sites. Chemical group motions were achieved only through changes in the substrate torsion
angles. Active site residues appear as a transparent background; transition state bonds are represented as dashed lines. (A) Reaction startini
point. The same experimental coordinates used in Figure 1 (PDB entry 1IFWW) are used in this panel; note the water molecule (colored in
red) on thesi side of PEP attacking ¢2° (B) Water attack is complete, generating a tetrahedral center"&f @2d a buildup of negative

charge at C®PF. Reorientation of A5P brings its C2 OH group into the coordination sphere of &t the aldehyde C1 near 8 Note

the proximity of the A5P aldehyde carbonyl to one of the phosphate hydroxyls of PEP, which would favor proton transfer to the carbonyl
and its conversion to hydroxyl. The water molecule (colored in red) onelside of PEP might reprotonate the phosphate. (C) A bond
between CB*Fand C1*Fis formed, producing a linear tetrahedral intermediate (INT of Scheme 1). This intermediate is expected to decay
rapidly into KDO8P and inorganic phosphate (D).

nation could then be facilitated by the water molecule in the homologous DAH7P synthases [see the multiple
(colored in red in Figure 4B) located on theside of PEP. alignment of Radaev et atL{)]. The position of the predicted

As noticed by Duewel et al1@), this water is stabilized by  linear intermediate (INT of Scheme 1) is shown in panel C
a network of hydrogen bonds (not shown in Figure 4) that of Figure 4. The similarity between this model and the
includes one of the hydroxyls of the phosphate moiety of experimentally determined binding mode of API (Figure
PEP, Asp81 and His83. A chain of hydrogen bonds could 2C,D) can be easily appreciated. The main difference resides
be involved in transferring a proton from His83 or Asp81 to in the fact that with API the hydroxyl attached to C1 of the
the phosphate hydroxyl via this water molecule. Asp81 and A5P moiety is coordinated to Gd, while in the INT model
His83 are conserved in all known KDO8P synthases, and athe hydroxyl attached to C2 of the A5P moiety coordinates
glutamic acid is present at the equivalent position of Asp81 the metal. The conformation observed with API can be easily
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reached with the INT model by modifying a few torsion
angles, and may be part of the subtle changes that are
necessary for accommodation of the bisubstrate inhibitor,
which is slightly bigger than INT, inside the active site.

One final question remains. If the function of metalAn
aeolicus KDO8PS (and in all DAH7P synthases) is to
activate a catalytic water, how can nonmetallo KDO8P
synthases catalyze the same reaction? In this context, it is
probably important that in thés. coli enzyme a water
molecule is present in almost the same position as the water
coordinating Céd" in the A. aeolicusenzyme. In thet. coli
enzyme, this water is hydrogen bonded to two bases, the
&-nitrogen of Lys60 and the-nitrogen of His202, which
might favor its deprotonation. However, a more radical view
is taken by Asojo et al.15), who propose on the basis of
their observation of the position of PEP in the active site of
the E. coli enzyme, that nonmetallo KDO8PS may work
differently from metallo-KDO8PS (see above). There is no
explanation at this moment of why the position of PEP
observed by these authors in thecoli enzyme is so different
from that observed by Duewel et all3) in the A. aeolicus
enzyme, and by Shumilin et aR%) in E. coli DAH7PS. It
is possible, however, that the structures reported by Asojo
represent a particular conformational transition that is absent
in metallo-KDO8PS. Thus, while evidence is mounting in
favor of a direct role by water in the activation of PEP in
metallo-KDO8PS, additional studies will be necessary to
clarify this point in nonmetallo synthases.

One of the important observations resulting from our
studies ofA. aeolicusKDO8PS (13 is that substrate binding
controls the opening or closing of the active site to the
surrounding environment. When both A5P and PEP are
bound, the L7 loop is well-ordered and isolates the active
site from bulk solvent. If either A5P alone or PEP alone
binds, the loop is not ordered. It was also noticed that A5P
(or R5P) binds to only one of the two active sites of the
dimer contained in the asymmetric unit. If one considers that
the tetramer, which can be generated by application of crystal
symmetry, is the native form of the enzymEl{-15), then
it becomes clear that binding of A5P occurs at the active
sites located on only one of the two faces of the enzyme
(13). When A5P binds together with PEP, the associated
ordering of the L7 loop also takes place on only one face of
the enzymeX3). In this study, we showed that the bisubstrate
inhibitor binds to both molecules of the enzyme contained
in the asymmetric unit and therefore disrupts the normal
dialogue between subunits that is the basis for the alternating
site/face catalysis of KDO8P33J). Interestingly, when this
inhibitor is bound, the L7 loop is not ordered. This observa-
tion suggests that the enzyme senses very accurately that
condensation between the substrates has occurred and
becomes ready to release the product. It will be a challenge
for future studies to determine the fine molecular mechanism
of this elegant regulatory step.
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