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ABSTRACT: The activation of the sugar 2-keto-3-deomanneoctonic acid (Kdo) is catalyzed by CMP-

Kdo synthetase (EC 2.7.7.38) and results in a monophosphate diester with CMP. The enzyme is a
pharmaceutical target because CMP-Kdo is required for the biosynthesis of lipopolysaccharides that are
vital for Gram-negative bacteria. We have established the structures of an enzyme complex with the
educt CTP and of a complex with the product CMP-Kdo by X-ray diffraction analyses at 100 K, both at
2.6 A resolution. The N-terminal domains of the dimeric enzyme bind CTP in a peculiar nucleotide-
binding fold with thef- and y-phosphates located at the so-called “PP-loop”, whereas the C-terminal
domains participate in Kdo binding and in the dimer interface. The unstable nucleotide-sugar CMP-Kdo
was produced in a crystal and stabilized by freezing to 100 K. Its formation is accompanied by an induced
fit involving mainchain displacements ingl2 A range. The observed binding conformations together
with the amino acid conservation pattern during evolution and the putative location of the requited Mg
ion suggest a reaction pathway. The enzyme is structurally homologous to theNedetylneuraminic

acid synthetases in all parts except for the dimer interface. Moreover, the chainfold and the substrate-
binding positions resemble those of other enzymes processing nucleotide sugars.

The rapid spread of drug-resistant bacteria has renewed‘capsule-specific CKS” or K-CKS because it was detected
the interest in novel classes of antibiotics. An attractive target in pathogenic strains where it is correlated with capsule
against Gram-negative bacteria is the outer membrane withexpression 7, 8). It shows 43% sequence identity with
its lipopolysaccharides (LPS).LPS formation requires  L-CKS and distinctly different enzyme kineticg, (L0). Some
2-keto-3-deoxymanneoctonic acid (Kdo) which connects  encapsulateé. coli strains cause extra-intestinal infections
the lipid A moiety with the core oligosaccharidds3). Kdo such as urinary tract and postoperative wound infections as
is activated by CMP-Kdo synthetase (CKS), that catalyzes well as sepsis and meningiti¢ %, 12), indicating that the
the formation of a monophosphate diester according to the capsules are important virulence factors. Since Kdo is vital
reaction scheme shown in Figure 4, §). The resulting  for Gram-negative bacteria and absent from mammalian cells,
nucleotide-sugar CMP-Kdo is the substrate of a series of cKs is an attractive drug target3). The chainfold of the
transferases that incorporate Kdo into lipo- and capsular ypligated capsule-specific CKS frof. coli (14) and the
polysaccharides. CMP-Kdo formation is the rate-limiting step refined atomic structures of the unligated CKS as well as of
in lipopolysaccharide biosynthesid)( Kdo andN-acetyl- the CKS complexes with CMP, CDP, CTP, and with the
neuraminic acid (NeuAc) (Figure 1) are unique in as far as product analogue CMP-NeuAc are knowirsy. All of them
their activated forms are nucleoside monophosphate diestersyare determined at room temperature. Here we present two

rather than the more common nucleoside diphosphate dieSterﬁ)w-temperature structures of CKS complexes with the educt

6). CTP and the ishi i
. I product CMP-Kdo, establishing the active center
Two isozymes of CKS have been found Escherichia and suggesting a detailed catalytic mechanism.

coli. One of them participates in the biosynthesis of LPS
and has been named L-CKS. The other isozyme was nameq\/IATERIALS AND METHODS
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Ficure 1: The reaction scheme of Kdo activation as catalyzed by
CKS. Kdo favors the displayedC, chair conformation. The
resulting monophosphate diester CMP-Kdo has a half-life of about
30 min under physiological conditions. The structure of CMP-
NeuAc is given below for comparison.
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Table 1: X-ray Data Collection Statistics of Ligated CKS Crystals

CTP(100K) CMP-Kdo
resolution range (A)  292.6 (2.74-2.60) 33-2.6 (2.70-2.57)
unique reflections 14812 (1826) 15622 (2075)
multiplicity 1.8 (1.6) 5.9 (5.7)

Rsym-1 (%) 6.8 (13) 11.5(33)
averagd/o 9.9 (5.7) 6.0 (2.3)
completeness (%) 87 (74) 88 (81)

aAll values in parentheses refer to the last shell. All data were

collected at 100 K.

Table 2: Refinement Statistics of Ligated CKS Crystal Structures

CTP(100K)  CMP-Kdo

resolution 29-2.6 25-2.6
Reryst 0.233 0.178
Riree (5% test set) 0.289 0.240
no. of atoms (averagg-factors, &)
proteirP 3740 (14) 3745 (26)

CMP-Kdo (subunit A) 36 (24)

CMP (subunit B) 21 (38)

CTP (subunit A) 29 (46)

CTP (subunit B) 29 (21)

solvent 190 (13) 267 (27)

2 The root-mean-squares deviations of bond lengths and bond angles
were in the ranges 0.060.010 A and 1.31.4°, respectively.
b Residues 242245 of both subunits are missing in both structures,
except for residue 242 in subunit A of the CMP-Kdo complex.

frozen to 100 K and used for data collection. The crystal
was isomorphous with those of unligated CKS and showed
the cell parametera = 45.9 A,b = 131.0 A,c = 48.1 A,
andp = 102.3. It diffracted to 2.3 A resolution. X-ray data
were collected on a rotating anode X-ray generator (Rigaku
model RU200B) using an image plate (MarResearch 30 cm)
and processed with programs MOSFLWM7( and SCALA
7.

Structure AnalysesX-ray diffraction data of both com-

For the CTP complex structure analysis we used a crystalplexes were measured to 2.6 A resolution (Table 1). The

of 300 x 120 x 40 um? and soaked it for 25 min in 10 mM
CTP, 1.3 mM MgCl}, 75 mM Tris-HCI, pH 9.4, 12% PEG-
20000, and 150 mM Ca(OAg)After that, the crystal was
transferred for about half a minute to 30% (v/v) glycerol,
70 mM Tris-HCI, pH 9.4, 11% PEG-20000, and 140 mM
Ca(OAc), quickly frozen to 100 K and used for data
collection. The crystal diffracted to 2.4 A resolution and
belonged to space grolg?; with a dimeric CKS molecule
in the asymmetric unit and cell parametars: 45.7 A,b =
132.3 A,c=47.9 A, = 102.£. It was isomorphous with
the crystals of unligated CKS at room temperatare=(46.1
A, b=1338 A, c = 485 A S = 102.6) and with all
crystals of ligated CKS1(4, 15). X-ray data were collected
on a rotating anode X-ray generator (Rigaku, model RU200B)
with a multi-wire area detector (model X1000, Nicolet-
Bruker) using ClK, radiation. The data were processed with
program XDS 16) and scaled and merged with SCALAY].
The CMP-Kdo complex was produced using a crystal of
400 x 160 x 80um? that was soaked for 90 min in 10 mM
Kdo, 1.3 mM MgC}, 75 mM Tris-HCI, pH 9.4, 12% PEG-
20000, and 150 mM Ca(OAg)The soak was continued by
applying 7 mM CTP, 7 mM Kdo, 1 mM MgGJ 80 mM
Tris-HCI, pH 9.4, 13% PEG-20000, and 170 mM Ca(OAc)
for 15 min. The crystal was then transferred for about half
a minute into 25% (v/v) glycerol, 15 mM Kdo, 75 mM Tris-
HCI, 12% PEG-20000, and 150 mM Ca(OAcyuickly

structures were elucidated by difference Fourier techniques
and subsequently refined by starting from the model of the
unligated enzyme without water moleculeis}(15). Both
analyses began with a rigid body refinemelf)( After that,

we calculated an initialH, — F;) map for locating the
modifications. The models of the ligands CTP, CMP, and
CMP-Kdo, respectively, were introduced into their structures
using program O X9) and refined using the programs
XPLOR (18) and CNS 20) with moderate noncrystallo-
graphic symmetry restraints between the polypeptides of the
two subunits of the homodimer. Water molecules were
introduced manually after the-factor dropped below 27%.
They were introduced wherever thig,(— F) map showed
density above & and the environment permitted hydrogen
bonds. However, if the electron density of a water molecule
dropped below 0.9 in the F, — F¢) map, it was omitted
from the model. The refinements finished with about 0.5
water molecules per residue as wellRwand Ry Values in

an acceptable range (Table 2). For figure production we used
the programs MOLSCRIPT2() and Raster3D22). The
models of CTP, CMP, and CMP-Kdo were built using
program SYBYL (Tripos Assoc., St. Louis/MO/USA).

RESULTS AND DISCUSSION

Structure DeterminationCKS crystals contained a sym-
metric homodimer in the crystallographic asymmetric unit
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FiGurRE 2: Stereo ribbon plot of CKS ligated with CMP-Kdo. The molecular 2-fold axis is noncrystallographic and lies horizontally in the
paper plane. CMP-Kdo was produced in the crystal in subunit A (bottom) and conserved by freezing to 100 K. In subunit B (top), the
soaked CTP was hydrolyzed to CMP.

and had a solvent content of 54%4. Crystals of the CTP ~ The annealedq, — F.) omit map of the more strongly bound
complex were produced by soaking and a subsequent quickCTP is shown in Figure 3. An even more interesting
freeze to 100 K. This complex was named “CTP(100K)” to difference is observed with respect to thghosphate. In
distinguish it from the CTP complex established at room the room temperature complex, this group and also the
temperature 15) which differed in some essential details. adjacent Argl5 pointed to the solvent. In the reported CTP-
The CMP-Kdo complex crystals were obtained by a reaction (100K) structure, however, thephosphate is bound to the
in the crystal that could be stopped at a high product PP-loop including the side chain of Arg15, which has curled
occupancy by freezing quickly to 100 K. The crystals of both around. This applies to both subunits and most likely shows
enzyme complexes were isomorphous to those of thethe true binding structure of CTP. The CTP(100K) complex
unligated enzyme at room temperature, exhibiting cell axis does not contain the Mg ion between thgs- and y-phos-
differences of less than 2%. Despite numerous trials, Kdo phates, which had been tentatively deduced from the room-
alone could not be bound to the crystalline enzyme. temperature electron density méib). The site in question
The refined final models of the CTP(100K)- and the CMP- is occupied by the-phosphate. The tentative ¥gat room
Kdo complexes showed 89 and 93% of the mainchain temperature may have been a weak alternative site of the
dihedral angles of all nonglycine residues in the “most y-phosphate.
favored” regions and the remaining 11 and 7% in “addition-  TheB-factor pattern of the CTP(100K) complex resembles
ally allowed” regions, respectively. Moreover, the side chain that of the CTP complex at room temperatuté&)( In both
dihedral angles of lle and Leu were concentrated in the cases the mobility of the PP-loop and of the adjacent loop
allowed areas. The four C-terminal residues of both subunitsaround Asp225 is high in subunit A, while much lower in
remained essentially invisible in both 100 K structures, in subunit B. Since CTP binds to both subunits of CTP(100K)
contrast to the room-temperature structures where the fourin essentially the same manner, this mobility difference is
C-terminal residues of subunit A were rigidified by a crystal probably caused by crystal contacts that vary between the
packing contact5). A structural overview of the dimeric  two subunits being in different crystallographic environments
CMP-Kdo complex is given in Figure 2. (one dimer per asymmetric unit). Obviously, the more rigid
CTP(100K) Complexfter the quick freeze to 100 K, the  site of subunit B facilitated nucleotide binding, as only this
soaked CKS crystals show the bound educt CTP in both site accommodated ligands at room temperatig. (
subunits, though stronger and with lovfactors in subunit CMP-Kdo ComplexThe complex between CKS and the
B. This is in contrast to an earlier measurement at room unstable product CMP-Kdo was obtained by soaking a CKS
temperatureX5), where CTP was only bound to subunit B. crystal with CTP, Kdo, and Mg, and stopping the presumed
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Ficure 3: CTP bound to subunit B of CKS in the CTP(100K) complex, depicted together withFthe F.) electron density map at the

3 o contour level. This map was obtained after removing the CTP model from the active center and annealing the remainder. The important
residues are shown, they are embedded in theircain traces. The putative Migis a red circle with red dotted lines extending to its
contacting atoms. The average of the four short contact distances is 2.2 A. Water molecules are black dots, the putative hydroxide being
larger than the others. Hydrogen bonds are black dotted lines.

Ficure 4: CMP-Kdo bound to CKS, which is represented by the surroundmgr&es that carry some residue numbers. The depiEted (
— F) electron density map was obtained after removing CMP-Kdo and annealing the remaining model. The contour level hat 3
density confirms the expectgtfanomeric configuration and tH€, chair conformation (Figure 1).

catalytic reaction by freezing to 100 K. As a result, the Vall40 and Leu200. The 1-carboxylate forms a salt bridge
crystalline enzyme CKS produced CMP-Kdo in subunit A to Argl55 and hydrogen bonds to well-connected water
where the PP-loop and Asp225 are highly mobile, and it molecules. The 4-hydroxyl group binds to Glu201, the
produced a CMP molecule in the more rigid subunit B 5-hydroxyl to Glu201 and Tyr176, the 7-hydroxyl to His172
(Figure 2). The observed CMP indicated that the applied CTP and GIn202, and the 8-hydroxyl to Wat10, which sits snugly
molecule had been hydrolyzed by an attacking water between mainchain atoms.
molecule substituting for Kdo. Both ligands were well- When superimposing the subunit A chainfolds of the
supported by electron density, the annealeg- F;) omit CMP-Kdo and the CTP(100 K) complexes, we observed a
map of CMP-Kdo is depicted in Figure 4. The refinement number of polypeptide displacements in theo12tA range
resulted in a CMP-Kdo occupancy approaching 100%, which (Figure 5). This superposition was based on @G@ms of
points to a surprisingly low off-rate of this catalytic product the polypeptide core with a root-mean-square deviation of
in the crystal. In any case, the observed product demonstrated.30 A. It showed that the loops around residues 15, 51, 72,
that the crystalline CKS was active with respect to its more 138, 155, and 201 lining the active center cleft moved toward
mobile subunit A, indicating that the observed structure the reaction product CMP-Kdo and presumably clamped it
represents the active enzyme. down onto the protein. Moreover, it revealed a 1.5 A
The CMP moiety of CMP-Kdo is bound similarly as in displacement of the CMP moiety in the CTP(100K)- as
the CTP(100K) complex. The Kdo moiety of CMP-Kdo uses compared to the CMP-Kdo complex, indicating a corre-
its carboxyl and all four hydroxyl groups to bind to the sponding shift during the reaction. Since Kdo alone could
protein, in addition to its nonpolar binding interactions with not be bound to the crystalline enzyme, the Kdo shift during
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Ficure 5: The induced fit during the production of CMP-Kdo demonstrated by a chainfold superposition of subunits A of the CTP(100K)
(dotted lines) and the CMP-Kdo (solid lines) complexes. The superposition is based ang@6rs of the polypeptide core, namely, those

at positions}%g, 23-49, 66-70, 90-127, 175-182, and 216-219. The view is into the active center cleft, the width of which is reduced

by about 3 A.
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Ficure 6: Structure-based sequence alignment of CKS (top line, the reported enzymE.fomh) with CNS fromNeisseria meningitidis

(25) using Protein Data Bank file 1EYR (bottom line). The chain segments that superimposed 3vifhiare marked by-) and the

identical residues by (*). There are strong structural deviations at the dimer interface. The strictly conserved ESidvitts each of

the two families are marked by black/white inversion. The secondary structure elements of CKS are given as a frame of reference. The
CKS residues withi 4 A of CTP () and of Kdo (0) are labeled together with those at the dimer interfage (

the induced fit cannot be quantified. The displacements of product CMP-Kdo, however, the NeuAc moiety was shifted
the Kdo-binding loops around 155 and 201 (Figure 5) across the protein surface with a sugar ring center displace-
suggest, however, that the Kdo shift is also around 1.5 A. ment of 5 A. Since Kdo fits conveniently and is supported
Since CMP-Kdo has a half-life of about 30 min under by a well-developed density (Figure 4), there is no doubt
physiological conditions2a3, 24), it has not yet been directly  that its location is correct.
characterized and is not commercially available. The con- Residue Conseation within the CKS FamilySequence
formation of the displayed CMP-Kdo molecule in Figure 4 alignments of the reported CKS froE coli with 12 other
is therefore a novelty in itself. In contrast, the analogous CKS sequences showed between 29 and 43% identical
activated sugar CMP-NeuAc produced by CMP-NeuAc residues15). The alignments revealed furthermore 33 strictly
synthetase (CNS, EC 2.7.7.43) has a half-life of several daysconserved positions, which are marked in Figure 6. Among
(23, 24) and is commercially available. We had used CMP- them, six are at the CMP and eight at the Kdo moiety of
NeuAc for a soak at room temperature in an earlier analysis CMP-Kdo. Three strictly conserved residues are atfhe
(15), observing that the CMP moiety was bound as usual to and y-phosphates of CTP, and a further five are at the
subunit B whereas the NeuAc moiety was rather disorderedinterface, among them Pro159 with @is-peptide bond. The
though localizable. In relation to the Kdo position of the true observed ligand structures are therefore quite consistent with
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FIGUrRe 7: Stereoview of the superimposed @lots of CKS ligated with CMP-Kdo (black) and CNS ligated with CDP (red, 2&J. The
2-fold dimer axes are indicated. In a further superposition ofNFacetylglucosamine-1-phosphate uridyltransfer@s® With CKS, we
display only the bound substrate UNRacetylglucosamine (blue) as the chainfold comparison with CKS was shown eajer (

the conservation pattern. Moreover, this pattern was quite sugars either as an educt or as a product of the catalyzed
useful for the elucidation of the reaction mechanism. There reaction. Our knowledge about this superfamily has been
are no further patches of strongly conserved residuesenlarged appreciably through recent structure analyses (
anywhere at the surface so that we do not expect conservedtO). A superposition of one of these enzymes with CKS
interactions with yet unknown partner molecules. showed that the nucleotide and the sugar moieties bind at

Relationship to the CNS Family and to other Enzymes. equivalent positions of the chainfold and deviate by less than
The CKS and the CNS families of enzymes are exceptional 2 A (Figure 7). CKS is therefore clearly a member of this
in that they generate a sugar monophosphate and not thesuperfamily. The same applies for CNZ5).
more common diphosphate diester. An earlier sequence-based Reaction MechanisnThe nucleotide sugar CMP-Kdo is
alignment of 13 CKS family members with eight members synthesized using Kdo, CTP, and MgUnder physiological
of the CNS family demonstrated that the 100 N-terminal conditions, Kdo is a mixture of pyranose and furanose forms,
residues of all enzymes can be matched, revealing a cleawith only about 2% in thg-pyranose configuratior() that
evolutionary relationshipl). Now, the structure elucidation is accepted by CKSAQ). The pyranose ring of Kdo assumes
of CNS 25) allowed a more detailed comparison, showing the 5C, chair conformation (Figures 1 and 4) so that the
that the similarity extends over the whole chain, except for -anomeric hydroxyl group is equatoria3). For catalysis
a substantial deviation in the interface region. The chainfold the 2-hydroxyl group of Kdo should be backed up by a base
homology is illustrated in Figure 7 and the corresponding that receives its proton, while its oxygen attacks the
peptide segments are marked in Figure 6. The strongesta-phosphorus atom of CTP. The required ¥Mgon is
deviations are around positions 155 and 195 of CKS where commonly used for polarizing the attacked phosphorus atom.
numerous residues participate in the dimer interface and When comparing all our CKS structures, we have to
where Kdo is bound. The interface variations cause quite aassume that displacements of wp2 A may occur during
different relative orientation of the two nucleotide-binding the reaction. Even with such shifts, however, there is no way
folds of CKS as compared with those of CNS. In relation to of bringing a basic protein side chain to a suitable position
the nucleotide-binding fold itself, however, the observed CDP to accept the proton from the 2-hydroxyl group of Kdo. We
in CNS 25) is essentially at the same position as the CMP therefore conclude that the base should be a water molecule,
moiety of CMP-Kdo bound to CKS (Figure 7). as it was suggested for CN35). The position of this water

In their analysis, Mosimann et ak%) suggested a binding  molecule should be determined by the strictly conserved
location for NeuAc in CNS, which fits quite well the residues in this region, and these are GIn96, Asp98, and
observed Kdo position in the CMP-Kdo complex with CKS. Asp225 (Figure 6) and possibly also by the 1-carboxylate
The reaction mechanism of both enzyme families appearsof the substrate Kdo.
to be similar because residues Argl0, Lys19, and Asp51 In Figure 8 the structures of the CTP(100K)- and CMP-
(CKS numbering) that are clearly involved in the reaction Kdo complexes are superimposed on their polypeptide cores.
of CKS (15) are strictly conserved in both families (Figure The location of the 2-hydroxyl group of Kdo in the CMP-
6). Moreover, the fourth strictly conserved residue in both Kdo complex is most suitable for an attack at tik@hos-
families is Serl3, which binds the-phosphate of CTP  phorus atom of the CTP(100K) complex. It is clear from
(Figure 3). Figure 8 that such an attack results in g2 $-line reaction

Besides the rather close relationship between CKS andwhich inverts thex-phosphate to the conformation observed
CNS, a more distant evolutionary connection exists to other in CMP-Kdo. The leaving pyrophosphate is well-connected
enzymes processing nucleotide sugars. As can be deducetb the PP-loop, which is mobile and can move away. The
from the reported chainfold topologie$4, 26), the core of strictly conserved Arg10, Argl5, and Lys19 are likely to
the CKS chainfold is identical to the chainfold cores of the neutralize the developing additional negative charge on the
so-called “SGC superfamily” of enzymes that use nucleotide pyrophosphate. Consequently, the reaction geometry of CTP
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Ficure 8: Stereoview of the detailed binding structure of CiviRdo to CKS. The important residues are embedded in theircBain

traces (brown). The putative Mgion (peak height 3.9 in the final (F, — Fc) map) and the interactions with its ligands are red. Water
molecules and hydrogen bonds are black. The putative hydroxide ion at a 2.3 A distancé tie Btamewhat enlarged. For reference, CTP

and the putative M (peak height 3.% in the final (Z, — F¢) map) with hydroxide and & traces of the CTP(100K) complex (all green)

have been superimposed on the polypeptide cores (@@téms, see Figure 5). Mg and hydroxide move by abo@ A during the
reaction. Presumably, the distance from the hydroxide of the CTP(100K) complex to the 2-oxygen of CMP-Kdo (blue, here 3.5 A) is
shortened during the reaction so that the hydroxide can pick up the proton.

and Kdo is clear, except for the locations of the ¥and
the required base. o
Previously, we had suggested a Mgosition at the PP- Oxp0"

1 . ." '
loop in the room temperature complex with CTP because [Agt0] O
we observed a nearly octahedral ligand arrangement, al- ’
though with rather long ligand distances (Figure 5 ofirg}f

Now we consider this proposed g position obsolete
because the CTP(100K) complex shows thghosphate at -o-P
this position which, in contrast to the room temperature HO OoH O
structure, is further fastened by the strictly conserved Arg15. oA H\o
Furthermore, the CMP, CDP, and CTP complex structures H
at room temperature contained a peak with more density than Z >N "0 <
a common water molecule and rather short distances to the ~ /J% -
: HN" N7 o SN

o-phosphate as well as to Asp98 and Asp225. This peak 2 ;o : \

- S e-r Eol S WY
lacked the expected octahedral ligand arrangement and was (Arg79) OH ™" atig)
therefore considered a strongly bound water molecule (Figure " FRi)

5 of ref 15).
? ) . L Ficure 9: Proposed reaction mechanism of CKS. Theand
Now we find this peak again in both low-temperature ,.phosphates of CTP are bound at the PP-loop. For pyrophosphate
complexes where it contacts Asp98 and the phosphate (Figureelease Argl0 moves from thephosphate away to Asp51, and
8). Since the five shortest contact distances to this peak arelys19 moves from th@-phosphate to Asp225. A putative Kfg

below 2.5 A and since the ligand spheres around this peakion between the-phosphate, Asp98, and Asp225 binds a hydroxide

. - b ion (possibly a water molecule), which accepts the Kdo 2-hydroxyl
are consistent with octahedrons in both complexes, We yt0n during catalysis. The hydroxide is hydrogen bonded via a

assigned this peak now to a Ffgion. In both complexes  water molecule to the 1-carboxylate of Kdo. This indirect hydrogen
the putative M@" ion is closely associated (average distance bond may also occur when CMP-Kdo is dissolved in water,

2.1 A) with a water molecule which we assume is a e€xplaining its short half-life.

hydroxide ion (Figure 8). This hydroxide is at a position Jigands (Figure 3). Mg binds between thex-3-bridge
where it can act as a base during the nucleophilic attack of oxygen of CTP, Asp98, and Asp225. Moreover, Mbinds
Kdo on CTP. It is hydrogen bonded to Asp225, to further tightly to a hydroxide ion. On Kdo binding, Mg and
water molecules and via one of them also to the 1-carboxy|atehydroxide shift toward Kdo so that Mg polarizes the
of Kdo, which may therefore play a direct role in catalysis. -phosphorus atom and the hydroxide accepts the proton
It Should be nOted tha.t, n the reverse reaCtlon, the 1'Car'from the attacking 2_hydr0xy| group Of Kdo (Figure 8) After
boxylate may facilitate the protonation of the bridging cmP-Kdo formation, Argl10 returns to its initial position
2-oxygen of CMP-Kdo, explaining the short half-life of this \yhere it forms a salt bridge with Asp51, and Lys19 moves
compound in water. to Asp225 so that the pyrophosphate can be released from
These data suggest the reaction scheme sketched in Figuréhe enzyme. The release of CMP-Kdo is probably much
9: CTP binds with it$3- andy-phosphates at the PP-loop slower, as judged from its accumulation in the crystal. This
and recruits Argl10, Serl3, Serl4, Argl5, and Lys19 as pathway appears to be a reasonable working hypothesis,
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although we had to postuta® A shifts of the two mobile
and transient participants Mgand hydroxide.
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