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The enzyme CMP-Kdo synthetase (KdsB) catalyzes the addi-
tion of 2-keto-3-deoxymanno-octulonic acid (Kdo) to CTP to
form CMP-Kdo, a key reaction in the biosynthesis of lipopo-
lysaccharide. The reaction catalyzed by KdsB and the related
CMP-acylneuraminate synthase is unique among the sugar-ac-
tivating enzymes in that the respective sugars are directly cou-
pled to a cytosine monophosphate. Using inhibition studies, in
combination with isothermal calorimetry, we show the sub-
strate analogue 2f3-deoxy-Kdo to be a potent competitive
inhibitor. The ligand-free Escherichia coli KdsB and ternary
complex KdsB-CTP-2-deoxy-Kdo crystal structures reveal
that Kdo binding leads to active site closure and repositioning
of the CTP phosphates and associated Mg>* ion (Mg-B). Both
ligands occupy conformations compatible with an S, 2-type
attack on the a-phosphate by the Kdo 2-hydroxyl group.
Based on strong similarity with DNA/RNA polymerases, both
in terms of overall chemistry catalyzed as well as active site
configuration, we postulate a second Mg>" ion (Mg-A) is
bound by the catalytically competent KdsB-CTP-Kdo ternary
complex. Modeling of this complex reveals the Mg-A coordi-
nated to the conserved Asp'°® and Asp?®® in addition to the
CTP a-phosphate and both the Kdo carboxylic and 2-hy-
droxyl groups. EPR measurements on the Mn>*-substituted
ternary complex support this model. We propose the KdsB/
CNS sugar-activating enzymes catalyze the formation of acti-
vated sugars, such as the abundant CMP-5-N-acetylneura-
minic acid, by recruitment of two Mg>* to the active site.
Although each metal ion assists in correct positioning of the
substrates and activation of the a-phosphate, Mg-A is re-
sponsible for activation of the sugar-hydroxyl group.
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Lipopolysaccharide (LPS)*is a major component of the outer
leaflet of the outer membrane in Gram-negative bacteria and is
essential for outer membrane integrity and cell viability (1-3).
LPS has a well defined tripartite structure consisting of a hydro-
phobic moiety, lipid A, linked to an inner and outer core oligo-
saccharide that may itself be linked to a high molecular weight
polysaccharide molecule or O antigen (1, 3). In the vast majority
of Gram-negative bacteria, the minimum LPS structure for via-
bility is lipid A that has been substituted with two residues of
2-keto-3-deoxymanno-octulonic acid (Kdo), referred to as
Kdo,-lipid A (1, 3). The substitution of lipid A with Kdo
requires that Kdo is first activated by addition to CTP to form
CMP-Kdo (Fig. 1). The formation of CMP-Kdo is catalyzed by
the enzyme Kdo cytidyltransferase (CMP-Kdo synthetase),
which is known as KdsB in Escherichia coli (4—6). The enzyme
is similar to CNS, which catalyzes the penultimate step in the
addition of sialic acids to oligosaccharides in eukaryotes (7-9).

Kdo and N-acetylneuraminic acid are unique in as far as their
activated forms are nucleoside monophosphate diesters as
opposed to the more common nucleoside diphosphate diesters
that are the usual product of sugar-activating enzymes. Fur-
thermore, KdsB and CNS are unique in the sense that they
directly couple the sugar to CTP unlike other sugar-activating
enzymes that require a phosphorylated sugar substrate. Both
CMP-Kdo synthetase and bacterial CMP-NeuAc synthetase
have been postulated to be viable drug targets (10—-12). The
importance of CMP-Kdo synthetase as a target has been recog-
nized by a number of groups and has resulted in the successful
design of a series of potent in vitro inhibitors of the enzyme
based on the structure of 23-deoxy-Kdo (Fig. 2) (10). However,
none of the 23-deoxy-Kdo derivatives were capable of crossing
the inner membrane and reaching the KdsB enzyme in the cyto-
plasm and consequently showed no in vivo activity (11, 12). The
design of new, improved inhibitors of KdsB that are capable of
crossing the cytoplasmic membrane has been limited by the
lack of detailed kinetic and structural information on the
enzyme. Although structural information is available for both
the capsule-specific and lipopolysaccharide-specific isozymes
of the E. coli CMP-Kdo synthetase (13, 14; and PDB code

“The abbreviations used are: LPS, lipopolysaccharide; Kdo, 2-keto-3-
deoxymanno-octulonic acid; CNS, CMP-5-N-acetylneuraminic acid syn-
thase; ITC, isothermal calorimetry; PDB, Protein Data Bank.
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FIGURE 1. Reaction catalyzed by KdsB. The reaction involves the addition of
Kdo to CTP to form CMP-Kdo and pyrophosphate.

1VH1) and various CMP-NeuAc synthetases (15, 16), no crystal
structures are available for the catalytically relevant ternary
complex formed with CTP and the respective sugars. There-
fore, in this study we have developed a new continuous assay for
the reaction, which has facilitated a complete kinetic character-
ization of the enzyme and subsequent inhibition studies with
2B-deoxy-Kdo. Furthermore, we have obtained a 1.9 A crystal
structure of a ternary complex of the LPS-specific isozyme of
the E. coli enzyme with the 23-deoxy-Kdo inhibitor and CTP
bound in the active site in addition to a novel 2.5 A ligand-free
structure. This has allowed us to map the essential interactions
made in the catalytically relevant ternary CTP-Kdo-KdsB com-
plex and will be crucial for the design of more potent antimi-
crobial agents in the future.

EXPERIMENTAL PROCEDURES

Materials—All chemicals were obtained from Sigma unless
otherwise stated.

Preparation of KdsB—The gene encoding KdsB from E. coli
was cloned into the pET15b expression vector (Novagen). His-
tagged protein was produced by overexpression in BL21(DE3)
cells (Novagen) at 37 °C for 4 h. Cells were resuspended in bind-
ing buffer (50 mm Tris, pH 7.5, 500 mm NaCl, 5 mMm imidazole)
and lysed by sonication (four times for 30 s). The enzyme was
purified to >95% purity by using a single step purification pro-
cedure on a nickel-Sepharose column (Prochem). Proteins
were loaded onto the column in binding buffer, washed with
binding buffer containing 50 mm imidazole, and eluted with 250
mM imidazole. After elution, the imidazole was removed by
dialysis into 10 mm Tris/HCI, pH 7.5, and the protein was con-
centrated using stirred concentrator cells (Amicon). Protein
concentrations were determined using the Bio-Rad DC protein

DECEMBER 18, 2009 +VOLUME 284+NUMBER 51

Mechanism of CMP-Kdo Synthetase

assay with bovine serum albumin as standard. Typical protein
yields were ~60 mg from a 1-liter culture.

Synthesis of 23-Deoxy-Kdo—The synthesis of 23-deoxy-Kdo
is outlined schematically in Fig. 2. First, the Cornforth synthesis
of Kdo 3 from p-arabinose 1 and oxaloacetic acid 2 (17, 18) was
repeated. During this procedure, it was necessary to control the
reaction pH very closely, and the addition of NiCl, (19) proved
beneficial. The crude Kdo 3 product was progressed by acety-
lation and esterification to the mixture of fully protected «/f3
anomers 4, which was then converted into 23-deoxy-Kdo 7
using a slight modification of a published procedure (20). In
brief, the anomeric esters were converted to the anomeric chlo-
rides 5 using TiCl,, and the halogen was removed by hydro-
genolysis in the presence of pyridine. It was easiest to separate
the /B anomers at this stage; the desired fully protected 23-de-
oxy compound 6 was obtained crystalline and in high purity.
Deacetylation of 6 under Zemplen conditions followed by hy-
drolysis of the methyl ester afforded inhibitor 23-deoxy-Kdo 7,
which was isolated by ion exchange as its crystalline ammo-
nium salt; this form was used in all subsequent experiments
(see supplemental material for characterization of the final
product).

Steady-state Enzyme Assays—The concentration of CTP was
determined using an extinction coefficient in aqueous solution
of 9mmM ™ cm ™! at 271 nm. The activity of KdsB was measured
by following the formation of pyrophosphate as it is released
during the reaction using the EnzChek pyrophosphate assay kit
(Invitrogen). In these assays the pyrophosphate is first split into
two molecules of phosphate by inorganic pyrophosphatase,
which is then utilized by the enzyme purine ribonucleoside
phosphorylase in a reaction that has an accompanying absor-
bance change at 360 nm. The amount of pyrophosphate pro-
duced during the assay was quantified by comparison with a
pyrophosphate standard curve. A Cary 50 UV-visible
spectrophotometer (Varian) was used to measure the initial
rates of pyrophosphate production of 10 nm KdsB in 10 mm
Tris/HCI, pH 7.5, 5 mm MgCl, over a range of substrate con-
centrations. The K, and V. values were obtained by fitting
the initial rates of pyrophosphate synthesis against the concen-
trations of each substrate to Equation 1 by nonlinear regression
analysis using the SigmaPlot program (SPSS Inc),

B (Vo CTPTKdo])
"~ ([CTP][Kdo] + Kcp[Kdo] + Kiso[CTP] + ©)

1% (Eq. 1)

where v is the initial rate; [CTP] and [Kdo] are the substrate
concentrations; V., is the initial rate achieved as both [CTP]
and [Kdo] approach e; Ky, is the value of [Kdo] giving V.. /2
as [CTP] approaches o; K.rp is the value of [CTP] giving
V max!/2 as [Kdo] approaches o; and c is a constant.

For inhibition assays with 28-deoxy-Kdo, the initial rates of
pyrophosphate production of 10 nm KdsB in 10 mm Tris/HCl,
pH 7.5, 5 mm MgCl, were measured over a range of Kdo con-
centrations and at variable concentrations of 23-deoxy-Kdo.
Data for the inhibition studies were fitted to Equation 2 for
competitive inhibition, and standard errors were calculated by
nonlinear regression analysis using the SigmaPlot program

(SPSS Inc),
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(Kol + [11/K) + [Kdo])

v (Eq.2)

where v is the initial rate;[Kdo] is the concentration of Kdo;
V nax 18 the initial rate achieved as [Kdo] approaches oo; K., is
the value of [Kdo] giving V/,,,.../2; [I] is the concentration of the
2-deoxy-Kdo inhibitor; and K is the inhibition constant. All of
the steady-state rates were measured in duplicate.

Isothermal Calorimetry (ITC)—ITC experiments were per-
formed using a VP-ITC microcalorimeter (Microcal Inc.) at
25 °C. Protein samples were dialyzed into 10 mm Tris/HCI, pH
7.5. Aliquots (10 ul) of 100 wm 23-deoxy-Kdo were titrated into
1.28 ml of 100 um KdsB and 100 um CTP at 420-s intervals with
a stirring speed of 350 rpm. Parallel experiments were per-
formed by injecting the inhibitor into the buffer. The heats of
dilution were negligible and subtracted from their respective
titrations prior to data analysis. Thermodynamic parameters #
(stoichiometry), K, (1/K,, the association constant), and AH°
(enthalpy change) were obtained by nonlinear least squares fit-
ting of experimental data using the single-site binding model of
the Origin software package (version 7.0) provided with the
instrument. The free energy of binding (AG®) and entropy
change (AS°) were obtained using Equations 3 and 4,

AG°® = —RTInK, (Eq.3)

AG® = AH® — TAS® (Eq.4)

Structural Studies—KdsB was crystallized in the presence
and absence of ligands by the sitting drop technique at 4 °C by
adding 2 ul of mother liquor to 2 ul of KdsB (14.5 mg ml™*). For
the ligand-free enzyme, crystals were produced using 100 mm
sodium acetate, pH 4.6, 250 mm sodium sulfate, 15% (v/v) glyc-
erol as a reservoir solution. Ligand-bound crystals were pro-
duced in the presence of 5 mm CTP and 5 mm 23-deoxy-Kdo,
using 85 mm HEPES, pH 7.5, 17% (w/v) polyethylene glycol
10000, 6.8% ethylene glycol, 15% (v/v) glycerol as a reservoir
solution. Crystals were mounted on a nylon loop and flash-
cooled in liquid nitrogen. Data were collected from single cryo-
frozen crystals of the unbound (2.5 A) and ligand complexed
(1.9 A) forms of KdsB at Diamond. The data were scaled and
integrated using XDS (21) and subsequently handled using the
CCP4 suite (22). The structures were solved by molecular
replacement using Phaser (23). Refinement and model building
were carried out using either Refmac 5 (24) or Phenix (25) and
COOQOT (26). Data and final refinement statistics are given in
Table 1.

EPR Spectroscopy—Continuous wave EPR spectra were run
at X-band using a Bruker ELEXSYS E500 spectrometer in con-
junction with an Oxford Instruments ESR900 cryostat and
ITC503 temperature controller. The microwave power was 50
microwatts; the modulation frequency was 100 kHz, and the
modulation amplitude was 5 G. Each spectrum presented is the
sum of four scans accumulated at a temperature of 20 K. 250-ul
samples of 280 um KdsB in 10 mm Tris/HCI, pH 7.5, in the
presence of either 280 or 560 um MnCl, were used for EPR
measurements. Various combinations of 5 mm CTP and 5 mm
2B-deoxy-Kdo were also included when indicated.
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TABLE 1
Crystallographic data collection and refinement statistics.
Unbound (3KS8E) Liganded (3K8D)
Space group Cc2 P3,
Unit cell a = 12447 a=b= 94.77
b=77.18 ¢ =153.14 A
c=143.63 B = 90.03 A ) .
Resolution 25A(47.0A) 1.9A (453 A)
Highest resolution shell 2.57-2.51 A 1.92-1.90 A
Total reflections 171,980 634,356
Unique reflections 46,074 120,795
Completeness 97.8% (97.0%) 99.7% (99.1%)
Redundancy 3.7 (3.8) 5.3 (4.9)
erge 6.0 (34.6) 7.9 (33.0)
I/ol 16.03 (4.97) 16.0 (5.3)
Ry 19.9 17.3
Ri.. 23.4 20.0
r.m.s.d.” angle 1.317° 1.109°
r.m.s.d. length 0.077 A 0.007 A
Overall B 54.9 A2 27.1 A2
HOH B 54.0 A2 44.2 A2
CTP B (A% 17.7 A?
Kdo B (A?) 18.7 A2
Mg-B (A?) 13.0 A2

“r.m.s.d., root mean square deviation.

Computational Modeling—Chain A of the KdsB-CTP-28-
deoxy-Kdo crystal structure was used as a starting point for all
molecular dynamics simulations and energy minimizations. A
second Mg?" cation was added in the proposed Mg-A position.
The models were immersed in a TIP3 water box (27), and
charge parameters and topology files of ligands were obtained
using the Antechamber program (28) using AM1-BCC charges
(29). NAMD?2 software (30) and Amber forcefield (31) were
used to perform the simulations. The cutoff parameter for the
computation of nonbonded interactions was set to 12 A, and
the electrostatic forces were softened by defining a relative
dielectric constant of 2 for the system. Several cycles (up to five)
of energy minimization (1000 steps, conjugate gradient), fol-
lowed by molecular dynamics simulations (200 ps at 200 K)
were performed to stabilize the enzyme-ligand complex and
obtain the final models.

RESULTS AND DISCUSSION

Kinetic Characterization of KdsB—A major limitation of pre-
vious studies with KdsB and the related enzyme, KpsU, has
been the inability to measure steady-state enzyme activity using
continuous assay methods. We have now developed a new
linked assay for the enzyme, which allows us to monitor the
continuous formation of the pyrophosphate product as it is
released during the reaction (supplemental Fig. S1). Conse-
quently, this has enabled us to determine the true kinetic
parameters for the enzyme by measuring the initial rate of pyro-
phosphate formation over a range of CTP and Kdo
concentrations. The dependence of the initial rate on substrate
concentration, shown graphically in Fig. 34, followed Michae-
lis-Menten kinetics and reveals a ternary complex steady-state
mechanism (supplemental Fig. S2). Under the conditions used,
the V., was determined to be 2.3 = 0.01 uM min ', which
corresponds to a k_,, value of 3.8 = 0.02 s ' (assuming that the
enzyme is 100% active). The K, for Kdo was calculated to be
97.9 *+ 10.4 umM, and the K, for CTP was calculated to be 4.8 =
0.5 um. These values differ slightly to those obtained in an ear-
lier study where K, values were calculated to be 290 um for Kdo
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FIGURE 2. Synthesis of 23-deoxy-Kdo. Kdo 3 was synthesized from p-arab-
inose 1 and oxaloacetic acid 2 and converted into 2B-deoxy-Kdo 7 as
described under “Experimental Procedures.”

and 200 um for CTP, although it should be noted that the pre-
vious parameters were measured by using stopped assays at an
elevated pH of 9.5 (4). In addition, previous studies have also
shown that in solution Kdo is a mixture of pyranose and fura-
nose forms with ~2% in the B-pyranose form (32) that is
accepted by KdsB (33). Therefore, the K, value that has been
calculated for Kdo is significantly higher than the true value,
which is likely to be ~2 pm.

Inhibition Studies with 2[B-Deoxy-Kdo—Previous studies
have identified a number of inhibitors of the enzyme that are
based on the structure of 28-deoxy-Kdo (Fig. 2) (10-12). Con-
sequently, we have carried out detailed kinetic inhibition stud-
ies with this compound using the new continuous assay that we
have developed. The initial rates of pyrophosphate formation
have been measured over a range of Kdo and 23-deoxy-Kdo
concentrations, which is shown graphically in Fig. 3B. These
studies reveal that 23-deoxy-Kdo acts as a potent competitive
inhibitor with the Kdo substrate of the enzyme (supplemental
Fig. S3) with a K; of 2.03 £ 0.08 um. In addition, ITC experi-
ments have been used to measure the binding of the 23-deoxy-
Kdo inhibitor to the enzyme. Fig. 3Crepresents the ITC binding
isotherms resulting from the titration of KdsB with 23-deoxy-
Kdo in the presence of CTP. The binding process was exother-
mic, and the isotherms could be fitted to a single-site model,
yielding a complex dissociation constant of 1.7 * 0.53 um,
which is very similar to the K; value calculated from the earlier
competitive inhibition measurements. The thermodynamic
binding parameters were calculated using Equations 3 and 4,
yielding an enthalpy change, AH®, of —1.29 = 0.08 k] mol "' and
an entropy change, AS®, of 22.1 = 1.8 JK™".

Additional kinetic inhibition studies at a range of CTP con-
centrations have shown that 23-deoxy-Kdo acts a noncompet-
itive inhibitor against the CTP substrate (supplemental Fig. S3).
Moreover, similar measurements using the CTP analogue,
CMP, revealed that this compound acted as a competitive
inhibitor against CTP, with a K, of 1.30 = 0.58 mMm, and as a
noncompetitive inhibitor against the Kdo substrate (supple-
mental Fig. S4). This pattern of inhibition is consistent with a
compulsory order ternary complex mechanism rather than a
random order mechanism.

Crystal Structures of Free and Ligand-bound KdsB—The
crystal of ligand-free KdsB contains two dimers in the asym-
metric unit (see supplemental Fig. S6). The individual mono-
mers are highly similar in fold to the structure of the capsule-
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specific KdsB (13, 14) and consists of a central 7-stranded
B-sheet surrounded by a-helices (Fig. 44). The structure has a
distinct cleft that separates the CTP-binding domain from the
dimer interface domain, which is proposed to be involved in
sugar binding. An overlay of the four individual monomers
reveals that they all adopt an “open” conformation with little
difference in backbone conformation, except for the Asp'®*—
Phe'”® loop at the dimer interface, which has a conformation
that is dependent on the crystal packing environment. Signifi-
cantly higher B-factors are observed for sections of the CTP-
binding domain, including the phosphate-binding PP-loop
ArglO—Lyslg, the C-terminal a-helix GIn??"-Ala?*®, and the
Arg®—Ser”* loop region. A 2.6 A structure for the ligand-free
E. coli lipopolysaccharide-specific KdsB in a different space
group has been deposited in the PDB data base (code 1VH1) by
a structural genomics consortium. This structure reveals an
essentially identical conformation of the dimer interface, with
minor deviation in the position of the CTP-binding domain
indicating a high degree of flexibility in the relative position of
the CTP-binding and dimerization domains. Furthermore, due
to higher average B-factors, several loops in the CTP-binding
domain have not been modeled.

The 1.9 A crystal structure of the KdsB-CTP-28-deoxy-Kdo
ternary complex also contains two dimers in the asymmetric
unit. No significant difference can be observed between the
individual monomers that all adopt a “closed” conformation
(Fig. 5A). This structure is related to the open conformation by
an ~13° rotation of the CTP-binding domain around hinge
regions 80—81, 95-96, 106 —-107, and 225-233 (as determined
by DynDom (34)) leading to a maximal shift in position of ~9 A
for PP-loop residue Arg'®. In addition, the PP-loop changes
conformation to establish a network of polar contact with the
CTP phosphates. Electron density is clearly visible for both the
bound CTP as well as 23-deoxy-Kdo within the active site cleft
(Fig. 4B). In addition, a Mg®" ion can be readily identified
bound to the CTP phosphates. 23-Deoxy-Kdo is bound at the
interface between the dimerization domain and the CTP-bind-
ing domain through predominantly polar interactions. Many of
the interactions with residues from the dimerization domain
(e.g Arg'®”, His'®', Tyr'®®, GIn?'°, and Glu®'") do not appear to
significantly alter the KdsB structure when compared with the
ligand-free KdsB structure (Fig. 5). However, interactions made
with residues from the CTP-binding domain are clearly formed
concomitant with conversion from the open to the closed con-
formation. The strictly conserved GIn®® establishes a double
hydrogen bond with the sugar ligand that requires a shift in the
GIn®® backbone position, leading to extended S-sheet interac-
tions between strands 6 and B10 from the dimerization
domain. In addition, a putative charged interaction is estab-
lished between the PP-loop Arg'® and the 23-deoxy-Kdo car-
boxylate that similarly requires the open to closed transforma-
tion to occur. In addition to the direct interactions between the
CTP-binding domain residues and 23-deoxy-Kdo itself, a com-
plex network of (water-mediated) polar interactions is estab-
lished between 2B-deoxy-Kdo and the bound CTP and
Mg ion.

CTP is predominantly bound through interactions with res-
idues from the CTP-binding domain, with exception of a
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FIGURE 3. Steady-state kinetic characterization of KdsB and inhibition
studies with 23-deoxy-Kdo. A, dependence of the initial rate of pyrophos-
phate formation catalyzed by 0.01 um KdsB on the concentration of CTP at a
series of fixed concentrations of Kdo as follows: 10 um (4 ), 25 um (), 50 um
(H), 100 um (A), 250 um (A), 500 um (O), and 1000 um (@). The points represent
the experimental data, and the lines represent the predicted values obtained
by fitting the data points to Equation 1 by nonlinear regression analysis (see
under “Experimental Procedures”). B, dependence of the initial rate of pyro-
phosphate formation catalyzed by 0.01 um KdsB on the concentration of Kdo
at a series of fixed concentrations of the 23-deoxy-Kdo inhibitor as follows: 0
M (@), 1T um (), 2 um (H), 5 um (A), 10 um (A), 25 pum (O), and 50 um (@). The
points represent the experimental data, and the lines represent the predicted
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charged interaction between the y-phosphate and Arg'®* from
the dimerization domain of the opposite monomer (Fig. 5). The
cytosine base and ribose moiety are bound in a highly similar
manner to previously determined CTP or CMP complexes with
the related capsule-specific KdsB isozyme (homology 46% iden-
tity over 249 amino acids; PDB codes 1GQ9 and 1GQC) or
CMP-acylneuraminate synthase (homology 29% identity over
117 amino acids; PDB codes 1QW7J, 1EYR, and 1EZI) with Arg78
largely responsible for cytosine specificity (13—16). In contrast,
the conformation of the phosphates is markedly different from
that observed in the CTP-KdsB complex (13, 14). This appears
to be a direct consequence of the open to closed transition that
brings the a-phosphate in direct contact with the bound 23-de-
oxy-Kdo. Closure of the active site cleft in the absence of a
reorientation of the CTP phosphates would lead to several
steric clashes between both ligands. The putative position of the
Kdo hydroxyl with respect to the new CTP a-phosphate posi-
tion (at a distance of ~3.0 A) is ideal for an S, 2-type substitu-
tion reaction. The reorientation of the a-phosphate through
rotation along the phosphate-ribose bond also leads to a dis-
tinct position of both 8- and y-phosphate groups. Most impor-
tantly, this reorganization is accompanied by a displacement of
the associated Mg?" ion from the position observed in the
CTP-KdsB complex (13, 14) (Fig. 5). In the ternary KsdB-CTP-
23-deoxy-Kdo complex, the Mg®* ion islocated at the interface
between both ligands and, unusually, establishes contacts with
all three CTP phosphate groups in addition to a water-medi-
ated contact with the 23-deoxy-Kdo carboxylate. The position
vacated by the Mg " upon active site closure is occupied by one
of the a-phosphate oxygen atoms, placing the latter within
hydrogen bonding contact of the conserved residues Lys'?,
Asp'©, and Asp?®°,

Modeling of a Second Mg>" -binding Site in KdsB—The initial
step in the S, 2-type substitution catalyzed by KdsB and the
related CNS enzymes is the deprotonation of the 3-anomeric
hydroxyl group, requiring a general base in the active site of
these enzymes. However, previous crystal structures of both
KdsB and CNS did not reveal the presence of a protein-derived
base in the vicinity of bound product molecules (13-16). It was
suggested that a water molecule bound to basic protein residues
and/or the single associated Mg>* ion (possibly as a hydroxyl-
ion) could act as a general base. However, the ternary KsdB-
CTP-2B-deoxy-Kdo complex structure reveals the enzyme
adopts a closed conformation prior to catalysis that is unlike the
more open conformations observed when the enzyme is asso-
ciated with the CMP-sugar product or CTP alone (Fig. 5) (13,
14). Previously proposed reaction schemes, based on the latter
structures, are therefore unlikely to reflect the correct mech-
anism. In contrast, the KsdB-CTP-23-deoxy-Kdo structure
reveals that neither protein-derived nor bound water molecules
are close enough to the putative position of the hydroxyl group
of Kdo to allow direct proton abstraction.

values obtained by fitting the data points to the equation for competitive
inhibition (Equation 2) by nonlinear regression analysis (see “Experimental
Procedures”). C, binding isotherms for the titration of 10 um KdsB with 23-de-
oxy-Kdo. All titrations were performed in 10 mm Tris/HCl, pH 7.5, at 25 °C, and
the data were fitted to a one-site model as described under “Experimental
Procedures.” Inset shows the raw data for ITC experiments.
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FIGURE 4. Crystal structures of E. coli KdsB. A, overlay of the ligand-free and CTP-23-deoxy-Kdo-KdsB crystal
structures. The dimerization domain and CTP-binding domains are colored blue and yellow, respectively, for
the CTP-2B-deoxy-Kdo-KdsB structure, and the ligand-free structure is depicted in gray. The bound CTP and
2B-deoxy-Kdo are shown in atom-colored sticks with green and purple carbons, respectively. B, electron density
obtained for the bound ligands in the CTP-23-deoxy-Kdo-KdsB crystal structure. The oA weighted 2F F. map is
contoured at levels 1.5 and 7 o (pinpointing the heavier phosphor and magnesium atoms) and contoured
respectively in blue and red. Associated water molecules are shown as red spheres.

A remarkable similarity exists between Kdo and related
sugar-activating enzymes and DNA/RNA polymerases in terms
of overall chemistry catalyzed (34, 35). In both cases, the
enzymes catalyze the formation of a sugar-phosphate linkage
concomitant with release of pyrophosphate. The mechanism of
the latter enzymes has been well characterized and depends
on the binding of two distinct Mg>" ions. The Mg-A ion facil-
itates the nucleophilic attack of the 3'-OH group, whereas the
Mg-B ion coordinates NTP «-, 3-, and y-phosphates ensuring
correct orientation. The Mg-A is coordinated by a series of
conserved aspartates, whereas Mg-B is largely bound by the
NTPs and presumably recruited to the active site simulta-
neously with NTP binding.

The ternary KsdB-CTP-23-deoxy-Kdo shows a remarkable
similarity with respect to the respective positions of the sugar
and NTP substrate as well as the NTP-associated Mg®" ion
despite the obvious lack of any similarly in overall folding (Fig.
6). In contrast, a second Mg>* ion could not be reliably detected
within the KsdB active site, despite extensive soaking with
higher Mg®" concentrations (data not shown). Instead, weak
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electron density could sometimes
be observed to occupy a position
similar to Mg-A in the DNA/RNA
polymerases that was modeled as a
water molecule. To assess the
hypothesis of a second magnesium-
binding site, a model of KdsB con-
taining this ion, in complex with
Kdo, was generated and energeti-
cally optimized. The orientation of
the substrate was similar to the crys-
tal structure, although small varia-
tions occur, due to the force field
simulation. The second Mg>™ ion is
octahedrally coordinated by three
carboxylate groups (derived from
the conserved Asp'® and Asp®*®
and the Kdo substrate), the CTP
a-phosphate, and the Kdo 2-hy-
droxy group (Fig. 6). The lack of the
latter ligand in the crystals might
contribute to the lack of binding of a
second magnesium ion in the crystal
structures. The fact that a single
metal ion is observed to bind in a
position similar to that of Mg-A in
both the CMP and the CMP-Kdo-
bound E. coli capsule-specific CMP-
Kdo synthetase structure (PDB
codes 1GQY and 1GQC, see Ref. 14)
further supports this model.

Metal Ion Binding to KdsB—The
substitution of Mn*" for Mg>"
allows EPR spectroscopy to be
employed to study metal ion bind-
ing stoichiometries and environ-
ments. Mn>* has a high spin d5
configuration, S = 5/2, and the sta-
ble Mn isotope, >Mn, has nuclear spin I = 5/2. Because the
high spin d” configuration has low angular momentum, the re-
sulting spectrum consists of multiple overlapping degenerate
transitions at g = 2 and is dominated by the six-line hyperfine
splitting resulting from I = 5/2. The line shapes of the six lines
are determined by the zero field splitting, which lifts the degen-
eracy of the overlapping transitions. The zero field splitting is
dependent on the environment of the metal ion, particularly the
symmetry of that environment, and thus the EPR spectra of
Mn?" ions directly reflect the environments of such ions (36).
Fig. 7 shows a selection of Mn>* EPR spectra illustrating the
effect of Mn>* binding to KdsB (the remaining spectra are
shown in the supplemental material). Spectrum A arises from
the binding of 2 eqs of Mn®" to KdsB in the presence of 23-de-
oxy-Kdo and CTP. This spectrum is essentially identical to
spectrum B, which was constructed in silico by the addition of
spectra C and D. Spectrum C arises from 1 eq of Mn** bound to
KdsB, in the presence of 23-deoxy-Kdo and CTP, whereas spec-
trum D arises from 1 eq of Mn>* bound to KdsB in the presence
of CTP. Although spectra C and D are clearly differentiated, for

JOURNAL OF BIOLOGICAL CHEMISTRY 35519


http://www.jbc.org/cgi/content/full/M109.056630/DC1

Mechanism of CMP-Kdo Synthetase

R164(B)

v R157

[E.CTP.KDO]

.
o

%o D235

2-deoxy-

35520 JOURNAL OF BIOLOGICAL CHEMISTRY YASEMBN  VOLUME 284-NUMBER 51-DECEMBER 18, 2009



D739

K19
D741 \

FIGURE 6. Comparison between KdsB and RNA polymerase actives sites.
A juxtaposition of the active site of T. thermophilus RNA polymerase (PDB
code 20J5) with a model for the ternary CTP-Kdo-KdsB complex (modeled
with an additional Mg?* ion present in site A). The NTPs are colored with
green carbons in both cases, and the attacking substrate is rendered with
purple carbons (Kdo or RNA, respectively). Amino acids involved in binding
the Mg?" ions or in stabilizing the transitions state (e.g. His'?** and Lys'®) are
shown with yellow carbons.

example by the feature marked 1 in spectrum C, they can both
be distinguished from the spectrum of Mn>™ in buffer, spec-
trum E, for example at the fields marked 2 and 3. Thus, these
data show that KdsB can bind two Mn>* ions, one associated
with 28-deoxy-Kdo binding and the other associated with CTP
binding. That these Mn?" ions bind in those sites occupied by
Mg>" in the active complex is shown by competition experi-
ments in which Mn>" is expelled from these sites by an excess
of Mg>" (supplemental Fig. S5).

Mechanism for KdsB—The proposed direct coordination of
the Kdo B-anomeric hydroxyl group by Mg-A activates this
group for a nucleophilic attack on the CTP a-phosphate (Fig.
8). The preceding deprotonation of the attacking hydroxyl
group could occur via a water molecule coordinating Mg-A,
which is in contact with the solvent via a series of water mole-
cules. The interaction of the CTP a-phosphate with the con-
served Lys'® as well as both the associated Mg>* ions would
allow for stabilization of the negative pentavalent transient
intermediate following attack of the Kdo -anomeric hydroxyl
group. The coordination of Mg-B by both CTP $3- and y-phos-
phates will assist the leaving of the pyrophosphate group, as
observed for the DNA/RNA polymerases.

It is interesting to note that the axis of the rotation relating
the open and closed conformation is roughly perpendicular to
the a-phosphor-hydroxyl-Kdo bond formed. Hence, the inher-
ent mobility of the CTP-binding domain is likely to lead to
transient compression of the a-phosphor-hydroxyl-Kdo dis-
tance, possibly assisting catalysis. Following breakage of the
a-B-phosphate bond and formation of the CMP-Kdo product,
the enzyme adopts a more open, “intermediate” conformation,
concomitant with the reorientation of GIn®® and altered liga-
tion of the Mg-A ion as revealed by the CMP-Kdo crystal struc-
ture (14). This presumably allows the release of the pyrophos-
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FIGURE 7. EPR measurements confirm the presence of two metal-binding
sites in KdsB. X-band continuous wave EPR spectra of Mn®" ions in the fol-
lowing environments and stoichiometries: A, 2 eq of Mn?" bound to KdsB
with 23-deoxy-Kdo and CTP; B, sum of the following two spectra which are as
follows: C, 1 eq of Mn?" bound to KdsB with 23-deoxy-Kdo and CTP, and D,
1 eq of Mn?" bound to KdsB with CTP; £, 1 eq of Mn?" in the experiment
buffer. Experimental conditions are given under “Experimental Procedures,”
spectra are further discussed under “Results and Discussion.”

phate and associated Mg-B and eventually the CMP-Kdo
product itself.

Comparison with the Related CNS Enzymes—KdsB is related
in both fold and in the reaction catalyzed to the CNS found in all
eukaryotes (except plants) and certain bacteria. Crystal struc-
tures are available for the bacterial Neisseria meningitidis CNS
in the presence and absence of the analogue CDP as well as the
murine CNS (catalytic domain only) in complex with the prod-
uct CMP-5-N-acetylneuraminic acid (15, 16). Comparison
between KdsB and CNS reveals that the CTP-binding domain is
highly similar, whereas significant differences are observed
between the respective dimerization domains (Fig. 9). Although
the stems of the B-strands from the central B-sheet coincide,
the connecting loop regions are vastly different in size and fold.
As a result, in CNS the sugar binding occurs in part through

FIGURE 5. Crystallographic snapshots along the KdsB reaction path. Key residues from the active site of four different E. coli CMP-Kdo synthetase crystal
structures are displayed with residues derived from the dimerization domain in blue carbons and those derived from the CTP-binding domain in yellow carbons.
Mg?" ions (when present) are shown as gray spheres. The positions of the bound ligands from the CTP-23-deoxy-Kdo-KdsB crystal structure are shown as thin
lines in the other crystal structures for easy comparison. The ligand-free enzyme structure represents E (this work). although the CTP-bound E. coli capsule-
specific CMP-Kdo synthetase structure (PDB code 1GQ9, see Ref. 14) represents the CTP-E complex. The ternary enzyme complex E-CTP-Kdo is mimicked by the
CTP-2B-deoxy-Kdo-KdsB crystal structure (this work), and the E-CMP-Kdo product-bound enzyme structure is represented by the CMP-Kdo-bound E. coli

capsule-specific CMP-Kdo synthetase structure (PDB code 1GQC, see Ref. 14).
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have not focused on the ternary
complex but have based reaction
mechanism proposals on product or
CDP-bound structures (15, 16).
However, for CNS enzymes, a sugar-
binding induced reorganization of
the CTP-binding domain, as ob-
served for KdsB, is a distinct pos-
sibility. In this respect, we note that
the CNS residues Lys®®, Thr'*?, and
Asp®* in concert with the substrate
5-N-acetylneuraminic acid hydroxyl
and carboxylate groups (similar to
KdsB Lys'®, Asp'®, and Asp**® and
the Kdo substrate, respectively)
could act in a similar manner to acti-

vate the CTP a-phosphate and bind
KdsB mCNS a second Mg-A ion following such
active site closure. Furthermore,
despite the large differences in the
respective dimerization domain
structure, a conserved Arg residue
(KdsB Arg'®*/CNS Arg°?) from the
opposite monomer is located close
to the CTP phosphate that is
involved in binding the y-phosphate
in KdsB. Therefore, we propose that
CNS uses a similar Mg?*-depend-
ent mechanism to that postulated
for KdsB in analogy to the DNA/
RNA polymerases. Crystal struc-

] ik dthe related B and the related tures of CNS in complex with CTP
FIGURE 9. Comparison of E. coliKdsB and the related murine CNS structure. A, KdsB and the related murine ; BN _
CNS structure (PDB code 1QWJ, see Ref. 16) are shown side by side in similar orientations. One monomer is an.d. app.roprlate 5 N écetyln?ura
colored coded according to Fig. 4, and the second monomer is shown in gray. Bound ligands and key active ~ MINic acid based inhibitors will be
side residues are shown in atom-colored sticks (color coding as for Figs. 5-7; murine CNS (mCNS) contains the  egsential to establish whether this is
bound product CMP-5-N-acetylneuraminic acid). B, overlay of the KdsB and murine CNS active site structures. . deed th

Murine CNS key active site residues and bound ligand are shown in atom-colored sticks, although the corre- mnaee € case.
sponding KdsB residues are shown as thin lines for comparison. Active site residues for murine CNS are labeled. Conclusions—It has long been rec-

ognized that the KdsB enzyme is a
possible target in developing new
residues from the opposite monomer as opposed to the situa- antimicrobial agents against Gram-negative bacteria (10-12). In
tion that occurs in KdsB. Nevertheless, a similar mechanism to  this study, we have developed a thorough kinetic and structural
that proposed for KdsB is possible for CNS, given the similarity =~ understanding of this enzyme. On the basis of the crystallographic
between both enzymes. As for KdsB, previous studies on CNS  data, modeling, and EPR studies, and in analogy to the DNA/RNA
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polymerases, we propose that KdsB and related enzymes recruit
two magnesium ions to the active site. Both magnesium ions are
directly coordinated by the KdsB substrates, and although each
serves to activate the a-phosphate, Mg-A is responsible for activa-
tion of the Kdo-hydroxyl group. The activation of the a-phosphate
could potentially significantly promote wasteful CTP hydrolysis.
In KdsB, this side reaction is avoided by the fact that CTP is not
activated by a coordinated set of interactions with Lys'® and Mg-B
until Kdo binding leads to the formation of the closed complex,
concomitant with recruitment of the Mg-A ion and hence activa-
tion of both the CTP a-phosphate group and Kdo substrate. It is
clear that the major aim now is to develop new inhibitors that are
capable of crossing the inner membrane of the cell and reaching
the enzyme in the cytoplasm.
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