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ABSTRACT: 15N{31P} REDOR NMR experiments were applied to lyophilized binary complexes of 3-deoxy-
D-manno-2-octulosonate-8-phosphate synthase (KDO8PS), with each of its natural substrates, phospho-
enolpyruvate (PEP) and arabinose-5-phsophate (A5P), and with a mechanism-based inhibitor (Ki ) 0.4
µM), directly characterizing the active site basic residues involved in the binding of their carboxylate and
phosphate moieties. KDO8PS was labeled uniformly with15N or [η-15N2]Arg, and the ligands were
selectively labeled with13C and15N. The NMR data established that PEP is bound by KDO8PS via a
preserved set of structurally rigid and chemically unique Arg and Lys residues, with 5 Å (upper limit)
betweenε-15N of this Lys and31P of PEP. A5P is bound in its cyclic forms to KDO8PS via a different
set of Lys and Arg residues. The two sets arise from adjacent subsites that are capable of independent and
sufficiently strong binding. The inhibitor is best characterized as an A5P-based substrate analogue inhibitor
of KDO8PS. Five mutants in which highly conserved arginines were replaced with alanines were prepared
and kinetically characterized. Our solid-state NMR observations complement the crystallographic structure
of KDO8PS, and in combination with the mutagenesis results enable tentative assignment of the NMR-
identified active site residues. Lys-138 and Arg-168 located at the most recessed part of the active site
cavity are the chemically distinct and structurally rigid residues that bind PEP phosphate; R168A resulted
in 0.1% of wild-type activity. Arg-63, exposed at the opening of the active site barrel, is the flexible
residue with a generic chemical shift that binds A5P; R63A resulted in complete deactivation. The
mechanistic implications of our results are discussed.

The enzyme 3-deoxy-D-manno-2-octulosonate-8-phosphate
(KDO8P)1 synthase (KDO8PS) (EC 4.1.2.16) catalyzes the
condensation reaction betweenD-arabinose 5-phosphate
(A5P) and phosphoenolpyruvate (PEP) to form KDO8P and
inorganic phosphate (1) (Scheme 1). This important enzy-
matic reaction controls the carbon flow in the biosynthetic
formation of an unusual eight-carbon sugar 3-deoxy-D-
manno-2-octulosonate (KDO). KDO is an essential constitu-
ent of the lipopolysaccharide of all Gram-negative bacteria
(2) and plays a crucial role in their assembly process (2, 3).
Since KDO is a site-specific constituent found only in Gram-

negative organisms and is required for lipid A maturation
and cellular growth, the inhibition of its production sets an
attractive target for the design of novel antibacterial drugs.

The mechanism of action of KDO8P synthase has been
studied extensively. Although previous (4) and more recent
(5, 6) studies have established that the catalytic reaction of
KDO8PS proceeds with the unusual cleavage of the C-O
bond of PEP, its elementary steps were not identified. The
cloning and overexpression of theEscherichia coligene
encoding KDO8PS have greatly facilitated mechanistic
studies (7, 8). By using stereospecifically 3-deuterio- and
3-fluoro-labeled analogues of PEP as alternative substrates
of KDO8P synthase, it has been shown that the condensation
step is stereospecific, involving the attachment of the si face
of PEP to the re face of the carbonyl of A5P (5, 9). Previous
studies have demonstrated that the enzyme can act upon the
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acyclic form of A5P and that the catalyzed reaction of
KDO8P synthesis proceeds in a sequential manner with
binding of PEP preceding that of A5P, and the release of Pi

precedes that of KDO8P (10). More recently, it was shown
that this reaction could also proceed via a random mecha-
nism, in which A5P may bind first (11).

The application of pre-steady-state kinetic measurements
using rapid-quench techniques, (12) in combination with
chemical studies (13), supported a mechanism involving the
formation of an acyclic reaction intermediate1 (Scheme 1).
In addition, we have recently synthesized the first bisubstrate
inhibitor of the enzyme (14) that combines the key features
of A5P and PEP into a single molecule and has an acyclic
structure (structure2, Scheme 1). This compound proved to
be the most potent inhibitor of KDO8PS with aKd of 0.4
µM, whose substantial inhibition was interpreted as additional
support for the concept of a mechanism that proceeds through
the involvement of intermediate1 (Scheme 1). Despite all
the observations described above, there is no evidence
available for the existence of1 as a true intermediate. In a
recent communication (15), we have reported the first direct
identification of active site residues of KDO8PS by solid-
state, rotational-echo double-resonance (REDOR) NMR (16).
In parallel, the X-ray crystal structure of KDO8PS was
determined in the presence of sulfate ions replacing the
natural substrates (17, 18). This study identified the enzyme
active site on the basis of its structural similarity to that of
the previously determined X-ray structure ofE. coli 3-deoxy-
D-arabino-2-heptulosonate-7-phosphate synthase (19). On the
basis of the active site architecture of KDO8PS as implied
by the crystallographic study, it was suggested that the
catalytic reaction proceeds via acyclic intermediate1, with
A5P maintained in an open stretched form before it reacts
with PEP.

Here, in continuation of our preliminary report (15), we
present a detailed account of a REDOR solid-state NMR
investigation of the active site of KDO8PS. In particular,
the lyophilized binary complexes of KDO8PS with each of
its natural substrates, and with bisubstrate inhibitor2, were
studied. Identification of the active site residues involved in
the binding of each substrate and of the inhibitor and their
unique chemical and structural characteristics will be pre-
sented. The resulting mechanistic implications of the NMR
data, combined with those resulting from the crystallographic
study, will be drawn and discussed. Our approach employed
preparation of [U-15N]KDO8PS and [η-15N2]Arg-KDO8PS
which were then subjected, alone and as binary complexes
with [1-13C]PEP, [1-13C]A5P, [1′-13C]2, and [3′-13C,15N]2,
to a multinuclear (15N, 13C, and 31P) solid-state NMR
investigation. In particular, REDOR NMR as the principal
means proved to be a powerful tool for the identification of
the different residues involved in ligand binding, for their
characterization, and for probing the state of the enzyme-
bound ligands.

MATERIALS AND METHODS

General Methods. A5P was prepared enzymatically ac-
cording to the procedure of Whitesides (20). The potassium
salt of PEP was prepared in large quantities as previously
described (20). [1-13C]A5P was prepared from [1-13C]-D-
arabinose [96%13C, Cambridge Isotope Laboratories (CIL)]

and hexokinase (Sigma). [1-13C]PEP (99%13C) was pur-
chased from CIL. (15NH4)2SO4 and [η-15N2]arginine were
from Martek. 2-(Phosphonomethyl)acrylic acid (3) was
purchased from Fluka. All other chemicals used in this study
were purchased from Aldrich or from Sigma and were used
without further purification. The specifically labeled gly-
phosate (Glp), [1-13C]Glp (99% 13C) and [3-13C,15N]Glp
(99%13C and 99%15N), were the generous gift of J. Schaefer
(Washington University, St. Louis, MO). Unlabeled2 and
its labeled variants were prepared by using a recently
developed one-step procedure (14). This procedure employs
the direct reductive amination in aqueous media between
D-mannose 6-phosphate and glyphosphate to provide2 in
one step. UsingD-mannose 6-phosphate and the appropriately
labeled glyphosates, we prepared [1′-13C]2 and [3′-13C,15N]-
2 in isolated yields [after ion-exchange chromatography on
AG 1X8 (100-200 mesh, HCO3- form) eluted with a linear
gradient (0 to 0.6 M) of triethylammonium bicarbonate buffer
(pH 7.5), followed by passage through a column of Dowex
50W (K+ form)] of 53 and 62%, respectively, as potassium
salts.

Solution NMR Data. [1′-13C]2: 1H NMR (D2O, pD 13.0,
400 MHz) δ 2.51 (d, 2H,J ) 11.2 Hz, CH2PO3), 2.60 (dd,
1H, J ) 13.3 and 7.85 Hz, H-1a), 2.82 (dd, 1H,J ) 13.3
and 3.7 Hz, H-1b), 3.16 (dd, 1H,J ) 16.4 and 4.1 Hz,
NCHH13CO2), 3.26 (dd, 1H,J ) 16.4 and 5.0 Hz, NCHH13-
CO2), 3.61 (dd, 1H,J ) 8.3 and 0.9 Hz, H-3), 3.63 (ddd,
1H, J ) 8.0, 4.8, and 2.2 Hz, H-5), 3.68 (dd, 1H,J ) 8.0
and 0.9 Hz, H-4), 3.69 (ddd, 1H,J ) 8.3, 7.6, and 4.0 Hz,
H-2), 3.76 (ddd, 1H,J ) 11.5, 7.4, and 4.8 Hz, H-6a), 3.85
(ddd, 1H,J ) 11.5, 6.5, and 2.2 Hz, H-6b);13C NMR (D2O,
pD 6.6, 100 MHz)δ 55.77 (d,J ) 125.4 Hz, NCH2P), 61.02
(d, J ) 51.4 Hz, NCH2

13CO2), 61.81 (C1), 67.48, 68.61,
70.82, 72.37, 73.82, 173.11 (13CO2); 31P NMR (proton-
decoupled, D2O, 81.0 MHz) pD) 6.6: δ 3.38 (CH2OP),
6.89 (CH2P); pD ) 13.0: δ 5.44 (CH2OP), 16.94 (CH2P).

[3′-13C,15N]2: 1H NMR (D2O, pD 13.0, 400 MHz)δ 2.51
(dd, 2H,J ) 127.4 and 11.0 Hz,13CH2PO3), 2.60 (m, 1H,
H-1a), 2.82 (bd, 1H,J ) 14.7 Hz, H-1b), 3.15 (bd, 1H,J )
16.4 Hz, 15NCHHCO2), 3.26 (bd, 1H, J ) 16.4 Hz,
15NCHHCO2), 3.58-3.84 (m, 6H, H-2, H-3, H-4, H-5, H-6a,
H-6b); 13C NMR (D2O, 50.3 MHz)δ 55.42 (bd,J ) 124.4
Hz, 15N13CH2P) (pD ∼7.0), 56.5 (bd,J ) 143.1 Hz,15N13-
CH2P) (pD 13.0);31P NMR (proton-decoupled, D2O, 81.0
MHz) pD ∼ 7.0: δ 5.46 (s, CH2OP), 7.03 (bd,J ) 126.7
Hz, 15N13CH2P); pD) 13.0: δ 5.45 (s, CH2OP), 16.94 (dd,
JC-P ) 143.1 Hz andJN-P ) 6.0 Hz,15N13CH2P).

OVerexpression and Purification of Enzymes.[U-15N]-
KDO8P synthase (specific catalytic activity of 9 units/mg)
was isolated by overproduction of theE. coli DH5R (pJU1)
strain, as previously described (10). The bacteria were grown
on minimal medium containing 6 mg/mL KH2PO4, 12 mg/
mL Na2HPO4‚7H2O, 12.5 mg/mL FeSO4‚7H2O, 0.6 mg/mL
glycerol, 0.25 mg/mL MgSO4, 1 mg/mL thiamine, 1 mg/
mL riboflavine, 1 mg/mL niacinamide, and 1 mg/mL
pyridoxinmonohydrochloride, supplemented with 1.5 mg/mL
[15N2]ammonium sulfate and 50 mg/mL ampicillin. The
[η-15N2]Arg-KDO8PS in which all arginines are selectively
labeled with [η-15N2]Arg was biosyntetically produced from
an arginine auxotrophic strain W3679 (pJU1) grown in the
same minimal medium mentioned above, and in addition was
supplied with all amino acids at a concentration of 40 mg/
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L, [η-15N2]Arg at a concentration 20 mg/L, and (NH4)2SO4

at concentration of 4.9 g/L. The wild-type KDO8PS and all
its labeled variants were purified according to the method
previously reported by Ray (1) with slight modifications (10).
All manipulations were carried out at 4°C.

Enzyme ActiVity Assay. Unless otherwise stated, the
enzyme activity was assayed in 1.0 mL of a reaction buffer
consisting of 0.1 M Tris-HCl (pH 7.0), 0.2 mM PEP (27Km),
and 0.5 mM A5P (20Km). Following equilibration at 37°C
for 2 min, KDO8PS (10µL, at a final concentration of
approximately 30 nM) was added, and the decrease in the
absorbance difference between 232 and 350 nm (as the
internal reference) was monitored as a function of time (MS-
DOS UV/VIS software). This method (21) is based on the
absorbance difference at 232 nm between PEP (ε ) 2840
M-1 cm-1) and the other substrates and products (ε < 60
M-1 cm-1) under the assay conditions. The initial rate was
calculated from a linear least-squares fit to the first 30 s of
the progress curve. The concentrations of PEP, A5P, and2
were determined precisely by quantitative assaying of the
Pi released by alkaline phosphatase (22). In each case, to
ensure complete hydrolysis of the phosphate monoester, the
aliquots of the incubation mixture with alkaline phosphatase
were tested by31P NMR. One unit of the enzyme activity is
defined as the amount that catalyzes the consumption of 1
µmol of PEP/min at 37°C. The protein concentrations of
enzyme fractions were determined using the Bio-Rad protein
assay with bovine serum albumin as a standard.

Preparation of Binary Complexes. Purified KDO8PS was
exchanged into a buffer by extensive dialysis, 16-24 h, with
two to six buffer replacements, containing 120 mM Mops
(pH 7.3) and 0.1 mM DTT, and then concentrated by
ultrafiltration through a Centricon concentrator to 150µM.
The enzyme concentration was determined according to the
subunit molecular mass of 30 kDa (i.e., 1 mM) 30.0 mg/
mL). The concentrated apoenzyme was rapidly frozen in
liquid nitrogen and lyophilized. To prepare the binary
complexes, the concentrated enzyme was incubated for 10
min at 4°C with 1 equiv of either PEP, A5P, 2-(phospho-
nomethyl)acrylic acid (3), or inhibitor 2. The final solution
prior to lyophilization contained 150µM KDO8PS, 0.4%
PEG (polyethylene glycol 8000), 8 mM sucrose, and 3.8 mM
MOPS. The solution containing the binary complex was
divided into 8-10 mL aliquots each in a 250 mL flask. The
aliquots were rapidly frozen in liquid nitrogen and lyoph-
ilized. Samples were completely freeze-dried within 16 h.

Site-Directed Mutagenesis.Mutagenesis was carried out
by the overextension (OC) PCR mutagenesis method (23).
Two separate reaction primers were run using flanking
universal primers, the KS and T7 promoter primers (Strat-
agene), and internal mutagenesis primers (Table 1). The
mutagenic PCR products were cleaved with twoEcoRI and
PstI and cloned in vectors pKS+ II (Stratagene), linearized
with EcoRI andPstI. The replacements were verified first

by digestion of the DNA with appropriate restriction en-
zymes and by DNA sequencing. The corresponding pro-
teins were produced and purified as described previously,
using the vector pKSII-kdsa (instead of pJU1).E. coliW3679
(CGSC) 1184) was obtained from theE. coli genetic stock
center. Site-directed mutagenesis was performed on five
highly conserved arginines, to yield R63A, R70A, R120A,
R226A, and R168A. In particular, kinetic characterization
of R63A resulted in complete inactivation of the enzyme,
while R70A, R120A, R168A, and R226A retained only 1.2,
0.1, 0.7, and 34% of the wild-type activity, respectively.

Spectral Methods. Spectrophotometric measurements were
taken on a Hewlett-Packard 8452A diode array spectropho-
tometer using 1 cm path length cells with a thermostated
cell holder and a circulating water bath at the desired
temperature.1H NMR spectra were recorded on a Bruker
AM-200 or AM-400 spectrometer, and chemical shifts (in
ppm) are reported relative to HOD (δ 4.63) with D2O as the
solvent.13C NMR spectra were recorded on a Bruker AM-
200 (50.3 MHz) or AM-400 (100.6 MHz) spectrometer, and
the chemical shifts are reported relative to external sodium
2,2-dimethyl-2-silapentane sulfonate (δ 0.0) in D2O. 31P
NMR spectra were recorded on a Bruker AM-200 spectrom-
eter at 81.0 MHz, and the chemical shifts are reported relative
to external orthophosphoric acid (δ 0.0) in D2O. All the
coupling constants (J) are in hertz.

Solid-State NMR Spectroscopy. NMR spectroscopy was
carried out on a Chemagnetics/Varian 300 MHz CMX-
infinity solid-state NMR spectrometer equipped with three
radio frequency channels and a triple-resonance probe using
5 mm thin wall Zirconia rotors. Samples were spun at 5000
( 2 Hz and were maintained at 1( 0.1 °C as a precaution
throughout the experiments. Cross polarization magic angle
spinning (CPMAS) echo experiments were carried out with
a 5 µs 1H 90°, 10 µs 180° pulse widths, a1H decoupling
level of 100 kHz, and a repetition time of 2 s; Hartmann-
Hahn rf levels were matched at 50 kHz, with 0.7, 2, and 2
ms contact times for15N, 13C, and31P, respectively. The
chemical shifts of15N, 13C, and31P are reported relative to
solid (15NH4)2SO4, TMS, and 85% H3PO4, respectively, with
an accuracy of(0.5 ppm. REDOR data were acquired using
a REDOR pulse sequence with refocusingπ pulses on each
rotor period (TR) on the observe channel and dephasingπ
pulses in the middle of each rotor period on the nonobserved
nuclei, followed by an additional two-rotor period with
chemical shift echo pulse in the middle. The REDOR pulses
on both channels followed the xy-8 phase cycling scheme
(24) to minimize chemical shift offset errors. REDOR data
acquired with dephasing pulses are denotedS, while data
without dephasing pulses serve for a reference and are
denoted S0. Difference data obtained via theS0 - S
subtraction are denoted∆S and yield spectra which exhibit
peaks of dipolar-coupled chemical species exclusively. Cross
polarization excitation was employed in all REDOR experi-

Table 1: Oligonuclotides Used for OC PCR Site-Directed Mutagenesis

mutation sequence site change

Arg-63 f Ala 5′-CAAAGCCAACGCGTCCTCCATCCACTC-3′ EcoRI toPstI
Arg-70 f Ala 5′-CAC TCTTATGCGGGACCGGGCCTGG-3′ EcoRI to PstI
Arg-168f Ala 5′-GAAGTTAGCACCGGCGTCGCAAAGAATCAC-3′ PstI to EcoRI
Arg-226f Ala 5′-CTGAGCTAGCAGCAGCCGGTATGG-3′ EcoRI to PstI
Arg-120f Ala 5′-CGTTTCTTGCTGCGCAGACTGACCTGGTT-3′ EcoRI to PstI

KDO8P Synthase REDOR NMR Biochemistry, Vol. 39, No. 48, 200014867



ments using the parameters described above. Up to 80 000
scans were collected depending on sample weight and on
the desired signal-to-noise ratio. Sample weights ranged
between 70 and 200 mg, with the enzyme weight being about
40%.

RESULTS

Preparation of Apo-KDO8PS and Its Binary Complexes
and Analysis by31P CPMAS NMR.Previous studies (11) have
shown that KDO8P synthase is isolated with an equivalent
of tightly associated PEP. To verify that all studied samples
originate from an identical, PEP-free enzyme, the apoenzyme
preparation procedure was monitored by both solution (not
shown) and solid-state31P NMR. The31P CPMAS spectra
of lyophilized KDO8PS following dialysis, the last step of
the enzyme purification procedure prior to complex forma-
tion, are shown in parts a and b of Figure 1 after dialysis for
16 and 24 h with one and five dialysis buffer replacements,
respectively. The spectra are normalized (accounting for
enzyme weight in sample) with respect to the spectrum of
the KDO8PS-PEP binary complex (Figure 1c) with a 1:1
stoichiometry. As can be seen, only the extensive dialysis is
successful in removing most of the phosphate(s) present after
enzyme purification. The31P peak in apoenzyme spectra 1a
and 1b is centered at 2 ppm, which is about 3 ppm downfield
from that of PEP in the binary complex (Figure 1c), and
overlapping only its downfield tail. Its shifted position
relative to that of PEP suggests that the majority of PEP is
removed by the dialysis and that the observed residual
phosphates are not PEP. While the exact chemical identity
of these residual phosphates is not known to us yet,
preliminary results (not shown) indicate that these do not
bind tightly with basic enzyme residues or occupy the active
site of KDO8PS.

Another approach to obtaining the apoenzyme, in which
residual PEP is removed by adding excess A5P followed by
dialysis, was attempted. However, employing31P solution
NMR, we have found that A5P, when present as a binary
complex with KDO8PS, could not be removed by a most
extensive dialysis procedure (42 h, six dialysis buffer
exchanges, 4 mL of enzyme solution in a total of 18 L of
dialysis buffer). Its entire removal could be accomplished
only via induction of its complete turnover by addition of
excess PEP, therefore suggesting that the dissociation
constant of the KDO8PS-A5P binary complex may be much
lower than that of the KDO8PS-PEP complex.

In light of the findings presented above, the first method,
which utilizes enzyme dialysis following the purification of
the enzyme, was employed. As a practical compromise
between enzyme loss upon extended dialysis periods and
purity level, an intermediate stage between the two states
reflected by spectra 1a and 1b was our routine procedure
for the preparation of apoenzyme. Comprehensive discussion
of the spectral details exhibited by each of the three binary
complexes will be given below.

15N CPMAS NMR of KDO8PS Binary Complexes.Uni-
formly 15N-labeled enzymes give rise to typical15N NMR
spectra in which the peaks of the side chains of the basic
amino acids (Arg, Lys, and His) are resolved from the main
peptide backbone peaks (25, 26). [U-15N]KDO8PS was
obtained and used extensively throughout this work along
with [η-15N2]Arg-KDO8PS and nonlabeled KDO8PS. The
CPMAS 15N NMR Hahn-echo spectrum of the [U-15N]-
KDO8PS binary complex with PEP (lyophilized powder)
exhibits resolved peaks (Figure 2) for the nitrogen atoms of
side chain histidine (nonprotonated,δ1, 224 ppm; protonated,
ε2, 143 ppm), guanidino arginine (internalε, 60 ppm; external
η, 49 ppm), and side chain lysine (ε, 9 ppm). The intense
peak at 95 ppm arises from 284 main chain peptide, 10
asparagine, and 13 glutamine side chain amide nitrogen
atoms. In preparation for studying the active site of KDO8PS
by REDOR NMR, the apoenzyme and the three binary
complexes with PEP, A5P, and with2 were prepared, and
their 15N CPMAS NMR spectra were compared as shown
in Figure 3a-d (expanded chemical shift scale). Detailed
inspection of the resolved arginine and lysine side chain
peaks reveals fine structure for the arginine nitrogen at 56
ppm and a high-field shoulder at 3 ppm for theε-nitrogen
lysine, which are present in the spectra of all three complexes
and of the apoenzyme (dotted lines). The relative integrated

FIGURE 1: 121 MHz31P CPMAS NMR spectra of [U-15N]KDO8P
synthase alone following dialysis of 16 h (a) and 24 h (b) and of
its binary complexes with PEP (c), A5P (d), and2 (e). Spectra a
and b are normalized with respect to spectrum c, accounting for
enzyme weight. Apo-a and apo-b denote apoenzyme obtained after
dialysis for 16 and 24 h, respectively. Spinning sidebands are
denoted byss.

FIGURE 2: 30 MHz15N CPMAS NMR spectrum of the lyophilized
binary complex of [U-15N]KDO8P synthase with [1-13C]PEP (for
experimental conditions, see Materials and Methods). The abun-
dance of each residue in KDO8PS is denoted in parentheses. The
inset on the left is vertically expanded by a factor of 8.
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intensity of the lysine upfield shoulder at 3 ppm corresponds
to about 1/22 of the overall lysine peak, and is therefore
attributed to a single unique lysine residing in a distinct
chemical environment. The 56 ppm arginine peak is less
resolved and therefore is harder to quantify, yet qualitatively,
it can also be attributed to a single unique residue. Its
unambiguous assignment to a substantially downfield-shifted
terminal guanidino nitrogen was facilitated by NMR mea-
surements applied to selectively labeled [η-15N2]Arg-
KDO8PS complexes, where only the terminal arginine
nitrogen atoms are labeled (vide infra).

Since the presence of these two unique peaks (56 and 3
ppm) of arginine and lysine residues is evident in the spectra
of the three binary complexes (enzyme-PEP,-A5P, and
-2) and in that of the apoenzyme as well (Figure 3), it
therefore implies that they represent chemical environments
of specific arginine and lysine residues which are not formed
as a result of ligand binding, but rather pre-exist as unique
microenvironments in the resting conformation of the
substrate-free enzyme. These unique sites must result from
the enzyme’s primary through tertiary structure and, as will
be shown below, are associated with specific recognition and
binding of PEP by the enzyme.

Since at neutral pH both substrates and inhibitor2 bear
negatively charged groups, phosphate, carboxylate, and
phosphonate, their charges must be counterbalanced by the
positively charged basic residues at the enzyme’s active site.
Therefore, labeling the carboxylates of the ligands with13C,
along with the naturally occurring31P in the phosphate and
phosphonate moieties, set forth the basis for the identification
of the basic residues which participate in their binding via
REDOR NMR experiments. The REDOR technique (16) is
based on the selective reintroduction of the dipolar interac-
tions between pairs of specific types of nuclei, e.g.,15N and
13C. In this way, their selective identification is enabled, and
in favorable cases, the accurate measurement of their dipolar
interactions can also be performed, from which distance

constraints can be obtained (25-28). Moreover, the15N
spectral resolution offered for each of the basic residues
allows us to screen them all simultaneously by employing
uniform 15N labeling of KDO8PS (26, 29) rather than sep-
arate measurements of samples with residue-specific labeling.

REDOR experiments monitoring the15N enzyme nuclei
as a function of their dipolar interactions, i.e., proximity,
with neighboring ligand31P and 13C nuclei serve as the
primary source of information throughout the following
work. These are complemented by31P and13C NMR ex-
periments that directly monitor the state of the ligands
themselves and their proximity to enzyme15N nuclei. These
NMR results are described in detail below for each binary
complex separately.

KDO8PS-PEP Binary Complex.Identification of the
basic residues that participate in PEP phosphate binding is
achieved via15N{31P} REDOR experiments. Parts a and b
of Figure 4 show the 64TR REDOR spectra (only backbone
to lysine side chain chemical shift region) of the [U-15N]-
KDO8PS-[1-13C]PEP binary complex. The reference spec-
trum, S0, shown in the lower trace is obtained following an
echo time interval of 64TR (with a TR of 200 µs), without
31P dephasing pulses. The spectrum in Figure 4b is the
REDOR NMR difference spectrum (∆S) S0 - S) which is
vertically magnified by a factor of 25 relative to its reference
spectrum (Figure 4a). This difference spectrum exhibits peaks
exclusively for residues in the enzyme active site whose15N
nuclei are within 6 Å of 31P nuclei of the phosphate group.
In addition to the broad difference peak of the amide
nitrogens (95 ppm), Figure 4b exposes two lysine peaks at
3 and 9 ppm and two complex arginine peaks at 56 and 69
ppm. Thus, apart from the 56 ppm arginine and the 3 ppm

FIGURE 3: 15N CPMAS NMR spectra, the arginine to lysine
chemical shift region only, of lyophilized [U-15N]KDO8PS alone
(a) and of its lyophilized binary complexes (1:1 stoichiometric ratio)
with [1-13C]PEP (b), [1-13C]A5P (c), and [1′-13C]2 (d). Apo-b
denotes apoenzyme obtained after dialysis of 24 h. Dotted lines
across the spectra correspond to arginine and lysine side chains
residing in distinct chemical environments.

FIGURE 4: Reference,S0 (a), and difference,∆S (b), 64TR
15N-

{31P} REDOR NMR spectra of the [U-15N]KDO8PS-[1-13C]PEP
binary complex. 64TR

15N{31P} REDOR difference spectra of the
[U-15N]KDO8PS-[1-13C]A5P (c), [U-15N]KDO8PS-[1′-13C]2 (d),
and [U-15N]KDO8PS-3 (e) binary complexes. The 69 ppm dotted
line denotes a third distinct chemical environment exhibited by an
internal guanidinium arginine nitrogen in spectrum b. Spectrum b
is vertically expanded by a factor of 25 relative to its reference
spectrum (a). Spectra c and d are expanded by the same factor
relative to their respective reference spectra.3 denotes the
compound 2-(phosphonomethyl)acrylic acid.
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lysine peaks associated with chemically distinct enzyme
environments as identified in Figure 3, this spectrum reveals
a yet additional distinct environment manifested by the
substantially downfield-shifted 69 ppm arginine peak (dotted
lines). The spectrum in Figure 4b therefore identifies at least
two different lysine residues, and at least two arginine
guanidinium moieties that interact with PEP phosphate,
where the role of the chemically distinct residues clearly
stands out.

To sort out unambiguously whether the chemically shifted
arginine peaks originate in a terminal or internal guanidino
nitrogen, the [η-15N2]Arg-KDO8PS-[1-13C]PEP binary com-
plex was prepared and a 64TR

15N{31P} REDOR NMR
experiment was performed. Its reference and difference
spectra shown in parts a and b of Figure 5 clearly manifest
the asymmetric terminal arginine nitrogen peak (centered at
48 ppm) with its downfield sharp edge at 56 ppm, while the
69 ppm peak is absent. This difference spectrum (Figure 5b)
therefore indicates that both peaks in Figure 4b, 56 and 69
ppm, are downfield shifted relative to their respective generic
arginine chemical shifts, and that they correspond to terminal
and internal guanidino arginine nitrogens, respectively.
Geometrical considerations and the fact that these two
difference peaks experience substantial downfield shifts
strongly suggest that they originate in a single arginine
residue (30).

It should be emphasized that the 3 ppm lysine difference
peak (Figure 4b) is the narrowest one that is observed (30
Hz). The second lysine difference peak and those observed
for the other two binary complexes (Figure 4c,d), for both
arginine and lysine, give rise to difference peaks at least twice
as broad (∼180 Hz). These larger line widths are attributed
to larger conformational multiplicities or site heterogeneities
experienced by the respective residues. Moreover, for the
KDO8PS-PEP complex (Figure 4b), the arginine difference
peaks are asymmetric, exhibiting sharper downfield edges,
and must therefore represent complex peaks that arise from
more than one residue. The steeper downfield edges reflect
narrow internal and external guanidino peaks which arise

from a single chemically distinct arginine residue (as is
deduced for the upfield lysine peak), while the upfield, broad,
and generic chemical shift part of their peaks arises from
additional arginine residue(s). This group of narrow peaks
(3, 56, and 69 ppm) reflects a lysine and an arginine which
are conserved in the binding site in a unique and rigid
conformation. This observation is also consistent with the
observations of Radaev et al. (17, 18), which suggest that
PEP phosphate is bound at the most recessed part of the
active site cavity, a region with limited conformational
degrees of freedom.

Since the narrow difference peak at 3 ppm is unambigu-
ously attributed to a single lysine residue, it enables a
quantitative REDOR NMR determination of the15N-31P
internuclear distance in this binary complex.15N{31P}
REDOR NMR spectra were recorded as a function of the
number of rotor cycles (n ) 32, 48, and 64), from which
the integrated intensity of the reference peak (S0) for eachn
was estimated by deconvolution. The values ofS/S0 were
then calculated as a function ofn and are plotted in Figure
6 (b). Also shown are calculated REDOR dephasing curves
for 15N-31P dipolar coupling strengths of 30, 40, and 50 Hz,
corresponding to internuclear distances of 5.5, 5.0, and 4.6
Å, respectively. The experimental data are best fit by the
5.0 Å (40 Hz) calculated curve, assigning this distance to
the internuclear separation between31P of PEP and the 3
ppmε-lysine nitrogen atom. The scatter of the points within
these limits suggests that the accuracy of this distance
determination is(0.4 Å. This distance determination relies
on the assumption of full active site occupancy by PEP.
Under the experimental conditions of complex preparation
and if it is assumed thatKd

PEP = Km
PEP ) 6 µM, one should

anticipate 80-85% site occupancy. Therefore, our deter-
mined distance of 5.0 Å sets an upper limit for the
internuclear separation (calculation of this REDOR-deter-
mined distance under the assumption of 80% active site
occupancy yields a distance of 4.6 Å).

As an additional means of assessing whether the desired
1:1 stoichiometry is indeed maintained, we have estimated
the ratio of the [1-13C]PEP peak area (which is 100%13C-
labeled) to the overall enzyme carbonyl peak (1.1%13C of
284 peptide bonds and 13 Gln, 10 Asn, 19 Glu, and 15 Asp

FIGURE 5: Reference (a) and difference (b) 64TR
15N{31P} REDOR

NMR spectra of the [η-15N2]Arg-KDO8PS-[1-13C]PEP binary
complex. (c) Difference 64TR

15N{31P} REDOR NMR spectrum
of the [η-15N2]Arg-KDO8PS-[1-13C]A5P binary complex. The 56
ppm dotted line denotes the same chemical shift position as shown
in Figures 3 and 4. The 48 ppm dotted line denotes the generic
chemical shift position of theη-15N2 arginine moiety. Both
difference spectra were vertically expanded by a factor of 10 relative
to their normalized reference spectra.

FIGURE 6: 15N{31P} REDOR dephasing,S/S0(n), for n ) 32, 48,
and 64 rotor cycles for the 3 ppm lysine difference peak of the
[U-15N]KDO8PS-[1-13C]PEP complex (b). The three lines rep-
resent calculated dephasing curves for dipolar coupling strengths
of 30, 40, and 50 Hz.
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amide side chains). The theoretical value for a 1:1 mole ratio
of PEP to KDO8PS in the binary complex is (1+ 341 ×
0.011)-1 ) 0.21. The determination of the relative peak areas
was carried out by recording the13C CPMAS NMR spectra
of the complex with nonlabeled PEP (Figure 7a) and of the
32TR

13C{31P} REDOR NMR spectra of the complex with
[1-13C]PEP [parts b (S0) and c (∆S) of Figure 7]. The
REDOR difference spectrum (Figure 7c) identifies the 1-13C
carbonyl of PEP at 172 ppm, and allows its deconvolution
from the 13C CPMAS spectrum of the [U-15N]KDO8PS-
[1-13C]PEP complex, from which a peak ratio of 0.19 was
estimated, in good agreement with the theoretical value of
0.21. However, while this measurement confirms the overall
stoichiometry, it should be noted that it cannot yield the
fraction of bound versus unbound forms of the ligand.

To estimate the conformation of enzyme-bound PEP, we
have conducted an additional13C{31P} REDOR experiment
with 48TR. From these two experiments (at 32TR and 48TR),
the C1-P dipolar coupling strength was estimated to be 178
Hz, from which an intramolecular C1-P distance of 4.1 Å
is calculated. This distance matches the calculated (InsightII,
MSI) maximum possible C1-P separation of 4.0 Å. The
REDOR data therefore imply that in the binding site, the
carboxylate and phosphate groups of PEP assume an exo
conformation, i.e., C1, C2, O, and P of PEP lie in one plain
(Figure 7, inset).

Generation of a complementary view, regarding which
residues facilitate binding of the carboxyl group of PEP, was
attempted via15N{13C} REDOR experiments, now employ-
ing the 1-13C label in PEP as the dephasing nuclei. Its 32TR

REDOR reference and difference spectra are depicted in parts
a and b of Figure 8, respectively. The difference peaks

present in this REDOR spectrum can be interpreted only
when contributions arising from natural abundance13C
nuclei, background dephasing, are accounted for (28, 31).
This is done by repeating the same 32TR

15N{13C} REDOR
experiment on a [U-15N]KDO8PS-PEP binary complex, i.e.,
in the absence of the carboxylate 1-13C label (Figure 8c).
Within the given signal-to-noise ratio and resolution of the
two difference spectra (Figure 8b,c), their comparison did
not yield any quantifiable differences, and therefore does not
allow us to identify particular enzyme residues that may
interact with the carboxylate group of PEP. For comparison,
the size and resolution of a difference peak due to a 40 Hz
coupling are demonstrated for the 3 ppm lysine in the 32TR
15N{31P} REDOR difference spectrum in Figure 8d. The
absence of such a resolved difference peak in the15N{31C}
REDOR difference spectrum in Figure 8b does not allow us
to determine if this 3 ppm lysine interacts with the carboxy-
late group of PEP (in addition to its interaction with PEP
phosphate). Nevertheless, if it interacts with C1 of PEP, the
dipolar coupling between the13C carboxylate and the 3 ppm
ε-lysine nitrogen must be smaller than 40 Hz; i.e., their
internuclear distance should be longer than 4.3 Å (if 80%
active site occupancy is assumed, this limit becomes 3.8 Å).
REDOR experiments with longer dephasing periods (48TR

and 64TR) were performed as well, yet their limited sensitiv-
ity and resolution could not yield further information
regarding the involvement of additional basic residues in
carboxylate binding.

KDO8PS-A5P Binary Complex.Previous steady-state
kinetic studies suggested an ordered mechanism with PEP
binding first, followed by A5P (10). However, substrate
trapping experiments have shown (11) that either PEP or
A5P can bind to KDO8PS in a kinetically competent mode,
suggesting a random mechanism. The implications of this

FIGURE 7: (a) 75 MHz13C CPMAS NMR spectrum of the binary
complex of [U-15N]KDO8P synthase with nonlabeled PEP. Refer-
ence (b) and difference (c) 32TR

13C{31P} REDOR NMR spectra
of the [U-15N]KDO8PS-[1-13C]PEP binary complex. Spinning
sidebands are denoted byss.

FIGURE 8: Reference (a) and difference (b) 32TR
15N{13C} REDOR

NMR spectra of the [U-15N]KDO8PS-[1-13C]PEP binary complex.
(c) The 32TR

15N{13C} REDOR difference spectrum of the binary
complex with nonlabeled PEP ([U-15N]KDO8PS-PEP). (d) The
32TR

15N{31P} REDOR difference spectrum of the binary complex
as in spectrum a. The difference spectra are vertically expanded
by a factor of 20 relative to their reference spectra.

KDO8P Synthase REDOR NMR Biochemistry, Vol. 39, No. 48, 200014871



difference cannot be understood at this stage and require fur-
ther study. To date, the dissociation constant of the KDO8PS-
A5P binary complex is not known (Km

A5P ) 26 µM) (10),
yet the difficulty encountered in removing A5P via dialysis
(as described previously) suggests that A5P must be tightly
bound to KDO8PS in the binary complex, with a dissociation
constant lower than that of the enzyme-PEP complex. We
will address the above issues in this section, focusing first
on the identification of an enzyme’s basic residues that
interact with A5P phosphate via REDOR experiments with
the [U-15N]KDO8PS-[1-13C]A5P binary complex.

The 15N CPMAS and 64TR
15N{31P} REDOR difference

spectra of this binary complex are shown in Figures 3c and
4c, respectively. The latter exhibits peaks only for15N
enzyme residues within 6 Å of the31P phosphate of A5P. In
particular, the peaks ofε-lysine nitrogen (9 ppm), and two
arginines (terminal and internal guanidino nitrogens at 49
and 62 ppm, respectively), are seen in addition to the broad
amide backbone (95 ppm). The chemical shifts of these
difference peaks are identical to those of the major (generic)
peaks observed in the CPMAS NMR spectrum (Figure 3c).
Clearly, these stand in marked contrast to the substantially
shifted peaks observed in the REDOR NMR spectrum of
the complex with PEP (Figure 4b), and therefore, they must
correspond to a different set of specific residues. Moreover,
in this spectrum, the three difference peaks are broader than
those observed for the PEP complex, suggesting higher con-
formational heterogeneity of the interacting residues and/or
involvement of several different (nonresolved) arginine resi-
dues. At the given experimental resolution, we are unable
at this stage to determine whether each difference peak origi-
nates from a single residue or possibly from more, and there-
fore, quantitative distance constraints for A5P phosphate are
not accessible. The 64TR

15N{31P} REDOR NMR experiment
performed on the [η-15N2]Arg-KDO8PS-[1-13C]A5P com-
plex isolates the terminal arginine difference peak as shown
in Figure 5c, reproducing the data shown in Figure 4c.

It should also be noted that the relative difference peak
strengths,∆S/S0, of the lysine are about half the size of that
of the terminal arginine. A5P phosphate binding is therefore
facilitated mainly by the arginine residues via both terminal
and internal guanidino nitrogens, and by weaker and/or fewer
interactions with lysine residues. Both the domination of A5P
binding by arginine versus lysine residues even though they
are twice less abundant in KDO8PS (10 Arg vs 22 Lys
residues) and the difficulty encountered in removing A5P
by dialysis support the notion that we are probing specific
binding of A5P within the enzyme’s active site.

To further substantiate this conclusion, we have studied
the [U-15N]KDO8PS-3 binary complex. Compound3 is an
isosteric phosphonate analogue of PEP which exhibits no
inhibition, nor is it a substrate of KDO8PS (32). Therefore,
it provides an example for a “nonligand” that would not form
specific interactions with enzyme residues when prepared
as a “binary complex”. The 64TR

15N{31P} REDOR NMR
difference spectrum of this lyophilized 1:1 “complex” shown
in Figure 4e exhibits a peptide backbone peak (95 ppm), a
peak at the lysine position (9 ppm), and possibly a residual
arginine peak (terminal, 48 ppm). The overall appearance
of the smaller difference peaks in this spectrum and the fact
that their relative intensities follow more closely the abun-

dance of the basic residues in KDO8PS as reflected in their
respective reference spectrum (not shown) suggest that they
reflect a nonspecific binding. This observation further
supports the attribution of the difference peaks in Figure
4b-d to specific interactions.

Previous studies (10), using 4-deoxy-A5P as an alternative
substrate, have clearly demonstrated that KDO8PS can act
directly on the acyclic aldehyde form of its substrate A5P.
In aqueous solution at neutral pH, the aldehyde form of A5P
is present at<0.2%, while the cyclicR and â anomers
constitute 97.7% (57.3%R and 40.4%â) (33). Therefore,
knowing whether the free aldehyde form of A5P is the only
form that can bind to the enzyme, or the enzyme can also
recognize and bind the cyclic forms of A5P, is important
for the understanding of the catalytic mechanism. For this
purpose, a 64TR

13C{31P} REDOR NMR experiment was
applied to the [U-15N]KDO8PS-[1-13C]A5P complex, utiliz-
ing the intramolecular13C-31P dipolar interaction in [1-13C]-
A5P, thereby exposing only the peaks of the labeled C1 as
shown in Figure 9 (a,S0; b, ∆S). For comparison, the13C
CPMAS spectrum of lyophilized [1-13C]A5P is shown in
Figure 9c, showing two major peaks of theR andâ cyclic
forms at 100 and 93 ppm, respectively, in close agreement
with our 13C solution data (103.5 and 97.7 ppm). The origin
of the broad and less intense peak centered around 65 ppm
(Figure 9c) and of the minor peak at 159 ppm (163.2 ppm
in solution) could not be determined at this stage. The two
major difference peaks shown in Figure 9b at 100 and 93
ppm are attributed to theR andâ cyclic forms, respectively.
Therefore, the pronounced peaks corresponding to the cyclic
R and â anomeric forms, along with the absence of an
aldehyde carbon reference and difference peak around 190-
210 ppm (34) from spectra 9a and 9b, suggest that the major
forms of enzyme-bound A5P are the cyclic forms. If the
linear form is also present, it is too small to be detected and
therefore could not exceed 20%.

FIGURE 9: Reference (a) and difference (b) 64TR
13C{31P} REDOR

NMR spectra of the [U-15N]KDO8PS-[1-13C]A5P binary complex.
(c) 13C CPMAS NMR spectrum of lyophilized [1-13C]A5P. The
difference spectrum is vertically expanded by a factor of 10.
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KDO8PS-2 Binary Complex.The acyclic bisubstrate
inhibitor 2 (Ki ) 0.4µM) was designed to mimic the putative
acyclic intermediate1 by combining the key features of A5P
and PEP into a single molecule, with the glyphosate moiety
assuming the role of PEP. REDOR NMR experiments were
employed to explore its actual mode of binding which leads
to its high potency as an inhibitor.

The 15N CPMAS spectrum of the binary complex of the
[U-15N]KDO8PS-[1′-13C]2 complex is shown in Figure 3d.
The basic residues involved in binding the negatively charged
phosphate and phosphonate moieties of2 are sought via a
64TR

15N{31P} REDOR experiment. In addition to the
backbone nitrogen peak (95 ppm), its difference spectrum
(Figure 4d) exhibits only arginine guanidino nitrogen peaks
(terminal, 50 ppm; internal, 63 ppm) similar to those
observed for the A5P complex in Figure 4c. Unlike PEP and
A5P binding, no involvement of lysine residues in inhibitor
binding is detected. This suggests that binding of2 by the
enzyme partially mimics A5P binding, and it has a little, if
any, interaction at the PEP binding site. Furthermore, the
presence of difference peaks of solely arginine residues for
this binary complex emphasizes the fact that we are probing
specific interactions.

To delineate the inhibitor’s binding via its two different
31P-bearing moieties, phosphate and phosphonate,31P
CPMAS and REDOR NMR experiments were performed.
The31P CPMAS spectrum of the [U-15N]KDO8PS-[1′-13C]-
2 binary complex shown in Figure 1e depicts two relatively
broad peaks, 680 Hz wide, with an intense one centered at
5 ppm and a small one at 18 ppm, with an integrated intensity
ratio of ca. 8:1. It should be noted that free2 in neutral
solution gives rise to 5.0 and 6.6 ppm peaks for phosphate
and phosphonate (14), respectively, while that of the lyoph-
ilized inhibitor alone gives rise to a spectrum (not shown)
similar to that obtained from the binary complex with the
inhibitor (Figure 1e). Identification of the two31P peaks
observed in spectrum 1e is accomplished by applying a 16TR
31P{13C} REDOR NMR experiment to the KDO8PS-[3′-
13C,15N]2 binary complex as shown in parts a and b of Figure
10. Here, the strong intramolecular31P-3′-13C dipolar
interaction (a 1.86 Å P-C bond gives rise to a 1930 Hz
dipolar coupling) yielded a difference spectrum (Figure 10b)
showing exclusively two phosphonate peaks centered at 5
and 17 ppm, evidence of the presence of two phosphonate
species. In attempts to further establish whether these species
are involved in interactions with the enzyme (within 6 Å of
the 15N of enzyme residues or enzyme backbone), a 64TR
31P{15N} REDOR NMR experiment was applied to the
[U-15N]KDO8PS-[1′-13C]2 binary complex. Its difference
spectrum depicted in Figure 10c shows only one peak at
3.5 ppm, slightly shifted upfield with respect to the high-
field (5 ppm) phosphonate in Figure 10b. This difference
peak is attributed to the phosphate of2, it being the only
31P moiety which is tightly bound by the enzyme. This
observation substantiates the conclusion drawn from the
15N{31P} REDOR data depicted in Figure 4d, confirming that
the phosphonate group in2 which was originally designed
to mimic PEP phosphate is not involved in tight interactions
with any enzyme residues. It should also be noted that no
interaction of a specific basic residue with the carboxylate
moiety of2 was detected via15N{13C} REDOR experiments
applied to the [U-15N]KDO8PS-[1′-13C]2 and KDO8PS-

[1′-13C]2 binary complexes (data not shown). Further evi-
dence regarding the state of2 in the KDO8PS-2 binary
complex is provided as Supporting Information.

31P CPMAS NMR of the Binary Complexes.As in previous
sections,31P CPMAS spectra were employed to monitor the
state of the inhibitor in the KDO8PS-2 complex and the
residual phosphates with the apoenzyme and the31P CPMAS
NMR spectra of the two binary complexes with the natural
substrates were recorded and are shown in parts c and d of
Figure 1. The spectra of [U-15N]KDO8PS-[1-13C]PEP and
[U-15N]KDO8PS-[1-13C]A5P complexes depict relatively
broad peaks,∼650 Hz wide, centered at-1 and 3.3 ppm,
respectively. Free PEP in neutral solution gives rise to a-0.2
ppm peak while that of free A5P to a 4.3 ppm peak.

It is of note that all three binary complexes (Figure 1c-
e) exhibit excessive31P peak breadths of about 650 Hz. This
extensive width is in marked contrast to observations made
by Schaefer and co-workers (35) in their study of lyophilized
EPSPS-S3P-Glp ternary complexes. Narrow31P spectral
lines (e120 Hz) served as criteria for the minimal confor-
mational heterogeneity of the substrates within the active
site, and were shown to depend strongly on the lyophilization
conditions. In our study so far, efforts to optimize lyophiliza-
tion parameters did not result in reduced line widths.
However, in all the samples prepared via this procedure, the
enzyme maintained 70-80% of its specific activity even after
being subjected to solid-state NMR measurements and
storage for 4-6 months at-20 °C.

Contributions to the peak could also arise in part from
partial population of ligands which do not occupy the active
site, or from residual phosphates as were observed in the
apoenzyme spectra (Figures 1a,b), yet these could not be
the only source for the31P peak width. Therefore, the31P

FIGURE 10: Reference (a) and difference (b) 16TR
31P{13C} REDOR

NMR spectra of the KDO8PS-[3′-13C,15N]2 binary complex. (c)
The 16TR

31P{15N} REDOR difference spectrum of the [U-15N]-
KDO8PS-[1′-13C]2 binary complex. The dotted line denotes the
chemical shift position of the difference peak in spectrum c.
Spinning sidebands are denoted byss.
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CPMAS spectra imply that there is a certain degree of
heterogeneity of the ligands within the active site. Thus, both
the 31P CPMAS spectra and15N REDOR difference spectra
imply that both the active site residues and the ligands
possess a certain degree of heterogeneity. The distinct set
of narrow15N peaks of the lysine and arginine residues that
bind PEP is therefore the exception in this study, drawing
further attention to their rigidly preserved chemical and
structural environment. The reproducibility of our experi-
mental results from different preparations and from altered
procedures ensures that the detected heterogeneities are not
degrading the interpretation of the data.

DISCUSSION

Our REDOR NMR investigation of the binary complexes
of KDO8PS with each of its natural substrates, PEP and A5P,
has identified two different sets of enzyme residues that bind
the phosphate groups of each ligand. Each of these two sets
is capable of sufficiently strong and independent binding.
These observations are in accordance with previous studies
(11) that showed that either PEP or A5P can bind first to
KDO8PS to carry out chemical catalysis. The two observed
sets of basic enzyme residues exhibit vastly different
structural and chemical characteristics. Of the set of residues
that interact with PEP phosphate, in particular, one lysine
(3 ppm) and one arginine (56 and 69 ppm) reside in a rigid
and chemically distinct environment. Interestingly, the unique
chemical and structural state of these residues is preserved
in the apoenzyme as well as in the other binary complexes,
regardless of whether PEP, A5P, or inhibitor2 is bound in
the active site. Unlike the rigid PEP-binding environment,
the set of arginine and lysine residues that interact with A5P
phosphate exhibits larger conformational heterogeneity. This
suggests that the residues that bind A5P phosphate are located
on a more exposed enzyme surface where higher flexibility
is possible. It should be noted that these structural charac-
teristics reflect the state of the binding sites in solution: the
rapid freezing of binary complexes and their subsequent
lyophilization freeze these states and prevent any flexibility
thereafter.

Via REDOR NMR, we determined that the arginine
guanidino groups employ both the terminal and internal (η
andε) nitrogen atoms in their interactions with the negatively
charged phosphates of both PEP, A5P, and2. This binding
mode of the arginine side chain is well-known from
crystallographic studies of biological systems (36) and was
also encountered and identified in solid-state NMR studies
(29, 30).

After our initial report on the solid-state NMR study of
KDO8PS (15), the crystal structure of KDO8PS (17) with
sulfate ions occupying its active site, and so substituting for
the phosphate groups of the natural substrates, was reported.
Both studies, the crystallographic and the solid-state NMR,
are in excellent agreement and constitute together a more
comprehensive description of the organization of the active
site of KDO8PS and its mechanistic details. The crystal-
lographic study reports (17) that PEP phosphate binds at the
most recessed part of the active site cavity by Lys-138 and
Arg-168; A5P phosphate binding occurs in a raised position
above the opening of the barrel by Arg-63 and Ser-64. Our
observations regarding the rigidity of the residues that bind

PEP in contrast to the flexibility of those which bind A5P
may be well understood in view of their location in the active
site; the buried residues that bind PEP are deprived of
conformational degrees of freedom, while those above the
opening are not spatially restricted. Maintaining for PEP a
rigid and chemically distinct binding site reflects the more
critical role of recognition and binding of PEP in a more
hindered location within the enzyme.

Furthermore, the crystallographic data, along with our site-
directed mutagenesis results, allow us to tentatively assign
the NMR-identified active site residues. The chemically
distinct lysine and arginine residues (denoted by the dotted
lines in Figure 4b) that bind PEP are assigned as Lys-138
and Arg-168, which is supported by the almost complete
inactivation of mutant R168A (0.1% of thewt activity). The
arginine, which dominates A5P binding, is assigned as Arg-
63, which is supported by the complete inactivation exhibited
by mutant R63A.

The NMR results showed that one more lysine (9 ppm
peak in Figure 4b) and one more arginine (composed peak),
at least, are involved in binding PEP phosphate. Involvement
of additional basic residues in A5P phosphate binding is not
implicitly suggested or excluded (Figure 4c). On the basis
of the tertameric crystal structure of KDO8PS (17), the most
proximate contacts of basic residues with the sulfates that
correspond to substrate phosphates are as follows. Arg-120
is 8.66 (η1) and 6.15 Å (η2) from PEP and A5P, respectively.
This arginine reaches to the active site from an adjacent
subunit, and its mutation, R120A, resulted in almost complete
inactivation (0.7% of thewt activity); this combination of
observations supports the notion that the active solution form
of KDO8PS is a tetramer. Lys-60 and Lys-55 are found 7.2
and 7.9 Å, respectively, from PEP phosphate; Lys-154 is
8.0 Å from A5P phosphate and is reaching over from the
adjacent subunit. These three are conserved lysine residues,
of which Lys-60 and Lys-55 were suggested (17) to interact
with the carboxylate group of PEP (yet could not be detected
by the 13C{31P} REDOR NMR experiments due to their
limited sensitivity). It is likely that within these most
proximate residues (Arg-120, Lys-50, Lys-60, and Lys-154)
which are highly conserved and/or essential, some contribute
to the difference spectra in parts c and d of Figure 4, yet the
definite assignment is not possible at this time. While
determining whether these or others are the putative interact-
ing residues cannot be done at this stage, the size of the lysine
difference peak at 9 ppm (Figure 4b) calls for a proximity
(<6 Å) much closer than that indicated by the X-ray data.
We therefore suggest that the ultimate structure of the active
site with the native substrates may be arranged slightly
different from that reported with the sulfate ions (17), where
other more intimate contacts with substrate phosphates should
be present.

REDOR NMR data show that both theR- andâ-furanose
forms of A5P, which constitute over 97% of its anomers in
solution, are also the primary forms which are bound to
KDO8PS in the binary complex. Since it was already
demonstrated (10) (using 4-deoxy-A5P as an alternative
substrate) that the aldehyde form of A5P can both bind and
react, the immediate consequence of the NMR data described
above is that bound cyclic A5P should be able to convert to
its acyclic reactive form for the reaction to occur. This
conversion may be induced by PEP binding or, alternatively,
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if A5P’s dynamic mutarotation, cyclich acyclic, continues
uninterrupted while A5P is enzyme-bound. Indeed, it has
been shown that the ring opening rate constants for free A5P
in solution (33) are one order of magnitude higher than the
kcat of KDO8PS (10). Since KDO8PS is capable of binding
both theR andâ anomers of A5P, it is conceivable that no
enzyme involvement should be required for their distinction,
or for the activation of ring opening. Alleviation of this “cost-
ineffective” requirement is made possible if the 1-hydroxyl
of (R and â) A5P has a minor role in the recognition and
binding of A5P’s cyclic forms, leaving this side of A5P free
to undergo ring opening. The actual ring-opening mechanism
cannot be inferred from the current binary complex data.

Substrate trapping experiments conducted under single-
enzyme turnover conditions have shown (11) that KDO8PS
can carry out chemical catalysis via a random mechanism.
Its implication is that either PEP or A5P can bind to KDO8PS
in a kinetically competent mode and that one ligand is not
interfering with the binding of the other. It is possible that
A5P, by binding above the opening of the active site cavity
in its cyclic forms, provides sufficient free space for PEP to
access the cavity and bind. Then, when ring opening takes
place, the proximity would be correct for catalysis to occur.
Access of PEP might be limited if A5P would bind only in
its linear form, with its aldehyde pointing down toward the
cavity. Full clarification of this issue requires additional
experimental evidence.

The REDOR NMR data for inhibitor2 show that its
binding to the enzyme is facilitated mainly by its phosphate
in a way that partially mimics that of A5P binding, while its
phosphonate moiety which was designed to mimic PEP does
not form any intimate interactions with enzyme basic
residues, or with the backbone. The enzyme employs only
arginine residues to bind the phosphate of2, similar to A5P
where arginines are forming the dominant part of the
interactions. Hence, we conclude that the glyphosate part of
2 may block the cavity entrance and restrict PEP’s free access
to its own site, resulting in PEP-competitive inhibition (14).
Therefore,2 is neither a good bisubstrate mimic nor a good
mimic of intermediate1, and it can be best characterized as
an A5P-based substrate analogue inhibitor of KDO8PS.

On the basis of all the results described above, and in
combination with the earlier results accumulated through the
synthesis and evaluation of various analogues of A5P (10,
37), PEP (5, 12, 38), and of the product KDO8P (7, 13, 38)
as mechanistic probes, we propose for the synthase-catalyzed
reaction the elementary steps illustrated in Scheme 2. While
the pathways leading to the formation of the E-PEP-A5P
ternary complex are consistent with the random mechanism,
the timing and overall stereochemistry of the condensation
step are still unresolved issues. Therefore, either a synchro-
nous generation of new C-C and C-O bonds or a stepwise
process can be suggested as a possible mechanism for the
formation of acyclic intermediate1. In addition, although
the stereochemistry of the C-C bond formation is well-
documented (si face of PEP toward there face of C1 of
A5P), the C-O bond between C2 of PEP and a water oxygen
can form either syn or anti to that of the newly formed C-C
bond (only anti shown in Scheme 2). This leads to a new
stereogenic center at C2 of acyclic intermediate1 whose
absolute configuration is not known.

In the phosphate elimination process (Scheme 2), we
suggest that the base-catalyzed proton abstraction from the
hydroxyl group is effected by a base provided by the
substrate, namely, one of the phosphate peripheral oxygens.
This proposed progression in1 combines several advan-
tages: (i) a strong base from the phosphate monoester is
used for proton abstraction, (ii) an enzyme base need not be
brought close to the charged phosphate and carboxylate
groups, (iii) the expected steric hindrance associated with
the removal of a proton from a tertiary hemiketal hydroxyl
is avoided, and (iv) the direct transfer of the proton from
the hydroxyl to the phosphate oxygen improves the ef-
fectiveness of the phosphate as a leaving group. Furthermore,
this type of proton abstraction intramolecularly catalyzed by
the phosphate (or phosphonate) oxygens has precedence in
the reaction catalyzed by dehydroquinate synthase (39).

Last, the scenario we suggest for the early release of Pi

followed by KDO8P release (9) follows the same line as
described for the free access of PEP while A5P is bound in
its cyclic form. Inorganic phosphate, after its cleavage from
the E-I complex, may assist the ring closure upon formation

Scheme 2: Proposed Elementary Steps for the KDO8PS-Catalyzed Reaction
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of the cyclic pyranose form of KDO8P, before it can escape
through the top of the barrel. Its release may not be
interrupted by cyclic KDO8P, which is bound via its
phosphate moiety at the top of the active site cavity.
Inhibition shown by a series of KDO8P analogues with cyclic
pyranose structures that are prohibited from undergoing ring
opening (7, 13, 38) further supports the proposed scenario.

The proposed mechanism in Scheme 2 can explain the
unusually high rate of turnover of the enzyme with (E)-3-
fluoro-PEP as the alternative substrate (9). In addition, it also
offers an explanation for the catalysis of phosphate ester
hydrolysis, and may even answer the long-standing question
regarding the preferred cleavage of the C-O bond over the
P-O bond of PEP, adopted by this enzyme. Thus, unlike
the EPSPS (40, 41) and UDP-GlcNAc enolpyruvoyl trans-
ferase reactions (42), in which a similar C-O bond cleavage
of PEP and the formation of inherently stable intermediates
have been well-documented, in the case of KDO8PS it seems
that the enzyme forms a very unstable hemiketal phosphate
(43, 44) intermediate (1), and its subsequent decomposition
may occur with no further involvement of the enzyme.
Further studies are underway to assess the mechanistic
pathway as proposed in Scheme 2. Also in progress is the
synthesis of new analogues of putative intermediate1.
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SUPPORTING INFORMATION AVAILABLE

The state of2 in the KDO8PS-2 binary complex char-
acterized by13C{31P} REDOR spectra of the [U-15N]-
KDO8PS-[1′-13C]2 and KDO8PS-[3′-13C,15N]2 binary com-
plexes, along with15N{31P} REDOR spectra of the KDO8PS-
[3′-13C,15N]2 binary complex. This material is available free
of charge via the Internet at http://pubs.acs.org.
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