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ABSTRACT: The lethal toxin (LT) fromClostridium sordellii, which belongs to the family of large clostridial
cytotoxins, acts as a monoglucosyltransferase for the Rho subfamily GTPase Rac and also modifies Ras.
In the present study we investigated structural changes of H-Ras in its di- and triphosphate form that
occur upon glucosylation of the effector domain amino acid threonine-35 by LT.31P NMR experiments
recorded during the enzymatic glucosylation process, using UDP-glucose as a cosubstrate, show that the
modification of the threonine side chain influences the chemical shifts of the phosphate groups of the
bound nucleotides. In the diphosphate-bound form (Ras‚GDP) glucosylation of Thr35 induces only small
changes in the chemical environment of the active center. In the triphosphate form with the GTP analogue
GppNHp bound (Ras‚GppNHp) Ras shows at least two different conformations in the active center that
exchange on a medium-range time scale (10 to 0.1 ms). Glucosylation selectively stabilizes one distinct
conformation of the effector loop (state 1) with tyrosine-32 probably apart from the nucleotide and threonine-
35 not involved in magnesium ion coordination. This conformation is known to have a low affinity to
effector proteins such as Raf-1, AF-6, or Byr2 and thus prevents the transduction of the activation signal
in the Ras-mediated pathway. NMR correlation spectra of Ras(T35glc)‚GDP and denaturation experiments
with urea indicate that the glucose is bound in theR-anomeric form to the hydroxyl group of the threonine-
35 side chain. Inhibition of the glucosylation reaction by 1,5-gluconolactone suggests a stereospecific
reaction mechanism with a glucosyl oxonium ion transition state for the enzymatic activity of LT.

Lethal toxin (LT)1 from Clostridium sordelliiis a major
virulence factor that is causally involved in diarrhea and
enterotoxemia in domestic animals and in gas gangrene in
man (1). LT has a molecular mass of 270 kDa and belongs
to the family of large clostridial cytotoxins (for reviews see
refs 2 and 3). The most prominent members of this toxin
family are theClostridium difficile toxins A and B, which
are the causative agents of antibiotic-associated diarrhea and
pseudomembranous colitis (4, 5). The protein toxins function
by transfer of a glucose molecule (LT andC. difficile toxins)

(6, 7) and anN-acetylglucosamine group (Clostridium noVyi
R-toxin) (8), respectively, to a threonine residue of their
substrate proteins. WhileC. difficile toxins A and B (e.g.,
from strain VPI 10468) andC. noVyi R-toxin glucosylate
the low molecular mass GTP-binding proteins of the Rho
subfamily, Rho, Rac, and Cdc42 (6, 8), lethal toxin modifies
not only Rac from the Rho subfamily but also Ras, Ral, and
Rap from the Ras subfamily. However, toxin B variants have
been described which share the substrate specificity of LT
and are capable of modifying Ras subfamily GTPases (2).
The target site of the monoglucosylation reaction in the small
GTPases is a highly conserved threonine residue in the so-
called effector loop or switch I region that is sensed for GDP
to GTP exchange and involved in the interaction with effector
proteins. The threonine residue, which corresponds to Thr35
in the Ras protein and Thr37 in Rho, is involved in magne-
sium ion coordination by its side-chain hydroxyl group (9).

Ras proteins are essential for the regulation of cell
differentiation and proliferation. By cycling between a GDP-
bound inactive state and a GTP-bound active state, they are
involved in the transduction of extracellular signals to the
nucleus. The glucose moiety at Thr35 renders Ras inactive,
as has been shown by inhibition of the downstream MAP-
kinase pathway (7, 10). The functional consequences of
glucosylation on the Ras GTPase cycle have been studied
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recently (11). The monoglucosylation of Ras does not
significantly alter nucleotide binding properties, whereas the
intrinsic GTPase activity was markedly decreased. While the
GEF-catalyzed loading with GTP was reduced by glucosyl-
ation but not completely inhibited, the GAP-stimulated
GTPase activity was completely blocked due to the inability
of glucosylated Ras-GTP to bind GAP. The most crucial step
in downstream signaling, however, was completely blocked
since the affinity of the Ras‚GTP complex with the Ras-
binding domain (RBD) of the Raf kinase was decreased upon
glucosylation by a factor of at least 105 (11). The X-ray
structure of Ras‚GDP modified by LT was published recently
(12). It shows that Thr35 is modified with the glucose bound
in its R-anomeric configuration and that the spatial structure
of Ras‚GDP is only minimally disturbed upon this modifica-
tion.

We have previously found that the effector loop of Ras
bound to the triphosphate analogue GppNHp exists in two
distinct conformations (states 1 and 2) that exchange on the
millisecond time scale and that are almost equally populated
(13). Binding to Raf-RBD selectively stabilizes one confor-
mation (state 2), which corresponds to the three-dimensional
structures determined for Ras in complex with effector
molecules (14). In the present paper we correlate the data
obtained in the solid state for Ras‚GDP with those observed
in solution by NMR spectroscopy. In addition, we investigate
if the triphosphate-bound Ras‚GppNHp can be efficiently
monoglucosylated at Thr35 and analyze the influence of this
modification on the conformational substates of the effector
loop. Since crystallization of Ras could select Ras with one
of the two possible configurations, NMR spectroscopy should
also be the method of choice to exclude or prove a possible
racemisation at the glycosidic bond in solution and thus to
estimate the degree of stereospecificity of the LT reaction.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification.Recombinant trun-
cated Ras protein (1-166) was expressed inEscherichia coli
and purified as described (9). Purified GDP, GTP, GTPγS,
and GppNHp reagents were purchased from Sigma. GDP,
which binds very tightly to Ras, was replaced with the
respective nucleoside triphosphate by the following proce-
dures. For nucleotide exchange with GppNHp the substrate
was incubated at 3-fold molar excess with Ras in the presence
of 200µM ammonium sulfate, 0.1µM zinc chloride, and 1
unit of alkaline phosphatase/mg of Ras overnight at 4°C.
To load Ras with GTP or GTPγS, nucleotide-free Ras was
produced by overnight incubation at 4°C in the presence of
200 µM ammonium sulfate, 0.1µM zinc chloride, and 0.2
unit of alkaline phosphatase/mg of Ras. After size exclusion
chromatography, one of the nucleotides was then added to
the Ras protein. Excess nucleotide after either procedure was
removed by gel filtration in order to obtain accurate NMR
spectra for kinetic evaluation. The pooled Ras fractions were
concentrated to 20 mg/mL by centrifugal concentrators
(Vivaspin 10 kDa cutoff, VivaScience). The buffer used in
all of these procedures contained 40 mM Tris-HCl at pH
7.4, 2.5 mM MgCl2, and 1 mM DTE. Lethal toxin (LT) from
C. sordellii was prepared from strain 6018 as described
earlier (7) and concentrated to 0.04µM in 50 mM Tris-HCl
at pH 7.6, 5 mM MgCl2, and 500 mM NaCl.

Preparation of the NMR Samples.To monitor the time
course of modification and changes in the active center of
the protein by31P NMR spectroscopy, the glucosylation
reaction of Ras by LT was performed in the NMR tube.
Usually, 31P NMR spectra were recorded in 8 mm NMR
tubes (Shigemi) containing 800µL of the Ras-nucleotide
complex with a concentration of 0.4-1.1 mM. To an initial
volume of 250-400µL of highly concentrated Ras protein,
8-16 µL of a solution of 100 mM UDP-glucose, 27µL of
100 mM MgCl2, 35 µL of 3 M KCl, and 250µL of 0.04
µM LT was added. A total volume of 800µL was obtained
by adding appropriate amounts of water. To provide a lock
signal, the samples contained 10% D2O. The glucosylation
of Ras‚GDP was performed twice at 10 and 20°C with either
a 2-fold excess of UDP-glucose relative to Ras or a small
excess of Ras relative to UDP-glucose. For Ras‚GppNHp
the glucosylation reaction was performed three times in the
NMR tube at temperatures of 5, 15, and 20°C and an excess
of the UDP-glucose.

Proton NMR experiments on nonmodified Ras‚GDP and
monoglucosylated Ras(T35glc)‚GDP were performed in
order to determine the anomeric conformation of the co-
valently bound hexose. First, the glucosylation reaction of
∼10 mg of Ras‚GDP at 20°C was followed by31P NMR as
described above. Maximum glucose incorporation was
achieved after∼16 h. To remove free UDP-glucose, the
protein sample was then placed in a glass dialysis cell and
dialyzed three times for 4 h at 4°C against 2 L of 50 mM
Tris-HCl (pH 7.0) and 5 mM MgCl2 but without DTE added.
The protein was finally freeze-dried, stored, and redissolved
in 250 µL of 99.8% D2O (Roth, Karlsruhe). For protein
denaturation experiments increasing amounts of urea were
added. To minimize protonation of the sample, the urea used
had been dissolved several times in D2O and freeze-dried.

Inhibition Studies of the Toxin-Induced Glucosylation with
Gluconolactone.For studying the effects of 1,5-gluconolac-
tone on the lethal toxin-catalyzed glucosylation of H-Ras,
10 nM toxin was incubated with∼3 µM H-Ras, 10µM
UDP-[14C]glucose, and increasing concentrations of glu-
conolactone or glucose for 15 min at 37°C. Thereafter,
labeled protein was separated by SDS-PAGE, and the
amount of incorporated radioactivity was determined by
phosphorimaging.

NMR Spectroscopy.31P NMR experiments were performed
on a Bruker AMX-500 NMR spectrometer working at a
phosphorus resonance frequency of 202 MHz. The31P
spectra were referenced to 85% phosphoric acid contained
in a glass sphere, which was immersed in the sample and
calibrated for various temperatures. Unless noted otherwise,
phosphorus spectra were recorded at 5°C with a total spectral
width of 60 ppm. For one-dimensional31P NMR spectra
512-16384 free induction decays were summed after excita-
tion with a 65 deg pulse using a repetition time of 3-5 s. A
total of 32 K time domain data points were recorded and
transformed to 16 K real data points corresponding to a
digital resolution of 0.74 Hz/point.

One- and two-dimensional1H NMR spectra were per-
formed on a Bruker AMX-500 and a Bruker DMX-800 NMR
spectrometer. Two-dimensional NMR spectra were recorded
in the phase-sensitive mode, and the water signal was
suppressed by selective presaturation during the preparation
period and/or mixing time. Typically, spectral widths were
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15.1 ppm, and the carrier was positioned at the solvent signal.
Homonuclear TOCSY and NOESY experiments were ac-
quired with 2048 complex data points in thet2 dimension
and 512 real free induction decays in thet1 dimension
using the States-TPPI mode as described previously (15).
Spin-lock times of 40 ms (TOCSY) and a mixing time of
80 ms (NOESY) at a temperature of 30°C were selected.
Proton chemical shifts were referenced relative to internal
DSS.31P NMR spectra were referenced to 85% phosphoric
acid contained in a small glass sphere immersed in the
sample.

All spectra were processed on a Silicon Graphics Indigo2
workstation using the software packages UXNMR (Bruker,
Karlsruhe) for data processing and AURELIA (16) for data
evaluation. Phosphorus spectra used for the equilibrium
constant determination were filtered by an exponential
window function causing no significant line broadening.
Two-dimensional1H spectra were filtered by a sine bell
window multiplication after zero filling in the indirect
dimension and Fourier transformed to 1024× 2048 (F1 ×
F2) real data points.

RESULTS

Monoglucosylation of Ras‚GDP ObserVed by31P NMR.
The influence of monoglucosylation of Ras byC. sordellii
lethal toxin on the conformational states of the active center
of Ras‚GDP was first studied by31P NMR techniques in
solution. Phosphorus NMR spectroscopy allows not only the
direct observation of changes in the environment of the two
phosphate groups of bound GDP but also the analysis of the
reaction kinetics since LT converts UDP-glucose to free UDP
and glucosylated protein. Thr35, the residue being glucosy-
lated by LT, is located in the effector loop of the GTPase. It
senses the GDP-GTP exchange and interacts directly with
the magnesium ion and the terminal phosphate of GTP in
the triphosphate-bound state of the molecule.

To follow the reaction kinetics, the glucosylation reaction
was performed in the NMR sample tube using adequate
protein amounts to record a single spectra within ap-
proximately 83 min. The time course of the glucosylation
reaction on Ras‚GDP by LT is shown in Figure 1. Before
addition of the substrates of the enzymatic reaction (0′) only

FIGURE 1: Monoglucosylation of Ras‚GDP‚Mg2+ by LT as observed by31P NMR. Spectra were recorded at 20°C in 20 mM Tris-HCl
buffer, pH 7.4. The total protein concentration was 0.47 mM Ras‚GDP‚Mg2+ and 11.4 nM LT toxin using a buffer of 0.8 mM UDP-
glucose, 5 mM MgCl2, and 120 mM KCl in 875µL of water (H2O/D2O, 90%/10%). Each single spectrum was recorded with 1200 scans
corresponding to 83 min each. Note the small shift upon glucosylation in the Ras‚GDP â-resonance line position (-2.1 ppm) and the
increasing signals of UDP (RUDP, -10.1 ppm;âUDP, -6.1 ppm).
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the signals of theR- and â-phosphate of Ras‚GDP were
detected but no signals of free GDP. Subsequently, UDP-
glucose and LT toxin were added (Figure 1) to the solution.
This led to the appearance of two new sets of31P NMR
signals correponding to UDP-glucose and UDP. During the
recording of the following 11 spectra (1 h 23 min to 15 h
14 min) the resonance signals for UDP increased due to the
LT-catalyzed reaction [UDP-glucose+ Ras‚GDP f UDP
+ Ras(T35glc)‚GDP]. The increase of UDP (R, -10.14 ppm;
â, -6.06 ppm) was therefore used as a measure for the
amount of glucosylated Ras protein. However, an increase
of inorganic phosphate (Pi) and nucleotide monophosphate
(UMP) could be observed during the time course of the
measurements. After the total reaction time of 36 h the
signals of UMP and UDP are vanished or diminished,
respectively, indicating the hydrolysis of these compounds.
The hydrolysis may be due to the instability of UDP-glucose
and UDP or to small impurities of phosphatases originating
from the nucleotide exchange procedure. Additionally, a
small quantity of the inorganic phosphate may result from
GDP released from degraded Ras protein. The31P chemical
shift values are listed in Table 1.

As seen in Figure 1, we can observe chemical shift changes
for the Ras-bound GDP upon monoglucosylation of Thr35.
The resonance signal for theâ-phosphate is shifted to higher
field by about-0.23 ppm. This slight shift from “left to
right” can be seen best for the spectrum recorded at 5 h 32
min where both forms of Ras, nonglucosylated Ras and
glucosylated Ras, occur in almost equal concentrations. The
observation of changes of theR-phosphate resonance is partly
hidden by the signals of the UDP. However, from the spectra,
which were recorded after the reaction was almost completed,
it seems that theR-phosphate signal is shifted about-0.5
ppm to high field upon glucosylation. After 36 h reaction
time approximately 80% of Ras is modified, as estimated
from the integrals of theR-phosphate resonances in the
modified and nonmodified protein.

Kinetics of the Monoglucosylation Reaction.The kinetics
of the enzymatic reaction of LT for monoglucosylation of
Ras was analyzed by integration of the well-resolved

resonance signal of theâ-phosphate group of UDP (âUDP)
at -6.06 ppm whose intensity increases with time. It is
accompanied by a decrease of the intensity of the signal of
the â-phosphate group of UDP-glucose (âUDP-glucose) at
-12.79 ppm. Unfortunately, the modification-induced chemi-
cal shift changes of theR- and â-phosphate resonance of
the Ras-bound nucleotide are partly hidden or too small for
a quantitative evaluation. For each spectrum the integrals of
the signals ofâUDP andâUDP-glucosewere normalized to the
signal intensity of â-phosphate group of bound GDP
(âRas-GDP). The ratioy of âUDP or âUDP-glucoseto âRas-GDP was
simulated as a function of the timet assuming pseudo-first-
order kinetics (Figure 2). For the increase of UDP a least-
squares fit [y ) A0(1 - exp(-kt))] results in a time constant
k of 0.145( 0.02 h-1, which corresponds to a mean half-
time of 4 h 47 min and amolar ratioA0 of incorporated
glucose of 1.08( 0.07. Simultaneously, the turnover of
UDP-glucose to UDP and incorporated glucose corresponds
to a time constantk of 0.123( 0.01 h-1 and a molar ratio
A0 of 1.71. Ideally, the decrease of the UDP-glucose signal
should match exactly the increase in free UDP. Degradation
of UDP to UMP or uridine and Pi would explain qualitatively
the discrepancy observed. Indeed, UMP and inorganic
phosphate are produced during the observation time, probably
by the presence of traces of phosphatases in the sample.
However, since only approximately 80% of Ras are modified
(see above), additional UDP-glucose has to be hydrolyzed
during the reaction time. This could occur by a side reaction
of LT where either glucose from UDP-glucose is transferred
directly to water instead to the threonine hydroxyl group or
glucose is removed from glucosylated threonine by LT in a
partial reversal of the reaction.

The obtained pseudo-first-order time constant appears with
0.145 h-1, rather small for physiological conditions. How-
ever, because of experimental requirements the reaction was
performed at very low toxin concentrations (11.4 nM)
compared to the Ras concentration (0.47 mM) at a temper-
ature of 20°C, well below a temperature which is physi-

Table 1: 31P NMR Chemical Shifts of Ras‚GDP‚Mg2+ and
Ras‚GppNHp‚Mg2+ upon Glucosylation of Thr35a

chemical shiftsδ (ppm)b

protein complex R â

UDP-glucose -11.21 -12.79
UDP -10.14 -6.06
Ras(wt)‚GDP‚Mg2+ -10.68 -2.03
Ras(T35glc)‚GDP‚Mg2+ -11.18 -2.26

chemical shiftsδ (ppm)b

protein complex R(1) R(2) â(1) â(2) γ(1) γ(2)

Ras(wt)‚GppNHp‚Mg2+ -11.15 -11.85 -2.69 -3.41 -0.41 -0.23
Ras(T35glc)‚GppNHp‚

Mg2+ c
-11.40 -2.55 -0.42

a Experimental conditions as in Figures 1 and 3. Spectra were
recorded at pH 7.4 and 20°C for Ras‚GDP and 15°C for Ras‚GppNHp,
respectively. Chemical shift values for Ras(wt) are taken from ref13.
b The resonances of states 1 and 2 are designated asR(1) andR(2),
respectively. State 1 is defined as the state where the resonance of the
â-phosphate group is shifted downfield relative to the second position.
c Monoglucosylation of Thr35 selectively stabilizes the downfield-
shifted state 1.

FIGURE 2: Kinetics of the Ras glucosylation reaction by LT. The
production of UDP (filled squares) during the enzymatic glucosyl-
ation of Ras‚GDP and the decrease of the cosubstrate UDP-glucose
(open circles) were taken from the signal intensities of the
â-phosphate groups, respectively, as shown in Figure 1. The molar
ratios were determined relative to the signal intensity of the
â-phosphate group from Ras‚GDP and fitted to an exponential
saturation equation assuming pseudo-first-order kinetics.
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ological for mammals. Assuming that at small times optimum
(Vmax) conditions exist, a turnover numberkcat of >1.8 s-1

can be estimated from the data.
Conformational Transitions of Ras‚GppNHp Induced by

Monoglucosylation at Threonine-35.Next, we analyzed the
ability of LT to glucosylate Ras in its nucleoside triphosphate
form. In these experiments GTP was replaced by the stable
GTP analogue GppNHp. It has been shown previously that
Ras exists in two conformational states when bound to
GppNHp. These states were assigned to an open (state 1)
and closed (state 2) conformation (13). We first recorded a
spectrum of Ras‚GppNHp showing two sets of resonance
lines for theâ- andR-phosphate groups (Figure 3, time point
0′) corresponding to the two conformational states. Then a
2.5-fold excess of UDP-glucose to Ras and catalytic amounts
of LT were added at 15°C. During the following 8 h the
resonance signal of theâ-phosphate group assigned to the

open conformation (state 1) increased, while the signal
corresponding to state 2 decreased with the time.

Although theR-phosphate resonance was partly hidden
by the signals of UDP-glucose, the decrease of the high-
field-shifted line corresponding to state 2 was clearly visible.
After several hours Ras was fully glucosylated, and only one
set of resonance lines could be observed for Ras(T35glc)‚
GppNHp. Here, a rate constant for the monoglucosylation
is 0.076( 0.01 h-1, which corresponds to a mean half-time
of 9 h 5 min. This 2-fold decrease in the time constant
compared to the GDP experiment may mainly be the result
of the different Ras to LT ratio and a lower reaction
temperature. Since the two states can only be observed by
NMR at lower temperatures, the temperature was reduced
to 15°C. The turnover rate of the modificationkcat estimated
under the assumption that almost optimal conditions exist
at small times is>1.4 s-1, comparable to that of Ras‚GDP.

FIGURE 3: Monoglucosylation of Ras‚GppNHp‚Mg2+ by LT. Spectra were recorded at 15°C in 20 mM Tris-HCl buffer at pH 7.4 using
a total protein concentration of 0.95 mM Ras‚GppNHp‚Mg2+ and 13 nM LT toxin with 2.4 mM UDP-glucose, 5 mM MgCl2, 120 mM
NaCl, and 140 mM KCl in 750µL of water (H2O/D2O, 90%/10%). For each single spectra 640 scans were recorded, taking 46 min each.
Note the splitting of theR- andâ-phosphate groups due to a conformational change in the effector loop of Ras and the subsequent stabilization
of state 1 upon Thr35 glucosylation.31P resonance signals of free UDP are not observed because of phosphatase activity due to the GppNHp
nucleotide exchange procedure.
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From the chemical shift values observed for the glucosyl-
ated protein its conformation would correspond to state 1
(Figure 3, top spectrum). The NMR signals of the reaction
product UDP could not be observed, most likely because of
traces of phosphatases that remain from the nucleotide
exchange procedure. The glucosylation reaction of the Ras
protein was confirmed by mass spectrometry (data not
shown). As mentioned above, X-ray crystallography reveals
that the hydroxyl group of Thr35 is involved in a hydrogen
bond to theγ-phosphate group of GppNHp and thus should
not be accessible for glucosylation. However, the reaction
observed requires an intrinsic flexibility of the effector loop
that provides the accessibility of the Thr35 side chain for
the substrate.

Identification of the Signals of Ras-T35 Glucose ReVeals
the R-Anomeric Configuration for the Bound Hexose.The
enzymatic reaction of the Ras monoglucosylation by LT
requires the cleavage of the UDP-glucose cosubstrate and a
covalent attachment of the hexose to the hydroxyl group of
the side chain of Thr35. In UDP-glucose the glucose moiety
is linked to the phosphate group of UDP in itsR-anomeric
form. To further understand this mechanism, it is of high
interest to analyze the configuration of the glycosidic bond
to Ras since an isomerization reaction could occur during
the transfer to Thr35. NMR spectroscopy is a suitable
technique to determine the isoform of a glycosidic bond from
the chemical shifts and theJ-coupling value of the C1′
hydrogen. ForR-anomeric configurations of hexoses in
aqueous solutions the C1-H resonance is typically found at
5.3 ppm, showing a3J-coupling value to C2-H between 2
and 5 Hz (glucose 3.7 Hz), while forâ-anomeric configura-
tions the C1-H resonance is found at 4.7 ppm with a
J-coupling value between 7 and 9 Hz (glucose 7.9 Hz) (17).
Usually, in aqueous solution 60% of glucose occurs in the
â-anomeric configuration and 40% in theR-anomeric con-
figuration at C1.

We first recorded one-dimensional1H NMR spectra of
Ras‚GDP in the glucosylated and nonglucosylated forms
(Figure 4). Since the enzymatic reaction by LT requires high
salt buffer conditions, which are not favorable for NMR
spectroscopy, and since the concentrations of free nucleotides
should be reduced, we dialyzed the sample after reaction
with LT three times against phosphate buffer containing low
amounts to no DTE. We then lyophilized the protein and
redissolved it in D2O. Under these conditions some high-
field-shifted HR resonances of Ras and the C1′-H of Ras-
bound GDP can be observed. Not only are direct sequential
neighbors of Thr35 affected by the glucosylation reaction,
but also residues further away in the sequence show chemical
shift changes (Figure 4). These include residues in the joining
â-strand â2, namely, Ser39 and Gln43. The resonance
assignment is based on published data (18, 19). To confirm
the line shifts, we performed a glucosylation by LT with
slightly less than equimolar concentrations of UDP-glucose
to Ras and dialyzed the sample against phosphate buffer.
This resulted in approximately 80% Ras(T35glc)‚GDP and
20% unmodified Ras‚GDP. As can be seen in the middle
spectrum of Figure 4, unmodified and monoglucosylated Ras
protein can be distinguished by the separate resonance lines
of Ser39 and the shift of Gln43.

To identify the chemical shifts of the covalently bound
glucose, we next performed 2D correlation experiments using

the 80% glucosylated Ras‚GDP sample described above. We
used this sample in order to avoid potential signal overlap
with the small substrates UDP-glucose or free glucose which
was not completely removed by dialysis. As seen in the
overlay spectra there is only one new set of resonances with
a coupling pattern typical for a glucose moiety. This allows
identification of the spin system for the bound glucose moiety
from homonuclear TOCSY experiments (Figure 5). Impor-
tantly, the chemical shift of the C1′ hydrogen at 5.00 ppm
would be in line with theR-anomeric form of the bound
glucose. As a control we recorded 2D correlation spectra of
free UDP-glucose in the same buffer that show the resonance
line of the C1′ hydrogen at 5.61 ppm and the resonances of
the other glucose hydrogens in the range of 3.93-3.45 ppm
(data not shown). These shifts are clearly distinct from the
glucose spin system identified in the protein spectra.

Unfortunately, we could not determine theJ-coupling
value for C1′-H because of signal overlap in the 1D
spectrum and limited frequency dispersion in the 2D spectra.
However, theJ-coupling was supposed to be small since we
could resolve doublet lines in the 2D spectra down to 5 Hz,
supporting theR-anomeric form of the glucose. Additionally,
we observed a shift of the Ser39 resonances upon glucosyl-
ation and other resonance lines as already described in the
1D spectra shown in Figure 4.

Urea Denaturation Experiments Confirm theR-Anomeric
Linkage of the Thr35Glc Moiety.As additional proof for the
configuration of the bound glucose we denatured the sample
containing 80% glucosylated Ras with urea. To this end, we
added deuterium-exchanged urea powder in three steps to a

FIGURE 4: Part of the HR chemical shift region of1H NMR spectra
of unmodified and monoglucosylated Ras at 800 MHz. Spectra were
recorded in 50 mM Tris-HCl buffer and 5 mM MgCl2, pH 7.0, in
D2O at 30°C. Chemical shift changes of S39 and Q43 indicate
conformational changes upon glucosylation inâ-strandâ2. Reso-
nance signals labeled with * and ** in the bottom spectrum
correspond to the ribose C1′-hydrogen shift of the UDP-glucose
substrate and UDP, respectively.
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final concentration of 8 M and heated the sample to 50°C.
It turned out that the Ras protein is surprisingly stable and
resistant to urea denaturation; however, after 60 min at
elevated temperature the protein was completely unfolded.
The high stability of the Ras is reminiscent of a previous
observation when the protein was titrated from physiological
pH to pH 2.2 and shown to keep its native structure (20).
Here, as a control for the identification of the glucose signal
we performed the same procedure with nonglucosylated Ras.
The HR part of the spectra obtained for the two samples is
shown in Figure 6. A comparison reveals that both spectra
are essentially identical besides the appearance of the
resonance lines of the bound glucose at 5.02 ppm and around

3.5 ppm. TheJ-coupling of the C1′ hydrogen was determined
to 3.2 Hz, which is in agreement with anR-anomeric
configuration at C1′. No sign of a second C1′ resonance
corresponding to theâ-anomer could be observed.

The analysis of the1H NMR experiments leads to the
conclusion that monoglucosylation of Ras by LT changes
the conformation of the effector loop and the joinedâ2 strand
and that the glucose is attached to the side chain of Thr35
in theR-anomeric configuration without observable isomer-
ization.

Inhibition of Glucosylation by Gluconolactone.To obtain
further insights into the catalytic mechanism of the gluco-
sylation of Ras induced by LT, we studied the effects of
1,5-gluconolactone on the LT activity. When gluconolactone
was added at increasing concentrations to the glucosylation
mixture, the modification of Ras was inhibited in a concen-
tration-dependent manner (Figure 7). By contrast, glucose
added at a similar concentration as gluconolactone did not
inhibit the LT-catalyzed glucosylation of Ras.

DISCUSSION

Large clostridial cytotoxins modify small GTPases of the
Rho and Ras family by glucosylation (C. difficile toxins A,
B, and LT) and byN-acetylglucosaminylation (C. noVyi
R-toxin). Whereas most toxins of this family specifically
modify Rho proteins,C. sordellii lethal toxin and isoforms
of toxin B (e.g., subtype 1470) glucosylate also Ras
subfamily proteins including Ras, Rap, and Ral. Glucosyl-
ation of Rho GTPases by large clostridial toxins occurs at
Thr35/37. The same residue (Thr35) is modified in Ras by
LT. Here the functional consequences of the glucosylation
of H-Ras by LT were studied by31P and1H NMR.

Monoglucosylation of Ras Stabilizes the Effector Nonbind-
ing State.Essential for the signaling function of Ras are
major conformational changes in the switch regions that
occur upon binding of nucleoside di- or triphosphates (14).
We have shown previously that Ras‚GppNHp exists in two
conformational states within the effector loop that are in
mutual exchange in the millisecond time scale (13). The two
conformations observed were assigned to an open conforma-

FIGURE 5: Overlay plot of1H TOCSY NMR spectra of monoglu-
cosylated (red) and unmodified Ras‚GDP‚Mg2+ (blue). Spectra were
recorded in 50 mM Tris-HCl buffer, pH 7.0, in D2O with 5 mM
MgCl2 at 30 °C. No DTE was added in order to prevent overlay
with glucose proton resonance signals. The protein concentration
was varied between 1.4 mM for the glucosylated sample and 2.0
mM for the nonglucosylated sample. The spin system of the glucose
linked to the Thr35 hydroxyl group is marked. Additional signals
of C1′ hydrogens for Ras-bound GDP, free UDP, and glucose are
labeled.

FIGURE 6: 1H NMR spectra of urea-denatured nonmodified Ras‚
GDP and monoglucosylated Ras(T35glc)‚GDP. Spectra were
recorded after addition of 8 M urea in D2O at 50°C. Resonance
lines of the sugar moiety can be identified and reveal theR-anomeric
conformation of the covalently attached glucose by chemical shift
position andJ-coupling value.

FIGURE 7: Gluconolactone inhibits the glucosylation of H-Ras by
lethal toxin. H-Ras was glucosylated by lethal toxin (10 nM) in
the presence of 10µM UDP-[14C]glucose with increasing concen-
trations of 1,5-gluconolactone (filled circles) or glucose (filled
squares). Labeled protein was separated by SDS-PAGE and
radioactivity incorporated determined by phosphorimaging. Given
is the amount of label as compared to maximal14C-glucosylation.
1,5-Gluconolactone but hardly any glucose blocked the incorpora-
tion of radioactivity into H-Ras. The experiment was performed
three times with similar results.
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tion (state 1) with Tyr32 being further apart from the
phosphate groups as found in the high-resolution crystal
structure of free Ras‚GppNHp (9) and a closed conformation
(state 2) with Tyr32 forming a hydrogen bound with its side
chain hydroxyl to theγ-phosphate group as found in the
Rap1A-Raf complex structure (21). The dynamics of the
switch regions is preserved even in the crystallized protein
(22), while association of the effector protein Raf or the
GTPase activating protein RasGAP to Ras mutually stabilize
the closed or open state, respectively (13). Thr35, which is
highly conserved among the superfamily of small GTPases,
has a key function for the flexibility and conformation of
the effector loop since its side-chain hydroxyl group is
coordinated to the magnesium ion and its amide group to
the γ-phosphate in the nucleoside triphosphate bound form
of the GTPase (9). Mutation of this critical threonine to serine
or alanine previously used as partial loss-of-function muta-
tions in cell-based assays shows a reduced affinity to Ras
effectors although Thr35 is not being involved in any direct
protein-protein interaction. However, as could be shown by
NMR spectroscopy, they drastically affect the dynamic
behavior of the effector loop and therewith the binding to
effectors (13, 23).

Most probably in state 1 of wild-type Ras‚GppNHp the
coordination of Thr35 to the nucleotide-Mg2+ complex in
the active center is abolished. We therefore investigated by
NMR spectroscopy the effect of monoglucosylation of Ras
at Thr35 with GDP or GppNHp bound on the conformation
of the protein.

In Ras‚GDP glucosylation of Thr35 led to upfield shifts
of theR- andâ-phosphate resonances by 0.5 and 0.23 ppm,
respectively. These spectral changes indicate a change of the
environment of the phosphate group by the modification
which probably reflects the close proximity of the modifica-
tion to the phosphate groups of GDP. However, this
perturbation is rather small and would be in agreement with
the high conformational flexibility of the switch regions
reported earlier (24). The shift changes are reminiscent of
the observation of two conformational states that have been
previously detected also for Ras‚GDP (25) as well as for
other GTPases, e.g., Ran (26). The glucosylation may perturb
the flexibility and thus shift the average structure of the
switch regions, mainly affecting the effector loop. Interest-
ingly, we could observe chemical shift changes (indicative
for conformational changes) even in the residues Ser39 and
Gln43 further apart from Thr35 by1H NMR. For the GDP
complex of Ras glucosylated by LT an X-ray structure has
been published (12). According to this structure, these
residues are located at the solvent-exposed site of the second
â-strand of Ras that forms the intermolecularâ-sheet with
effectors (Figure 8). Importantly, Ser39 contributes to the
stabilization of the Ras-Raf complex by formation of four
hydrogen bonds to Arg89 and Arg67 of Raf (21). The small
changes induced by glucosylation in the accompanying
â-strand may therefore explain why this modification inhibits
Ras signaling, although Thr35 is not involved in any direct
interaction with the kinase.

Nevertheless, glucosylation of Ras‚GDP leads to an
additional decrease of the affinity to Raf-RBD by almost 2
orders of magnitude (from 45 to<1 mM-1) (11), which is
most probably not a direct steric hindrance of the effector
interaction by the glucosyl moiety. Interestingly, Ser39 in

Ras corresponds to Asn41 in RhoA, which is ADP-
ribosylated by the C3 exoenzyme. Glucosylation of Thr37
by toxin B is known to inhibit the ribosylation at position
41 (6, 27). These observations suggest structural changes in
the effector loop upon glucosylation that extend to strand
â2. Thus, the chemical shift changes observed for Ser39 upon
Ras monoglucosylation remind us of large conformational
changes observed in the crystal structure of RhoA‚GTPγS
compared to Ras-nucleoside triphosphate structures that are
thought to explain the block of Asn41 ribosylation after
Thr37 glucosylation (28).

In the nucleoside triphosphate form31P NMR spectroscopy
indicates a stabilization of state 1, which has been previously
assigned to the open conformation of the effector loop.
Again, these data nicely correlate with the observation that
glucosylated Ras does not interact with Raf effectors, since
all Ras effector domains studied so far are known to bind
Ras only in its closed confirmation (state 2), where both
Thr35 and Tyr32 are coordinated to the nucleoside triphos-
phate-magnesium complex (13, 15, 21, 23, 29, 30). It has
been postulated earlier that in state 1 the hydroxyl group of
Thr35 is not coordinated to the metal ion (23). This would
imply that this group is accessible to LT and can be modified
when GppNHp is bound, as is indeed observed here.
Conversely, the31P chemical shift changes after modification
of Thr35 are very similar to those induced by mutation of
Thr35 and thus confirm our structural model for state 1 (23).
It will be of interest to analyze the glucosylation reaction
for other nucleoside triphosphate analogues, e.g., GTPγNH2,
that are known to preserve the dynamic behavior of Ras (31).

We could obtain an estimate of the turnover number for
the modification of Ras‚GDP from the NMR data asg1.8
s-1 at 20°C, a value which is in line with published values
obtained by biochemical methods. Busch et al. (32) found a
kcat of 0.33 and 4.9 s-1 for Rac‚GDP and Ras‚GDP,
respectively, at 37°C. For the Ras‚GppNHp complex we
found akcat of g1.4 s-1 at 15°C, which is close to the value
found for Ras‚GDP. This would fit well to our picture that

FIGURE 8: Structure of the glucosylated Ras(T35glc)‚GDP protein
with the glucose in theR-anomeric conformation. The structural
model is based on the coordinates of the X-ray structure of
glucosylated Ras‚Mg2+‚GDP (12). The flexible loops L1, L2
(effector loop), and L4 surrounding the two phosphate groups of
GDP are labeled as well as residues Tyr32, Thr35, and Ser39. The
figure was generated with WebLab Viewer (Accelrys Inc.).
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the hydroxyl group of Thr35 is accessible by LT in state 1.
State 1 is in fast equilibrium with state 2 within a time scale
of milliseconds; it is not a rate-limiting step under our
conditions.

Catalytic Mechanism of LT.Analysis of the proton
chemical shifts of the incorporated glucose suggests the
R-anomeric configuration for the attached glucose. This
observation is in agreement with a published crystal structure
of Ras(T35glc)‚GDP where onlyR-anomeric glucose could
be fitted into the electron density map (12). NMR spectro-
scopy reveals that the reaction is highly stereospecific since
no racemization was observable in solution. This is important
since crystallization could select for one anomer of glucose
although both anomers are present in the solution. The
R-anomeric linkage of the glucose moiety to the hydroxyl
group of Thr35 suggests that the transfer reaction must occur
under retention of the configuration of theR-D-glucose at
the C1′ position. The retention of the glucose configuration
excludes an enzymatic mechanism that results in an inversion
of the chiral center, e.g., a single SN2 reaction mechanism.
As discussed by Vetter et al. (12) a binucleophilic substitution
(double displacement) or, alternatively, a stereospecific SN1
reaction could be performed by the LT enzyme, where the
catalytic pocket of the toxin prevents formation of a racemate.
However, as we show LT can be inhibited by 1,5-glucono-
lactone. This indicates that the reaction mechanism of LT
may include a glucosyl oxocarbonium ion transition state as
is suggested for the glycogen synthase that also uses UDP-
glucose during the glycogen synthesis (33). Here, the
transition state analogue 1,5-gluconolactone is an inhibitor
of the glycogen synthesis. A similar mechanism is also
proposed for the glycogen phosphorylase and lysozyme
which are both inhibited by 1,5-gluconolactone.
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