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We investigate the mobility of the osmoregulated periplasmic glu-
cans of Ralstonia solanacearum in the bacterial periplasm through
the use of high-resolution (HR) NMR spectroscopy under static
and magic angle spinning (MAS) conditions. Because the nature of
periplasm is far from an isotropic aqueous solution, the molecules
could be freely diffusing or rather associated to a periplasmic
protein, a membrane protein, a lipid, or the peptidoglycan. HR
MAS NMR spectroscopy leads to more reproducible results and
allows the in vivo detection and characterization of the complex
molecule. C© 2001 Academic Press
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INTRODUCTION

The molecular mechanisms of bacterial virulence are an
tense area of research, both from the fundamental and from
applied points of view. The virulence factors displayed by t
bacteria, the corresponding host targets, and potential hos
sponses all add to the complex interplay between bacteria
host and can potentially be used to interfere with bacterial inf
tion. Recently, a new genetical approach was developed base
the Pseudomonas aeruginosa–Caenorhabditis eleganspatho-
genesis model (1). Analysis of the gene products affected b
mutations that attenuated bacterial virulence in aC. elegansfast
killing model indicated phenazine production as a major mol
ular toxin. Surprisingly, however, one mutant was impaired
a gene homologous tohrpM, previously identified as a locus
controlling pathogenecity in the plant pathogenPseudomonas
syringaepv. syringae (2). The gene product ofhrpM, or that of
its homologuemdoHin Escherichia coli(3), encodes an enzyme
involved in the biosynthesis of osmoregulated periplasmic g
cans (OPGs). Omnipresent in the periplasmic compartmen
Gram-negative bacteria, and with common features in comp
tion (only glucose) and regulation (a higher amount is produ
in response to a lower osmolarity of the medium), they do
hibit structural features that are characteristic of a bacterial ge
(4). How precisely these compounds contribute to bacterial
ulence is not known, but at least for the plant pathogenErwinia
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chrysanthemi, it has been established that, even if the molecu
may leave the periplasmic space, they must be present in
cell compartment to play their role(s) in bacterial virulence (5).

NMR spectroscopy has been extensively used to estab
the primary structure of the OPGs, and recent efforts have
tempted to establish their three-dimensional structure. The O
of Ralstonia solanacearum, due to its unique and small size (1
glucose units), its lack of substituents, and the good dispers
of its anomeric proton signals due to a presence of oneα-(1-6)
linkage that breaks the macroscopic symmetry in the mac
cycle (6, 7), has been a favorite model in our laboratories (8).
Despite the accurate measurement of bothH1–H ′2 distances over
the glyccosidic linkage (9) and trans-glycosidic bond coupling
constants (10), no definite model has come out of these studi
but rather a dynamical model where the macroscopic cycle
dergoes large-scale movements on a microsecond time scal
evolved (11).

A different question of molecular dynamics, potentially mo
relevant from the biological point of view, is related to the d
gree of motional freedom of the OPG molecules in the bacte
periplasm. Their concentration in this cellular compartment c
be estimated to be in the range of 10 to 100 mM (12). However,
since the nature of periplasm is far from isotropic aqueous
lution, one can imagine the molecules to be freely diffusing
rather associated to a periplasmic protein, a membrane pro
a lipid, or the peptidoglycan. In this report, we investigate t
use of high-resolution NMR spectroscopy, under both static
spinning conditions, to distinguish between those opposite s
ations. It is found that a major part of the OPG molecules inde
has a significant amount of rotational freedom in the periplas
space of the bacteria, although it cannot be excluded that a s
fraction of immobilized OPG molecules carries the biologic
function.

MATERIAL AND METHODS

Sample preparation. R. solanacearumstrain T11 was grown
to mid-log phase on a rotary shaker (60 rpm) at 26◦C in 50 mL
of Luria broth without NaCl. This culture was used to inocula
18
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IN VIVODETECTION OF GL

600 mL of LOS medium containing 1 g of13C glucose, 3 g of
casein hydrolysate, 2 mg of thiamin, 0.5 mg of FeSO4, 18 mg
of MgCl2, 200 mg of (NH4)2SO4, and 175 mg of K2HPO4 per
liter (pH 7.2) and incubated under the same conditions for 2
(mid-log phase). [U-13C] glucose, and13C1 and 13C2 glucose
were purchased from Cambridge Isotope Labs (Boston, M
Cultures were centrifuged at room temperature for 15 min
7000g. Then, the pellets were resuspended in 60 mL of distill
water and centrifuged for 10 min at 3000g. Finally, the pellets
were resuspended in 3 mL of distilled water (1/200 of the c
ture volume). This bacterial paste was quickly introduced us
a spatula into the NMR rotor or regular 5-mm tube. The puri
cation of the labeled DP13 has been described previously (6).

NMR spectroscopy.The NMR experiments were performe
on a Bruker DMX-600 spectrometer equipped with a tripl
resonance1H/13C/15N self-shieldedxyzgradient probehead or a
1H–13C high-resolution magic angle spinning (HR MAS) NMR
probe with uniaxial gradients. All spectra were recorded at a te
perature of 28◦C. Solution spectra were recorded without sam
ple spinning, whereas the HR MAS spectra were recorded
6-kHz spinning rate. Solvent suppression in the 1D spectra w
performed with low-power irradiation at the water frequenc

Two-dimensional HSQC (heteronuclear single-quantum coher-material for NMR spectra, the spectra could be qualified as rea-

on
ive
ence) and HSQC-TOCSY experiments were performed using
standard Bruker pulse programs. Spectra were acquired with

sonably well resolved to very broad, with intermediate resoluti
for the other two spectra (Fig. 1). We attribute these quantitat
FIG. 1. 1D single pulse spectra of different cell pastes in a regular 5-mm N
glucose (a), grown on13C1-labeled glucose (b, c), and13C2-labeled cell paste (d
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h

).
at
d

l-
ng
fi-

-

m-
-
t a
as

y.

1024×256 complex points and transformed after zero filling
2048×1024 and multiplication with aπ/3 shifted squared sine
in both dimensions. The HSQC-TOCSY spectrum was record
with a 62-ms MLEV mixing time.

RESULTS AND DISCUSSION

One of the prerequisites of high-resolution NMR is that th
external magnetic field is extremely homogeneous over the v
ume of the detection coil. Modern techniques of magnet and c
design have led to the impressive achievement of a homogen
smaller than 1 Hz on a total frequency that approaches 1 G
When bodies with different magnetic susceptibility are intr
duced in the sample, this resolution is partially lost due to t
macroscopic dipolar fields that are generated at the interface
differential magnetic susceptibility. However, as susceptibili
differences for entire embryos and aqueous solution were
ported to be minimal (13), we reasoned that the same might b
true for the bacterial cells and therefore first attempted to rec
spectra on a cell paste in a regular 5-mm NMR tube.

The resulting 1D spectra proved to be very dependent on
sample preparation : although the cellular paste was prepa
in a similar way for the four preparations that served as start
MR tube. Samples from top to bottom : a cell culture grown on uniformly13C-labeled
).
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FIG. 2. (a)1H–13C HSQC spectrum on a cellular paste grown on uniformly13C-labeled glucose (identical to sample of Fig. 1, top) recorded in a standard 5-

NMR tube. (b) Same spectrum with the13C1-labeled sample of Fig. 1c. The insert shows an enlargment of the anomeric region. The 1D spectrum corresponds to a
trace through theα unit H1–C1 correlation (5.18 ppm/98.6 ppm) in the HSQC-TOCSY spectrum of the same sample, connecting the anomeric proton with its H2
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differences in spectral quality mainly to bacterial density g
dients in the tube due to initial variations in biomass and
differential sedimentation of the bacteria under the influen
of gravity while in the spectrometer. Because both parame
largely escape experimental control, the reproducibility of
experiments was poor. In the best resolved spectrum (Fig
top), we could distinguish some resonances upfield of the re
ual water line that might correspond to the proton signals of
anomeric protons in the macrocycles.

In order to possibly assign the resonances to the diffe
glucose units, we decided to take profit of the good13C chemical
shift dispersion of the purified molecules (6, 7). Isotopic labeling
is straightforward when the bacteria are grown in13C-labeled
glucose, as the OPG molecules are solely constituted of glu
units. The1H–13C HSQC spectrum on a cellular paste grow
on uniformly13C-labeled glucose confirmed the presence of
anomeric proton–carbon signature of the OPG around 4.91H)
and 103 ppm (13C), but many other signals were seen (Fig. 2
As this dilution of the isotopes into other molecules made
full assignment more hazardous, we decided to grow a new
culture on13C1-labeled glucose, while simultaneously minimi
ing the time between the culture and the NMR experiments

first sample resulted in a very broad proton spectrum (Fig. 1
and consequently, the HSQC spectrum showed no correlati
With a second preparation, the 1D spectrum was better
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solved, even though it remained less resolved than our very
spectrum (Fig. 1c). However, the absence of isotopic dilut
made the information in the HSQC spectrum more read
accessible (Fig. 2b). The anomeric region was easily obser
with a distinct cross peak probably corresponding to the u
in theα conformation, the spectral signatures of the alternat
β-(1-2) linked units (8), and finally the last anomeric proto
downfield of the water signal. Whereas this spectral pattern
close to the one observed for the purified molecule (6), several
additional correlation peaks obscured the identity betwe
the in vivo and solution spectrum. While a HSQC-TOCS
spectrum showed the correlations of most anomeric prot
with their H2 and H3 protons (Fig. 2b), the absence of simi
correlations to protons in the H2/H3 region eliminated som
other peaks as potential resonances belonging to the O
molecule (such as the strong correlation at 5.05 ppm for1H
and 96.5 ppm for13C). Following centrifugation of the sample
after the NMR experiments, we recorded a spectrum on
supernatant. No OPG signals could be detected, indicating
the signals that we observed on the cell containing sample
originate from confined OPG molecules. Finally, we grew t
bacteria in a medium supplemented with13C2-labeled glucose.
Although the 1D spectrum was of comparable resolution to
ons.
re-
one of the13C1-labeled sample (Fig. 1d), the corresponding
HSQC spectrum showed some dilution and only weak H2–C2
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also remained (Fig. 3b). The high diffusion coefficient of liquid
IN VIVODETECTION OF G

correlations. This latter observation is in agreement with
exchange broadening observed for the C2 carbons of the cyclic
molecule in solution (11).

Spinning the sample at the magic angle, a technique borro
from solid-state NMR, has proven an efficient means to aver
out the macroscopic inhomogeneities in gel-like samp
(14–17). Known under the name of high-resolution magic ang
spinning NMR, it has been successfully applied in the fields
solid phase organic chemistry, peptide synthesis, and polym
(18–21). Recently, its clinical use to detect free metabolites
human tissue was described in order to diagnose breast ca
(22, 23). An essential limitation of the method is that it onl
detects molecular species with sufficient mobility to avera
line broadening partially. The solution NMR results describ
above indicate that the OPG molecules indeed retain a sig
icant degree of freedom in the periplasm, and HR MAS NM
therefore should be suitable for obtaining an even better reso
spectrum. A new sample of13C1 labeled cells was prepared, an
100µl of suspension was introduced into a 4-mm rotor. At a sp
ning rate of 6 kHz, the spectral quality of the 1D spectrum w
far superior than anything we had observed in the liquid pro
(Fig. 3a), and, more importantly, this spectral quality proved
al,
hat
be very reproducible, as we obtained spectra of similar quality
on two additional cell samples. This confirms the possible

13

water should lead to a complete elimination of all water sign
unless the residual line corresponds to intracellular water t
FIG. 3. 1D spectra of different cell pastes in a 4-mm HR MAS rotor sp
experiment with low-power irradiation at the frequency of the main water co
solvent suppression; (c) diffusion filtered 1D spectrum with presaturation at
UCANS BY HR MAS NMR 121
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application for HR MAS NMR to detect and identify intracellu
larly molecules with a certain mobility and could form the ba
for monitoring processes such as drug metabolism or uptak
small molecules, without the need to label the molecules.

When we first acquired a single pulse spectrum without p
saturation, two solvent signals could be distinguished. The s
trum of Fig. 3a was acquired with low-power irradiation at t
frequency of the main water component, and the residual
vent signal is a result of the large water linewidth in the hete
geneous sample. Alternative to presaturation, solvent supp
sion based on the differential diffusion properties of the solv
and the molecule of interest has been previously propose
biomolecular NMR (24) and was adapted to HR MAS NMR
in order to discriminate between the tethered molecules o
terest and the soluble solvent and nonreacted species (25). In
order to suppress the water signal, we applied to the bact
suspension the diffusion filter with similar gradient streng
(5 ms of 30 G/cm sinusoidal gradients) and diffusion del
(30 ms) as used for solid phase resins. The OPG resona
were not removed from the spectrum, compatible with th
intracellular location, and, surprisingly, a small water compon
inning at 6 kHz, on a cell culture grown onC1-labeled glucose. (a) Single pulse
mponent for solvent suppression; (b) diffusion filtered 1D spectrum, without further
the frequency of the water component seen in spectrum (b).



t

l
l
i

G
heir
nd
in

. 4a
the
g

a on
ral
122 WIERUSZE

cannot freely diffuse. When we presaturated this residual
tersignal with a weak-power continuous irradiation, the resul
spectrum showed clearly the anomeric proton resonances an
other spectral features characteristic for the OPGs (Fig. 3c)

Although the small inner rotor diameter of 3 mm limits th
centrifugal forces, they still might be sufficient to induce ba
terial lysis. The OPG molecules could thereby find themse
in a highly viscous environment that would limit their trans
tional diffusion coefficient, allowing their signals to survive

the above-described diffusion experiment. However, not o

f

x-

QC

did we see no evidence for massive bacterial lysis while ob-
serving the sample under the microscope after the NMR ex-

FIG. 4. Regular (left) and diffusion filtered (right)1H–13C HSQC spectra of a sample grown on13C1 glucose (top, with proton projection of the zone o
13

pected. To this sample, we added a 2 mMsolution of soluble
13C1-labeled OPG molecules and recorded again the two HS
interest) or nonlabeled glucose (bottom). To the latter sample, a 2 mMsolution
molecules in the periplasmic space survive the diffusion filter, whereas the
for the soluble OPG molecules.
SKI ET AL.
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periments, but also a control experiment with purified OP
molecules added outside the cells unambiguously proved t
intracellular location. We first recorded a regular HSQC a
a diffusion-filtered HSQC experiment on the sample grown
13C1-glucose. No significant differences were observed (Figs
and 4b), except for the disappearance of some signals from
diffusion filtered spectrum, corresponding to freely diffusin
13C-labeled molecules. We then recorded the same spectr
a sample grown on unlabeled glucose where the low natu
abundance of the13C isotope yielded an empty spectrum, as e
of purified C1-labeled OPGs was added in the rotor. The signals of the OPG
viscosity increase alone is not sufficient to limit the translational diffusion coefficient
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spectra. The regular HSQC spectrum confirmed the presenc
the OPG molecules (Fig. 4c) and gave signals very close to th
of the purified molecules (see below). Translational mobility f
the extracellular molecules was, however, large enough to m
their signals disappear almost completely in the diffusion
tered experiment (Fig. 4d). This confirms again that the O
molecules are confined in the periplasmic space of the bact

Already in the solution spectrum on the cell paste grown
13C1 glucose (Fig. 2b), we noted some additional correlat
peaks. The presence of additional signals was further confirm
by the HR MAS spectra of the13C1-labeled cells compared to th
nonlabeled cells to which we added purified13C1-labeled DP13
molecules (Fig. 4). We had previously observed in our HR MA
studies applied to solid phase organic synthesis that for cer
soluble molecules, such as the tetramethylsilane used for
erence, two signals appeared in the presence of a polysty
resin, corresponding to the molecules inside the beads and t
in the interstitial solvent (26). However, susceptibility gradients
here are less severe, and, more important, the spectral cha
are expected to be uniform for all signals of a given molecu
Traces through the HSQC-TOCSY spectrum (Fig. 2b) moreo
allowed us to conclude that the signals of the glucose units
the OPG are nearly invariant and are all at the same freque
as observed for the purified molecules, leading us to look
other molecular entities that might contribute to the spectru
Evidently, the Gram-negativeR. solanacearumbacteria con-
tain a large amount of lipopolysaccharides (LPS), forming
outer leaflet of the outer membrane. These molecules do not
fuse laterally in the membrane plan because the phosphoryl
diglucosamines, constitutive of the LPS and present at the in
face between lipids and water, strongly interact with each ot
through cationic interactions. Further out in the chain of the LP
however, we expect several glucose residues that might ha
substantial degree of freedom and thereby contribute to the s
trum. An alternative source of mobile13C-labeled glucose might
be these units integrated into the repetitive unit of the O antig
but further studies will be necessary to unambiguously ass
the additional signals.

CONCLUSION

We have investigated the potential use of NMR to detec
complex biomolecule inside the intact bacterial cell and acqui
both homo- and heteronuclear spectra. Spectra required
the traditional hardware for solution spectroscopy were sho
to depend heavily on the sample preparation, with parame
such as cell density that are hard to control. Rotating the sam
at the magic angle gave very good spectra in a reproduc
manner, and pulsed field gradients could be used to prove
the molecules under study are restricted in linear diffusion.
the osmoregulated periplasmic glucans of the phytopatho
R. solanacearum, it was shown that a major fraction undergo

significant rotational diffusion in the periplasm, although th
functional fraction might be membrane or protein associated
UCANS BY HR MAS NMR 123
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