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ABSTRACT. The structure of the O-antigenic polysaccharide from the enterohemorfsgjierichia coli

091 has been determined using primarily NMR spectroscopy oA*@wenriched polysaccharide. The
O-antigen is composed of pentasaccharide repeating units with the following structd)e’-p-Galp-
(1—4)-3-b-GlcpNAc-(1—4)-5-p-GlcpA-6-N-Gly-(1—3)-5-p-GlcpNAc-(1—4)-o-p-Quip-3-N-[(R)-3-hy-
droxybutyramido]-(+>. The bacterium was grown with-[UL-13C]glucose in the medium which resulted

in an overall degree of labeling 06f65% in the sugar residues aneb0% in theN-acyl substituents,
indicating some metabolic dilution in the latter. THE-enrichment of the polysaccharide proved valuable
since NMR assignments could be made on the basi¥C-connectivity in uniformly labeled residues.

The biosynthesis of theRj-3-hydroxybutyramido substituent viap@agments was identified by NMR
spectroscopy. TheRj-configuration at C3 is in accord with fatty acid biosynthesis. Additional cultures
with specifically labelecb-[1-13C]glucose orp-[6-13C]glucose corroborated the direct incorporation of
glucose as the building block for the hexose skeletons in the polysaccharide and the biosynthesis of acyl
substituents occurring via the triose pool followed by decarboxylation to give acetyl building blocks labeled
with 13C at the methyl group.

Enterohemorrhagi&scherichia coli(EHEC) cells pro- (HUS).E. coliO157 is the serotype most often isolated from
duce a bacteriophage-mediated Shiga-like toxin (SLT). This these patients. However, during the past few years, several
toxin is also called verotoxin (VT) or Vero cytotoxin because otherE. coli serotypes have been isolated from patients with
of its effect on cultured Vero cells. EHEC strains may hemorrhagic colitis and HUS, and identified as SLT-
produce two different Shiga-like toxins (SLT-1 and/or SLT- producing EHEC strainsl(7). Next to E. coli 0157, the
2). Both toxins are closely related to Shiga toxin produced E. coli 026:H11 is the most common EHEC serotype. The
by Shigella dysenteriatype 1. They consist of an A subunit  structure of the O-antigenic polysaccharide&o€oli 0157
and five B subunits. The B subunit binds to a globotriasyl- and O26 have been elucidated, @). Recently, several
ceramide (GP receptor in the intestine, and the A subunit reports described the presenceé=otoli 091 in patients with
possesses the toxic activity. Both SLT-1 and -2 are very HUS 2, 10). In this study, we report the structure of the
similar in terms of the mode of action, structure, and general O-antigenic polysaccharide of a non-O157 EHEC strain, viz.,
biochemical characteristics. However, there is no cross that ofE. coli O91.
neutralization between the two toxins, and the amino acid  Specific isotope labeling has been used in studies of
sequences differ. In addition, the EHEC strains produce anpjosynthetic pathways for a long time. These include
enterohemolysin. Its production is strongly correlated with radioactive isotopes, e.gH or 14C, or stable isotopes, e.g.,
the production of SLT. It is a cell-associated, pore-forming 13C for NMR measurements, also combined wfthor 80
cytolysin. The SLT-producing EHEC strains are the causative for the identification of isotope shifts on #C NMR
agents of hemorrhagic colitis often followed by a severe and resonancei(l). A decade ago!3C isotope enrichment was
life-threatening complication, hemolytic uremic syndrome reported for the capsular polysaccharide frighabsiellak3
(12). A detailed investigation of the polysaccharide by NMR
tResearch supported by the Swedish Natural Science Researctspectroscopy employing, inter alia, two-dimensiofial**C-

Cotuncil and the Magn. Bergvalls Foundation. COSY experiments with cross-peak analysis revealed that
; Stockholm University. ~30% of the glucose given to the bacterium for growth was
Huddinge University Hospital. - . . .
! Abbreviations: EHEC, enterohemorrhadischerichia coli UL, catabolized prior to incorporatiorl§). The phosphoglucon-
uniformly labeled. ate pathway was confirmed by biosynthetic enrichment with
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[2-13C]glucose. More recently, alginate biosynthesig\zo- nucleic acid content was determined spectrophotometrically
tobactervinelandii NCIB 8789 was studied with a variety to be <5% as described previousl21), and the protein

of 13C-labeled glucose precursors and NMR spectroscopy content was estimated to be0.5% according to Lowry et
(14). It was shown that the entire catabolism of glucose al. (22), with BSA as the standard.

occurs through the EntneDoudoroff pathway and that the Lipid-free polysaccharide was prepared by treatment of
triose pools are in equilibrium. The use ¥C-enrichment the lipopolysaccharide with 1% HOAc at 10€ for 1 h.
combined with NMR spectroscopical studies has been Lipid A was removed by centrifugation (100§@t 4 °C for
reported for oligosaccharides, e.g., from cyanobact&®a (20 min). The polysaccharide was purified by gel-permeation
and yeast 16), and for polysaccharides, e.g., frdi coli chromatography on a column of Sephacryl S100 (Pharmacia,
K1 (17), Streptococcus mitig22 (18), and Cryptococcus Uppsala, Sweden). Effluents were monitored using a dif-
neoformanserotype A {9). The above-mentioned structural ferential refractometer (Waters, Milford, MA). The final yield
determination of the O-antigen polysaccharide francoli of polysaccharide was-20 mg from the culture with the
091 was facilitated by supplying the bacterium with TY medium supplemented with uniformly labeled glucose.
uniformly labeled {°C]glucose. The resulting’C-enriched The preparations in which specifically labeled glucose in a
sugars in the polysaccharide revealed information about Celtone medium was employed gave a final yield-& mg
preferable biosynthetic pathways in the bacterium. Additional of polysaccharide.

cultures with specifically labeled [C]Glc or [6-*°C]Glc Gas-Liquid ChromatographyGLC of alditol acetates,
further supported direct incorporation of the sugar backbone acetylated $)-2-butyl glycosides, andgj-2-butyl glycoside
and catabolism via the triose pool to give two carbon building (S)-2-butyl esters was performed on a Hewlett-Packard 5890
blocks for the different acyl substituents of the sugar residuesgas chromatograph (Hewlett-Packard, Palo Alto, CA) fitted

in the lipopolysaccharide. with a flame-ionization detector using a temperature program
of 180 °C for 1 min followed by an increase at a rate of 3
MATERIALS AND METHODS °C/min to 210°C. For the trifluoroacetylatedRj-2-octyl ester

. o of the 8-hydroxybutyric acid, a temperature program of 110
Growth of the Organism. E. colD91:K™:H™ (CCUG °C for 1 min followed by an increase at a rate ofG/min

11393) was grown in flasks, either in TY medium (Difco  ;,200°cC was used, and for th&)2-butyl ester of acetylated
Laboratories) composed of tryptone (10 g/L) and yeast g ine 5 temperature program of 130 for 5 min followed

extract (5 g/L) supplemented with N8I (47 mM), Na- by an increase at a rate of 2G/min to 210°C was used.
HPQ, (84 mM), KH,PQ, (44 mM), and NQSQ“ (l'_6 mM) Hydrogen was used as carrier gas. GHE@S of the partially
(Mer_ck, Darmstadt, .Gefma”y)' n Martek_9 Microbial GfOWth methylated alditol acetates was performed on a Hewlett-
Medium (Martek B|OSC|er_1ces Co.), or in Celtone medium pacyarg 5970 MSD mass spectrometer with a temperature
(Martek) supplemented withKiPQ; (10 mM), KHoPO, (10. program of 19C°C for 3 min followed by an increase at a
mM), MgSQ; (4 mM), and CaGl(0.1uM). The above media 6" of 3°C/min to 250°C. Helium was used as the carrier

were further supplemented with different concentr_ations gas. Both gas chromatographs were equipped with HP-5
(0.05-0.4%) of p-glucose or**C-labeledp-glucose, viz., capillary columns.

uniformly 13é3i2nriched3-glucosbe (9&99 at. %1;C’ >99% Component Analysidhe samples were hydrolyzed with
pure, Cambridge Isotope Laboratories, Woburn, MA) or 4\ hydrochloric acid at 100C for 20 min. After reduction

speciflically Iat.)elecb-[;—“C]gIl.Jcose op-[6-Clglucose (9 it sodium borodeuteride and acetylation as described
at. % *C, Omicron Biochemicals, Inc.). The growths were previously @3), the samples were analyzed by GLC.

carried out in 25910000 mL cultures. The l_)ac_tena WEre  Apsolute configurations of the sugar residues were deter-
grown .fd 6 h at 37°C un_der. a constant agitation of 120 mined essentially as described previoug$)( but with (S)-
rpm using a.New '3“*".‘.5ka mcubatgr shaker (model G25, 2-butanol 25). The configuration of thg-hydroxybutyric
New Brunswmk Suennﬂq Co. Inc.., Edison, NJ). A prgculture acid was determined essentially as described previo@sly (
(2 h) in the corresponding medium was used to inoculate 27). The polysaccharide was hydrolyzed with 0.5 M trifluo-
the flasks. roacetic acid (0.5 mL) for 16 h at 10C to cleave the amide
After incubation, the bacteria were killed by adding jinkage of thes-hydroxybutyramido group. After evaporation
formalin (1% w/v final concentration), and the cultures were to dryness, the hydrolysate was treated wi-2-octanol
stored at #C overnight. The cultures were then centrifuged (0.2 mL) in the presence of concentrated trifluoroacetic acid
(800Qy at 4°C for 20 min), washed with phosphate-buffered (0.05 mL) at 120°C for 16 h and evaporated to dryness.
saline [0.01 M potassium phosphate and 0.14 M NaCl (pH The formed 2-octyl esters and 2-ocyl glycosides were
7.2)], suspended in distilled water, and finally subjected to dissolved in CHCI, (0.4 mL) and trifluoroacetylated with
hot phenol/water extractior2Q). The aqueous phase was trifluoroacetic anhydride (0.05 mL) at room temperature for
dialyzed at 4°C for 3—5 days against tap water, and then 30 min. The trifluoroacetylatedRj-2-octyl ester of the
overnight against distilled water, concentrated under reducedﬂ-hydroxybutyric acid was analyzed by GLC using the
pressure, and lyophilized. The yields of LPS under the trifluoroacetylated R)- and ©-2-octyl esters of authentic
different culture conditions were80 mg/L of TY culture, (R)-B-hydroxybutyric acid.
~10 mg/L of Martek 9 culture, and-15 mg/L of Celtone Methylation AnalysisThe methylation was performed
culture. according to the Hakomori method®8) using sodium
Preparation of Lipid-Free PolysaccharideBhe lipopolysac- methylsulfinylmethanide as the base. The methylated com-
charides were purified from any contaminating nucleic acids pound was recovered from Sep-Pajg Cartridges (Waters-
by treatment with nucleases (RNase and DNase, Sigma) inMillipore) (29). The purified methylated sample was hydro-
0.1 M sodium acetate (pH 5) and subsequent dialysis. Thelyzed (4 M hydrochloric acid at 108C for 20 min), and the
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sugars were converted to partially methylated alditol acetates
and analyzed by GLEMS.

H and 3C NMR Spectroscopysor NMR experiments,
about 15 mg of eithef*C-enriched of*C natural abundance
polysaccharide was dissolved in®@, with a pD corrected
to 9.0 with NaOH or HCI, lyophilized, and redissolved in
D,O. The pD was checked, and if necessary the procedure
was repeated. Spectra were recorded for solutions@ &
pD 9.0 and 65C. Chemical shifts are referenced to external
TSP [sodium 3-(trimethylsilyl)propanoatk; oy 0.0] or
acetone ¢c 31.0 ppm). NMR experiments were performed
on a Varian INOVA 600 MHz spectrometer equipped with
a Varian 5 mm triple-resonance PFG probe (proton-detected
experiments) or a Varian 5 mm broad-band prob€-(
detected experiments).

The3C,'3C-DQFCOSY experiment was performed using B

a sweep width of 14 kHz in both dimensions and 250
increments of 64 scans, each with 4096 data points iA
0 65

13C 13C-DQFCOSY experiment with a spectral width of 25
kHz and 128 increments i of 32 scans with 8192 data
points int, was also performed to ascertain the assignments J
of the carbonyl signals, which had been aliased in the first e
13C 13C-DQFCOSY experiment. ThéC 3C-relay-COSY 105 100 95 90 85 80 75
experiment was performed With a sweep width of 14.’ KHz in Ficure 1: Part of the3C NMR spectrum of the O-antigenic
both dimensions, and 96 transients of 4096 data points werepolysaccharide fror. coli 091 at natural abundance (A) aHe-
accumulated for 256 increments. WALTZ-118 broad-band  enriched (B).
decoupling with g/B,/27 of ~4.4 kHz was used throughout ] ) ] )
all the 13C-detected experiments, and in &C-detected two- of lipopolysaccharides (LPS) grown in the three different
dimensional experiments, data were zero-filled to 1624 media and extracted by the hot phenol/water method showed
8192 points and treated with a Gaussian apodization window N0 structural changes in the LPS, as expected. The LPS
function in both dimensions prior to Fourier transformation. grovl\jl_r:. In thedTY r_‘]j_e‘;'%m W(lare del|p|t(_jatedh undetr ac'd'ﬁ
The gHSQC 80) and the HCCH-TOCSYA(1) experiments ~ cONAtions and purified Ly gel-permeation chromatography
were performed with spectral widths of 2.7 kHz fét and to give (i) a natural abundance polysaccharide (PS) used for
10.5 kHz for3C, and four transients of 1024 complex data Ehemlc_al analysis and some NMR spectroscopy and (ii) a
points were accumulated for 128 increments. In the HCCH- 3C-enr|ched polysaccharide (P35). :
TOCSY experiments, a DIPSI-82) spin lock of 7.7 kHz Analysis of neutral sugar components after hydrolysis of
was applied for 7.7, 15.5, and 23.3 ms. In total, six different the PS, reduction, and acetylation revealed Qui3N, Gal,

HCCH-TOCSY experiments (three experiments each in the GIcN, and an N-substituted QUI3N residue in a 0.3:1.0:1.2:
f.fs and f,f, planes) were performed. GARP broad-band 0.7 relative proportion. Tregtment of the PS with acidic
decoupling with ayB./2z of 8.9 kHz was used fof*C methanol followed by acetylation showed further components
decoupling in the gHSQC and HCCH-TOCSY experiments. to be present, namely, Gly, 3-hydroxybutyric acid, and GIcA.
The gHMBC experiment30) was performed with spectral The absolute configurations could be determined by treatment
widths of 2.7 kHz for*H and 25 kHz for'3C, and eight of the PS with optically activeS)-2-butanol or R)-2-octanol
transients of 1024 complex data points wer,e accumulatedunder acidic conditions which resulted in glycosides as well
for 256 increments. Prior to Fourier transformation, the data 5 esterz ¥vherteh aptpllc?blt(aj. 'I;jhe ap(gulllatg ergductsd were
from the 'H-detected two-dimensional experiments were COTMPared 1o authentic standards, ansal, b->ICNAC, an

: . . -GIcA were found. By comparison to the-Qui3NAc
zero-filled to 512x 2048 data points and treated with a D-% . . . ;
Gaussian apodization window function in both dimensions. re3|d|u%pcrje;sr(]antt ;ﬂetEhe LIT’_SObgifnﬂ%qua 1,[21.6 63, it Y‘éal\sl
The gHSQC experiment performed on the unlabeled material conciude a - coll contains a-Qui

f - ith 2 _ resid_ue. The absolut_e c_onfiguration of this _residue was
was performed as described above, but with 28 scans confirmed by NMR (vide infra). The asymmetric center of

RESULTS the 3-hydroxybutyric acid was determined to 1. (Me-
thylation analysis of the PS showed 2,3,6@imethyl-d-
The E. coli 091 was grown in different media, namely galactose, 3,6-dideoxy-@-methyl-3-(N-methylacetamido)-
TY medium, which is commonly used for growth of these b-glucose, 2-deoxy-3,6-db-methyl-2-(N-methylacetamido)-
bacteria, and Martek 9 and Celtone, both of which can be p-glucose, 2-deoxy-4,6-db-methyl-2-(N-methylacetamido)-
supplied with stable isotopes for NMR studies. The bacteria p-glucose, and 3,6-dideoxy-2-methyl-3N-methyl[(R)-3-
grown in the TY medium (supplemented withglucose) O-methylbutyramidop-glucose in a 1:0.1:0.7:0.3:0.5 relative
gave a sufficient amount of material for chemical charac- proportion.
terization and preliminary NMR studies. Subsequent growth  The 13C NMR spectrum of the PS at natural abundance
with a supplement of uniformly*C-labeledn-glucose gave  (Figure 1A) contains, inter alia, in the anomeric region five
13C-labeled material for NMR studie$d NMR spectroscopy  signals of equal intensity and in the carbonyl region three

L ARARLRRARERRRAR R
60 55 50 ppm
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signals with a 1:3:1 relative intensity, the most upfield one
being atdc 169.9 ppm.*H and *3C NMR spectra further

Kjellberg et al.

has a substituent linked to the carboxyl group via an amide
linkage. Glycine was found in the chemical analyses and a
cross-peak was found, in the gHMBC spectrum (Figure 3),
between the chemical shifts of the carbonyl carbon of the
uronic acid and thex-protons of the glycine residue. It is
concluded that the uronic acid is substituted at C6, via an
amide linkage, with a glycine residue. The downfield
chemical shift of C4 of the uronic acid shows that the residue
is substituted at O4. Residues and D are the two
glucosamine residues because of the upfield chemical shift
of their C2 signals, and they are subsequently N-acetylated.
As both the'*C and'H chemical shifts of position 2 of these
residues as well as their anomeric proton signals completely
overlapped, it was necessary to us&@,'*C-relay-COSY
experiment to assign the two spin systems. ResiGue
exhibits a downfield chemical shift for C3 and residDe

for C4. This shows that residug is the 3-substituted and
residueD is the 4-substituted 2-acetamido-2-deoxyglucopy-

show that sugar residues have pyranoid ring forms and thatranosyl residue identified in the methylation analysis. Residue
the PS contains twbl-acetyl groups and theéxj-3-hydroxy- E, finally, is the Qui3NAcyl residue found in the chemical
butyric acid in stoichiometric amounts. The presence of analyses because of the upfield chemical shift of C3 and the
3-deoxy-3N-acetylp-Qui in the sugar analysis can thus be downfield chemical shift displacement of C4 corroborating
explained by cleavage of the acylamido linkage during acidic its 4-substitution. The fact that there is only one set of signals

hydrolysis followed by N-acetylation during the workup. The
above data indicate that ttie coli O91 O-polysaccharide is

rules out the possibility of heterogeneity, and thus, the acyl
group of this residue is derived from thB){3-hydroxybu-

composed of pentasaccharide repeating units containing ayric acid. This amide linkage is further corroborated by the

4-substituted-Gal residue, a 3-substitutedGIcN residue,
a 4-substitutea-GIcN residue, a 4-substitutamQui-3-N-
[(R)-3-hydroxybutyramido] residue, B-GIcA residue, two
N-acetyl groups, and a glycine residue.

At this point, the*C-enriched material grown in TY

long-range connectivity found between the chemical shift
of the carbonyl group of the substituent and H3 of residue
E. A one-dimensional DPFGSE NOESY experiment, using
three different mixing times and selective excitation of the
anomeric proton of residug (which substitutes position 4

medium was used (Figure 1B). The overall degree of labeling of residueA, vide infra), showed interglycosidic NOEs to

in PS43C could be determined from tHél NMR spectrum
(Figure 2) on the basis of integration of the satellites and
was found to be~65% in the sugar residues and0% in

the N-acyl substituents, indicating some metabolic dilution
in the latter. In a3C3C-DQFCOSY spectrum, the analysis
of cross-peaksl@) revealed that where labeling had occurred
within a sugar residue, all positions (EC6) were 3C-
enriched. The labeling of substituents will be discussed in
detail below. All signal assignments were determined with
the 13C-enriched material, starting with assignment of the
13C spin systems usingC,'3C-DQFCOSY and®C *C-relay-
COSY experimentsi3C,*H correlations were then assigned
using 'H,*C-gHSQC andH,’*C-gHMBC experiments.

H4, and both H6 protons of residue (Figure 4). These
NOEs should be found if am-p-sugar substitutes the
D-galactose residue, but not if anL-sugar does34). Thus,

it is concluded that the absolute configuratiorpiswhich
corroborates the finding in the chemical analysis.

The sequence of the sugar residues was determined using
the gHMBC experiment with a delay time of 50 ms, and
long-range connectivities between the different sugar residues
and between the sugar residues and their respective substit-
uents are given in Table 2. Correlations were found from
all anomeric protons and anomeric carbons to the linkage
carbons and protons at the glycosyloxylated carbons, re-
spectively, in all sugar residues. Therefore, the sequence of

Tentative assignments were clarified with the proton-detected sugars in the repeating unit could be unambiguously deter-
HCCH-TOCSY experiment, and the sequence of the sugarmined asA-D-B-C-E, and the structure of the repeating unit

residues was elucidated using the gHMBC experimégat.
and *H chemical shifts are given in Table 1. The sugar
residues are denotéd—E according to decreasing chemical
shift of the signal for their respective anomeric carbon.
ResiduesA—D all have largely; 12 values (8.6-8.1 Hz),
showing that they arg-linked, while residuds has a smaller
Juime value (3.4 Hz), which shows that this residue is
a-linked. ResiduéA is assigned as the 4-substituted galac-
topyranosyl residue because of the small pretproton
coupling constants of position 4. The downfield chemical
shift displacement of C4 is in agreement with the substitution

pattern of the galactopyranosyl residue found in the meth-

ylation analysis. ResiduB is the glucuronic acid as its C6
signal is found atc 169.9 ppm. The upfield chemical shift
of C6 at this slightly basic pD indicates that the uronic acid

of theE. coli091 PS is—~4)-3-pb-Galp-(1—4)--p-GlcpNAc-
(1—4)-$-p-GlcpA-6-N-Gly-(1—3)-3-D-GlcpNAc-(1—4)-a-
D-Quip-3-N-[(R)-3-hydroxybutyramido]-(%-.

The -hydroxybutyric acid is synthesized partly from the
3C-enrichedp-glucose as labeling has occurred at this
residue. However, the multiplicities of the signals in tf@
NMR spectrum of the PSC were for the signals from-
and g-carbons of the §)-3-hydroxybutyramido substituent
more complex than anticipated from a coupling pattern of a
fully labeled spin system (Figure 5). &C,*C-DQFCOSY
cross-peak analysis of the spin system of this residue (Figure
6) demonstrates that when the methyl carbon s
enriched, so was th&carbon and when the carbonyl carbon
was!*C-labeled, so was the-carbon. The trace of the cross-
peak between thg-carbon and the methyl carbon at the
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Table 1. Chemical Shifts (parts per million) of the Signals in @ and*H NMR Spectra of theE. coli 091 Polysaccharide
13C and'H chemical shifts

sugar residue 1 2 3 4 5 6 CO Ciid- C/H-f Me
—4)--p-Galp-(1— A 104.1 717 731 774 763 61.1
452 (~8.0) ~3.67 3.7 404 3.78 3.88,3.81
—4)-4-D-GlcpA-6-N-Gly-1-(— B 103.7 733 746 794 753 169.9 176.8 445
4.54 (~8.0) 3.42 3.66 3.90 3.97 3.84
—3)--p-GlcpNAc-(1— C 101.6 56.1 83.0 69.8 76.4 62.2 175.3 23.1
4.58 (8.1) 3.74 3.81 3.47  3.46 3.77,3.98 2.03
—4)-3-b-GlcpNAc-(1— D 1011 56.1 73.2 79.9 75.7 61.1 175.3 23.2
4.58 (8.1) 3.74 3.2 372 3.63 3.82,4.02 2.03
—4)-0.-D-Quip-3-N-[(R)-3- E 9938 71.3 53.3 80.5 68.8 171 175.6 46.3 65.8 22.6
hydroxybutyramido]-(+~ 4.87 (~3.4) ~3.67 4.08 3.44 427 1.23 2.46,2.53 4.24 1.26

2 Jy112 values are given in hertz in parenthese€ould be interchanged.

Table 2: Interglycosidic Correlations from the Anomeric Atoms and Intraglycosidic Correlations from the Carbonyl Atoms Observed in the
gHMBC Spectrum of thds. coli O91 Polysaccharide

anomeric atom

sugar residue (6c ordw) carbonyl HMBC connectivity
—4)-f-p-Galp-(1— A 104.1 3.72 A CltoD H4
4.52 79.9 AHltoD C4
—4)-3-b-GlcpA-6-N-Gly-1-(— B 103.8 3.81 BCltoCH3
4.54 83.0 BH1toCC3
169.9 3.84 B C6 to Gly Hu
176.8 3.84 GlyCOtoGly
—3)-5-b-GlcpNAc-(1— C 101.6 3.44 C C1toE H4
4.58 80.5 CHltoEC4
~176.0 3.74 N-acetyl CO toC H2
—4)-3-p-GlcpNAc-(1— D 101.1 3.90 D CltoBH4
4.58 79.4 DHltoB C4
~176.0 3.74 N-acetyl CO toD H2
—4)-0-D-Quip-3-N-[(R)-3-hydroxybutyramido]-(+ E 99.8 4.04 E C1toA H4
4.87 7.4 E C1toA H4
~176.0 4.24 N-acyl CO toN-acyl H3
~176.0 4.08 N-acyl CO toE H3

1674
168
169
1704
1715
1724
173
174
1755
176
1773
178

'm4£5 420 415I410 405 400 395‘290 385I380 37i A
F2 (ppm)

Ficure 3: HMBC spectrum of thé3C-enriched 091 PS showing
correlations from the carbonyl region.
chemical shift of thes-carbon reveals a cross-peak that is d
split antiphase by Jcgp)covey @and split approximately 50%
further by a passive coupling between fhearbon and a
13C atom at thea-position. The cross-peaks between the

a-carbon and the carbonyl carbon exhibit the same pattern.- RS AR

This demonstrates thatC labels are incorporated in the 670 “‘.’ 0 @5 wes | ws o
B-hydroxybutyric acid residue as,@nits, in which either =~ FIGURE 5 Signals f0f_th63-cafb9n (A) and thex-carbon (B) of
both carbons or neither carbont#€-labeled. Of the labeled  theA-hydroxybutyramido group in th&C NMR spectrum of the

. o 13C-enriched 091 PS.

C, fragments, approximately 50% have been joined to form
a 13C,+13C, chain, while the rest have been joined as In the PSC, however, enrichment did not take place to
12C,+13C; or 13C,+1%C, carbon chains. any significant degree in the glycine residue, as determined

The glycine residue was identified via chemical analysis from the 1*C NMR spectrum. The amino acid is therefore
and NMR spectroscopy of the natural abundance material.obtained by the bacterium from the growth medium, either

LA L DL A L L IR LR LA L
4.1 40 39 3.8 37 36  ppm

Ficure 4: One-dimensional DPFGSE NOESY spectrum of the 091
PS showing NOEs from H1 of residieto protons in residué.

F1 (ppm)

=
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C D FiGurRe 7: Part of the'3C NMR spectrum of the O-antigenic
polysaccharide fronk. coli 091 grown with C1 (A) and C6 (B)
13C-enrichedp-glucose.
synthesis of the capsular polysaccharideKégbsiella K3
(13). However, in the latter strain, approximately 30% of
the glucose substrate was catabolized via the phosphoglu-
conate pathway prior to incorporation into the polysaccharide.

The A. vinelandii NCBI 8789, on the other hand, uses the
Entner-Doudoroff pathway as a primary pathway to catabo-
lize glucose prior to incorporation in the alginate chdid)(

E : The direct incorporation of the-glucose can be explained
by the bacteria converting-glucose to UDP-glucoses)),
which can then be modified into any carbohydrate residue
needed in the polysaccharide synthesis without disturbing
the °C isotope distribution. Also, the use of specifically
labeled glucose rules out other pathways as major ones for
the biosynthesis of the sugar units, namely, (i) glycolysis

(Embden-Meyerhof pathway) followed by glyconeogenesis,

FIGURE 6: 13C13C-DQFCOSY cross-peaks of tA&C spin system since C1 or C6 is not scrambled via the triose pool, (i) the
of the 8-hydroxybutyramido group from th&C-enriched 091 PS.  Entner-Doudoroff pathway since C1 is not lost to a large
extent or when C6 is the origin of label, it does not end up

directly or originating from another amino acid, but not from at both C1 and C6, and (iii) the phosphogluconate pathway

glucose as the carbon source. (pentose phosphate shunt) since C1 is not lost ase@@y
The E. coli 091 was also grown in Celtone by addition in the pathway.
of specifically labelea-[1-**C]glucose op-[6-**C]glucose, The glycine residue substituting C6 of the glucuronic acid

delipidated, and purified as described above. This resultedhas not beeA*C-enriched at all. Note that the signalsdat
in polysaccharide preparations in which the carbon label 176.8 and 44.5 ppm (the chemical shifts for the carbonyl
originated from C1 or C6 in glucose. The degree of labeling and thea-carbon, respectively, of the glycine residue) are
was similar to that observed for the P&. The resulting  missing in the'*C-enriched material. The cross-peaks in the
13C NMR spectra are shown in Figure 7. Three results can gHMBC spectrum of the PSC, vide supra, demonstrated
readily be identified: (i) specifi¢®C labels occur at C1 or  that the glycine residue was present also in‘f@eenriched
C6 signals, (i) the degree of scrambling is small in the material. This can be explained by the presence of amino
residues, and (iii}*C labels are found at some positions in  acids, including glycine, in the growth medium. Instead of
the acyl groups. The incorporation at C1 when the bacterium the glycine residue being synthesized from @ enriched
was given [11C]Glc and at C6 when supplied with [6€]- p-glucose, it can simply be incorporated directly, or obtained
Glc is consistent with direct incorporation of glucose when from conversion of another amino acid to glycine.
it is present. However, in the acyl substituents, the labels The finding of!3C atoms in noncarbohydrate entities such
are found at the methyl group of tikeacetyl groups anpl at g theN-acyl groups shows that part of tH&C-labeled
Cq and or the methyl group of th&)-3-hydroxybutyramido p-glucose is catabolized by the bacteria and incorporated in
group, i.e., at C2 of the former and at C2 and/or C4 of the \arioys parts. In al*C-enriched growths, a smaller amount
latter, as a result of catabolism (vide infra). of labeling was present in this-acyl groups compared to
DISCUSSION that in _the ring_ skeleton of the carbo_hyd_ratg moieties,
suggesting a slight degree of metabolic dilution. It was
The3C13C-DQFCOSY cross-peak analysis shows that the evident that G building blocks were obtained via the triose
E. coli 091 incorporates thé3C-enrichedp-glucose in pool followed by decarboxylation. When uniformly labeled
polysaccharide biosynthesis without prior degradation, since p-glucose was used as a precursor, the various combinations
3C-enrichment is complete within each labeled sugar residue.of 13C incorporation gave a complex appearance of'e
Such direct incorporation was the major pathway in the signals from thes-hydroxybutyramido group. The use of
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either [1+3C]Glc or [6-13C]Glc gave the same labeling pattern
of the f-hydroxybutyramido group, i.e., at C2 and/or at C4,
supporting equilibrium at the triose pool. Also, thellock
synthesis of thidN-acyl group is in accordance with a product
from the fatty acid biosynthesi8®). Furthermore, theR)-
configuration suggests that the residue is derived from fatty
acid synthesis rather than from fatty acid degradation.
The structure of the repeating unit of tle coli 091
polysaccharide is almost identical to that of the repeating
unit from the H. alvei 1216 O-polysaccharide38). The
differences between the repeating units are found in the
substituents. Thél. alvei 1216 PS repeating unit contains
an O-acetyl group linked to position 6 of the galactose
residue. A correspondin@-acetyl group is not present in

the

091 PS. The repeating unit of the 091 PS, however,

contains the glycine residue amidically linked to position 6

of the glucuronic acid residue, and such a substituent was

not

found in theH. alvei 1216 PS. To our knowledge,

possible serological cross reactivity has not been studied.
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