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The capsular polysaccharide of the pathogens Neisseria meningi-
tidis serogroup B and of Escherichia coli K1, �(23 8) polysialic acid
(PSA), is unusual, because when injected into adult humans, it
generates little or no antibody. In contrast, people infected with
these pathogens generate specific serum antibodies. A structural
study on cells is used to address this anomaly by characterizing
antigen structures in vivo. We introduce on cell multidimensional
solution NMR spectroscopy for direct observation of PSA on E. coli
bacteria. Using 13C,15N-labeled PSA, we applied a combination of
heteronuclear NMR methods, such as heteronuclear single quan-
tum coherence, HNCA, and HNCO, in vivo. Analysis reveals that free
and cell-bound PSA are structurally similar, indicating that the poor
immunogenicity of PSA is not due to major structural differences
between cells and purified PSA. The 13C linewidths of PSA on cells
are 2 to 3 times larger than the corresponding ones in free PSA. The
possible implications of the differences between free and on cell
PSA are discussed. In addition, we demonstrate the suitability of
the method for in vivo kinetic studies.

carbohydrate structure � isotopically labeled carbohydrates �
in vivo kinetics � triple resonance NMR

Polysaccharides are constituents of cell walls, define blood
groups, and mediate cell–cell interactions and inflammatory

and immune responses. Of interest is the presence of signature
carbohydrates in cell walls of pathogenic bacteria, viruses, and
cells affected by cancer, tuberculosis, or AIDS. In these cases,
the specific polysaccharide could be targeted to produce vac-
cines. Indeed, polysaccharide and protein-polysaccharide con-
jugates from bacterial capsules are licensed vaccines (1).

The meningitis-causing bacteria, Neisseria meningitidis B and
Escherichia coli K1, have polysialic acid (PSA) as their capsular
polysaccharide (2). PSA is a linear homopolymer of �(2 3 8)
Neu5Ac (N-acetyl neuraminic acid) (Fig. 1 blue) (3). PSA is atypical
because it induces a weak or null immune response when admin-
istered to adults (4). Some attribute this effect to the presence of
similar carbohydrates in humans (5–7). However, infection by these
pathogens induces an age-dependent immune response to PSA
(8–10), and antibodies elicited to Neisseria meningitidis B infection
confer complete protection in mice (2). Interestingly, the same PSA
is found on the surface of lung carcinoma and pituitary tumors (11).
The finding that PSA-like antigens are expressed in healthy humans
has restricted studies to animal models and, consequently, ham-
pered the use of PSA as vaccine component (12–16). Efforts to
obtain vaccines aimed at PSA but based on alternative components
have been unsuccessful (17).

PSA can contain several differentiated motifs from those
found in humans, such as lactones (Fig. 1, red) (18), specific
helical forms (19, 20), or de-N-acetylated residues (21), which
may constitute an opportunity for vaccine development. These
motifs could provide an alternative explanation for the resulting
poor immunogenicity of PSA if any of them would be found in
vivo but not in vitro. In this study, we report a comparison
between in vivo and in vitro PSA structures.

NMR can provide information on molecules in solution with
atomic resolution at physiologically relevant pH and tempera-
tures. In many cases, however, the cellular environment can
influence molecular function or interactions, thereby limiting the
utility of in vitro studies. For example, recent reports of in cell
NMR studies showed that the cellular environment can play a
role in protein folding (22). This is particularly important for
polysaccharides, where isolation from the biologically relevant
environment could affect antigen structure, and purification may
induce chemical changes. Although polysaccharides have been
studied in cells by high resolution-magic angle spinning NMR
(23, 24), in this method, the cells are killed to prepare the densely
packed sample required for high-speed rotation, which can
modify antigen conformation. To investigate the in vivo structure
of PSA, we used a genetically engineered E. coli strain that
allowed selective isotopic enrichment of the capsular polysac-
charide with 13C and 15N isotopes. Thus, setting precedent for
powerful methodology that could be used to study a wide range
of biological problems, we studied the polysaccharide in its
natural environment by solution NMR techniques. Taking ad-
vantage of a low background signal, and using the sensitivity of
NMR chemical shifts to probe structure, we looked for evidence
of structural differences between in vivo and in vitro PSA, such
as lactones or stable helices. Lactones are formed by conden-
sation of the CO2H group of one residue with OH-9 of the
adjacent residue to yield a six-membered ring (Fig. 1) and have
been reported to markedly reduce the antigenicity of PSA (18).
The spiro arrangement rigidifies the polymer chain, generating
a unique characteristic chemical shift pattern distinct from free
PSA. Stable PSA helices should also show characteristic NMR
spectra.

Results and Discussion
Genetically modified E. coli K12 strains EV36 (25) and EV239
(26) were used to obtain cells with 13C and 15N isotopically
enriched PSA. EV36 is a K12 hybrid strain constructed to
express a K1 capsule (i.e., PSA), and contains genes to catab-
olize, synthesize and polymerize Neu5Ac (nanA, neuB, and neuS,
respectively). These genes are mutated in EV239 (27), prevent-
ing the consumption and production of Neu5Ac. This organism
can import Neu5Ac thanks to the specific permease NanT (28);
hence, with the introduction of the neuS-containing plasmid
pWN609 (29) into EV239 cells (EV239�neuS), addition of labeled
Neu5Ac to the culture media produces cells with labeled PSA.
Control experiments and ideal growing conditions for these cells
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expressing the capsule were determined by rocket immunoelec-
trophoresis (30) and NMR correlation experiments (data not
shown).

A typical 1H-13C heteronuclear single quantum coherence
(HSQC) NMR spectrum (31) performed on EV239�neuS cells
grown in the presence of 13C,15N-Neu5Ac is shown in Fig. 2A.
The quality of the data is excellent, and spectra can be quickly
acquired (�20 min in this example). To assign the PSA signals
in vivo, we measured 1H-13C HSQC spectra of 13C,15N free PSA
and Neu5Ac, under similar conditions to on cell experiments.
Fig. 2B shows overlays of those spectra with the respective
reported assignments (32), revealing the clear differences in
chemical shifts between monomer and polymer because of their
distinct structures. Detailed comparison between free PSA (Fig.
2B, black spectrum) and EV239�neuS spectra reveals that 10 of
27 peaks observed in the EV239�neuS spectrum have essentially
identical chemical shifts to free PSA. This result indicates not
only that the cells have produced PSA, but also that PSA has the
same structure on cells as in the free form. Further comparison
with the �-Neu5Ac spectrum (Fig. 2B, red spectrum) confirmed
the presence of unmetabolized Neu5Ac in cells, because the 10
�-Neu5Ac resonances are also observed in the EV239�neuS

spectrum. In addition, the two weak peaks observed at 62.6 ppm
in the 13C-dimension in cells are also observed in control
experiments of Neu5Ac in LB (data not shown), but not with
buffer (Fig. 2B). Their chemical shifts are very close to those
reported for CH-9 resonances of Neu5Ac interacting with Ca2�

(33). This was confirmed by addition of CaCl2 to the monomer
in buffer (data not shown), strongly suggesting that the weak
signals seen in cells are due to the residual Neu5Ac interacting
with divalent cations. The remaining unmarked peaks, which are
also observed in control experiments of EV239�neuS cells grown
in LB media with addition of unlabeled Neu5Ac, are background
resonances due to media or cells.

Triple-resonance correlation experiments are important
sources of information for assigning spectra of nitrogen con-
taining molecules. However, the high molecular weight of cell-
bound polysaccharide antigens could, in principle, abrogate
signal because of short T2 relaxation times. The relatively narrow
13C lines in 1D spectra (15 to 30 Hz; data not shown) and good
signal-to-noise ratio in 2D HSQCs suggested that triple-
resonance experiments may work in this case. We used HNCO
and HNCA correlation experiments (34, 35) to verify the in vivo
chemical shift assignments of carbonyl, C5, and methyl. Initially,
1H–15N HSQC experiments were measured (data not shown) to
determine the unreported 1H and 15N shifts of PSA as 7.97 and
124.3 ppm respectively, either free or in vivo, which were clearly
different for the shifts measured for the residual Neu5Ac in cells
of 7.90 and 124.5 ppm. Then, a 2D triple-resonance HNCO
correlation experiment was acquired (Fig. 3A), from which the
13CO chemical shift was determined, followed by a 2D HNCA
(Fig. 3B) to obtain the 13CH3 and 13C5 chemical shifts. The
resonances observed in these experiments for either PSA and

Neu5Ac in vivo were identical to the observed in vitro. Attempts
to obtain full chemical shift assignments for cell-bound PSA
using long-range correlations from standard experiments such as
HCCH-total correlation spectroscopy and heteronuclear multi-
ple-bond correlation failed, probably because of shortened T2s.
Judging by the absence of changes in chemical shifts or appear-
ances of new peaks, we conclude that the free and in vivo PSA
structures are similar, with no direct evidence of other stable
structural motifs.

To confirm the absence of inter-residue esterification in
cell-bound PSA, a sample of free PSA at pH � 4.0 was kept at
room temperature for 24 h to induce lactone formation (18). The
resulting 1H-13C HSQC spectrum is displayed in green in Fig. 2C
overlayed on the EV239�neuS cells spectrum in blue. The spec-
trum clearly shows the appearance of several new peaks, distinct
from the already identified signals, which are a result of lacton-

Fig. 1. Chemical structure of PSA (poly-�(2 3 8)Neu5Ac). The numbers
identify carbon positions, and n can reach 200. Blue and red are used to
differentiate the two possible forms the linkage can take. At neutral pH, most
�(2 3 8) linkages are like the blue one, resulting in a highly flexible linear
molecule. At low pH, the number of lactones increases, resulting in a rigidified
structure.

Fig. 2. 1H�13C correlation spectra of PSA under several conditions. (A and B)
Numbers identify carbons. m, monosaccharide; p, polysaccharide; eq, equa-
torial; ax, axial. (A) 1H-13C HSQC spectrum of EV239�neuS cells grown in LB
media containing 13C,15N-Neu5Ac. To improve resolution a spectral width of
40 ppm, with carrier frequency at 68 ppm, was used in the 13C dimension,
therefore the peaks between 1.50 and 3.10 ppm in the 1H dimension are
aliased in the 13C dimension. These peaks have 13C shifts that are 40 ppm lower
than they appear. (B) The overlayed 1H-13C HSQC spectra of 13C,15N-Neu5Ac
(red) and 13C,15N-PSA at neutral pH (black) clearly show the difference be-
tween the monomer (in the �-configuration) and polymer (�-configuration).

*, identifies the Tris buffer signal. (C) 1H-13C HSQC spectrum of free 13C,15N-PSA
at pH 4.0 (green), at which lactone formation is promoted, overlayed with
spectrum (A). The number of green contours was purposely limited to better
demonstrate the absence of lactones on cells.
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ization. After careful examination of the EV239�neuS 1H-13C
HSQC spectrum (down to the noise level) in search of possible
resonances indicating lactone formation, we conclude that no
evidence is available for such structures from the HSQC data.
Because the presence of lactones at even �10% could have an
important effect in antibody recognition, we further investigated
the subject by in vivo and in vitro 1D 13C NMR of PSA (data not
shown). Detailed inspection of the regions expected to show
signals due to lactone formation (especially near 167 ppm, where
the resonance of the esterified C1 should appear) led us to
conclude that under our experimental conditions, at least 96%
of in vivo PSA is lactone free. Lastly, control experiments were
performed to eliminate the possibility that the PSA precursor,
CMP-Neu5Ac (36), had been detected in the HSQC spectra
(data not shown). The CMP-Neu5Ac resonances could be clearly
differentiated from those arising either from Neu5Ac or PSA.
Therefore, none of the signals in the EV239�neuS experiments
was due to CMP-Neu5Ac.

Efforts to find ideal conditions in which all of the Neu5Ac is
completely converted into PSA were unsuccessful, as evidenced
by the presence of Neu5Ac signals in HSQCs. Interestingly, no
Neu5Ac remains in the supernatant after centrifugation; thus, all
Neu5Ac is cell-associated. Reduction of the amount of Neu5Ac
added and delays on the time of addition only affected the total
signal to noise ratio on the spectrum, but not the PSA to Neu5Ac
signal ratio. Because it is known that the parent strain, EV36,
uses Neu5Ac as an energy and carbon source (25), whereas in
EV239 the gene expressing the Neu5Ac degrading enzyme,
nanA, has been mutated, we reason that the intake of Neu5Ac,
for the EV239 strain, is more efficient than its consumption.

Another concern relates to whether the cells are producing
extracellular PSA. We know that PSA is associated with the cells
because very little remains in the supernatant after centrifuga-
tion. To verify that PSA is located on the cell surface a

Neu5Ac-cleaving enzyme, exo-neuraminidase, was added to the
sample in the NMR tube. Because the enzyme has no access to
the intracellular space, enzymatic hydrolysis of PSA would
confirm the location of PSA on the cell’s exterior. Polysaccharide
cleavage was conveniently monitored by 1H-13C HSQC experi-
ments, measuring the CH-3 peak heights from both PSA and
Neu5Ac at various time intervals (Fig. 4A). As expected, the
enzyme digests the PSA, as evidenced by the increasing peak
height of the monosaccharide signal with time, in correlation
with a decrease in signal intensity from PSA (Fig. 4B). In both
cases, rate constants obtained from curve fittings to single
exponential functions were indistinguishable, demonstrating in
vivo kinetics as yet another application of on cell solution NMR.

Early in 1972, it was found that purified PSA did not elicit
antibodies to N. meningitidis B and E. coli K1 (4). In 1981, it was
reported that carbohydrates chemically resembling PSA are
expressed during fetal development in humans (17). This obser-
vation suggested a rationalization to the poor response to PSA
as the immune system being tolerant (17). Second, it raised the
concern that a successful PSA-based vaccine could generate
autoimmune reactions, limiting further studies of PSA-conjugate
vaccines to animals (12, 14). However, no evidence has been
presented in support of any of these hypotheses. Furthermore,
the justified concern for an autoimmune response to PSA
vaccines is inconsistent with the presence of PSA antibodies
found in most healthy people without episodes of autoimmune
diseases (14, 37). The effectiveness and safety of these vaccines
in humans remain to be established.

Several questions should be answered to have a clear under-
standing of the above observations. One refers to possible
structural differences between purified PSA and PSA in vivo. In
the present work, we used NMR to examine PSA as present in
living bacteria and compare it to purified PSA. Chemical shift

Fig. 3. Triple-resonance experiments correlating 1H-15N-13C on EV239�neuS

cells grown with 13C,15N-Neu5Ac. The spectra show two sets of signals, which
correspond to PSA (p) and Neu5Ac (m). (A) 2D-HNCO spectrum showing two
signals correlating the amide 1H with the 13CO chemical shifts on the N-acetyl
group through the 15N atom. (B) 2D-HNCA spectrum correlating the amide 1H
chemical shift with 13CH3 in the N-acetyl group and 13C5 through the 15N atom.

Fig. 4. Effects of exo-neuraminidase addition on NMR spectra, monitored
through the peak height of the 13CH-3 signals. (A) Region corresponding to
13CH-3 signals from 1H-13C HSQC spectra of EV239�neuS cells with 13C,15N-PSA
before addition of the enzyme and at two representative times (indicated in
the figure) after addition. The signals from PSA (labeled p) decrease in
intensity as the monomer (m) increases. (B) Plot of the signal intensities from
m3eq (■ ) and p3eq (F) as function of time after enzyme addition. Data fitting
to single exponential functions (solid line) yielded identical rate constants
(0.27 � 0.01 h�1) with opposite sign.
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data from in vivo PSA at neutral pH, rule out the occurrence of
significant amounts of lactones. Yet, lactone formation on cells
could still be possible at lower pHs (such as in the urinary tract),
or in hydrophobic environments. The overall conclusion from
the present experiments at pH 7.0 is that PSA on bacteria is
structurally similar, and likely identical, to free PSA. The
environment can play an important role in dictating structural
and dynamic properties of biomolecules, examples of which have
been reported for proteins (22). Situations like mechanical stress
(38), steric crowding, changes in pH, temperature, or hydropho-
bic environments, could have chemical or structural conse-
quences providing defense mechanisms for the bacteria. This
would be consistent with previous observations that antibodies
to the capsular polysaccharide of N. meningitidis group B or E.
coli K1 bind to the brains of infant rats in vitro but not in vivo (39).
Schneerson and coworkers (16) suggest that the lack of tertiary
structure in PSA combined with low energy binding at 37°C is the
major cause of its poor immunogenicity. Another hypothesis is
that fleeting conformations, like helices (40), could be stabilized
under different conditions. In cases where the rate constant for
conformational exchange is fast, NMR spectroscopy cannot
always be used to distinguish between the conformers and
instead yields spectra with averaged chemical shifts. In favorable
cases, however, relaxation times or linewidths can be used as
indicators of the underlying dynamics. A qualitative T2 evalua-
tion, comparing the peak linewidths in 13C 1D spectra of PSA
free and on cells, reveals that the linewidth of PSA on cells is
approximately twice that of free PSA for all carbons, except
those on the N-acetyl group and C5, for which the linewidths are
�3 times larger. These differential relaxation times might reflect
only the difference in environment for PSA and the restricted
mobility of the end attached to the cell wall. On the other hand,
they could also be an indication of subtle, yet important struc-
tural or dynamic differences that must be addressed. The method
presented here seems promising to explore these possibilities, as
well as studying the structural and dynamic characteristics of
PSA-antibody interactions.

Materials and Methods
Preparation of 13C,15N-labeled Neu5Ac. The labeled monosaccharide
was obtained by controlled hydrolysis of 13C,15N-labeled PSA (41)
and purified by using a Mono Q column in an HPLC system (42).
Labeled PSA was prepared by growing EV36 cells in minimum
media supplemented with uniformly enriched 13C-glucose and
15N-NH4Cl (Cambridge Isotope Laboratories, Andover, MA).
Cells were grown by using a Bench top 14-liter Fermentor (New
Brunswick Scientific, Edison, NJ) charged with 9 liters of basal salts
media prepared as follows: (per liter) 6g Na2HPO4/3 g KH2PO4/0.5
g NaCl were dissolved in water and sterilized for 30 min at 121°C.
The medium was allowed to cool to 37°C before 0.5 liter of a
combined filtered-sterile solution was added: (per liter) 3 g 13C-
glucose/5 g 15N-NH4Cl/1.7 g yeast nitrogen base (without casamino
acids and ammonium sulfate; BD Scientific, Sparks, MD), 10 mg
streptomycin, and 0.001 g CaCl2. The fermentor was then inocu-
lated with 5% overnight inoculum and the culture was grown for
18 h at 37°C, with pH controlled at 7.0, using 5N NaOH solution.
Dissolved oxygen was maintained at 30% air saturation by an
adaptive control algorithm interfaced to an MD-Biostat system

(Sartorius BBI System, Allentown, PA), by adjusting the agitation
rate and the supply of air or oxygen (43). Off-line glucose mea-
surements were done by using Yellow Spring Instruments (Yellow
Spring, OH) biochemistry analyzer. A starter culture was grown
from frozen stock of EV36 cells in LB media for 4 h, before
transferring into the above-defined media and grown overnight
with shaking at 250 rpm and 37°C. After 18 h fermentation, the
10-liter culture was diluted 1:1 with 0.2% hexadecyl trimethyl-
ammonium bromide (cetavlon) and allowed to precipitate at 4°C
overnight with gentle mixing. The cetavlon pellet was collected by
using a continuous centrifuge model T1P (Alfa Laval, Warmin-
ster, PA) and PSA-purified following the protocol by Vann and
Freese (44).

Growing of EV239�neuS Cells with 13C,15N-Neu5Ac and Sample Prepa-
ration. The plasmid pWN609 (29) contains the neuS gene to
polymerize Neu5Ac. EV239 cells (27) containing pWN609 were
grown from frozen stock in 20 ml of LB media for �16 h at 37°C
with shaking at 180 rpm. EV239�neuS cells grown without
addition of Neu5Ac show negligible production of PSA. The
capsule is produced by adding �1 mg of Neu5Ac (either labeled
or unlabeled) to the culture media. Capsule production was
monitored by rocket immunoelectrophoresis (45) and 1H-13C
HSQC measurements. The procedure yields �200 mg of bacte-
ria, which were collected by centrifugation (25 min at 2,000 � g)
and gently resuspended in 250 �l of either LB or 20 mM buffer
phosphate at pH 7.0, plus 50 �l of D2O. The sample is transferred
into Shigemi NMR tubes (Shigemi, Allison Park, PA) with the
aid of long neck glass pipets (Wilmad, Buena, NJ).

NMR. NMR experiments were carried out at 37°C on a Bruker
(Billerica, MA) Avance 700. For all multidimensional NMR ex-
periments the 1H carrier was placed on the HOD peak with a 1H
spectral width (sw) of 10 ppm, and recycle delay of 1 s. For PSA,
either free or cell-bound, 1,024 complex points in the 1H dimension
and 256 on the 13C dimension were measured. For Neu5Ac control
experiments, 4,096 complex points were measured in the 1H
dimension. Additional relevant experimental parameters were: for
1H-13C HSQC the Bruker pulse program (Bpp) hsqcgpph was used
with 13C carrier at 68 ppm (sw 40 ppm); 1H-15N HSQC was
measured under identical conditions, except that the 15N carrier was
set at 120 ppm; the HNCO was acquired by using the Bpp
hncogp3d, only the 1H-13C plane was measured with 13C carrier at
176 ppm (sw 10 ppm); for the HNCA, the Bpp hncagp3d was used
with the same 15N carrier as for the HNCO, and 13C carrier at 38
ppm (sw 50 ppm). For both triple-resonance experiments, the
magnetization transfer delays used were 1/4JHN � 2.3 ms and
1/4JNC� � 12 ms. The 13C 1D experiments were measured at 176.05
MHz with 13C carrier at 90 ppm (sw 200 ppm), acquiring 16,384
complex points (acquisition time 0.233 s) and a recycling delay
of 1.5 s.

We thank Eric Vimr for providing bacterial strains EV36 and EV 239,
W. F. Vann for providing the plasmid pWN609 and for useful discus-
sions, M. S. Blake and D. A. Torchia for helpful discussions and support,
R. Schneerson and E. Andereishcheva for help with techniques used in
this paper, S. Norris for help with NMR instrumentation, and Y. Hi for
providing HPLC time.

1. Robbins JB, Schneerson R, Anderson P, Smith DH (1996) J Am Med Assoc
276:1181–1186.

2. Robbins JB, McCracken GH, Gotschlich EC, Ørskov F, Ørskov I, Hanson LA
(1974) N Engl J Med 290:12216–12220.

3. Bhattacharjee AK, Jennings HJ, Kenny CP, Martin A, Smith IC (1975) J Biol
Chem 250:1926–1932.

4. Wyle FA, Artenstein MS, Brandt BL, Tramont EC, Kasper DL, Altieri PL,
Berman SL, Lowenthal JP (1972) J Infect Dis 126:514–522.
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