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ABSTRACT: In contrast to the conventional dogma that carbohydrates are poorly immunogenic T-cell-
independent antigens, zwitterionic polysaccharides (ZPSs) can significantly stimulate T-cell proliferation
and regulate abscess formation in bacterial infection. Despite their similar biological activities, ZPSs from
various bacteria are greatly different in primary chemical compositions and building block linkages. To
identify the common structural features that govern the peculiar immunologic activity of ZPSs, we have
been determining three-dimensional structures of compositionally different ZPSs by NMR spectroscopy
and molecular mechanics and dynamics calculations. We report here the conformation of type 1 capsular
polysaccharide from the human pathogenStreptococcus pneumoniae(Sp1) to be a right-handed helix
with repeated zwitterionically charged grooves. We also report the striking similarity between the structures
of Sp1 and our previously determined PS A2 fromBacteroides fragilis. These results support our hypothesis
that T-cell-activating ZPSs assume similar conformational and charge patterns that are recognized by
specific receptors and that account for their common property as T-cell activators.

Carbohydrates have been traditionally regarded as inca-
pable of eliciting T-cell responses and hence categorized as
T-cell-independent antigens (1-3). More recently, however,
it has been demonstrated that many bacterial capsular
polysaccharides (PSs)1 do, in fact, induce a variety of T-cell-
specific responses such as cell proliferation, cytokine secre-
tion, and regulation of antibody production (4-9). Of
particular interest is a class of zwitterionic PSs (ZPSs) whose
members have been discovered to be especially potent T-cell
activators. ZPSs stimulate the proliferation of T cells in the
presence of antigen-presenting cells, as demonstrated by in
vitro T-cell proliferation and cytokine assays (4-6). Several
bacterial ZPSs identified thus far, including PS A1, PS B,
and PS A2 fromBacteroides fragilisand type 1 capsular
polysaccharide fromStreptococcus pneumoniae(Sp1), all
activate T cells (10-12). They also can, in a context-
dependent manner, induce or inhibit bacterial abscess forma-
tion, as has been demonstrated in rat models of intraabdom-
inal abscesses (5, 13). These findings strongly suggest that

ZPSs are a novel class of T-cell antigens. Established T-cell
antigens such as peptides, glycolipids, and protein super-
antigens have been instrumental for our fundamental under-
standing of immunology (14-17). An understanding of how
ZPSs differ from other carbohydrates and exert their peculiar
effects on T cells will provide important new insights into
the structure-function relationship of carbohydrates and the
immune system.

T-cell-activating ZPSs vary significantly in their monosac-
charide compositions, linkages, and sequences. The only
obvious common feature is their zwitterionic charge motif.
Each ZPS carries a high density of positively charged amino
and negatively charged carboxyl or phosphonate groups. The
dual charge motif is generally rare among naturally occurring
PSs but functionally critical for ZPSs (4, 5, 12). For example,
chemical conversion of positively charged amines to neutral
N-acetyl groups eliminates the activity of ZPSs (8, 18). To
explain why ZPSs comprising different carbohydrate se-
quences elicit similar T-cell responses, we hypothesized that
the functionally common basis for the T-cell activity of ZPSs
lies in overall spatial charge organization (11). We proposed
that different ZPSs assume similar three-dimensional struc-
tures which may define a common scaffold for the presenta-
tion of charges and hence form a unique molecular pattern.
To test this hypothesis, we have been determining the three-
dimensional structures of various biologically active ZPSs.
In our previous study, we elucidated the chemical structure
and conformation of PS A2 fromB. fragilis strain 638R (11).
PS A2 forms an extended right-handed helix. Every helical
turn defines a groove whose four edges are occupied by two
pairs of zwitterionic charges. We report here the conforma-
tion of Sp1 from the human pathogenS. pneumoniaeas
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determined by NMR spectroscopy and molecular mechanics
and dynamics calculations. We also demonstrate the striking
similarities between the solution conformations of Sp1 and
PS A2.

MATERIALS AND METHODS

Purification of Sp1.Crude PS extracts from type 1S.
pneumoniaewere purchased from the American Type Culture
Collection (Atlanta, GA). A 20-mg sample of the crude
material was dissolved in 1.5 mL of 2 M NaOH and heated
to 80 °C for 3 h to degrade the contaminating ribitol
phosphate teichoic acids (19, 20). The mixture was then
neutralized with 2 M HCl, dialyzed extensively against
deionized water, and lyophilized. The product was then
purified on a Sephacryl S300 column (Amersham Pharmacia
Biotech, Piscataway, NJ) in phosphate-buffered saline (0.01
M phosphate, 0.15 M NaCl, pH 7.2) containing 0.05% azide.
Fractions were monitored by a refractive index detector for
carbohydrates and by a UV detector at 280 nm for contami-
nating proteins. Sp1 elutes close to the void volume of the
column and has an average molecular mass of 100 kDa. Sp1
fractions were pooled, dialyzed extensively against deionized
water, and lyophilized. Structural integrity and purity were
verified by NMR analysis.

NMR Spectroscopy.All NMR spectra were obtained from
a sample of 8 mg of purified Sp1, which was exchanged
with D2O once and redissolved in 0.7 mL of D2O. NMR
experiments were performed at 37°C on a Varian Unity 500
instrument (Varian Inc., Palo Alto, CA).1H and13C chemical
shifts were referenced externally to sodium 2,2-dimethyl-2-
silapentane-5-sulfonate and CH3I, respectively. Most spectra
were obtained in the phase-sensitive TPPI mode with
standard pulse sequences (21, 22). 1H-1H TOCSY (23),
DQF-COSY (24), and NOESY (25) spectra were recorded
with spectral widths of 10 ppm in both dimensions. A spin-
lock time of 80 ms was used for TOCSY. NOESY spectra
were recorded with mixing times of 25, 50, 75, and 100 ms.
3JH,H couplings were measured from DQF-COSY and
E.COSY to verify the chair configuration of monosaccharide
constitutes (26). 1H-13C HMQC (27) and HMBC (28) were
recorded with spectral widths of 100 and 180 ppm in the
carbon dimension, respectively. HMQC spectra were re-
corded with and without13C decoupling during the acquisi-
tion to obtain1JCH coupling constants.

Molecular Modeling.All molecular modeling calculations
were performed using the INSIGHT II 2000 program
(Accelrys, San Diego, CA) on an Octane workstation (Silicon
Graphics, Mountain View, CA). The consistent valence force
field (CVFF) with harmonic potential function and cross
terms (29, 30) was used for all calculations unless otherwise
stated since it yields consistent results in grid searches of
various disaccharide conformations in both charged and
uncharged forms. No cutoff was imposed on the calculation
of nonbonded interactions. All calculations were performed
in Vacuowith a distance-dependent dielectric constant (ε )
4r) unless otherwise specified. Root mean squared deviations
(RMSDs) of structures were calculated on the basis of non-
hydrogen atoms. As partial fraying occurs in the less
restricted termini, RMSDs were calculated separately for both
the entire four repeating units (RUs) and also the central
two RUs only.

Monosaccharide Model Building.The chemical structures
of Sp1 and PS A2 are shown in Figure 1. Molecular models
of the monosaccharide residues of Sp1 were built using the
Biopolymer module of the INSIGHT II 2000 program. The
free amino groups and the carboxyl groups in Sp1 were
treated uncharged. An initial model of each monosaccharide
was energy minimized by the steepest descent method until
the maximum derivative was less than 1000 kcal‚mol-1‚Å-1,
followed by the Polak-Ribiere conjugate gradient method
until the maximum derivative was less than 10 kcal‚mol-1‚Å-1

and a Newton minimization algorithm (BFGS) until the
maximum derivative was less than 0.001 kcal‚mol-1‚Å-1.

Grid Search.The conformational space for each glycosidic
linkage within one RU of Sp1 was assessed by systematic
grid searches of the correspondingΦH and ΨH dihedral
angles.ΦH and ΨH are defined as H1-C1-O1-CX′ and
C1-O1-CX′-HX′, respectively, where X′ refers to the
glycosidic linkage site (11). ΦH-ΨH potential energy maps
were obtained by systematically rotating both dihedral angles
from -180° to 180° in 10° increments. For every linkage,
each of the 362 disaccharide structures was energy minimized
as described above for the monosaccharides, whileΦH and
ΨH dihedral angles and the chair conformations of the
carbohydrate rings were restrained (cosine restraints withk
) 1000 kcal‚mol-1). The lowest energyΦH-ΨH dihedral
angles in each potential energy map were selected to build
the corresponding disaccharide, and the disaccharide was
further energy minimized. This step of refinement was used
to verify the accuracy and stability of the grid search.

The amino groups in residueb and the carboxyl groups
in residuesa andc were treated uncharged and charged in
separate calculations to evaluate the charge contribution to
overall structure. When treated charged, dielectric constants
of ε ) 4r, 80, or 80r were used.

To investigate force field dependence of the grid search
calculations, we also performed the same grid search
calculations using the AMBER force field with Homans’
additions for saccharides (31) which takes exoanomeric

FIGURE 1: Chemical structures of Sp1 and PS A2.
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effects into account and compared the results of the two
different force fields.

Preliminary Structure Calculation.An initial molecular
model of four RUs (containing 12 monosaccharides) of Sp1
was built with the preferred glycosidic dihedral angles
obtained from the grid search calculations. Twenty-one
interresidue NOE distance restraints for each RU were added
to the initial model in the form of flat-bottomed energy terms
with a proximal target value of 1.8 Å and distal target values
of 3.3 Å for strong and 5.0 Å for weak NOE cross-peaks,
respectively. Three interresidue NOE restraints, which
originated from side chain methyl protons, were not included
initially because they have minor influence on the overall
structure calculation of Sp1. The force constants were set to
100 kcal‚mol-1‚Å-2 with a scaling factor of 1. The molecular
model was energy minimized to a final derivative of less
than 0.001 kcal‚mol-1‚Å-1 with NOE distance restraints to
obtain a preliminary conformational model.

IteratiVe NOE Back-Calculation and Refinement of Dis-
tance Restraints.The NOE distance restraints were refined
by an iterative process of NOE back-calculation and distance
restraint adjustment. Simulated NOESY spectra were back-
calculated from the preliminary conformational model of Sp1
(four RUs) using the program RELAX with a mixing time
of 75 ms (32, 33) and compared with the corresponding
experimental NOESY spectrum. The refinement process was
performed by one-by-one improvement of the simulated NOE
peak which deviated the most from the corresponding
experimental NOE peak at a given iteration. At each iteration,
the problematic peak in the simulated NOESY spectrum was
selected, and the corresponding distance restraint was
adjusted to reduce the difference between the simulated and
experimental volume of the corresponding peak without
significantly affecting other peaks. If the volume of the
problematic simulated peak was bigger than that of the
experimental counterpart, larger values for proximal and
distal distance restraints were applied. Conversely, if the
volume of the problematic simulated peak was smaller than
that of the experimental counterpart, smaller values for
proximal and distal distance restraints were applied. At each
iteration, several different combinations of proximal and
distal target values for the problematic NOE peak were
explored and resulting structures were subjected to NOE
back-calculation. If necessary, push-apart distance restraints
were introduced to remove simulated NOE peaks which were
not present in the experimental spectrum (34). Once the
problematic simulated NOE cross-peak had improved sat-
isfactorily, the next discrepant peak was selected and refined
again by the same method. Unlike in the preliminary
conformational model, intraresidue NOE distance restraints
were introduced if the problematic peak was an intraresidue
NOE peak. The similarity between the simulated and
experimental NOESY spectra was measured, first, by visual
comparison, and, second, by the quality of the linear least-
squares fit of simulated and experimental cross-peak intensi-
ties expressed as the regression coefficient,R. Visual
comparison was important because it enabled comparison
of overlapping peaks that could not be included in the
regression calculation (34). This iterative process was
repeated until no further improvement was noted.

Dependence on Initial Structures. To exclude structural
bias and to investigate the effect of initial structure choice,

five random linear conformations of Sp1 (four RUs) were
also tested as initial structures for energy minimization with
the refined NOE distance restraints. To randomize the
conformation of Sp1, we performed a 50 ps molecular
dynamics (MD) simulation at 1000 K. During the MD
simulation, a distance restraint of 55-60 Å was applied
between the two glycosidic oxygen atoms at each end of
Sp1 to maintain a roughly linear conformation. Every 10 ps
a snapshot was saved and used as an initial structure for
energy minimization, imposing the refined NOE distance
restraints. The five resulting structures were compared with
the structure of Sp1 that had been obtained starting from
the preferred glycosidic dihedral angles (see above).

Restrained Simulated Annealing.We performed a re-
strained simulated annealing (rSA) molecular dynamics
calculation on Sp1 to refine the structure. The rSA was
carried out with the refined NOE distance restraints. In the
first high-temperature stage, the conformation of Sp1 was
randomized during a 10 ps high-temperature MD simulation
at 700 K. In the second cooling stage, the temperature was
lowered from 700 to 300 K in decrements of 10 K per 5 ps.
In the third low-temperature stage, a snapshot was taken at
the end of the MD simulation at 300 K. Then the structure
was randomized again by another stage of high-temperature
MD simulation at 700 K. This scheme of high temperature-
cooling-low temperature was performed for a total of five
cycles. The five conformations taken at each 300 K MD step
were fully energy minimized, imposing the refined NOE
distance restraints until the maximum derivative was less
than 0.001 kcal‚mol-1‚Å-1.

Restrained Molecular Dynamics.To further examine the
conformational space and stability, we also performed a
restrained molecular dynamics (rMD) simulation of Sp1 with
the refined NOE distance restraints. The lowest energy
structure obtained from the rSA was used as the starting
geometry for the rMD simulation. A constant NVT molecular
dynamics calculation was performed using the Verlet velocity
algorithm with 1.0 fs time steps at 300 K. The system was
equilibrated for 50 ps, and the production run was carried
out for 1.0 ns. Temperature was controlled by velocity scaling
in the equilibration phase and the Andersen algorithm in the
production phase with a collision ratio of 1.0. Intermediate
structures were saved every 1 ps for analysis.

RESULTS

NMR Studies.Sp1 from the type 1 capsule ofS. pneumo-
niae is a linear polymer of trisaccharide repeating units,
containing galacturonic acid (GalA, residuesa and c) and
2-acetamido-4-amino-2,4,6-trideoxygalactose (Aat, residue
b) with a sequence off3)-R-D-GalA(a)-(1f3)-R-D-Aat(b)-
(1f4)-R-D-GalA(c)-(1f (Figure 1) (13, 35). Each repeating
unit of Sp1 contains one positively charged amine and two
negatively charged carboxyl groups. To determine the three-
dimensional structure of Sp1 by NMR, we obtained complete
unambiguous assignments of the1H and13C resonances in
the molecule. We used a combination of NMR experiments,
including 1D1H (Figure 2) and 2D1H-1H TOCSY, DQF-
COSY, NOESY, 1H-13C HMQC with and without13C
decoupling (Figure 2), and HMBC. The resonances in all
spectra are well separated, and these experiments were
sufficient for assignment (Table 1). Furthermore, the1JCH
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(Table 1) couplings obtained from HMQC and3JHH couplings
from DQF-COSY confirmed theR anomeric configuration
and the chair conformation of each monosaccharide constitu-
ent of Sp1.

To obtain distance constraints from NOEs, we acquired
NOESY spectra of Sp1 at mixing times of 25, 50, 75, and
100 ms (Figure 3). NOE cross-peaks were assigned to protons
within the same monosaccharide (intraresidue) or adjacent
residues (interresidue). We detected a total of 27 intraresidue
and 24 interresidue NOE cross-peaks per repeating unit.
Cross-peak volumes were integrated for each mixing time,
and NOE build-up curves were obtained. Most NOE intensi-
ties increased from 25 to 100 ms, except for two that
increased from 25 to 75 ms, and decreased slightly at 100

ms. The NOE intensities at a mixing time of 75 ms, at which
spin diffusion and zero-quantum coherence artifacts were
minimal, were used to determine distance restraints (36).
NOE cross-peak intensities were preliminarily classified as
either strong or weak and interpreted as 1.8-3.3 Å and 1.8-
5.0 Å distance intervals, respectively (11). Interresidue NOE-
derived restraints were incorporated into the global structure
calculation. Table 2 lists the interresidue NOEs used for
structure calculation. A total of 4, 9, and 8 interresidue NOE
distance restraints were used forab, bc, andca glycosidic
linkages, respectively. Because 26 out of 27 intraresidue
NOE distance restraints were already satisfied by the
preliminary conformational model, intraresidue distance
restraints were only introduced in the later refinement stages.

Conformational Preference.Poly- and oligosaccharides
consist of monosaccharides joined by rotationally flexible
glycosidic bonds. The global shape of an oligosaccharide
depends mainly on the rotational flexibility of these glyco-
sidic linkages, whereas the intrinsic flexibility of sugar rings
is rather limited, and different orientations of the pendent

Table 1: 1H and13C Chemical Shift Assignments (in ppm) and1JCH (in Hz) of Sp1

1 2 3 4 5 6 NAc-CH3

a f3)-R-D-GalA-(1f 1H 5.07 3.96 4.02 4.47 4.13
13C 101.97 68.76 79.12 71.03 75.10
1JCH 173.0 150.4 145.0 150.4 144.0

b f3)-R-D-Sug-(1f 1H 4.99 4.15 4.27 3.79 4.76 1.27 2.04
13C 101.19 50.51 76.18 55.92 65.75 18.18 25.19
1JCH 176.9 129.3 146.8 149.5 149.5 127.9 130.0

c f4)-R-D-GalA-(1f 1H 5.22 3.93 4.08 4.39 4.61
13C 99.85 70.83 71.63 82.26 73.90
1JCH 176.3 149.5 146.8 148.6 143.1

FIGURE 2: (A) 1H spectrum of Sp1 recorded at 37°C. (B) Partial
1H-13C HMQC spectrum of Sp1 (recorded without13C decoupling)
from which 1JCH constants were obtained. The resonances and
coupling arising fromc1 are labeled.

FIGURE 3: (A) NOESY spectrum of Sp1 with a mixing time of 75
ms. (B) Simulated NOESY spectrum of the lowest energy confor-
mation of Sp1 from rSA.
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groups have minor influence on the conformational space
of saccharides. To assess the conformational preferences of
Sp1 due to the linkage and substitution patterns of the
individual glycosidic components, we conducted systematic
grid searches for every constituent glycosidic linkage. In this
analysis, theΦH andΨH dihedral angles of each glycosidic
linkage were varied independently in 10° increments from
-180° to 180°. The total energy was evaluated for eachΦH-
ΨH pair, and aΦH-ΨH potential energy map for each
constituent disaccharide was obtained. Figure 4 shows the
ΦH-ΨH potential energy maps of the glycosidic linkages
of Sp1. There is one global energy minimum for each
disaccharide moiety. The low-energy regions within 3 kcal/
mol above the global energy minima cover approximately

5-10% of the complete potential energy surface for each
disaccharide. These preferred conformations were confirmed
by starting from various dihedral angles for each glycosidic
linkage and demonstrating convergence toward the global
minima upon energy minimization. The resultingΦH-ΨH

pairs of lowest energy were the following (linkages in
parentheses):-50°, -35° (ab); -41°, 9° (bc); -41°, -35°
(ca). Using the AMBER force field with Homans’ additions
for saccharides (31), we obtained virtually identical results
for all linkages.

Charge Treatment.We treated the charged groups in Sp1
in four different ways. In the first case, the amino groups
and the carboxyl groups were treated as neutral-NH2 and
-COOH with a dielectric constant of 4r. In the second
through fourth cases, the amino and carboxyl groups were
treated charged with dielectric constants of 4r, 80, or 80r,
respectively. We performed grid search calculations for each
case and then constructed corresponding structures of four
RUs of Sp1. After energy minimization without NOE
distance restraints, we assessed the final structures of each
charge treatment by two standards. First, we investigated how
many interresidue NOE distance restraints were already
satisfied in each structure. The structure with neutral amino
and carboxyl groups satisfied 19 out of 24 interresidue NOE
distance restraints. The structures with charged amino and
carboxyl groups and dielectric constants of 4r, 80, or 80r
satisfied 15, 16, and 16 interresidue NOE distance restraints,
respectively. Second, we investigated the consistency of
glycosidic dihedral angles in the central two RUs of Sp1.
The structure with neutral amino and carboxyl groups and a
dielectric constant of 4r showed the highest consistency in
its glycosidic dihedral angles. Therefore, we selected un-
charged amino and carboxyl groups with a dielectric constant
of 4r for the remainder of our modeling calculations.

Preliminary Conformational Model of Sp1.We investi-
gated the preferred conformations of four RUs of Sp1. The

FIGURE 4: (Upper row)ΦH-ΨH potential energy maps for the constituent glycosidic linkages (ab, bc, andca) of Sp1. Isoenergetic contours
are shown at 3 kcal/mol intervals above the global energy minimum for each map. (Lower row) Scatter plot ofΦH-ΨH dihedral angles for
the rMD trajectory.

Table 2: Interresidue NOE Volumes and Distance Restraints Used
for the Calculation of Sp1 Structures

linkage
proton
pair

NOE
volume

distance
restraint (Å)

ab a1-b2 40.25 1.8-4.5
a1-b3 114.91 1.8-3.3
a1-b4 140.84 1.8-3.3
a1-b5 23.73 4.6-5.0

bc b1-c3 31.82 4.5-5.0
b1-c4 220.45 1.8-3.3
b1-c5 60.13 1.8-3.8
b2-c4 42.20 1.8-4.6
b3-c2 71.50 3.7-5.0
b4-c2 56.84 1.8-4.0
b5-c1 19.21 1.8-5.0
b5-c2 131.76 1.8-3.3
b5-c3 10.77 1.8-5.0

ca c1-a3 110.95 1.8-3.3
c1-a4 236.05 1.8-3.3
c1-a5 54.38 1.8-5.0
c2-a4 77.87 1.8-3.4
c5-a2 70.56 1.8-3.2
c5-a3 23.52 3.8-5.0
c5-a4 9.84 1.8-5.0
c5-a5 24.51 1.8-5.0
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analysis of one repeating unit in isolation is generally too
short to give an overall accurate representation of the
conformation of a polysaccharide (11). Structure calculations
that include several RUs improve local precision and
accuracy and allow for the analysis of the central portion
which is little disturbed by artifactual fraying of the less
restrained termini. Preliminary conformational models of Sp1
fragments were computed by energy minimization with
interresidue NOE distance restraints. The criteria for the
preliminary classification of strong and weak peaks were
obtained from the linear plot of the peak volumes vs 1/r-6

(r, distance between hydrogen atoms) for intraresidue NOE
peaks. An initial model of Sp1 was built using the favorable
ΦH-ΨH dihedral angles obtained from the grid search and
then fully energy minimized with NOE-derived distance
restraints. TheΦH-ΨH dihedral angles of the resulting
conformation, averaged over the central two RUs, were the
following: -64.5°, -32.0° (ab); -30.6°, 17.8° (bc); -62.8°,
-22.3° (ca). All of theseΦH-ΨH dihedral angles belong to
the corresponding lowest energy regions in theΦH-ΨH

potential energy maps, and all interresidue distance restraints
were satisfied in this conformation after energy minimization.
We also explored a slightly different approach, in which the
initial models were fully energy minimized first without and
then with NOE distance restraints. The RMSD between these
two structures is only 0.6 Å for the entire four RUs and 0.4
Å for the central two RUs, indicating that the two energy
minimization schemes yielded practically the same results.
We used the former method for the rest of the structure
calculations.

Structure Refinement and NOE Back-Calculation.The
structure of Sp1 was refined via the iterative process of
NOE back-calculation and NOE distance restraint adjust-
ment. Ultimately, we incorporated 21 interresidue, 4 intra-
residue, and 6 push-apart interresidue NOE distance restraints
per RU into the structure calculation. The final set of
refined NOE distance restraints was obtained after 54
cycles of this iterative refinement process and is listed
in Table 2. The regression coefficient,R, of the scatter
plot of experimental vs simulated interresidue NOE peak
intensities improved from 0.91 to 0.95 when overlapping
peaks were not considered. The improvedR value indicates
a good correlation between the experimental and simulated
NOE data. Although it was difficult to accurately measure
the volumes of a few overlapping cross-peaks near the
diagonal in the experimental NOESY spectra, their correla-
tion with the simulated NOE cross-peaks was very good.
After the final round of structure refinement, the back-
calculated NOESY spectra from the refined structure com-
pare very well with the experimental spectra. As shown in
Figure 3, the experimental NOESY and the simulated spectra
from the lowest energy conformation of Sp1 are nearly
identical.

Initial Structure Dependence.We also tested five random
linear conformations of four RUs to investigate the impor-
tance of initial structure on the final results. When carbo-
hydrate rings were restrained to standard4C1 chair confor-
mations, all resulting conformations were within RMSD
values of 1.8 Å for the entire four RUs and 0.9 Å for the
central two RUs with respect to the energy-minimized
conformation that had been obtained starting from the
preferred glycosidic dihedral angles. Regardless of initial

conditions, all resulting conformations converge to a family
of closely related structures (Figure 5). On the basis of the
high similarity of final Sp1 structures obtained from different
initial structures, we conclude that there is no initial structure
dependence. This result indicates that our molecular modeling
procedure produces a unique structure.

Restrained Simulated Annealing.To further refine the
structure, we conducted five rounds of rSA from 700 to 300
K. The conformations of Sp1 (4 RUs) were fully energy
minimized at the end of each cycle. Out of the five resulting
conformations, one was discarded because it had a carbo-
hydrate ring which was distorted from the normal4C1 chair
configuration. The other four conformations from rSA were
compared with the lowest energy structure obtained by
energy minimization with NOE distance restraints as de-
scribed above. All five conformations form a family of
closely related structures and are within RMSD values of
0.7 Å for the entire four RUs and 0.6 Å for the central two
RUs. Figure 5 shows the lowest energy conformation of Sp1
and the overlay of structures from energy minimizations and
rSA calculations with refined NOE distance restraints.

FIGURE 5: (A) Lowest energy conformation of Sp1 (four RUs) from
rSA. Carbon, oxygen, and nitrogen atoms are colored green, red,
and blue, respectively. (B) Superposition of 10 energy-minimized
Sp1 conformations calculated with refined NOE distance re-
straints: four from rSA (red, cyan, yellow, orange), five from energy
minimizations starting from random initial conformations (blue,
violet, sky blue, gray, pink), and one from energy minimization
starting from the preferred glycosidic dihedral angles (green). (C)
Electrostatic surface representation of the lowest energy conforma-
tion of Sp1 from rSA. The orientation is identical to that in (A)
and (B). Positive charges are colored blue and negative charges
are colored red. Surface rendering and qualitative Poisson-
Boltzmann electrostatic calculations were carried out with SPOCK
(39). Note the two large grooves denoted by arrows and the
alternating zwitterionic charge pattern.
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Restrained Molecular Dynamics Simulation.The stability
of the Sp1 structure was investigated by rMD simulation with
NOE distance restraints. TheΦH-ΨH dihedral angles in the
rMD trajectory exhibit stable conformational equilibria for
all linkages within the lowest energy regions of theirΦH-
ΨH potential energy maps (Figure 4) even though fewer NOE
restraints (4) are incorporated for theab linkage than forbc
(9) or ca (8) linkages. The time-averaged values ofΦH-
ΨH pairs (( standard deviations) for the central two RUs
were the following (linkages in parentheses):-61.8( 10.2°,
-36.4 ( 8.9° (ab); -28.2 ( 5.8°, 8.2 ( 7.0° (bc); -37.6
( 6.3°, -22.4 ( 6.5° (ca).

The RMSDs between structures of the rMD trajectory are
on the order of 2 Å for the entire four RUs and 1 Å for the
central two RUs. The successful convergence to a common
conformation indicates the precision of the rMD simulation.
The most significant differences arise at the terminal regions
and can be attributed to end fraying.

DISCUSSION

Existence of a Unique Structure.Our structural calculations
result in a unique, well-defined conformation for Sp1 which
simultaneously satisfies all NOE data. Whenever NMR-based
methods of structural elucidation are applied to saccharides,
where multiple conformations may exist and contribute to
the NMR data, we have to consider the possibility that a
physically unrealistic or averaged conformation might be
obtained (37, 38). The following arguments, however, make
this possibility seem unlikely. Each glycosidic linkage within
Sp1 possesses only a single major low energy well in its
ΦH-ΨH potential energy space, and all glycosidic dihedral
angles in structures that were calculated with NOE distance
restraints fall within their corresponding low-energy wells.
The consistency of glycosidic dihedral angles, regardless of
the incorporation of NOE distance restraints, indicates that,
for each linkage, an energetically stable linkage can exist in
a single well-defined conformation that satisfies NOE data.
Although it is premature to conclude that Sp1 necessarily
adopts one rigid single conformation, our structure is, at least,
a representative average structure of Sp1 which fits the NOE
data excellently. Furthermore, the fact that only one set of
chemical shift resonances is observed for Sp1 in NMR
experiments argues against the coexistence of two or more
fundamentally different Sp1 structures in solution. Functional
arguments for the existence of well-defined structural features
of Sp1 are given further down when comparing the structure
with that of another T-cell-activating ZPS, PS A2.

3D Structure of Sp1.The overall conformation of Sp1 is
an extended right-handed helix with eight residues per turn
and a pitch of 20 Å (Figure 5). The molecular surface is
covered with a high density of both positive and negative
charges, as illustrated by the electrostatic surface representa-
tion (Figure 5). Within each RU, the two carboxyl groups
(residuesa andc) are spaced closely (4.6 Å) and positioned
on one side of the helix, whereas the amino group (residue
b) is positioned on the other side. The distances between
charges are as follows: carboxyl group (residuea)-7.3
Å-amine (residueb)-7.4 Å-carboxyl group (residuec)-
9.3 Å-carboxyl group (residuea). The distances between
the amine and two carboxyl groups in one RU are ap-
proximately equal, whereas the carboxyl groups from dif-
ferent RUs are farther apart. Although one RU has two

negative charges and one positive charge, the overall pattern
of charge distribution can be described as an arrangement
of alternating positive and negative charges along the
polymer chain due to the proximity of two negative charges
on residuesa andc. If the two carboxyl groups in one RU
are considered jointly (center of mass), the distances between
charges are as followa: positive charge-7.0 Å-combined
negative charge-8.5 Å-positive charge. The positive and
negative charges are located approximately in analogous
positions along the polymer chain but face opposite direc-
tions.

Like the previously determined structure of PS A2 (11),
the helix of Sp1 is characterized by repeated charged grooves
(Figure 5). Roughly one helical turn defines one groove on
one side. One groove can be represented asax-1-bx-cx-
ax+1-bx+1-cx+1-ax+2-bx+2-cx+2, wherex denotes a given
RU. The grooves are approximately 14 Å wide, 10 Å long,
and 5 Å deep. The size of the grooves of Sp1 is comparable
to that of PS A2 (10 Å× 10 Å × 5 Å) (11). The positive
charges on residuesbx andbx+2 are located along the lateral
groove wall, while the positive charge on residuebx+1 is a
part of another groove located on the other side of the helix.
The negative charges on residuescx, ax+1, cx+1, and ax+2

occupy the floor and two sides of the groove and are shared
by adjacent grooves.

Superposition of Sp1 and PS A2 Structures.In our previous
study, we showed that PS A2 forms an extended right-handed
helix with positive and negative charges exposed on the outer
surface in a regularly spaced pattern (11). The chemical
structure of PS A2 is completely different from that of Sp1
(Figure 1). While Sp1 is composed of galacturonic acid and
2-acetamido-4-amino-2,4,6-trideoxygalactose, PS A2 con-
tains fucose, mannoheptose, 2-amino-4-acetamido-2,4,6-
trideoxygalactose, 3-acetamido-3,6-dideoxyglucose, and 3-hy-
droxybutanoic acid (11). Despite the drastic differences in
their primary structures, Sp1 and PS A2 assume remarkably
similar three-dimensional conformations (Figure 6). For this
comparison, a conformational model of Sp1 was constructed
on the basis of the average glycosidic dihedral angles from
the central two RUs of the lowest energy conformation from
rSA. The glycosidic oxygen atoms of Sp1 can be superim-
posed onto the glycosidic oxygen atoms of PS A2 with an
RMSD of 1.6 Å, revealing that these two ZPSs have
essentially the same backbone conformation. In addition, the
spatial arrangements of the amines in the two polysaccharides
display a very similar pattern (Figure 6). In both molecules,
the amines point outward and are arranged in a zigzag
fashion. The average distance between adjacent amines in
Sp1 is 14.6 Å, which is very similar to that of PS A2 (15.5
Å). Even when Sp1 and PS A2 are superimposed solely on
the basis of their amino groups, the overlap of their backbone
structures is still evident (Figure 6).

ZPSs possess exceptional immunological activities in that
they are recognizable by both B and T lymphocytes and thus
have the ability to modulate the dual arms of the host immune
system. ZPSs are a novel class of T-cell antigens and revise
the conventional dogma that carbohydrates are T-cell-
independent antigens. At present, the mechanism by which
ZPSs are recognized by T cells is not known. The confor-
mational similarity between PS A2 and Sp1 strongly supports
our hypothesis that a similar three-dimensional structure of
compositionally dissimilar ZPSs accounts for their common
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properties as T-cell activators. The common positive charge
pattern underlines the importance of the amines for the
biological function of ZPSs. The two three-dimensional ZPS
structures that are now solved provide exciting biochemical
probes for understanding how T cells recognize carbohy-
drates. The understanding of the molecular mechanism of
ZPS-mediated T-cell responses has potentially profound
implications for the basic science of immunology as well as
the practical use of carbohydrates as a novel class of
immunomodulators.
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FIGURE 6: (A) Structures of Sp1 (red) and PS A2 (yellow)
superimposed on the basis of their glycosidic oxygen atoms with
an RMSD of 1.6 Å. (B) Structures of Sp1 (red) and PS A2 (yellow)
superimposed on the basis of their amino groups. Red and yellow
dots represent positive charges from Sp1 and PS A2, respectively.
Sp1 and PS A2 display a similar zigzag positive charge pattern
with roughly equidistant charge separation of 15 Å.
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