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Abstract: A comparison of the conformation and dynamics of the cell wall polysacchari&e of
mitis J22 and the heptasaccharide repeating unit made from this polysaccharide was performed on
the basis on nmr data. We have previously reported a model for this highly flexible polysaccharide
in which four residues of the antigenic epitope adopt a defined conformation as do the two residues
of the lectin-binding epitope. These domains are connected by a 6-substituted galactofuranoside
residue that acts as a flexible hinge and the repeating subunits are joined by phosphodiester
linkages that provide further flexibility. Homonuclear nuclear Overhauser effect (NOE) and long-
range C—C and C—H scalar coupling constants measured in unifdtbalabeled samples of the
polysaccharide and heptasaccharide were very similar, indicating a similar conformational average
in solution. Significant differences in the solution dynamics were found from the heteronuclear
relaxation data,T,, T,,, and NOE, which reflect the faster molecular tumbling of the heptasac-
charide. Internal motions occurring on a picosecond time scale are relatively uniform along the
polymer while dynamics on the time scale longer than a few nanoseconds is characteristic of hinge
motion. © 2000 John Wiley & Sons, Inc. Biopoly 54: 235-248, 2000
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INTRODUCTION (a homopolymer) but is often two or more residues. In
most cases the subunits repeat regularly but in some
Bacterial cell surface polysaccharides, including cap- bacterial strains, sugar residues are modified by O-acet-
sules, cell wall polysaccharides, and lipopolysaccha- ylation or pyruvylation after their synthesis in a way
ride O-antigen chains, are typically synthesized with a which is not strictly stoichiometric perturbing the repeat.
subunit that repeats 20-100 or more times. The re-  The biological function of these polysaccharides
peating unit can be as small as a single sugar residueoften involves specific interactions of some carbohy-
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a b ¢ While NOE data have been useful for studies of

(PO 56) GalpNAc 0—(1—3) Rhap B—(1—4) Glep B—(1—6)- oligosaccharide conformation, a limited number of
4 Rhap a-(1—>z)f informative cross peaks is usually observed and there

are ambiguities in the interpretation for flexible struc-

y —Galf B-(1-6)-Galp B-(1—3)-GalpNAc o, B tures. Powerful new methods for conformational anal-

q . . ysis involving*C enrichment of oligosaccharides and

polysaccharides have been recently introduced that
could provide a more complete and convincing pic-
ture of the conformation of complex oligosaccharides.
Three-dimensional (3D) nmr methods having im-
proved spectral resolution resulting from the greater

. . o los of dispersion in thé*C dimension allow a better mea-
drate epitope with a protein binding site. Examples o sure of NOE cross peaks. MoreovéfC coupling

binding proteins might include a specific endoglyco- .,nstants provide direct information on glycosidic
sidase produced by a bacterlophagg, a spe(_:|f|9 Iect'ndihedral angles giving explicit local conformation.
responsible for bacterial coaggregation, or binding of ., high 13C enrichment it is possible to measure
the bacteria to some host cell and antibodies whose both C—H and C—C coupling constants providing
interaction is important in pathogenesis. The relative several different scalar coupling values to report on
sizes of the carbohydrates and the globular protein \he same dihedral angle to resolve ambiguities in
dictates a protein binding site of the order of two 0 ¢ relation curves and provide statistical weights in
four sugar residues, which is the approximate size of 5565 of contributions of multiple conformatiohs.
a carbohydrate binding epitope. This epitope may |nterpretation of long-rang&C coupling constants
have a relatively fixed and well-defined three-dimen- oqyires a correlation curve relating the coupling con-
sional conformation, as in the case of the blood group siants to dihedral angles. Empirical correlations of the
antigens, or the epitope could be flexible so that the ¢_y coupling valuésand of the C—C coupling val-
protein binds to a conformation selected from among € nave been proposed, and more recently, new
several preferred onésFor polysaccharides whose guantum mechanical density function computational
repeating subunit is as large as six or eight sugar methods have been developed that greatly extend the
residues, there can be separate and distinct bindingysefulness and reliability of the scalar coupling cor-
epitopes. The viridans streptococcal cell wall polysac- yejation curve<®-12
charides, with six to seven residues in the repeating  The dynamics of complex polysaccharides are
unit, have two distinct epitopes with a lectin binding poorly understood with no clear model that can ratio-
site [GalB(1 — 3) GalNAc or GalNAcB(1 — 3) Gal] nalize in structural terms the observations of widely
that is responsible for coaggregation with certain oral varying nmr spectral line widths among different
actinomyces species and a second epitope of three oftypes of polysaccharides with different repeating sub-
four residues that binds antibod®sThese two  unit structures. The observation that certain 100 kD
epitopes are illustrated in Figure 1 for the cell wall polysaccharides can give perfectly good nmr spectra
polysaccharide ofStreptococcus mitig22 in which  with a few Hz line widths while others give line
the antigenic epitope comprises residags, ¢ andg. widths so broad as to be unobservable implies that the
The three-dimensional conformation of the biolog- dynamics must depend strongly on details of the local
ically active epitope in a small isolated oligosaccha- stereochemistry. For proteins, dynamics have been
ride need not be identical to that of the same sugar investigated by heteronuclear relaxation rate studies
sequence in a higher molecular weight polysaccha- of T,, T,,,» and NOE with the results generally inter-
ride. Jennings and co-workers have demonstrated thispreted within the model-free analy’is'® in which
feature, known as “conformational epitopes,” using the molecule is assigned an overall tumbling rate that
both immunological and physical techniques for both is further modulated by internal motions on faster
the meningococcal group B polysacchafided for time scales. This model, which provides a reasonable
the type Ill group B streptococcal polysaccharfde.  picture for globular proteins, possibly might be ap-
We have previously presented evidence that such plied to oligosaccharides of modest size, but it is less
conformational epitopes are not found in the polysac- reasonable to apply it to a high molecular weight
charide fromS. mitisJ22° Nuclear Overhauser effect  polysaccharide of extended or random global struc-
(NOE) patterns in the polysaccharide from J22 are ture in which segmental motions could be present. For
similar to those in a heptasaccharide having a very complex polysaccharides, certain segments of con-
similar structure. served local structure might rotate as a rigid entity

FIGURE 1 Structure ofS. mitisJ22 heptasaccharide re-
peating unit. Polymerization sites are indicated by black
arrows.
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because of high amplitude torsional motions in other was further characterized using other nmr experiments as
more flexible points along the repeating chain. For the heptasacharide of Figure 1 having a phosphate residue at

this case the relaxation data might better fit effective
local correlation times for individual sugar residues
instead of global correlation times when using the

model free analysis. Other approaches to interpreting
relaxation data for polysaccharides based on more

explicit models for the internal motions of the poly-
mer may be required to give a complete interpretation
of the overall polymer dynamic$.In such a model

C-6 for residuea. A natural abundance sample of J22
heptasaccharide in concentratierl7 mg/mL was prepared
using the same protocol.

NMR Spectroscopy

Experiments were acquired at 500 MHz on a GE-Omega
PSG 500 nmr instrument, or at 600 MHz in a GE-OMEGA

the detailed stereochemistry of each sugar residue and600 spectrometer. Data were processed on a Silicon Graph-

linkage in the polymer is described by a reduced
coordinate representation with a potential of mean
force designed to simulate the linkage conformation
and dynamics’

In this paper, we report new scalar coupling and
NOE data for the heptasaccharide fr@&nmitisJ22,
which can be readily compared with similar data on
the intact polysaccharide. While the data show that
the average conformations of the oligo- and polysac-
charide are similar, heteronuclear relaxation data
show significant differences in the dynamics. We also
report new data for the intact polysaccharide, includ-
ing some corrections to relaxation data previously
reported by Xu et af®

EXPERIMENTAL

Sample Preparation

Uniformly ~95% *°C-enriched polysaccharide from &i-
tis J22 (U*3C J22 polysaccharide) anet85% selective

ics workstation using Felix 2.3 software (MSI, San Diego,
CA). All the cross peaks were assigned by matching chem-
ical shifts of middle points and previously assigned spec-
tra?t

Long-range**C—H scalar coupling datd.,,; n > 1)
for U-3C J22 polysaccharide were taken from previous
work81922 (Taple ). A t,-coupled 3D-HMQC-NOESY
(HMQC: heteronuclear multiple quantum correlation;
NOESY: nuclear Overhauser effect spectroscopy) experi-
ment® was acquired at 500 MHz for 33C J22 oligosac-
charide at 15°C using a delay of 3.4 ms in the HMQC part
to develop the heteronuclear antiphase magnetization and a
NOE mixing time of 350 ms. Thé;-coupled 3D-HMQC-
TOCSY?* (TOCSY: total correlation spectroscopy) experi-
ments were acquired for J2C J22 heptasaccharide at 25°C
using a MLEV-17 mixing sequence with trim pul$gsnd
a mixing time of 50 and 100 ms. For each 3D experiment
the spectral width for both proton dimensiotsgndts) was
2500 Hz and for the carbon dimensidp) (was 13158 Hz.
A 3D matrix of 64 X 64 X 512 complex free induction
decay (FID) points was acquired corresponding,te< t,
X tg dimensions. During data processing, each FID along
both evolution dimensiong,(andt,) was extended from 64
to 128 points with linear prediction before apodization by a

13C-enriched J22 polysaccharide at the anomeric positions 90° shifted sine-bell function. FIDs alonigwere zero filled

(C-13C J22 polysaccharide) were prepared by biosyn-
thetic incorporatiof® and dissolved in DO at a concentra-
tion of 8 mg/mL corresponding to an approximate concen-
tration of 8 niM.

A uniformly **C-labeled sample of the J22 heptasaccha-
ride repeating unit (UX3C J22 heptasaccharide; see Figure
1) was prepared by mild acid hydrolysis of the phosphodi-
ester linkage attached at position C-1 of residue the
polysaccharidé® using an ion exchange resin column
(Dowex 50W-X2, Bio-Rad). Eight milligrams of the U3C

to 128 points, and those alorig and t; dimensions were
zero filled to 1K data points’J.,, values for U*3C J22
heptasaccharide were extracted from the relative displace-
ment of the four E-COSY type cross peaks as described in
previous work® and these data are given in Table I. One-
bond*J.,, couplings for unlabeled J22 polysaccharide and
heptasaccharide (Table 1) were measured at 24°C from
splittings in the indirect dimension of §-coupled HSQC
(heteronuclear single quantum coherence) experiment. In
order to maximize the resolution in the indirect dimension,

J22 polysaccharide were dissolved in 0.5 mL and passed two sets oft,-folded experiments were acquired, one with

through this column using }0 as eluent. Samples were
collected from the column at regular intervals and the pres-

13C carrier position in the center of the anomeric region and
the other in the center of the ring region 15 ppm). Using

ence of the heptasaccharide was monitored by uv absorptionthis protocol the line width in thg dimension at half height
at 200 nm. All the samples containing the heptasaccharide was~12 Hz.

were combined together, lyophilized, exchanged three times

in D,0, and heated at 60°C for 4 h. Changes in the carbon
decoupledH-nmr spectrum showed the total disappearance
of the signal of H-1 (5.482 ppm) in the polysaccharide and
the appearance of a signal subsequently assigned dg H-1
(5.320 ppm) in the heptasaccharide. The*¥G-J22 hep-
tasaccharide sample prepared8(mg in 0.5 mL of DO)

1H-'H NOEs were measured for &€ J22 polysaccha-
ride and U%°C J22 heptasaccharide samples by analyzing
the two-dimensional (2D)-NOESY planes corresponding to
different carbons atoms in thé-coupled 3D-HMQC-
NOESY. The relative intensity of the diagonal peak with
respect to each cross peak was qualified as s (strong), m
(medium), or w (weak)**C—C long range coupling data
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Table Il Experimental *J.,, (Hz) for J22 Polysaccharide and Heptasaccharide

Residue Hi-C1 H2—C2 H3—C3 H4—C4 H5—C5 H6—C6

a Poly. 172.4 140.4 142.4 ol 145.2 150.2, 146.2
Hepta. 173.4 141.3 143.3 148.1 146.0 144.0

b Poly. 162.5 152.0 141.2 144.1 146.0
Hepta. 163.0 151.2 141.0 148.9 147.4

g Poly. 173.9 ot 145.8 144.1 144.5
Hepta. 173.8 137.4 146.2 146.6 147.0

c Poly. 165.3 145.6 147.3 147.0 146.4 144.7, 144.3
Hepta. 165.0 144.7 147.3 147.4 145.0 144.7

d Poly. 175.5 149.6 149.6 148.1 147.5 155.4, 152.3
Hepta. 174.5 149.8 149.2 150.8 146.4 150.3

e Poly. 163.6 150.7 145.2 148.0 144.5 144.3, 142.7
Hepta. 165.6 151.4 146.7 150.1 145.2 143.6

f Poly? 176.1 145.8 146.5 148.1 145.2 ol
Hepta® 171.0 139.9 147.1 149.8 143.7 ol
Hepta® 162.3 142.7 ol 149.0 144.7 ol

3 Residuef anomera.
b Residuef anomerp.
¢ ol: Overlapping signal.

("ee ; n > 1) for U-3C J22 polysaccharide were taken
from previous worlké® A similar pulse sequenééand ex-
perimental conditions were used to obtain the couplings of
the anomeric signals for J2C J22 heptasaccharide at 600
MHz and 24°C. The refocusing del8ywas set to 44 or 46
Hz to minimize the influence ofJ.. and the delayr for
transfer of magnetization byJ.,, was set to 168 Hz.
Coupling constants between,@nd G, were extracted,
using Eq. (1), from the ratio of the cross-peak intensity
lacn @nd direct peak,, ,.2” Since this method does not
offer information of the signs of the couplings, the sign was
set to agree with the usual signs of these couplings in
carbohydrates.

Iia.coll Haca = tanz(277 "Jeacs T) 1)

Ty, T,, and*H-"3C NOE relaxation data for C-1°C J22

Relaxation data for the uniformly enriched polysaccha-
ride and heptasaccharide were obtained using the selective
13C pulse scheme of Yamazaki et%dlas previously de-
scribed*® The 2D FIDs were apodized in both dimensions
with a 90° shifted sine-bell function and zero filled to give
after Fourier transformation a 2D spectrum of 204828
real pointsT, andT,,, data were fitted using Origin software
(Microcalc Origin v. 3.5, Microcalc Software, Inc.) to a
two-parameter exponential functiéh

I (t) =l,exp T )

In this equation t is the delay time for relaxation, ahd
is eitherT, or Ty,

The experimental;, T,,, and*H-*°C NOE relaxation
data of the unlabeled heptasaccharide and selectively la-
beled polysaccharide were analyzed in two different ways.

polysaccharide and natural abundance J22 heptasaccharidén the first method, the relaxation data were fitted to several
were acquired at 500 MHz and 24°C using the pulse se- dynamical models according to the model free formal-
quences described by Kay et8The proton carrier fre-  ism*3>~*and several of its approximations, as described by
quency was set in the center of the proton spectrum with a Lommerse et af®° A complementary analysis of the relax-

spectral width of 2564.1 Hz. THEC carrier frequency was
set in the middle of the anomeric regior 102 ppm) with

a spectral width of 4000 Hz. Carbon decoupling during
acquisition was carried out with WALTZ-16 with a field
strength of 1612.9 Hz. Hard pulses were applied for proton
and carbon with the INEPT delays corresponding to a
nominal value of'J.,, of 165 Hz. The delays fof, relax-
ation varied between 10 and 400 ms, and those foiTthe

ation data was done using the reduced spectral density
function metho®*~33The application of the latter method

to *H-"°C relaxation data has been previously descritfed.

In both analyses it was assumed that relaxation is exclu-
sively dipolar.

A simplex method was used to fit the experimerfal

T,, and"H-"*C NOE to several dynamical models includ-
ing the original model-free formalism proposed by Lipari

measurement varied between 10 and 120 ms. NOE mea-and Szabbt®*%nd several approximations as described by
surements were done by acquiring two spectra with and Lommerse et af®—all of which assume that relaxation is
without proton presaturation during 2.5 s. For each relax- exclusively dipolar. Model | is rigid isotropic motion with a
ation experiment, a 2D matrix of 1024 64 complex FID global correlation timer,. Model Il has a two-parameter fit
data points was acquired foy andt, dimensions. with a global correlation time, and an order paramet&f



240 Martin-Pastor and Bush

to describe the flexibility of fast internal motions in each
residue. In model Ill, different residues of the carbohydrate
may tumble independently with a different effective corre-
lation time assigned to each residugy. Model IV was fit
using different effective correlation timerg;) and order
parameterS® for each residue. Model V is the regular
model-free approach described by Lipari and S2abadth
a global correlation time,, and two parameters® and r.,,,
for internal motions.

For each dynamical model, the following error function
R, was used to evaluate the quality of the fit:

ky(TEC = TP + k(TS — T2
R _ E + ky(NOE® — NOE>?)2
©\Z (T2 + (TP? + (NOEH)?

(©)

In Eq. (3), the summation extends overesiduesk;,, k,
andk; are coefficients used to weight the experimental error
in the data®* The data were minimized witk, =1, k, =1,
andk; =1.A set of 10,000 Monte Carlo generated starting

sured in t;-coupled 3D-HMQC-NOESY and 3D-
HMQC-TOCSY experiments for the U3C J22 hep-
tasaccharide and were compared wif,, data for

the U3C J22 polysaccharide previously reporteé?
(Figure 2, Table 1)."J.c were measured for the
anomeric peaks of the J22 oligosaccharide and were
compared with values previously reported for the J22
polysaccharid® (Figure 3, Table I). It can be seen in
Table | that the interglycosidit).,, couplings for the
heptasaccharide and polysaccharide are very similar,
in most cases within the experimental error, which is
estimated to be-0.5 Hz. The only two exceptions are
the3J,;1c1.01.cxbetween residuds—c for which the
difference is 1.1 Hz andJ,;; c1.01.cx between resi-
duesg—Db for which the difference is 0.8 Hz. Al-
though these differences could be related to a small
change in the conformation of torsiodg,. and ¢y,

this interpretation is not supported by tA&.. cou-
pling data in Table I, which does not differ signifi-
cantly. In all cases the differences observed for the

parameters was used to avoid being trapped in false minima interring"J.. data (Table 1) of the J22 polysaccharide

during this nonlinear optimization. An estimation of the
uncertainties in the motional parameters was performed
from these results. These calculations were performed with
in-house software available upon request.

RESULTS AND DISCUSSION

The U23C J22 heptasaccharide was obtained by mild
acid hydrolysis of the glycosidic phosphate linkage
connecting the repeating units of the ¢ polysac-
charide (Figure 1). Chemical shifts were very similar
to those in the polysaccharide with differences from
the values reported for the J22 polysaccharide
=#0.1 ppm and+0.5 ppm for proton and carbons,
respectively. The most notable difference in the oli-

and heptasaccharide are relatively smaD(6 Hz).
Previous conformational studies of the J22 polysac-
charide based on these same nmr experimental data
and molecular mechanics calculatiéiis found a
flexible model with three major conformers in solu-
tion. The principal differences among the three con-
formers were in the glycosidic angles,., ¢cq Year
and ¢ge Pge With similar values for the other glyco-
sidic torsion angles. The similarities found between
the interring coupling data of the J22 heptasaccharide
and polysaccharide indicate that a similar flexible
model would also be consistent with the data for the
heptasaccharide.

Conformational information for the intraresidue
ring puckering of the pyranose and furanose rings in
the J22 polysaccharide can be obtained from the one-

gomer is the appearance of a new set of signals in bond*J.,, measured i,-coupled HSQC experiments

residuef (GalNAc) corresponding to reducing termi-
nal « andB anomers { 80:20), which were assigned
based on the correspondifd, ., values (Table I1),
and a difference of-2.8 ppm in the carbon chemical
shift of C-1If, (92.4 ppm) with respect to the same
signal in the polysaccharid@.Since chemical shifts
are extremely sensitive to conformation and no other
major differences in chemical shifts were found, these

(Table 11), the intraring"J.. obtained in the quanti-
tative coherence transfer metf6@Table 1), and the
intraresidue"J,; from the t;-coupled 3D-HMQC-
NOESY and 3D-HMQC-TOCSY experiments (data
not show). A comparison of thel.,, values in Table
Il reveals that differences between the J22 polysac-
charide and oligosaccharide arel.0 Hz in most
cases. The only exception occurs for the values of

results suggest that no major conformational changes®J,y; c1¢, and*Jy,.co, in the heptasaccharide which
should be expected between the J22 heptasaccharidaliffer by —5.1 and 5.9 Hz from the polysaccharide,

and polysaccharide.

Further information regarding conformation is pro-
vided by interring*H-"3C long range Uc,; n > 1)
and **C-°C long-range WUcc; n > 1) coupling con-
stants, which are related to the torsion angbesnd s
of the glycosidic linkages'J.y, couplings were mea-

differences that can be explained by the lack of the
phosphate group attached to C-1 in the J22 heptasac-
charide. No consistent variation in th&-,, couplings
were found that could indicate that there is a change
in the ring puckering. The intrarindJ- couplings
(Table II) which are very similar in the J22 polysac-
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FIGURE 2 NOESY plane corresponding to C-l1a carbon taken fitgrooupled 3D-HMQC-
NOESY experiments used to measure the long-rdidgg scalar couplings in (a) the U3C J22
heptasaccharide and (b) the 8¢ J22 polysaccharide.

charide and heptasaccharide confirm this conclusion, tained, suggesting a similar conformation for the
and are consistent with values found in the literature polysaccharide and heptasaccharide in solution.
for similar monosaccharide rings. Long-range intra- The T, and T,, relaxation parameters obtained
residue™J.y, values were also very similar (data not from the exponential fit of the relaxation experiments
shown). Previous nmr studies based on the intraring (see Figure 4) andH-**C NOE for the different
"Jen oo *H-H NOE, and the vicinal intraresidual  samples of J22 polysaccharide and heptasaccharide
3Jun” 3 showed that these experimental data are are given in Table V.We have previously reported
consistent with normaliC, or “C, chair conformations  relaxation data for the U2C J22 polysaccharidé?
for the pyranose sugar rings of the J22 polysaccharide While the T,, relaxation data obtained here for the
while the Gal furanose ringd has been found to  polysaccharide (Table V) were similar to those pre-
exclusively adopt conformationdE or T, of the viously reported for the UtC J22 polysaccharid®,
pseudorotational cyclé. theT, data differ due to an error in the analysis of the
"H-*H interglycosidic NOEs for J22 polysaccha- data in the earlier report. The NOE values reported
ride and heptasaccharide were measured qualitativelyhere are consistently larger apparently due to a prob-
from the t,-coupled 3D-HMQC-NOESY (Figure 2) lem of truncated saturation in the earliét-*C NOE
and the results are given in Table IV. Normalized experiments as a result of the reduced power level
'H-'H NOE intensities measured previou€iyor the used during the application of selective soft pulses
U-3C J22 polysaccharide using a decoupled 3D- during the saturation which resulted in a reduction of
HMQC-NOESY experiment with a similar mixing the magnitude of NOE® Table V also includes re-
time and temperature, and were included in Table IV laxation data for a selectively C*£C-enriched sam-
for comparison. Despite possible differences in dy- ple of J22 polysaccharide as a control for artifacts in
namics of the polymer and oligomer, it can be seen in the uniformly enriched sample resulting from cross
Table IV that similar interglycosidic NOE were ob- relaxation effects and &-C, autocorrelation. The
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FIGURE 3 One-dimensional slices for the different anomeric signals of J22 taken from the 2D
quantitative™J. experiments (upper slice) B2C J22 polysaccharide and (lower slice)'3c J22
heptasaccharide.

agreement between the two sets of data argues that theare rather similar. Althougi; values for residues
selective*®C pulse scheme used is effective in avoid- andd are slightly longer than for the other residues,
ing these artifact$®*° Table V includes two sets of T, for residued is significantly longer than for the
relaxation data for the heptasaccharide, one for a otherresidues. For the heptasaccharide the differences
uniformly highly enriched sample measured using the in T, and T,;, among the residues is smaller and not
selective pulse scheme of Yamazaki et%&nd one significantly outside the estimated experimental error.
for a natural abundance sample using conventional Comparison of the Tand T, for the heptasaccharide
inverse detection pulse sequereilthough cross- and polysaccharide shows they are similar while the
correlation could possibly interfere with the relaxation NOE for the heptasaccharide are generally signifi-
data for the uniformly**C-enriched heptasaccharide, cantly larger than those for the polysaccharide.
it is at a lower concentration than the natural abun-  The subtle differences in the relaxation data are
dance sample so is less subject to effects of viscosity. reflected in the reduced spectral density analysis
The good agreement between the two sets of datawhich follows Farrow et af*~3This method assumes
argues that neither of these effects interfere signifi- that the high-frequency spectral density terms are of
cantly with the measurements. approximately equal magnitude, i.el(w, = wg)
Inspection of the data of Table V reveals thatThe ~ J(wy), so that it is possible from measurements of
values for the different residues of the polysaccharide three relaxation rates to determine the value of the
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Table lll Intraresidue "J.. (Hz) for U=°C J22 Heptasaccharide and UX*C J22 Polysaccharide

Atom Pair Hepta. Poly. Lit.® Atom Pair Hepta. Poly§ Lit.®
C-la—C-3a 0 0 0 C-k—C-5¢ 0 0 0
C-la—C-4a 0 0 0 C-L—C-6c 3.43 3.68 4.1
C-la—C-5a 1.39 1.64 1.9 Ccad4—C-3d 3.02 3.42 —
C-1la—C-6a 3.64 3.48 3.6 ca4—C-4d 0 0 —
C-1b—C-3p 4.23 5.05 4.0 c4—C-d 1.42 1.79 —
C-1b—C-4b 0 0 0 C-2—C-3 5.03 4.9 4.6
C-1b—C-5b 0 0 0 C-B2—C-4e 0 0 0
C-1b—C-6b lim® lim® C-1le—C-5¢ 0 0 0
C-1g—C-3g 0.42 0 0 C-2—C-6e 4.72 4.20 4.4
C-1g—C-4g 0 0 0 C-1,—C-3f, 0 0 0
C-1g—C-5g 1.25 1.53 2.0 Cfi,—C-4f, 0 0 0
C-1g—C-6g lim¢ lim® C-1f —C-5f, 1.97 1.98 1.9
C-1c—C-3c 441 4.25 4.5 cf,—C-6f, 3.95 3.57 3.6
C-1c—C-4c 0 0 0

aLiterature values for J22 polysaccharife.
b Literature values from data on similar sugéts.

¢lim: **C chemical shift difference is too large for simultaneous excitation with our instrument.

spectral density function at three frequenci¥s),
J(wc), andJ(w,,).3* The errors indicated in Table VI

For the heptasaccharid&0) values are more uni-
form among the seven residues. Most studies of oli-

and Figure 5 were estimated by a Monte Carlo method gosaccharides have concluded that there is greater

in which random variations up to the experimental
error were applied. For the polysaccharid®) for
residued is lower than for the other residues while
J(we) remains high. We interpret this result as an
indication of greater mobility on the nanosecond time
scale for residud when compared to other residues in
the polymer. A similar conclusion was drawn from
our earlier studies on the polysacchartfe.

Table IV Interglycosidic Qualitative Strong (s) and
Medium (m) *H-'H NOEs Measured for U-*C J22
Polysaccharide and U23C Heptasaccharide

Lit.
Proton Pair Poly? Poly. Hepta.
Hla—H1g 0.0130 m m
Hla—H2b 0.0340 s s
Hla—H3b 0.0159 m m
H5a—H3b 0.0256 m m
H1b—H3c 0.0197 m m
H1lb—H4c 0.0437 S S
H1lg—H2b 0.0231 m m
Hlc—H6d,,, 0.0226 m m
Hlc—H6d,,, s 0.0313 s s
H1ld—H6e,, ..~ 0.0129 m m
H1ld—H6e,,, s 0.0099 m m
Hle—H3f,, 0.0282 s s

aNormalized*H-*H NOE values for J22 polysaccharide taken
from Ref. 35.

mobility for the end residues compared to the interior
ones. It appears that these end effects contribution to
mobility approximately equals the greater mobility of
the central residud leading to similar spectral den-
sity parameters for all the residues of the heptasac-
charide.

Figure 6 shows simulated relaxation data at 500
MHz as a function of the global correlation time,)
of the molecule for the model-free approdchlf
segmental motions are present in the oligo- and/or
polysaccharider, would represent the effective cor-
relation time 7. of a single sugar residu. Two
cases are illustrated, one corresponding to a very
flexible molecule/residue with fast internal motions
($ = 0.6, 7,,, = 100 ps) and the other to the case of
a rigidly tumbling molecule/residueSt = 1.0). The
T, values in Table V are near the minimum value and
do not rise above 0.35 s, implying thatis less than
5 ns. Table V shows that tH&l—*C NOE data for the
heptasaccharide are generally larger than for the poly-
saccharide. This must result from faster overall tum-
bling (or effective correlation times) for the oligosac-
charide withr, in the 0.5-2 ns range. It can be seen in
Figure 6 that the contribution of the fast internal
motion (on the ps time scale) tends to decrease the
IH-3C NOE since it is too rapid to be effective in
causing relaxation responsible for NOE.

The relaxation data were also interpreted by fitting
to several dynamical models which are variants of the
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“model-free” formalism®**° by using the spectral
density functions described by Lommerse et’The
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FIGURE 4 'H-°C T, andT,, relaxation decay curves as a function of the delay time (ms) for
the anomeric carbon of residud in (a) the UX3C J22 heptasaccharide, (b) the 3¢-J22
polysaccharide, (c) the C-13C J22 polysaccharide, and (d) the unlabeled J22 heptasaccharide.

flexible models IlI-V for which the difference iR, is

not statistically relevant. Values of;; obtained in the
results given in Table VII show that, independent of fit using models Ill and IV are in the range500—

the model chosen, the correlation times obtained for 1500 ps for the polysaccharide and 300-550 ps in the
the polysaccharide are larger than those in the hep-heptasaccharide.

tasaccharide, in agreement with the qualitative anal-
ysis based on Figure 6. Larger values of the error the more qualitative analysis above, the order param-
parameteR,, are found when the data are fitted using eters for fast internal motiorSf) depend on the dy-
the most rigid models | and Il compared to the more namic model considered. These results suggest, in

While the tumbling times in Table VII agree with
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Table V. *H-'°C T, (s), T,, (s) and NOE Relaxation Experimental Data Obtained for the Different Anomeric
Signals of U23C J22 Heptasaccharide and Polysaccharide, and Unlabeled J22 Heptasaccharide and
C-1-*3C J22 Polysaccharide

U-'3C Hepta. U23C Poly.

Residue T,2 7,0 NOE® T,2 7,0 NOE®

C-la 0.30 0.11 1.64 0.28 0.10 1.35
C-1b 0.26 0.12 1.71 0.25 0.09 1.66
C-1g 0.30 0.12 1.78 0.25 0.09 1.66
C-1c 0.35 0.13 2.01 0.33 0.12 1.21
C-1d 0.25 0.12 2.02 0.33 0.19 1.54
C-le 0.32 0.13 1.91 0.29 0.14 1.23
C-1f,, 0.30 0.13 2.25 0.31 0.11 1.58

Unlabeled Hepta. C-12C Poly.

Residue T, T1, NOE® T,P T,° NOE®

C-la 0.3 0.1¢ 1.83 0.30 0.11 1.42
C-1b 0.28 0.1 2.06 0.24 0.09 1.76
C-1g 0.3 0.12 1.67 0.24 0.08 1.54
C-1c 0.3% 0.1Z7 1.71 0.34 0.13 1.28
C-1d 0.29" 0.1¢ 2.07 0.34 0.17 1.54
C-le 0.30° 0.1%? 2.14 0.29 0.13 1.25
C-1f,, 0.3 0.13 2.03 0.29 0.09 1.42

2Exp. error= 0.03.
b Exp. error+ 0.01.
¢ Exp. error+ 0.02.

agreement with the qualitative analysis of the relax- differs from that of the J22 oligosaccharide (Figure 1)
ation data, that variations in fast internal motion (less only in that the sequence of the two residues (Gal and
than 100 ps time scale) do not explain the trends in the GalNAc) at the reducing terminal is reversed@he
relaxation data and that motions on a time scale longer present results, which includéC coupling data, con-

than 1 ns are the origin of the differences. firm and extend the conclusions from that paper that
the polysaccharide fror8. mitisJ22 does not have a
CONCLUSIONS conformational epitope. Immunological data also sup-

port the conclusion that the epitopes have similar
We have previously reportetH—"H NOE data on a  conformations in the oligosaccharide and polysaccha-
heptasaccharide fror8. gordoni38 whose structure  ride?

Table VI Reduced Spectral Density TermsJ(0), J(wc), and J(w,,) (in ns - rad ™) Calculated from the Relaxation
Data of the Different Anomeric Signals of Unlabeled J22 Heptasaccharide and C-1°C-labeled J22 Polysaccharide

Unlabeled Hepta. C-12C Poly

Residue J(0) Jwo) Iwy) J(0) Iwo) Jwy,)

C-1a 7314 3.6=x0.1 0.63= 0.03 6.5+ 1.2 45+ 0.2 0.33= 0.02
C-1b 41+1.1 3.9£ 0.2 0.99+ 0.05 6.4+ 1.5 4.7+ 0.2 0.73= 0.04
C-1g 54+1.0 3.7£0.1 0.48+ 0.02 84+ 19 52+ 0.2 0.52* 0.03
C-1c 54+09 3.6=0.1 0.5 £0.02 5.4+ 0.8 4.0+ 0.1 0.19+ 0.01
C-ud 57+13 3.4+ 0.1 0.88+ 0.04 2.7t 1.0 3.6+ 0.2 0.36% 0.03
C-le 40x09 3.1+ 0.1 0.89+ 0.04 4.4+ 1.6 49+ 0.4 0.20* 0.03

C-1f, 42*0.9 3.2+ 0.1 0.78= 0.03 8.0+ 1.5 45*0.2 0.33=0.01
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Relaxation

Correlation time (ps)

[0o]
—

b g c d

Residue FIGURE 6 Theoretical curves at 500 MHz fdH->C T,
T,,» and NOE as a function of global correlation time for a
rigid molecule & = 1; continuous line) and a flexible
molecule & = 0.6, 7,,, = 100 ps) in the model-free
approach?® (segmented line).

Our 13C relaxation data on the C-#C-enriched
polysaccharide confirms the validity of the use of
selective'C pulses for measuring relaxation data on
uniformly enriched carbohydraté&2° In spite of an
unfortunate error in the earliéfC relaxation data, the
qualitative conclusions of that work are confirmed.
Analysis of the corrected data reported here argues
that there is increased motion on the ns time scale for
the galactofuranoside residukin the S. mitis J22
polysaccharide. Recent molecular modeling results
show that this increased flexibility does not arise from
puckering motions of the furanoside ring, which
adopts a preferred conformation in tH& or T,
region’ The observed motions on the ns time scale
could be about the glycosidic linkages and the
C4—C5 and C5—C6 bhonds in the 1-6 substituted

© 13_ furanoside.
6. While polysaccharides must have internal motion,
; it is the nature of that motion and its time scale that
] remain unclear. The fast internal motion revealed in
g ° solvated molecular dynamics simulations is in good
=5 5] agreement with nmr daf8>°But such motion in the
4] ps range is exhibited to a similar extent by all pyr-
% anosides and does not vary much from residue to
2] residue. The motions responsible for variations in the
"_M nmr line widths among different carbohydrate struc-
0- T2 =7 W tures must arise from differences in segmental motion
a b g c d € f involving several sugar residues. Our observation that

Residue 7o« for the polysaccharide is only slightly larger than

FIGURE 5 Plots of the spectral density terms 9), (b) that for the heptasaccharide argues that these seg-
J(wo), and () J(wy) (in ns - rad ) calculated for the  ments must be of the order of 3-10 residues, a value
anomeriC13C Signals of the different residues of J22. J22 Consistent with estimates Of persistence |engths for
polysaccharide (white bars) and _.]22 heptasaccharide ggme other polysaccharidé"s.While these conclu-
(stripped bars). Errors bars are also included. sions might not be universally applicable to all poly-
saccharides, the relaxation data reported here for the
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Table VII

Best Fit of the *H-°C Relaxation Data for Dynamic Models |-V for the Different Anomeric Signals of

C-1-'3C J22 Polysaccharide and Unlabeled J22 Heptasaccharide

C-1-3C Poly. Unlabeled Hepta.
Model 12 e e Ive Ve |2 1® e ve Ve
R, 0.126 0.122 0.048 0.047 0.031 0.109 0.109 0.064 0.064 0.078
7o (NS) 0.8 0.8 2.8 0.41 0.41 0.51
Residue s Tett (PS) Tetr (PS) s s Tetr (PS) Terr (PS) s
C-la 0.93 875 875 0.79 1.0 467 467 0.91
C-1b 1.00 510 510 0.60 1.0 364 364 0.60
C-1g 1.00 699 699 0.69 1.0 566 568 1.00
C-1c 0.79 1310 1341 0.75 1.0 537 539 1.00
C-1d 0.74 684 685 0.61 1.0 359 359 0.60
C-le 0.90 1478 1518 0.88 1.0 333 333 0.60
C-1f 0.97 880 879 0.79 1.0 373 372 0.62

310 = 0.01 ns.
b1, +0.01 ns, S + 0.02.
® 7o = 10 ps.

d

®7, = 0.02 ns,$* = 0.03, 7

To = 10 ps,S? > 0.87 for allresidues.
< 150 ps for all residues.

int

J22 heptasaccharide does not differ greatly from those ride and for continued advice and encouragement on this
reported for some other complex oligosaccha- Project.

rides3%41:42

Unfortunately, our results tell us only that these

important motions in polysaccharides must be on a REFERENCES

time scale of at least a few ns and they could be as
slow as 100s of ns. In either case, these motions do
not lend themselves to treatment by the model-free
approach of Lipari and SzaBd.While this method
has been widely used for analysis of nmr relaxation
data on both oligosaccharides and polysaccharides, it
is difficult to distinguish between effects of anisotropy
and internal motion in this model and coupling among
internal motions in polysaccharides seriously compro-
mises the basic assumptions of the treatment. The
reduced spectral density analysis fails to give any
detailed molecular interpretation of the data. It is most
likely that a more complex model for the motions,
such as that described by Perico et’akill be needed

to relate dynamics to detailed linkage stereochemistry
of carbohydrates. Unfortunately, application of this
theory to a complex heteropolysaccharide poses a
daunting challenge.
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