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Abstract Carbon-13 relaxation data are reported for
exocyclic groups of hexopyranosyl sugar residues in the
repeating unit within the Escherichia coli 091 O-antigen
polysaccharide in a dilute D,O solution. The measurements
of T, T, and heteronuclear nuclear Overhauser enhance-
ments were carried out at 310 K at two magnetic fields
(16.4 T, 21.1 T). The data were analyzed using the standard
and extended Lipari-Szabo models, as well as a confor-
mational jump model. The extended version of the Lipari—
Szabo and the two-site jump models were most successful
for the hydroxymethyl groups of Gal and GIcNAc sugar
residues. Different dynamics was found for the hydroxy-
methyl groups associated with different configurations (p-
gluco, p-galacto) of the sugar residues, the latter being
faster than the former.
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Introduction

Polysaccharides are ubiquitous in Nature, for example
cellulose in plants, amylose and amylopectin forming
starch, carrageenans in seaweed as well as various types in
living organisms such as heparan sulfate, chondroitin sul-
fate and other glycosaminoglycans in the animal kingdom
(Rédini 2012). Capsular polysaccharides or loosely asso-
ciated exopolysaccharides may be found around and
associated to both Gram-positive and Gram-negative bac-
teria (Yother 2011). In the latter type, lipopolysaccharides
(LPS) are an integral part of the outer membrane (Knirel
and Volvano 2011). Besides the lipid A, which is anchored
directly in the biomembrane, the LPS also has an additional
region consisting of a dozen sugar residues, known as the
core region; the O-antigen polysaccharide linked to the
core is specific for each type of bacterial strain, although
some of the bacteria may have the same polysaccharide
structure due to the horizontal transfer of the genetic
information (Lawrence 1999), and is typically built of
10-25 repeating units (RUs) having 2—7 sugar residues per
RU (Stenutz et al. 2006). The structure and dynamics of
polysaccharides are being studied by many different bio-
physical techniques (Carriere et al. 1993; Tang et al. 2004;
Chytil et al. 2010; Jasnin et al. 2010) and NMR spectros-
copy is an important one to this end (Hills et al. 1991;
Hricovini et al. 1997; Vlachou et al. 2001; Henderson et al.
2003). Like for NMR investigations of proteins and nucleic
acids the use of '>C- and/or '’N-isotope enrichment is a
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powerful approach to obtain high quality data for poly-
saccharides in solution (Gitti et al. 1994; Kjellberg et al.
1999; Norris et al. 2012).

We have previously grown Escherichia coli 091 with
either D-[UL—13C]glucose, D-[1-13C] glucose or D-[6-13C]glu-
cose and determined the primary structure (i.e., sugar com-
ponents and their ring size, anomeric configurations, sequence
and substituents) of its O-antigen polysaccharide, which has
five sugar residues per RU (Fig. 1), and analyzed biosynthetic
aspects of polysaccharide formation (Kjellberg et al. 1999).
Subsequently, the polysaccharide from the p-[1-'*C]glucose
growth was subject to a dynamics study (Lycknert and Wid-
malm 2004). This site-specifically labeled version of the
polysaccharide has the 13C Jabels at, inter alia, the anomeric
positions (C1) of the sugar residues thereby facilitating the
investigation of the dynamics along the polymer chain. In the
present study we have utilized the labeling that resulted from
the D-[6—13C]glucose growth, in which, inter alia, exocyclic
groups of the sugar rings receive the isotopic labels (Fig. 1)
and their dynamics can be studied while being part of the
polysaccharide chain. The hypothesis is that the [6-'*C]-
labeled sites should be sensitive to the dynamics of exocyclic
CH,OH groups and at the same time to the previously deter-
mined dynamics of the polymer chain from the [1-'*C]-
labeled material. The superposition of the two types of
dynamics would, on the Lipari—Szabo level of interpretation,
lead to a description with additional local correlation times
and/or lower or additional order parameters.

Materials and methods

The lipid-free polysaccharide grown on specifically labeled
p-[6-"*C]glucose (Kjellberg et al. 1999) was used for NMR
experiments at 310 K and a concentration employed pre-
viously for the relaxation studies, i.e., approximately 7 mM

E A
CHs o HO OoH
o /%\
< N OHg' 13CH,0H O %
HO 0
Me

Fig. 1 Schematic of the E. coli 091 O-antigen polysaccharide, where
the number of repeating units n & 10. Sugar residues are denoted by
A-E (Kjellberg et al. 1999; Lycknert and Widmalm 2004) and site-
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in D50 solution with respect to labeled RUs (Lycknert and
Widmalm 2004). The '*C NMR assignments of the C6
atoms of hydroxymethyl groups were performed using the
H2BC experiment (Nyberg et al. 2005) in conjunction with
previously determined chemical shifts (Kjellberg et al.
1999) and were carried out on a Bruker AVANCE III
700 MHz spectrometer equipped with a 5 mm TCI
Z-Gradient Cryoprobe. The '*C NMR chemical shifts are
reported in ppm relative to external 1,4-dioxane in D0 (3¢
67.40) as a reference.

Relaxation experiments were performed at a tempera-
ture of 310 K on Bruker Avance III 700 and Bruker
Avance 900 spectrometers operating at magnetic fields of
16.4 T and 21.1 T, respectively. Both spectrometers were
equipped with 5-mm TCI cryoprobes, with the probe on the
16.4 T instrument actually providing a somewhat better
signal-to-noise ratio. For this reason, we typically used
fewer scans at 16.4 T than at 21.1 T. The sample temper-
ature was calibrated carefully using a deuterated methanol
NMR chemical shift thermometer. Standard variable tem-
perature control units of the spectrometers were used to
regulate the temperature. The relaxation data collected are
based on peak intensities (obtained after exponential
weighting with a line broadening of 5 and 2 Hz at 16.4 and
21.1 T, respectively) of the resonances analyzed.

Carbon-13 longitudinal relaxation times (7)) were
measured using the standard '’C-detected inversion-
recovery method with broadband proton decoupling using
the Waltz-16 scheme at the power level corresponding to a
'H /2 pulse duration of ~80 ps (B; =~ 3.1 kHz); 12-16
variable delays between the inversion pulse and the read
pulse were employed. The number of scans was 256 at the
lower field and 1,024 at the higher field. The recycle delay
was at least five times the longest 77 and 4 dummy scans
were used. The values of T; were obtained by three-
parameter exponential fitting of the signal intensities using

HOOCJ

specific '°C isotope labeled positions investigated herein are
highlighted in bold characters
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fitting routines provided by the instrument manufacturer. It
is worthwhile to comment here on the possible deviations
from the single exponential longitudinal relaxation for the
CH; and CH, carbons, caused by cross-correlation effects.
The methyl carbons can in general display double expo-
nential relaxation (Werbelow and Grant 1977). As shown
by Kay and Torchia (1991), the deviations from a single
exponential behaviour become negligible under certain
motional conditions. As discussed below, our system seems
to fall in this range. The spin—lattice relaxation of the CH,
groups is not a problem. As shown by Brondeau and Canet
(Brondeau and Canet 1977), the proton decoupling sup-
presses the cross-correlations effects in such groupings, if
the two protons are not magnetically equivalent.

Carbon-13 transverse relaxation times (7,) were mea-
sured using the standard CPMG spin-echo experiment with
"H 180° pulses to suppress the cross-correlation between the
dipole—dipole (DD) and chemical shielding anisotropy
(CSA) (Palmer et al. 1992; Kay et al. 1992). Constant echo
time was used during the experiments, set to 500 ps at the
lower field and to 250 us at the higher field, while the number
of echoes was varied in 12—16 loops. The number of scans
was 512 at the lower field and 1,024 at the higher field. The
recycle delay was set to the value at least five times higher
than the longest 7;; 16 dummy scans were used. The values
of T, were obtained by two-parameter exponential fitting of
the signal intensities using fitting routines provided by the
instrument manufacturer. The cross-correlation effects in
transverse relaxation are likely to have more significant
effects (Kay and Torchia 1991; Kay and Bull 1992; Zhu et al.
1995). While the DD-CSA cross-correlation effects are
suppressed by the "H 180° pulses, the DD-DD effects are
not. For the methyl carbons, Kay and Torchia (1991) rec-
ommended the use of initial decay rate to reduce the errors
caused by dipolar cross-correlation effects. We follow this
procedure and estimate the transverse relaxation rate from a
few points at low numbers of CPMG cycles.

Nuclear Overhauser enhancement (NOE) was measured
using the dynamic NOE experiment with the same decou-
pling power (B; =~ 3.1 kHz) during the NOE buildup time.
Two experiments were recorded, one with a very long irra-
diation time (> 5 T}) and one with a very short irradiation
time (1 ms). The NOE value was obtained as the ratio of the
corresponding signal intensities in the two spectra. The
recycle delay was always set very long, around ten times the
longest 7. The number of scans was 1,024 at the lower field
and 2,048 at the higher field. Also the NOE measurements in
CH; and CH, groups are affected by cross-correlations. As
estimated by Kay and Torchia (1991), the errors should be
rather limited in the range of relevance for this work. Another
possible error source arises from the choice of saturation
scheme applied during the NOE build-up period. As dis-
cussed by Ferrage et al. (2010), the Waltz-16 with the B; of

about 3.1 kHz should not introduce uncertainties of more
than a few percent.

The typical duration of the carbon-13 m/2-pulse was
12 ps at 16.4 T and 16 ps at 21.1 T. Spectral width was set
to ~150 ppm at 164 T and ~65 ppm at 21.1 T. The
accuracy of the Ty, T, and NOE measurements is estimated
to be better than 3, 10 and 5 %, respectively. All experi-
ments were carried out at least two times and average
values are reported.

Least-squares fitting of the experimental relaxation data
to the motional parameters was performed using in-house
written MATLAB routines. The contributions of the
relaxation parameters (7', 7>, NOE) to the given motional
model were weighted according to their estimated errors
G5 1N per cent listed above. The target function was:

al i,expt — JYi,alc 1 2
XZZ[(y7 pt — Vi, 1)_} (1)

i—1 yi7expt Oest i

Reported values of relative errors of the fit were calculated
as follows:

N
Rel.err. = 1/(N — M) Z [(yi,expt - yi,calc)/yi,expt] ?

i=1
(2)

where y; denotes the calculated (calc) and experimental
(expt) relaxation parameters, N is the number of experi-
mental data and M is the number of fitted parameters for
given model.

Theory

The most effective relaxation mechanism in the system
under study is the dipole—dipole interactions between the
carbon and the two directly bonded protons in the
hydroxymethyl groups. Chemical shift anisotropy is usu-
ally negligible or has a minor contribution to the relaxation
in such systems.

When the cross-correlation effects can be neglected, the
longitudinal and transverse relaxation times (77 and 75,
respectively), as well as the NOE (1 + #) can be expressed
in terms of spectral densities J (w) taken at different linear
combinations of carbon (wc) and proton (wy) Larmor
frequencies as follows (Kowalewski and Miler 20006):

i n
Tl,]])D = ZHdZ[JCH(wH — wc¢) + 3Jcu(oc)

+6JCH(CUH + wc)] (3)

n
Till)D :gdz [4Jcr(0) 4+ Jer(wn — oc) + 3Jcn(wc)

+6Jcu(wg) + 6Jcu(wy + CUC)] (4)
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NOE =1+py
4 6Jcu(on + wc) —Jen(on — wc)
VCJCH((UH — (Dc) + 3JCH((DC) +6JCH(UJH + wc)

(5)

The dipole—dipole coupling constant d = — 42 yaveh(ren) ™
depends on the C-H distance, rcy, as well as several universal
constants (permittivity of vacuum g, magnetogyric ratios for
13C and 'H, ¢ and yy respectively, and the reduced Planck
constant 7), ny denotes the number of hydrogens directly
attached to the studied carbon; Eqgs. (3)—(5) assume that the
dynamics of different C-H vectors is equivalent.

The particular functional form of the spectral densities J
(w) depends on the motional model chosen to interpret the
dynamics of the molecule. Under the assumption of the
isotropic overall reorientation of the whole molecule (with
the global correlation time 1)) and, in addition, of a much
faster restricted local motion, the Lipari-Szabo form of
spectral densities can be employed (Lipari and Szabo 1982).
The local motion is described by a local correlation time .
and a generalized order parameter S, and it is assumed to be
statistically independent of the global motion.

21 Sty (1-8%)
J(w) =~ 6
(@) 511+ w3, TTroe (6a)
=1 1! (6b)

For interpretation of methyl dynamics (Skrynnikov et al. 2002;
Millet et al. 2002; Chatfield et al. 1998), we can assume that the
fast local motion consists predominantly of a fast methyl
spinning and fast side-chain motions (torsional librations, bond
angle fluctuations, fast rotameric transitions). All these
processes are described by a single local correlation time .,
and a generalized order parameter S°. Possible quantum effects
in the methyl motion (Widmalm et al. 1991) are neglected. If
we assume the ideal tetrahedral geometry for the methyl
groups, the order parameter for the local motion can be written
as §% = 1/982,, where the factor 1/9 originates from fast
methyl spinning and S2, reflects the rapid fluctuation of the
methyl averaging axis. The Lipari—Szabo spectral density (LS-
2 in the notation of Skrynnikov et al.) then attains the form:

211 v 1 T
J =Z|=5 —= 1—=8 | ————— 7
((,{)) 5 9 ax1+w21_12w+ ( 9 ax) 1 +U)2‘L’2:| ( a)
A N (7b)

In more complicated cases it is necessary to account for a
slower local motion, possibly outside of the extreme
narrowing region, occurring besides the fast local motion.
Clore et al. (1990) suggested an extension of the Lipari—
Szabo model (also referred to as the extended Lipari—Szabo
model), considering two kinds of uncorrelated local motions
taking place on different timescales. These motions are
characterized by two different correlation times 7¢and 75, and
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by two generalized order parameters Sg and S, for the faster
and slower motions, respectively. The spectral density
attains then the following form:

o[ o (-8 (-8
J() = 501+, 1+wd 1 4+ w?t3
(8a)
=1+ r_;l (8b)
=1 + 1! (8c)

If the faster motion can be assumed to be axially symmetric
and independent of the slower motion, then the global
generalized order parameter can be decomposed into
§? = S%Sf

For the case of a methyl group whose axis is subject to
both fast and slow motional components, Skrynnikov et al.
(2002) proposed also a more sophisticated model, denoted
LS-4. This model is derived under different assumptions
compared to that of Clore et al. (1990), but the two models
become equivalent if 1, < 1y, 7y and a)zrﬁ < 1 (extreme
narrowing for the fast motion).

The other dynamic model considered in this work
describes specific motional processes in terms of random
jumps (Ghalebani et al. 2008; London 1978). This model
allows a simple description of local conformational chan-
ges, an important issue in interpretation of dynamics of
polysaccharides. The conformational exchange can, in
principle, be described as a two-site jump. Considering an
internal motion and an overall isotropic reorientation, the
spectral densities of a two-site jump model take the form:

J(w) = %Z A () (9a)

[1—4P(1 — P)sin*(my;)] tm

m =

1 + w?t3,
4P(1 — P)sin®(my,)7
1+ w?t? (9b)
vt =1, + ‘L';l (9¢)

where 1) denotes the global correlation time, t; stands for
the jump correlation time (inverse jump rate), P is the
population of one of the sites, y; is the jump half-angle (the
jump occurs between +y; and —7;) and the coefficients a,
with m = 0,1,2 can be expressed as follows

1
ag 21(3(:0820_ 1)2 (10a)
a; = 3cos’ Osin* 0 (10b)
3,
az = sin 0 (10c)



J Biomol NMR (2013) 57:37-45

41

The angle 6 is the angle between the C—H vector and the
jump axis (C5-C6 bond in the case of hydroxymethyl
groups in the polysaccharide under study).

As discussed by Kovér et al. (2004), the spectral den-
sities of the random jump model can be re-written in the
form analogous to the Lipari—-Szabo formulation, with 1" of
Eq. (9¢) replacing T in Eq. (6a) and the generalized order
parameter given by the relation:

2 1 8 .2
A} :§+ﬁ[1 —4P(1 — P)sin’y]
+ 221 = 4P(1 — P) sin® 2] (11)

For anideal two-site jump (P = 0.5andy = + 60°) Eq.(11)
yields §* = 0.33. The right-hand side of the Eq. (11) has a
mathematical minimum for P = 0.5 and y ~ + 49° which
leads to an order parameter S* = 0.25. This means that in
principle it is not possible to interpret a generalized order
parameter lower than 0.25 using this approach.

Equation (11) means that, in general, it is not possible to
independently determine P and 7. If one of these parame-
ters is known from an independent source, then the other
one can be evaluated, thus allowing in principle a specific
physical interpretation of the generalized order parameter.

Results and discussion

The O-antigen polysaccharide from E. coli O91 is built of
repeating units consisting of five sugar residues labeled A—
E, each of which is a hexopyranosyl entity containing six
carbon atoms (Fig. 1). The amino sugars C and D are N-
acetylated, residue B carries a glycinyl group and residue E
has an (R)-3-hydroxybutyryl group as a substituent. The
structural determination of the polysaccharide was carried
out at 338 K and a magnetic field strength of 14.1 T
(Kjellberg et al. 1999). At a lower temperature of 310 K
and higher fields of 16.4 and 21.1 T used herein the '*C
NMR resonances of the three hydroxymethyl (CH,OH)
groups were resolved. The spectrum obtained at 16.4 T is
shown in Fig. 2. The signals at 60.73, 60.87 and 61.95 ppm
were assigned to the C6 atoms of residues D, A and C,
respectively, by the application of the H2BC experiment
(Nyberg et al. 2005). The C6 methyl group of residue E
resonates at 17.05 ppm. In the previous '>C NMR relaxa-
tion study based on the [1-13C]-1abeled material (Lycknert
and Widmalm 2004) we were able to show that a minor C1
signal originated from the terminal sugar (E') of the
polysaccharide. In the presently investigated [6-'°C]-
labeled polysaccharide minor resonances at 17.26 and
60.91 ppm, are consequently assigned to the residues E’
and A’ of the terminal RU, respectively, fully consistent
with results from the earlier investigation and aspects of the

polysaccharide biosynthesis (Stenutz et al. 2006). Already
at the onset of the investigation of the dynamics of the
hydroxymethyl groups by '*C NMR spin-relaxation we
note that the full-widths-at-half-maximum differ, vlc/2 ~
v?/z > vf/z (see Fig. 2).

For hexopyranosyl residues that have the p-gluco-con-
figuration, i.e., in the 4C1 conformation where the C4-04
bond is equatorial, a conformational equilibrium between
the gauche-trans (+65°) and the gauche—gauche (—65°)
conformation of the ® torsion angle defined by O5-C5-
C6-06 is approximately 1:1 (Stenutz et al. 2002; Olsson
et al. 2009; Zerbetto et al. 2009). For hexopyranosyl resi-
dues having the p-galacto-configuration, i.e., in the 4C1
conformation where the C4—O4 bond is axial, a confor-
mational equilibrium between the gauche-trans and the
trans-gauche (180°) conformation of ® is approximately
2:1 (Stenutz et al. 2002) (Fig. 3). In the polysaccharide, the
residues C and D are of the former type whereas residue
A is of the latter.

The carbon-13 relaxation was measured for the reso-
nances of hydroxymethyl group carbons in residues A,
C and D and for the methyl group carbon in residue E at
the magnetic fields of 16.4 T and 21.1 T. Although partial
spectral overlap may occur for residue A with the A’ signal,
the intensity of A’ is about ten times lower thus unlikely to
affect the relaxation of A significantly. Experiments were
carried out at the temperature of 310 K to ensure that the
polysaccharide is mobile enough to avoid severe broad-
ening of the resonances but its motion is still outside of the
extreme narrowing limit. The results are reported in
Table 1.

The small NOE factor (< 3) and field-dependent 7 and
T, relaxation times show that the motion of the polysac-
charide is outside of the extreme narrowing limit. The
frequency-dependent relaxation data can thus be

El

61.0 60.5 ppm / %/’.4 172 170 168

Fig. 2 Carbon-13 NMR spectrum of the site-specifically '*C-labeled
E. coli 091 O-antigen polysaccharide, obtained at 16.4 T and 310 K

62.0 61.5
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Fig. 3 Conformational equilibria of the ® torsion angle (magenta
colored) for p-hexopyranose sugars in the *C; conformation showing
for the p-gluco-configuration (red color at C4) the gauche-trans
conformation (top, left) and the gauche—gauche conformation (fop,
right) compared to the p-galacto-configuration (green color at C4)
with the gauche-trans conformation (bottom, left) and the trans-
gauche conformation (bottom, right). In the polysaccharide residues
C and D have the p-gluco-configuration whereas residue A has the p-
galacto-configuration, indicated by the capital letters in the pyranose
rings

interpreted using Egs. (3)-(5). It is evident that the relax-
ation data for the methyl group in residue E differ from the
methylene group carbons data (residues A, C and D) quite
significantly. Slight differences can be observed also
between A on one hand and C and D on the other, which is
consistent with the different configurations of the sugar
rings of residue A compared to C and D.

The relaxation data analysis was performed using dif-
ferent models described in the theory section. Concerning
the overall motion, we have in all the fits used a fixed value
of the global correlation time ty; = 5.42 ns taken from the
previous work on the same O-antigen polysaccharide with
different labeling (p-[1-">C]glucose). Since the polysac-
charide investigated in this work differs from the one used
in the earlier work (Lycknert and Widmalm 2004) only by
the sites of the carbon-13 labels, it is reasonable to assume
that in the dilute solution and at the same temperature
global correlation times will be identical (see below).

We started the interpretation of the dynamics of the
exocyclic group with the standard Lipari—-Szabo model.
First, we considered the methyl group in residue E, cf.
Table 2. The dynamics in general can consist of several
types of motions—mainly fast rotation of the methyl group
and wobbling of the methyl axis (Skrynnikov et al. 2002).
If both these motions are fast, then the standard Lipari—
Szabo model, Eq. (6a), should be sufficient. The use of this
model requires an assumed dipole—dipole coupling con-
stant or the carbon-proton distance. We choose here to use
rcy = 111.7 pm, based on the work of Ottiger and Bax
(1998). Making use of Eq. (7a), where the generalized
order parameter S* is adapted to methyl group symmetry,
the value in the Table 2 corresponds to $2. = 0.96. The
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Table 1 Summary of the experimental data for the C6 carbons of the
CH,OH and CHj; groups in the polysaccharide

Field (T) Residue T, (ms) T, (ms) NOE
16.4 E 520 141 2.31
A 255 76 1.74
D 276 55 1.48
C 278 45 1.46
21.1 E 558 124 2.25
A 307 80 1.57
D 373 54 1.35
C 374 39 1.39

model yields a fast internal motion correlation time on the
order of tens of picoseconds. We note, in passing, that if
the Ty and 7, values in Table 2 apply, then the longitudinal
cross-correlation effects for the methyl group can be
neglected (Kay and Torchia 1991). The quality of the fit,
measured by the relative error, is not quite satisfactory.
Detailed analysis of the results shows that the main part of
the disagreement between the experiments and the model
comes from the NOEs. This is reminiscent of the obser-
vation of Clore et al. (1990), leading to their introduction of
the extended Lipari—Szabo model.

For interpretation of the hydroxymethyl dynamics in the
residues A, C and D, we begin also with the Lipari—Szabo
model, cf. Table 2. Here, we can interpret the generalized
order parameter of Lipari-Szabo model in terms of the
two-site jump model, Eq. (11). The jump angles obtained
using fixed site populations (as discussed above) are also
summarized in Table 2. We note that for residue A the
value of §* = 0.29 in combination with P = 0.33 is in the
range where Eq. (11) has no real solution and thus it cannot
be interpreted in the terms of two-site jump parameters.
Such a low order parameter implies that the motion of the
CH,OH group in residue A is very weakly restricted and a
two-site jump interpretation is not suitable in this case.

Given the problems with the standard Lipari—Szabo
model, we decided to try models allowing for local motion on
two different timescales. First, we used the extended Lipari—
Szabo model, i.e., Eq. (8a); the results are shown in Table 3.
We note that the quality of the fits in Table 3 is generally
improved compared to Table 2. For residues A and D, cal-
culated relative errors of the fit (listed in Tables 2 and 3) are
in favor of the extended Lipari—Szabo approach compared to
the standard Lipari—Szabo model, while extended Lipari—
Szabo fitting does not show significant improvement for
residues E and C. We found that a slow motion of
T, & 600 ps is present for residues C and D, while
Ts & 400 ps for residue A. For residue E, the slow motion
correlation time is over 900 ps. Similarly, the amplitude of
slow motion expressed by S2 attains the value of S2 ~ 0.5
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Table 2 Fitted parameters from the standard Lipari-Szabo model,
based on rcy = 111.7 pm

Residue  §> T (PS) P 7 [°] Rel. err.
(%)

E 0.107 (0.007) 33.5(0.9) N/A N/A 159

A 0.29 (0.02) 275 (21) 0.33 (fixed) N/S 184

D 0.52 (0.06) 413 (408) 0.50 (fixed) +72 24.1

C 0.56 (0.02) 464 (70)  0.50 (fixed) =+74 9.5

Residues A-E were fitted separately to the standard Lipari—Szabo
model, assuming fast methyl motion (Eqgs. 7a, 7b) for residue E and
using the 52 of residues D and C to calculate the jump half-angles y;
assuming fixed populations P according to Eq. (11) (not possible for
residue A due to its low $?). The global correlation time 7y was fixed
to 542 ns for each residue. Numbers in the parentheses denote
standard deviations based on Monte-Carlo analysis of fitted results.
N/A stands for ‘not applicable’ whereas N/S denotes ‘no solution’

for C and D, while the value for A is S ~ 0.3 and E has
$2 = 0.85. It is worth-while noting that the S values for
methylene groups in Table 3 are similar to the S* in Table 2.
Similar dynamics of residues C and D, while different for A,
is consistent with the fact that they differ in configuration at
the C4 atoms. In addition to the slow local motion, a fast
motion at least one order of magnitude faster is present. The
amplitude of the fast motion, expressed by S,% ~ 0.85 is
highly similar in all the hydroxymethyl groups.

The assumption of the fixed global correlation time,
taken from the earlier work on a very similar sample, can to
a certain extent be validated. For the two residues for
which the ordinary Lipari—Szabo approach works well,
C and E, the experimental data sets allow including the
third parameter (1) into the fit. The results turned out to
be similar for both these residues: the fitted ty; (not shown)
was reduced by about 20 % while the parameters
describing the internal motions changed by at most 10 %.
For the residues A and D, which require the extended Li-
pari—Szabo fit according to the discussion above, we were
not able to obtain reasonable fitted ty; values. However,
setting the fixed Ty to either 5 or 6 ns (instead of 5.42 ns)
had also here only a small effect on the internal motion
parameters.

Besides the extended Lipari—Szabo model analysis, it is
possible to include a certain additional degree of freedom
in the random jump model to account for the local motion
at different timescales. One can allow for a rapid local
motion (vibrations/librations), much faster than the con-
formational jumps, averaging down the dipole—dipole
coupling constant by scaling the rcy distance (Ghalebani
et al. 2008). This model was previously applied to y-
cyclodextrin and might also be suitable for investigating
the conformational motion of the hydroxymethyl groups in
the O-antigen polysaccharide. Based on the results in
Table 2, this analysis is only applicable to residues C and

D. Keeping some parameters fixed (ty = 5.42 ns,
0 = 70.5°, equal site populations), we obtain (not shown)
the jump times in the range 500-600 ps (consistent with T
from the extended Lipari—-Szabo model) and jump angles
very close to the values given in Table 2.

The fact that a two-site jump model is appropriate for
residues C and D having the p-gluco configuration, but not
for the residue A possessing D-galacto configuration, is
consistent with quantum mechanical (QM) potential energy
curves of corresponding models for which the barriers to
rotation around the ® torsion angle are higher and lower,
respectively (Kirschner and Woods 2001). The QM
potential energy curves were either of the attractive type
where hydrogen bonds (HBs) were allowed to be formed
from the hydroxyl proton of the CH,OH group to the ring
oxygen OS5 or to the OH group at C4 or of the repulsive
type where the corresponding hydrogen bonds were disal-
lowed. In the former cases, for a-p-Glcp-OMe and o-D-
Galp-OMe, the barriers were closely similar and on the
order of ~3.5 kcal mol™! between the gauche states and
the trans conformation, but ~6 kcal mol~! between the
gauche states. In the latter cases (HBs not allowed), the
barriers for the gluco-configuration were high,
~7-8 kcal mol™!, whereas the barrier for the galacto-
configuration between the gauche-trans and the trans-
gauche states was small, ~2 kcal mol_l, a difference in
line with the '>C NMR relaxation data obtained for the
different sugars carrying a hydroxymethyl group (Fig. 3) in
this study, especially the low $* value in residue A.

It is interesting to compare the results of the extended
Lipari-Szabo model analysis in Table 3 with similar data
from Lycknert and Widmalm (2004) for the same poly-
saccharide with a different '*C-labeling. The comparison
for the residue C is not straight forward, because the earlier
work included an exchange contribution, absent here.
However, the exchange rate is very low (2.7 s_l) and we
neglect it for the purposes of qualitative comparison here.
In the analysis of the hydroxymethyl groups of the residues
A, C and D, the S (and S?) values obtained here are clearly
lower than the corresponding numbers from the Lipari—
Szabo (0.63 for A, 0.64 for D, and 0.62 for C residue) in
the earlier work based on the [1-13C]-labeling scheme.
Concerning the correlation times, the slow local correlation
time for the residue A here (381 ps) is closely similar to the
previous result (387 ps), while 14 for residues D and C are
somewhat longer in the present study (~ 600 ps compared
to ~400 ps in the previous study). For the methyl group in
residue E, our 14 is longer (946 ps) than the local correla-
tion time for this residue in the previous study (517 ps).
Consistently with the earlier work, the 1, for residue E is
the longest in the whole repeating unit.

We interpret tentatively the decreased order parameter
as indicating the presence of an additional motion
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Table 3 Fitted parameters from the extended Lipari-Szabo model, based on rcy = 111.7 pm

Residue 52 S7 $2 = §%/S? 7, [ps] ¢ [ps] Rel. Err. [%]
E 0.092 (0.01) 0.1 0.85 946 (173) 31 (1) 17.2
A 0.22 (0.02) 0.84 (0.07) 0.26 381 (135) 15 (26) 1.7
D 0.37 (0.05) 0.84 (0.04) 0.44 555 (496) 0 (25) 3.1
C 0.50 (0.05) 0.90 (0.05) 0.56 645 (342) 47 (40) 8.2

All the residues were fitted separately; the global correlation time ty; was fixed to 5.42 ns for each residue. For residues A and D the fast
correlation time converges to zero. Numbers in the parentheses denote standard deviations based on Monte-Carlo analysis of fitted results. For
residue E, sz attains the maximum value consistent with fast reorientation of the methyl group

influencing the relaxation of the hydroxymethyl groups.
Besides the breathing motion of a loosely folded polymer,
already observed for the sugar rings with the [1-'*C]-
labeling, one or two other types of motions are present. For
residues C and D, one motion occurs most probably on a
timescale similar to the breathing motion of the polysac-
charide chain, the other one is one order of magnitude
faster. Based on the previous extended Lipari—Szabo model
and two-site jump analysis we can associate the slow
motion to the conformational jump and the fast motion to
the highly restricted motion at the potential energy minima.
The situation is different for the residue A, where the slow
motion seems to reflect the weakly restricted rotation of the
CH,OH group around the C5-C6 axis. For the correlation
times we conclude that, if the comparison is made at the
level of the Lipari—-Szabo model (Table 2), then the local
correlation times in the present work are shortened with
respect to the previous study, which supports the idea with
the two types of motions occurring on a similar time scale.

The O-antigen polysaccharide from E. coli O91 is built
of repeating units having five sugar residues with highly
similar generalized order parameters S° ~ 0.63, based on
the [1-'°C]-labeling in the previous study (Lycknert and
Widmalm 2004). However, along the polymer chain, in
which each sugar is linked to a secondary carbon atom
resulting in quite similar linkages, a trend is observed with
varying effective correlation times (t.) as a function of
sugar residue where the sequential difference in t. is small
between subsequent residues. The additional dynamics of
exocyclic groups observed herein based on the [6-'*C]-
labeling adds conformational dynamics to this polymer.
Two of the sugar residues are also substituted by additional
functional groups, viz., a glycine residue linked as an
amide to C6 of residue B and an (R)-3-hydroxybutyramido
group linked as an amide to the N3 atom of residue E. One
may thus envision the polysaccharide as a polymer made of
beads on a string with flexible attachments to the beads.
The biological implication of this as part of a lipopoly-
saccharide in the outer membrane of E. coli bacteria
remains to be elucidated.

In conclusion, comparing the performance of the dif-
ferent models for hydroxymethyl group dynamics, the

@ Springer

extended Lipari—Szabo model accounting for two different
timescales of the local motion interpret the relaxation data
quite well. Magnitude of the half-angle from the two-site
jump model is consistent with a slightly larger torsion
angle of ~65° used when conformational equilibria are
analyzed for the o torsion angle (Stenutz et al. 2002), even
though the effective C-H distances become somewhat
longer. Throughout all the models, noticeably similar
dynamics of the residues C and D is obtained, while resi-
due A behaves differently. This is consistent with the fact
that the residues differ in configuration at the C4 atoms.
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