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The conformational and dynamical features of a branched mannan isolated from a fungal cell wall have been analysed by
homo and heteronuclear NMR methods, employing different magnetic fields. *HNMR cross relaxation times have been
obtained for this polysaccharide and have been interpreted qualitatively using different motional models. **C NMR relax-
ation parameters (T,, T,, NOE) have also been measured and interpreted using different approximations based on the Lipari
and Szabo model free approach. The analysis of the data indicate the existence of important flexibility for the different
linkages of the polysaccharide. Motions in the range of 4—6 ns contribute to the relaxation of the macromolecule, although
faster internal motions in the 500 ps and 100 ps timescales are also present. These time scales indicate that segmental
motions as well as internal motions around the glycosidic linkages are the major sources of relaxation for this molecule at
318 K. Molecular dynamics simulations have also been performed. The obtained results also indicate that the polysacchar-
ide possess a substantial amount of conformational freedom.
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Introduction

Mannans are constituents of many fungal cell walls, where
they play a variety of biological and physiological functions,
as protection of the cell wall, participation in cell-cell recog-
nition and adherence of the microorganism to host cells [1].
These polysaccharides are present in dermatophytes, which
are a variety of fungi which parasitize men and other mam-
mals and which cause cutaneous infections mainly involving
the keratinized tissues of nails, epidermis, and pilosebaceous
follicles [2]. We have recently reported on the determina-
tion of the primary structure of a variety of polysaccharides
isolated from several Aphanoascus, Microsporum, and
Trichophyton [3]. Recently, a polysaccharide constituting
a linear chain of (1 — 6)-az-Manp-(1 — 6)-a-Manp-(1 - ],
entities, substituted every three residues at position two by
an a-Manp-(1 - 2)- moiety, was identified as the major
component of the water soluble fraction of the cell wall of
Microsporum gypseum [4]. This structure is particularly
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interesting from the conformational point of view, since
both «-Manp-(1 - 2)- and «-Manp-(1 — 6)-linkages are
present in the carbohydrate chains of glycoproteins [5]. The
extent and nature of the motion around the glycosidic
linkages of oligosaccharides remains an open question [6],
and even detailed analysis of experimental and theoretical
results have concluded either constrained conformations
[7] or conformational averaging [ 8] for carbohydrate struc-
tures. The existence of rigid or flexible structures is of prime
importance in recognition phenomena, since any bimolecu-
lar binding process is, in principle, entropically unfavour-
able due to the formation of a single complex molecule [9].
In addition, recent investigations have established that the
rates of overall and internal motions of small and medium-
size oligosaccharides may occur on similar timescales [10].
Thus, indication of internal motions around the glycosidic
linkages of different disaccharides [11] and larger oligosac-
charides has been obtained using both homo and hetero-
nuclear NMR spectroscopy, as also employed for other
biomolecules [12]. Experimental and theoretical reports
have indicated that the a-Manp-(1 — 2)-a-Manp glycosidic
linkage is fairly rigid [13], while the a-Manp-(1 — 6)-a-
Manp linkage is rather flexible [14]. In this context, we
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decided to study the conformation and dynamic features of
this polysaccharide [15], since, in principle, and due to its
size, the time-scales of the overall tumbling and of the
internal motions around the glycosidic linkages should be
different and permit the analysis of the dynamical properties
of the different glycosidic linkages. In addition, we have
tried to characterize the extent of restriction to motion
around the a-Manp-(1 — 6)-a-Manp linkage provided by
the presence of the additional a-Manp-(1 — 2)- moiety [3].
Measurements of heteronuclear relaxation parameters for
polysaccharides have allowed to probe variations in the
relative motion of side chain versus backbone residues in
branched polysaccharides [15, 16]. Nevertheless, a detailed
and quantitative solution to the problem of polysaccharide
dynamics is far from trivial and different models have been
developed to describe the motion of these biomolecules. We
now report on the application of NMR relaxation para-
meters, measured at different magnetic fields [17], to char-
acterize the motional properties of the mannan. It seems
necessary to consider that, for flexible polysaccharides,
above a given molecular weight, it has been reported that
relaxation parameters are independent of chain length, be-
cause of the dominant contribution of segmental motion to
the spectral density function [18]. Our relaxation data have
been interpreted by using the model-free approach pro-
posed by Lipari and Szabo [19], since in principle, this
approach is useful to characterize the molecular dynamics
of flexible macromolecules such as the polysaccharide under
consideration. In addition, different approximations of this
model-free approach have been employed [20, 21] (see also
experimental), in an attempt to obtain information on the
reorientation correlation times, as well as on the local
dynamics at the glycosidic linkages.

Materials and methods
Molecular mechanics and dynamics calculations

Molecular mechanics and dynamics calculations were
performed using the CVFF force field [22] within the
INSIGHT II/DISCOVER programs of BIOSYM technolo-
gies (San Diego, CA, USA). Eight independent geometries of
a model pentasaccharide (with three «-(1 — 6) linkages and
one o~(1 — 2) linkage) were built by combining the two more
stable gauche-gauche (G) and gauche-trans (T) conformers
of the mannose hydroxymethyl group [23] and subjected to
extensive energy minimization with conjugate gradients.
Thus, the following initial combinations were used: GGG,
GGT, GTG, TGG, TTG, TGT, GTT, and TTT. The first
letter refers to the orientation of the hydroxymethyl group
of the A residue, the second one to that of the C moiety, and
the third one to the D exocyclic group. The corresponding
hydroxymethyl group of the B residue was set as
gauche—gauche. Then, every final minimized structure was
used as starting geometry for molecular dynamics (MD)
simulations in vacuo at 300 K, with a dielectric constant of
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80, and a time step of 1fs. The equilibration period was
100 ps. After this period, structures were saved every 0.5 ps.
The total simulation time was 1 ns for every run. Average
distances between intra-residue and inter-residue proton
pairs were calculated from the dynamics simulations. The
complete 8*1 ns trajectories were considered.

NMR Spectroscopy

NMR experiments were recorded on Varian Unity 500 and
Bruker AMX-300 spectrometers, using an approximately 30
mg/ml solution of the polysaccharide.

"HNMR experiments

Selective inversion of the anomeric protons was performed
using the DANTE-Z module during 60 ms. 1D-NOESY
experiments were recorded using mixing times of 100, 200,
400, and 500 ms. ROESY experiments [24] used mixing
times of 100, 200, 300, and 400 ms. The rf carrier frequency
was set at 6 6.0 ppm, and the spin locking field was 2.5 KHz.
T-ROESY experiments [25] were performed using mixing
times of 100, 200, 300, and 400 ms. The rf carrier frequency
was set at the centre of the spectrum and the spin locking
field was 6 KHz. Under these experimental conditions,
T-ROESY cross-relaxation rates are the mean average be-
tween the corresponding NOESY and ROESY analogues,
although free from spurious Hartmann-Hahn effects [26].
The experiments were carried out at 318 K. Cross relaxation
rates were obtained as previously described by extrapola-
tion at zero mixing time [10, 27, 28]. Good linearity were
observed up to 400 ms (NOESY) and 300 ms (ROESY).
Estimated errors were smaller than 10%.

Effective correlation times for selected proton pairs were ob-
tained from onorsy/Ororsy Iatios, since they depend as on 7.

onorsy = (k?/10)t[6J(20) — J(0)]
roesy = (k?/10)7[2J(0) + 3 J(w)],

then, after developing the spectral density functions, J(nw),
in function of the correlation time, 7, and of the spectrom-
eter frequency, wy.

Onoksy/Trorsy = (5 + 220512 + w§t/(5 + 8wite) — 4wits),

which is a quadratic equation in 7., which can be easily
solved.

Fitting of the homonuclear relaxation data

Different motional models were used to correlate the experi-
mental "H-NMR measurements with the molecular dynamics
results and to extract order parameters, S? (or S7) and overall,
79, and internal motion, 7., (or effective, t.¢) correlation times
for the different atom pairs of the mannan. In this work, we
considered the Lipari and Szabo model-free approach (for
both proton and carbon data) [19] and different approxima-
tions thereof, as described by Lommerse et al. [20].
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These approximations are:
Model I: Rigid isotropic motion, with one global correla-
tion time.

1+ (w10)?

Model II: The spectral density function is modified by
assuming different generalized order parameters (S?) for
every proton-proton pair. Thus, the global correlation time
accounts for the slow motions of the molecule and S? for the
fast internal motions around the glycosidic linkages and/or
the monosaccharide rings (first term of the spectral density
function within the model-free approach).

J(w)

To
=8}—=

"1+ (w10)?
Model III: If the Sf order parameters were not available,

it was possible to include fast internal motions by assuming
different effective correlation times for every proton-pair.

J(w)

Teff
J et
(@) 1 + (07er)?

Model IV: Both S? and effective correlation times were
used for every proton pair.

Teff
J(w)=8SF————
@) "1+ (0Tegr)?

Model V: The regular Lipari-Szabo model free approach,
where 7. represent a single effective time describing the
internal motions.

_ S?g (1 -5t
(14wt (1 + w?t?)

J(w)

T = 19T /(To + Te)

A simplex algorithm was used for fitting the experimental
data to the different models [29]. A target function Rw was
defined which represents the deviation between the cal-
culated relaxation data and the experimental, with Rw = 0
for an exact fit.

Rw =

\/i IXoE, — 0%oE)” + (0Ror, — TrE)” + (0 Ror, — 0T Ror,)’
i= (0R8E)? + (0R3E)* + (05 RoE,)

The subscript i represent data for a particular proton pair,
and n is the total number of proton pairs with available
experimental data.

The fit to the experimental data was done in independent
runs, first, for the intra-residue proton pairs (since there are
basically no errors in their corresponding average distan-
ces), and then, for the inter-residue proton pairs (optimizing
the order parameters and/or correlation times obtained in
the previous step). All the calculations were performed with
in-house software which is available from the authors upon
request. The experimental cross relaxation rates (from both
300 and 500 MHz NOESY, ROESY and T-ROESY experi-

ments) were used as input, along with the average distances
deduced from the eight 1 ns MD simulations. The program
then estimated the effective (or overall, depending on the
model) correlation times and S? (S?) which produced the
best fit to the experimental data, depending on the chosen
motion model. Initial rational guesses of order parameters
(between 0.3 and 0.8) and fast correlation times (between 10
and 250 ps) were used in the calculations in order to fit the
data. Different calculations with either all the relaxation
parameters, or leaving out just one set (NOESY, ROESY,
T-ROESY) of cross relaxation rates were used. In these
cases, the parameter not used in the fitting was employed as
test of the goodness of fit, by comparison of the simulated
experimental data (using the optimized motional para-
meters) with the experimental ones. Only the results of the
best fit (smallest Rw), obtained by including all the experi-
mental data, are given in the text.

13C NMR experiments

I3C-NMR T, relaxation times were obtained by both the
regular 1D-inversion recovery and the 2D-double INEPT
based inverse detection methods [30] at 45 °C at both 7 and
11.8 T. At least six different relaxation delays were used in
every experiment. Heteronuclear NOEs were obtained by
comparing the intensities of the signals of two spectra ac-
quired by the standard 1D-protocol [17]. T, transverse
relaxation times were obtained by the CPMG pulse se-
quence [17]. In all cases, the given values were averaged
among the different measurements performed. Estimated
errors were in all cases smaller than 10%.

T = (Q/20)[J(wy — wc) + 3T (we) + 6J(wy + oc)]
T5; 1 = (Q/20)[4J(0) + J(wy — wc) + 3T (we) + 6J(wy)
+ 6J(wy + oc)]

" 5\?
Q- N</c)3)1-1 )
I'cy

NOE=1+V_H 6J(wc + wu) — J(wc — wy)
Ve J(oc — o) + 31(we) + 61(wc + og)

Fitting of the heteronuclear relaxation data

The fitting to the rigid model or to any truncated Lipari-
Szabo approach (Models I-1V) did not produce satisfactory
results and, thus, these results are not discussed further. The
following models were employed:

Model V: The regular isotropic Lipari-Szabo model free
approach [19], where 7, represent a single effective correla-
tion time describing the internal motions.

Sty (1— St
1+ w?td) A+ w?t?)

T= ‘COTe/(TO + Te)

J() =

Model VI. Extended isotropic Lipari-Szabo model free
approach as described by Clore et al. [21]. Two different
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internal motions were considered, characterized by fast, ¢,
and slow, 1, correlation times. Order parameters for the
corresponding motions were also included in the analysis.

J(o) = 521, (1—SPHty  (S7—SHt
1+ (010)* 1+ (w7))* 1+ (w1h)?
§* =S}-82
T = 170/(tg + 73), 1=1s

If 7; is much smaller than 7, then the spectral density
function simplifies to Model VII:

St (S3 — S?)1,
J(CO) = > 2 ! N2
1 + (w7p) 1 + (w7y)
S? = S%-Sf

T; = TS’CO/(TO + Ts)

Model VIII. Using a symmetric top within the Lipari
Szabo approach. In this case, for an anisotropically tumbl-
ing molecule, two correlation times were defined, 7, and 7,
along the short and long axis of the proellipsoid [17, 19].
0 was the angle between the C—H relaxation vector and the
symmetry axis.

J(w) = Sz‘]anisot(w) + (1 - Sz)

1+ (w1)?
=1 4!
J anisor(©) = 0.25(3cos?0 — 1)*1,  (3sin® 0 cos® 0)1,
1 4 (wty)? 1+ (w1y)?
1+ (wt.)?
where:
T,=T,

(1/1y) = 5/(671) + 1/(67)
(1/ze) = 1/Bty) + 2/(37))

For the hetero-nuclear relaxation parameters, a similar
target function, Rw, was also defined:

Rw =

i: (Tlicalc _ Tllgxp)Z + (T2;:alc _ Tzicxp)Z + (NOEicalc _ NOElgxp)Z
5 (T19P) + (T28) + (NOES™)?

with Rw = 0, for an exact fit. The subscript i represents data
for a particular carbon atom, and n is the total number of
carbons for which experimental data are available.

As stated above, either all the relaxation parameters or
combinations of two of them (always at both magnetic
fields) were used. The parameter which was not taken into
account in the fitting procedure, was employed as a test of
the goodness of fit approach. In all cases, for the different
models, only the results of the best fit (smallest Rw), that
include all the experimental data are given in the text.

An estimation of the errors in the motional parameters
obtained within each optimization was accomplished by

Poveda et al.

fixing the maximum precision of the Rw to 0.001 around the
best fitting value, and then observing the range of variability
of the motional parameters. The minimization of the target
functions Rw (homo-nuclear and hetero-nuclear) in the dif-
ferent calculations was accomplished, in an iterative way, by
using a simplex-based algorithm [29, 31]. Since different
variables had to be optimized, a recursive method was
adopted, starting from 1, 2, up to a maximum of 5 (model
VIII) variables evaluated simultaneously. Different intervals
of values of the variables were screened in order to find the
global minimum. All the programs, which are written in
Pascal, are available from the authors upon request.

Results and discussion
Molecular dynamics studies

Information on the accessible amount of conformational
space was obtained through MD simulations [32, 337 of the
mannan. In vacuo simulations with the DISCOVER-CVFF
programme [22] were performed, since they provided satis-
factory results in the study of the conformation of a variety
of oligosaccharide molecules [34, 35]. Eight different start-
ing conformations of one pentasaccharide model (Figure 1),
composed of all the different glycosidic linkages of the
polysaccharide was built and submitted to different 1 ns
simulations (see Materials and Methods). Typical results are
presented in Figure 2. For all linkages, it can be observed
that the glycosidic torsion angles cover a defined part of the
complete /¥ map, which is fairly independent of the
rotamer present at the hydroxymethyl group. The glycosidic
torsion angles @ and ¥ show oscillations around — 60 and
180 degrees, respectively as observed in Figure 2. These
torsional oscillations are more pronounced around ¥, as

OH HO OH o
)
Ho OH
HO
0] ho
0
e
HO
HO
° Ho
o
HO
HO
° 1o
0
HO

B on

Figure 1. Schematic view of the polysaccharide chain, showing the
different residues.
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Figure 2. A) Instantaneous @/ ¥ plots obtained for one of the MD trajectories, as calculated for a pentasaccharide fragment of the polysaccharide. The
three top plots represent @/ values for the three 1 — 6 linkages. From left to right A/C, C/D, and D/A, respectively. The two bottom plots show the
trajectories obtained for the w angles of residues A and C. The starting geometry was GTG. B) Instantaneous &/ plot obtained for the 1 — 2 linkage
during the same trajectory (left). The other two panels represent the variations of relevant inter- and intra-atomic distances found during the simulation.

expected by the operativity of the exo-anomeric effect
around @ [36]. As mentioned above, and explained in the
experimental section, eight different 1 ns runs were per-
formed with chosen starting geometries of the hy-
droxymethyl groups of the linear a-Manp-(1 — 6)-main
chain [23]. In terms of the available space for the inter-
glycosidic torsion angles, the calculated results are fairly
similar for the different a-(1 — 6)- linkages, almost indepen-
dent of the conformation (either gg or gt) of the lateral chain.

With respect to the accessible conformational space for the
o-Manp-(1 - 2)-a-Manp linkage, the observed results
(Figure 2B) are also independent of the conformation of the
exocyclic chain at residues A and C, and are similar to those
reported for the isolated disaccharide entity. In most cases,
several transitions between the rotamers of the hy-
droxymethyl group were observed. Nevertheless, the hy-
droxymethyl groups displayed either the gg or the gt
conformations for most of the simulation time (>90%,
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[23]) Finally, average expected inter-proton distances
(Figure 3) from the different MD simulations, Table 1) were
used to generate expected inter-proton cross relaxation
rates to be compared to those observed experimentally. This
part has been discussed above. The obtained results may

Q | e
<8 -2
5'8 So
1 £
[~ =N-%
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Figure 3. Variations of the relevant H-1'/H-6a and H-1'/H-6b inter-
atomic distances found during the simulation which started with the GTG
geometry. From top to bottom, the results for the A/C, C/D, and D/A
glycosidic linkages are shown.

Table 1. Relevant inter-proton distances from different MD
simulations using an average {r~®>~% value. The values are
rounded.

Proton Distance
Pair A)
H-1 A/H-2 A 2.50
H-1 B/H-2 B 2.50
H-1 C/H-2 C 2.50
H-1 B/H-2 A 2.50
H-1 A/H-5B 2.50
H-1 A/H-6a C 2.95
H-1 A/H-6b C 2.55
H-1 C/H-6a D 2.95
H-1 C/H-6b D 2.55

Poveda et al.

indicate that, as least for this particular case, these unre-
strained MD simulations [37, 38] provide a fair description
of the motion around the different glycosidic linkages of this
molecule. A superimposition of different conformers found
in the MD simulation is shown in Figure 4 and an extension
of the pentasaccharide model to form a pentadecasacchar-
ide is shown in Figure 5.

'H-NMR Data

'H-NMR cross relaxation rates [27] (6ror, 0t.rop, and
onog) Were obtained from 1D-NOESY, 1D-ROESY, and
1D-TROESY (Figure 6) measurements, after selective

Figure 4. Superimposition of eight different snapshots taken from the in
vacuo MD simulations performed for a pentasaccharide fragment of the
polysaccharide. The existence of an important amount of flexibility
around the 1 — 6 and 1 — 2 linkages is evident.

Figure 5. Structure of a possible pentadecasaccharide fragment of the
polysaccharide, built from the different low energy regions for the
glycosidic linkages.
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Figure 6. 1D-NOESY (bottom left), 1D-ROESY (bottom right), 1D-TROESY (top left) spectra obtained after inversion of the anomeric proton of
residue A at 318 K. In all case, mixing time is 100 ms. The regular 1D spectrum is also shown (top right).

inversion of the anomeric protons (Table 2). 2D experiments
were also performed. At 318 K, NOESY peaks are negative
at both 300 and 500 MHz. A first attempt to characterize
the presence of distinct internal motion for the different
glycosidic linkages which constitute the polysaccharide was
performed by obtaining orog/0noE> OrOE/OT-ROE, and
o1.roE/ONOE Tatios at two magnetic fields [39, 40]. Provided
that the motion was far from the extreme narrowing limit or
the slow motion regimes, all these ratios were independent
of inter-proton distances and allow to estimate specific
correlation times (see methods). The results are also given in
Table 2. It can be observed that, according to the ratios, and
within experimental error, there were not relevant differ-
ences between intra- and inter-residue correlation times
[10] (z. = 1.06 £ 0.09 ns) for the proton pairs of the differ-
ent pyranoid rings, although the higher values were ob-
served for residue A.

A somehow more quantitative approach was performed
following a protocol similar to that described by Lommerse

et al. [20]. Although the nature of the problem for polysac-
charides is rather different to that existing in glycopeptides,
we choose to test this protocol and, thus, effective correla-
tion times were calculated from the simultaneous evaluation
of all the proton cross relaxation data.

A fit of the experimental data to those calculated for the
special density functions, J(w), described by the isotropic
model free approach of Lipari and Szabo (model V) and
different approximations thereof (models I-1V) allowed us
to estimate order parameters and internal motion correla-
tion times. The analytical forms of these models have been
given by Lommerse et al. [20], and are repeated in the
Materials and Methods section of this paper for sake of
clarity. Therefore, the explicit presence of flexibility around
the different glycosidic linkages was considered in the analy-
sis. The average interproton distances estimated according
toa (r~3)~ 13 averaging [27] (Table 1) from the MD simula-
tions were used as input to calculate the theoretical
NOESY, ROESY, and T-ROESY cross relaxation rates
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Table 2. Experimental cross-relaxation rates (s~!) for different proton pairs of the polysaccharide isolated from M. Gypseum,
experimental error was smaller than 10%. Specific Correlation Times (ns) were estimated from the cross-relaxation rates ratios;

estimated errors were +10%.

Proton NOESY ROESY T-ROESY NOESY T-ROESY Correlation
Pair 500 MHz 500 MHz 500 MHz 300 MHz 300 MHz time (ns)
H-1 A/H-2 A —0.180 0.650 0.190 —0.145 0.175 1.15

H-1 B/H-2 B —0.140 0.595 0.175 —0.120 0.190 1.02

H-1 C/H-2 C? —0.145 0.580 0.175 —0.140 0.200 1.06

H-1 B/H-2 A —0.170 0.710 0.220 —0.125 0.230 0.97

H-1 A/H-5 B —0.090 0.365 0.115 —0.075 0.105 1.01

H-1 A/H-6a C —0.055 0.235 0.075 —0.050 0.065 1.02

H-1 A/H-6b C —0.120 0.500 0.150 — 0.080 0.135 1.03

H-1 C/H-6a DP —0.050 0.215 0.075 —0.045 0.055 1.00

H-1 C/H-6b D —0.110 0.490 0.145 —0.070 0.120 0.99

2Average values for H-1 C/H-2 C + H-1 D/H-2 D due to overlapping
® Average values for H-1 C/H-6 D and H-1 D/H-6 A due to overlapping

according to the different models [27, 41], at 300 and
500 MHz. Then, in the fitting protocol, order parameters
and correlation times were varied in an iterative manner to
match the experimental cross relaxation rates (Table 2). In
a first step, only the four intra-residue H-1/H-2 rates were
used for fitting. The estimated overall and/or effective 7, and
the internal correlation times, 7., are given in Table 3, along
with the generalized order parameters S? (or S7). As stated
by Lommerse et al. [20], the estimations from the intra-
residue proton pairs present a very minor dependence on
conformation and may be correlated with the molecular
dynamical features of the molecule. The largest variations of
the local correlation times are found between residues A and
B. These are not unexpected results, since A is the only
substituted residue at the vicinity of the glycosidic linkage
(at position 2), and residue B should experience both the
motion around its own glycosidic linkage as well as addi-
tional fluctuations due to the motion of the main (1 — 6)-
chain [15, 16]. The goodness of fit was evaluated by using
a residual factor, Rw [42]. The Rw values for the different
models are also given in Table 3, which indicates that the
best fit is obtained with the spectral density functions, J(w)
of the Lipari and Szabo model free approach [19]. Overall
correlation times around 1-2 ns are obtained. The physical
meaning of the obtained correlation times is not evident,
since overall reorientation, segmental, internal motions of
the pendant groups, and librations of the pyranoid rings are
independent sources of modulation of dipole—dipole inter-
actions [ 15, 43]. Nevertheless, the relatively small size of the
obtained effective or overall correlation times by using these
isotropic models (7, around 1-2 ns) indicated that local and
segmental motions were the major sources of relaxation
in this flexible polysaccharide [15, 18]. The obtained
values of the relaxation parameters could correspond to
those of the segment similar in size to the critical molecular
weight or degree of polymerization for which relaxation

Table 3. Motional parameters for different intra-residue proton
pairs of the polysaccharide of M. Gypseum obtained at 318 K
from least squares fit of the experimental NOESY, ROESY, and
T-ROESY cross relaxation rates. For models I, Il and V,
Tgiobal VAlues correspond to 7, correlation time, for models Il and
IV they correspond to ;. The residual factor Rw for models
land V was 0.271, 0.219, 0.224, 0.212 and 0.128 respectively.

Proton Pair Model  Tyopa (PS) Order 7. (PS)
Parameter

H-1/H-2 A I 1002

I 1488 0.78

1] 1193

v 1660 0.78

\Y, 1799 0.53 157
H-1/H-2 B I 1002

I 1488 0.68

1 1032

\Y 1369 0.67

\Y, 1799 0.57 163
H-1/H-2 C I 1002

I 1488 0.74

1 1080

v 1310 0.75

\Y, 1799 0.50 127
H-1/H-2 D I 1002

I 1488 0.71

1 999

v 1272 0.68

\Y, 1799 0.54 121

parameters are independent of chain length [44]. In other
flexible polysaccharide models, the minimum oligomer
size for which segmental motion dominated the spectral
power density was between 10 and 15 monosaccharide units
[15, 18].
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Regarding the inter-residue cross-relaxation rates, these
are obviously dependent on the three-dimensional confor-
mation of the polysaccharide chain, that is, the torsional
variations around @, ¥ and o angles. Eight inter-residue
proton cross-relaxation rates were analysed. The Rw values
of the inter-residual pairs are given in Table 4 for each
model. The best fit is again obtained for the model free
approach, while the rigid isotropic model gives the worst
one. It is evident that consideration of torsional flexibility
by including local or effective correlation times and/or order
parameters considerably improves the agreement between
experimental and theoretical data. As stated above, the
physical meaning of the correlation time is fairly ambigu-
ous, and these values should be treated with caution. Never-
theless, with regard to the estimated order parameters, it is
noteworthy to mention that the higher order parameters are
always obtained for the A residue (the branching point of
the polysaccharide). Similar order parameters (Table 4) were
estimated for the non-substituted (1 — 6)-linked moieties
C and D. The smallest order parameter was observed for the
(1 — 2)-linked residue B. These values again indicate that
B is affected by the motion of the main chain and by that of
its own glycosidic linkage. Thus, similar observations to
those indicated above for the local correlation times (Table
2) were observed. The results are in agreement with a higher
individual restriction to motion of the (1 — 2) linkage in
comparison to the (1 - 6) analogues. Order parameters for
the intra-residue proton pairs are higher than those for the
corresponding inter-residue analogues (Table 3). Therefore,
and summarizing the results of the homonuclear experi-
ments, the analysis of the experimental cross-relaxation
data (Table 2), unequivocally indicate that there is an im-
portant amount of conformational freedom for the
glycosidic and exocyclic torsion angles of this polysacchar-
ide. Nevertheless, and at least qualitatively, it can be de-
duced that there are different extents of flexibility around
the different glycosidic linkages. In addition, and according
to the obtained t. values, segmental and local motions seem
to be the major sources of dipole-dipole relaxation in the
polysaccharide [ 15, 18]. Next, in order to try to characterize
more profoundly the dynamic features of the polysacchar-
ide, hetero-nuclear relaxation parameters were also meas-
ured.

13C-NMR Data

Hetero-nuclear relaxation data are of paramount import-
ance to detect the presence of internal motion in
biomolecules, in general [45], and in carbohydrates, in
particular [10, 11, 15, 46]. Regarding polysaccharides,
relaxation parameters have been used either qualitatively or
quantitatively to deduce their dynamical features [15-18].
Thus, in this case, T; and T, relaxation times and hetero-
nuclear NOEs [45] were obtained, at two different magnetic
fields, as described in the Methods section. Inspection of the

Table 4. Motional parameters for different intraresidue proton
pairs of the polysaccharide of M. Gypseum obtained at 318 K
from least squares fitting of the experimental NOESY, ROESY,
and T-ROESY cross relaxation rates. For models |, Il and
V 1y00a Values correspond to 7, correlation time, for models 1l
and IV they correspond to 7.«. The residual factor Rw for models
I and V was 0.286, 0.223, 0.227, 0.215 and 0.161, respectively.

Proton Pair Model  Tyopa Order e (PS)
(ps) Parameter

H-1 A/H-5B | 971

Il 1501 0.47

1] 728

v 973  0.67

Y, 2174  0.35 53
H-1 B/H-2 A | 971

Il 1501 0.79

1] 1240

v 1470 0.79

\ 2174 0.53 235
H-1 A/H-6a C | 971

1] 1501 0.66

1l 957

v 1424 0.72

\ 2174 0.47 102
H-1 A/H-6b C | 971

1] 1501 0.75

1] 1100

v 1433 0.77

\ 2174 0.50 185
H-1 C/H-6a D? | 971

Il 1501 0.58

1] 447

v 1100 0.69

Y, 2174  0.39 68
H-1 C/H-6b D? | 971

1] 1501 0.64

i 936

v 1254 0.75

\Y 2174 0.44 134

2 Average values for H-1 C/H-6 D and H-1 D/H-6 A due to overlapping

average values (Table 5) of T for the different residues of the
mannan seem to indicate that residue B, thus, the «-Manp-
(1 — 2)-linked ring (with larger T and NOEs), is less con-
strained than the «-Manp-(1 — 6)- residues (smaller T, and
NOEs). A similar trend has been previously observed in
branched dextrans and, indeed, those values were used to
assign the different anomeric carbon atoms of a series of
polysaccharides in terms of branched, side-chain, and non-
substituted residues [15-18]. The model-free approach was
employed for the analysis of the relaxation data, since, in
principle, it is adequate for flexible macromolecules. First,
a isotropic model was employed. The Lipari and Szabo
analysis [10, 17, 19, 41] of the hetero-nuclear data (Table 6)
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Table 5. Longitudinal relaxation times (s), hetero-nuclear NOEs and transversal relaxation times (s) for the mannan at 75 and

125 MHz and 318 K, experimental errors are smaller than 10%.

Carbon T1 75 MHz T1 125 MHz NOE 75 MHz NOE 125 MHz T2 75 MHZz T2 125 MHz
Atom

C1-A 0.17 0.31 1.76 1.57 0.07 0.08
C2-A 0.18 0.33 1.59 1.44 0.10 0.11
C3-A 0.16 0.32 1.66 1.52 0.08 0.10
C4-A 0.19 0.29 1.70 1.46 0.08 0.10
C5-A 0.18 0.30 1.81 1.53 0.07 0.10
Average 0.18 0.31 1.68 1.50 0.08 0.10
Cl-B 0.28 0.43 1.95 1.80 0.17 0.30
C2-B 0.25 0.37 1.88 1.64 0.11 0.10
C3-B 0.24 0.39 1.98 1.78 0.15 0.20
C4-B 0.24 0.35 1.98 1.71 0.15 0.20
C5-B 0.24 0.35 1.94 1.76 0.16 0.20
Average 0.25 0.38 1.84 1.74 0.15 0.20
Ci1-C 0.18 0.34 1.74 1.52 0.07 0.08
C2-C 0.24 0.35 1.88 1.64 0.11 0.15
C3-C 0.24 0.38 1.98 1.78 - 0.10
C4-C 0.24 0.32 1.71 1.56 0.04 0.05
C5-C 0.24 0.34 1.84 1.62 0.07 0.09
Average 0.23 0.35 1.80 1.63 0.07 0.09
Ci1-D 0.18 0.34 1.74 1.52 0.06 0.08
C2-D 0.24 0.36 1.88 1.64 0.11 0.15
C3-D 0.24 0.38 1.98 1.78 - 0.10
C4-D 0.24 0.32 1.71 1.56 0.04 0.05
C5-D 0.19 0.33 1.77 1.57 0.06 0.07
Average 0.22 0.34 1.78 1.60 0.07 0.09
C-6A 0.09 0.20 1.95 1.54 0.06 0.07
C-6B 0.12 0.23 1.99 1.87 0.10 0.13
C-6C 0.10 0.17 1.71 1.54 0.03 0.13
C-6D 0.08 0.16 1.77 1.49 0.06 0.06

Table 6. Average motional parameters of the different residues
from *CNMR relaxation data for the methine groups of the
mannan using Model V, 7, = 1005 4+ 50 ps, R,, = 0.054.

Residue 7. (PS) s? Residue 7. (PS) s?
A 159 0.80 C 172 0.67
B 110 0.49 D 169 0.69

estimated an overall correlation time of ca. 1 ns, with short
local correlation times, ., smaller than 250 ps for all the
glycosidic linkages. The 7, values were fairly similar to those
obtained from the homonuclear data. S? values for the
methine carbons were between 0.40 and 0.87, the smallest
values being for the Manp-(1 »2) B moiety (range
0.40-0.58) and the highest for the 2-O-substituted-
o-Manp-(1 — 6) A residue (range 0.76-0.87). The values for
the other residues (C and D) were in-between. As deduced

from the homonuclear proton data, the sizes obtained for
the overall correlation times (around 1 ns) indicated that
local and segmental motions were the major sources of
relaxation of this polysaccharide [15, 44]. The motional
behaviour of the molecule, indicated that the relaxation
data for this flexible macromolecule corresponded to an
oligosaccharide segment of about 10-15 monosaccharide
units [18].

Nevertheless, this isotropic analysis did not match the T,
values in a satisfactory way, since the expected values were
significantly higher than those experimentally measured
[15, 17]. Thus, in a second step, and considering that it is
certainly possible that different motions (time-scales) con-
tribute to the observed relaxation parameters, an extended
Lipari-Szabo model was applied, as proposed by Clore and
coworkers [21] (see Materials and Methods). In this model,
apart from the overall motion, two different internal motion
correlation times and order parameters were considered,
accounting for the existence of very fast (t;) and moderately
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Table 7. Average motional parameters of the different residues from **C NMR relaxation data for the methine groups of the mannan

using Model VI, 1, = 6430 + 300 ps, R,, = 0.012.

Residue 7% (ps) 77 (pS) S? S? Residue 75 (pS) 77 (ps) S? S?
A 835 80 0.31 0.87 C 617 70 0.39 0.83
B 754 57 0.14 0.55 D 616 83 0.4 0.85

fast (t,) internal motions. If 7; is at least one order of
magnitude smaller than 7, a truncated form may be con-
sidered (see Materials and Methods section). Thus, both
non-truncated and truncated forms (models VI and VII,
respectively) were considered, since the time-scales of the
internal motions were not known a priori. Both models
(Tables 7 and 8) provided a fairly satisfactory matching
between expected and observed data (fairly small Rw). The
overall correlation times were between 6.5 and 4.0 ns
respectively, depending on whether an extended or trun-
cated model was considered. The slow internal motions
were between 500 (truncated model) and 700 ps (extended
model). Finally, the very fast internal motions (model VI)
were around 100 ps. Regarding order parameters, the
branched A rings presented the largest restriction to motion,
while the B side chain units showed the smallest S2. The
order parameters for C and D rings were in-between. With
regard to the different motions [15-18], it seemed that the
obtained overall correlation times (ca. 4—6 ns) corresponded
to the segmental motion timescale, while the fast correlation
times probably included the motion around the w torsions,
around the @/¥ glycosidic linkages, and the freeing of the
pyranoid rings [43]. Probably, the time-scale around 500 ps
included the first two types of motions, while the fast cor-
relation times obtained around 100 ps were contributions of
the last two types [15-18].

Finally, in order to explore the possibility of the existence
of anisotropic motion, the polysaccharide was considered as
a symmetric top molecule [17], characterized by two differ-
ent overall correlation times, 7, and 7, and a term that
included a local motion correlation time, 7. Although the
use of any model for a polysaccharide is a matter of dis-
cussion [15-18], fitting the data showed that the existence
of a proellipsoid shape could be possible. In fact, there was
again a satisfactory matching between all the experimental
and expected relaxation data (Table 9). The ratio between
7./t was about 18, 7); being around 0.5 ns. The internal
motion correlation times were ca. 100 ps. This anisotropic
analysis of the data also allowed us to conclude, (also
concluded after assuming isotropic motion) that the outer
ring displayed rather significant local motion, characterized
by the lower order parameters for all of its carbons.

Thus, independent of the model used, and as also deduced
from the 'H NMR relaxation data, the above conclusion
indicated that the relaxation of the B ring atoms was
modulated by the motion of the linear chain, as well as by

Table 8. Average motional parameters of the different residues
from ¥CNMR relaxation data for the methine groups of the
mannan using Model VII, r, = 4165 + 400 ps, R,, = 0.022.

Residue 71, (ps) S?2 S? Residue Ttl(ps) SZ S?
A 576 0.45 097 C 473 0.41 0.88
B 453 029 0.72 D 475 0.42 0.89

Table 9. Average motional parameters of the different residues
from CNMR relaxation data for the methine groups of the

mannan using Model VIIl, 71, =8000+ 1500ps, 7=
439 + 25 ps, R, = 0.027.

Residue 6 T (ps) S? Residue 6 T(ps) S?
A 70 40 087 C 77 46 0.75
B 75 59 056 D 77 48 0.76

that existing around its glycosidic linkage. For the rings of
the a-(1 - 6) linear chain, the data again indicated the
existence of a higher restriction to fast motions for the
branched Manp residue. From these data there is a signifi-
cant and measurable difference between the flexibility of
the branched (A) and the non branched Manp-(1 - 6) (C, D
moieties).

Additional information on the existence of different
motional freedom for the different Manp residues came for
the relaxation parameters measured for the exocyclic C-6
carbons. The fit of the relaxation data to the different
models (Table 10) showed a higher restriction to motions for
the hydroxymethyl group of residue C than for those pres-
ent in the other a-Manp-(1 — 6) linkages. The exocyclic
carbon of the a-Manp-(1 — 2) B moiety is the most flexible,
independently of the model employed. According to the
data discussed above, these are not unexpected results since
the hydroxymethyl groups of residues C are those linked to
the branching points of the polysaccharide.

In conclusion, we have obtained homo- and hetero-
nuclear relaxation parameters for a fungal cell wall polysac-
charide, which have been interpreted at different levels of
complexity. The homo-nuclear relaxation data have pro-
vided qualitative evidence of the importance of internal and
segmental motions in this polysaccharide. Hetero-nuclear
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Table 10. Average motional parameters of the different resi-
dues from *C NMR relaxation data for the methylene groups of
the mannan using Models V to VIII, 7 corresponds to 7in model
VIl and to 7. in model V, S? corresponds to S? in models V and
VIII.

Model Carbon ] 7. (ps) 1/ (ps) S? S?
Atom

\Y C-6A 240 0.67
C-6B 79 0.36
C-6C 90 0.80
C-6D 248 0.72

VI C-6A 637 1 0.13 0.70
C-6B 827 57 0.13 0.38
C-6C 722 65 0.43 0.83
C-6D 759 19 0.20 0.80

VIl C-6A 629 0.11 0.73
C-6B 336 0.36 0.64
C-6C 514 0.49 0.88
C-6D 663 0.27 0.84

VI C-6A 90 15 0.69
C-6B 75 53 0.41
C-6C 69 42 0.83
C-6D 77 2 0.75

parameters have permitted us to detect that motions in the
4-6 ns time-scale, as well as others in the hundreds of ps
timescales, are able to produce dipole-dipole relaxation in
this polysaccharide. The nature of these motions are prob-
ably related to segmental motion and to reorientation
around the hydroxymethyl and glycosidic torsion angles,
respectively. Finally, internal motions faster than 100 ps are
also present. These motions are probably also involved in
reorientations around the glycosidic torsion angles and free-
ing of the pyranoid rings. Both the extended Lipari/Szabo
approach, as proposed by Clore et al. [21] and an aniso-
tropic symmetric top model provide a satisfactory agree-
ment between expected and observed data. Giving the flex-
ibility of the polysaccharide, the first model seems to be
more realistic.
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