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Abstract: Exploration of the conformational spaces of flexible
biomacromolecules is essential for quantitatively understand-
ing the energetics of their molecular recognition processes. We
employed stable isotope- and lanthanide-assisted NMR
approaches in conjunction with replica-exchange molecular
dynamics (REMD) simulations to obtain atomic descriptions
of the conformational dynamics of high-mannose-type oligo-
saccharides, which harbor intracellular glycoprotein-fate deter-
minants in their triantennary structures. The experimentally
validated REMD simulation provided quantitative views of the
dynamic conformational ensembles of the complicated,
branched oligosaccharides, and indicated significant expansion
of the conformational space upon removal of a terminal
mannose residue during the functional glycan-processing
pathway.

Conformational dynamics are essential properties of bio-
macromolecules that are involved in molecular recognition
events in living systems.[1] The motional freedom of three-
dimensional structures can endow them with adaptability to
various interaction partners, occasionally in promiscuous

fashions as exemplified by intrinsically disordered proteins.
Based primarily on crystallographic analyses, structural data
have been accumulated for biomacromolecules in complexes
with their binding partners. However, for quantitative under-
standing of their binding mechanisms and energetics, the
conformational spaces occupied by these flexible biomole-
cules in their free states should be explored by considering
changes in the conformational entropy and preexisting con-
formers selected upon binding.

Oligosaccharides are typical biomacromolecules with
numerous degrees of motional freedom and with conforma-
tional adaptability to their binding proteins, which are
collectively termed lectins.[2] The unique features of this
class of flexible biomacromolecules are their branching
structures, which often contain homologous antennae com-
posed of identical residues. The conformational spaces of
oligosaccharides have been explored by using computational
techniques such as molecular mechanics and molecular
dynamics (MD) simulations,[3, 4] including those based on
a generalized-ensemble algorithm.[5] Moreover, NMR spec-
troscopy has been employed for experimental characteriza-
tion of the dynamic conformations of oligosaccharides,
typically through inspection of scalar couplings and nuclear
Overhauser effect data;[6, 7] however, these data provide only
limited local conformational restraints and are often difficult
to fully analyze because of the poor spectral resolution that
results from small variations in functional groups.

The most promising solution to this problem is the use of
paramagnetic effects, which provide long-distance informa-
tion in the structural characterization of biomolecules.[8]

Recently, paramagnetism-assisted NMR techniques were
developed to characterize the overall conformations of
oligosaccharides in solution.[9] In this method, paramagnetic
effects such as pseudocontact shift (PCS)[10] and relaxation
enhancement[11] are used as sources of atomic long-distance
information. We have demonstrated that long-timescale MD
simulations validated by experimentally observed PCS data
allow for adequate exploration of the conformational spaces
of small oligosaccharides, such as the GM3 trisaccharide and
GM2 tetrasaccharide.[10c,d] However, it is not clear whether
this method is applicable to larger, highly branched sugar
chains with rough energy landscapes of very high dimensions.

To address this issue, we herein report the atomic
descriptions of the conformational dynamics in triantennary
high-mannose-type oligosaccharides based on a hybrid
approach that combines NMR spectroscopy and MD simu-
lation. This class of oligosaccharides plays an important role
in intracellular glycoprotein-fate determination by interacting
with a series of lectins as guides for folding, secretory, and
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degradation processes.[12] In this quality control system,
a newly synthesized protein is tagged with the high-man-
nose-type oligosaccharide, which originally contains nine
mannose residues and harbors distinct fate determinants in
its triantennary structure.[13] Subsequent enzymatic trimming
of their outer mannose residues is coupled with exposure of
the fate determinant for recognition by the intracellular
lectins.

In this study, we used a triantennary undecasaccharide
containing nine mannose residues, namely, Mana1-2Mana1-
6(Mana1-2Mana1-3)Mana1-6(Mana1-2Mana1-2Mana1-3)-
Manb1-4GlcNAcb1-4GlcNAc (M9) and its derivative (M8B),
which lacks the nonreducing-terminal mannose residue (D2)
at the central branch (termed the D2 branch; Figure 1). The
former is enzymatically converted into the latter in the
endoplasmic reticulum, which is considered to be a key step
for triggering glycoprotein degradation.[14]

To prepare sufficient quantities of homogeneous M9 and
M8B with 13C labeling, we utilized genetically engineered
yeast strains in which genes responsible for processing high-
mannose-type oligosaccharides are knocked out.[15] The yeast
cells were cultivated in a medium containing uniformly 13C-
labeled glucose as a carbon source, which gave rise to fully
13C-labeled M9 and M8B. An ethylenediaminetetraacetate
(EDTA) derivative designed to serve as a lanthanide chela-
tor[10a] was covalently attached to the reducing terminus of the
isolated M9 and M8B oligosaccharides (Figure 1) by selective
amination and subsequent acylation reactions without any
protection/deprotection of the sugar moiety.

A paramagnetic lanthanide ion, such as Tm3+, was added
to a solution of these modified oligosaccharides in D2O to
form stable 1:1 complexes. We confirmed the appearance of
a new set of NMR signals with concomitant disappearance of
the original signals as a result of the lanthanide-induced PCSs.
The 13C labeling of the oligosaccharides enabled us to perform
sequential assignments of the observed HSQC signals by
HSQC-TOCSY and 13C-edited NOESY experiments, which
were facilitated by PCS-induced chemical shift dispersion as

a bonus effect. The PCS values were measured as differences
between the chemical shifts of each CH group of the
oligosaccharides attached to the paramagnetic ion and those
observed with the diamagnetic La3+ ion (Figure 2). The

signals attributable to the anomeric CH groups of the
terminal mannose residues D1 (D2) and D3 were overlapped
under diamagnetic conditions in both M9 and M8B, thus
indicating that the local chemical environments surrounding
these terminal a-1,2-mannose residues are very similar.
However, these signals provided different chemical shifts on
addition of Tm3+ ions because of different PCSs reflecting the

Figure 1. Representation of the high-mannose-type oligosaccharides M9 and M8B modified with the lanthanide ion binding tag.

Figure 2. 1H-13C HSQC spectra of the anomeric region of the a) M9
undecasaccharide and b) M8B decasaccharide tagged with Tm3+ (red)
and La3+ (blue). Chemical shift differences induced by PCS are
indicated by arrows.
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distinct spatial arrangements of the nonreducing-terminal
mannose residues with respect to the lanthanide ion attached
to the reducing terminus. Moreover, the ManA and ManB
residues exhibited significantly different PCS values between
M8B and M9, in contrast to the residues in the D1 branch,
which showed marginal differences in the PCS (see Table S1
in the Supporting Information). These data imply the impact
of trimming the D2 residue on the conformations of the D2
and D3 branches, which is qualitatively consistent with
previous NMR studies on M8B and M9 based on NOE and
scalar coupling data.[7, 15b]

To interpret the observed PCS data in terms of the
dynamic conformational ensemble of oligosaccharides, we
performed MD simulations on M8B and M9 in explicit water.
From the MD trajectories, 24 000 conformers were extracted
to develop ensemble models representing possible conforma-
tional spaces of the oligosaccharides. According to previously
developed methods,[10c] the PCS values of the oligosaccharides
with Tm3+ ions were back-calculated from these ensemble
models (see the Supporting Information), and they were
compared with experimentally observed values. In contrast to
the situations of smaller tri- and tetrasaccharides, the
ensemble models derived from MD simulations over a total
of 240 ns could not reproduce the experimental PCS values in
either M9 or M8B, most probably because of the multiple-
minima problem (see Figure S1 in the Supporting Informa-
tion). Even with 64 simulations of 48 ns each (a total
simulation time of 3.072 ms), the MD-derived ensemble
models provided only compromised Q values (as criteria of
agreement between experimental and calculated values) of
0.16 and 0.15 for M9 and M8B, respectively (Figure 3a,b).

Thus, to overcome this issue, we employed replica-
exchange MD (REMD) simulations[5, 16] with the
GLYCAM 06 force field[17] in which parallel replicas were
run at different temperatures and the coordinates of the
replicas were exchanged during the calculation for effective
exploration of the high-dimensional rough energy landscapes.
To compare with the results from conventional MD simu-
lations, we used 64 replicas, each of which was simulated for
48 ns, and extracted 24 000 conformers from each combined
trajectory to develop ensemble models. The PCS values back-
calculated from the REMD-derived ensemble models were in
good agreement with the experimental values: Q = 0.10 for
M9 and 0.08 for M8B (Figure 3 c,d). These results demon-
strate the utility of the REMD method for exploring high-
dimensional conformational spaces occupied by flexible and
branched high-mannose-type oligosaccharides. Similarly,
lower Q values were also obtained using REMD simulations
with PCS data observed with the lanthanide probes Er3+ and
Ho3+ compared to conventional MD simulations (see Fig-
ures S2 and S3 in the Supporting Information).

The experimentally validated REMD data allow us to
compare the conformational spaces of the M8B and M9
oligosaccharides. The distribution of distances between the
anomeric protons of the reducing-terminal residue
(GlcNAc1) and that of each mannose residue was computed
from the 24000 conformers extracted from the REMD-
derived conformational ensembles (Figure 4). The results
clearly demonstrate that, in both M8B and M9, the D2 and D3
branches assume fold-back conformations, in which the outer
mannose residues are in spatial proximity to the reducing
terminus. Intriguingly, because of the absence of ManD2, the
ManA residue, which is located at the nonreducing terminus
on the D2 branch in M8B, could more readily obtain access to
the reducing terminus in M8B than in M9 (see Figure S4 in
the Supporting Information). Note that 5 % of the M8B
conformers exhibit a ManA–GlcNAc1 distance of < 8 �, and
such conformers occupy < 1% of all the possible conformers
in M9 to avoid steric hindrance between ManD2 and the
reducing-terminal residues. Moreover, the fold-back con-
formers of the D3 branch (composed of the ManD3 and
ManB residues) are highly populated in M8B compared with
those in M9. Hence, the terminal ManD2 residue sterically
hinders the fold-back conformations of the D2 and D3
branches and thereby restricts conformational freedom in
M9. Thus, the NMR-validated REMD data indicate that
outer mannose trimming not only exposes the embedded
glycotopes but also expands the conformational space of the
remaining parts (even for other branches) of triantennary
oligosaccharides.

In contrast, such fold-back conformers were rarely
observed during conventional MD simulations, in which
spatial arrangements of the D2 and D3 branches of M8B
and M9 significantly differ from those derived from the
REMD simulations (see Figures S5 and S6 in the Supporting
Information). For example, the conventional MD results
showed that only 2% of the M8B conformers exhibited
a ManA–GlcNAc1 distance of < 8 �. These data demon-
strated that the PCS-based NMR approach is useful for
validating the MD-derived conformational spaces of the

Figure 3. Correlations between experimentally observed PCS values
with Tm3+ and back-calculated PCS data for M9 (a,c) and for M8B
(b,d). The PCS values were back-calculated from the conventional MD-
derived (a,b) and the REMD-derived (c,d) ensemble models. Exper-
imentally obtained PCS data for 35 and 33 CH groups from all the
residues in M9 and M8B, respectively, were employed.
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highly branched oligosaccharides with quantitative and highly
sensitive evaluation of the possible contributions of their
minor conformational species.

In summary, we successfully explored the conformational
spaces of the high-mannose-type oligosaccharides M9 and
M8B in solution by a stable isotope- and lanthanide-assisted
NMR spectroscopic approach in conjunction with REMD
simulations. Although the overall structural features of these
oligosaccharides in the present study are qualitatively con-
sistent with those described in previous reports,[4,7, 15b] our
results provide quantitative views of the dynamic conforma-
tional ensembles of complicated, branched oligosaccharides,
which are essential toward understanding the energy land-
scapes of this class of flexible biomacromolecules.
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