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Abstract

Conformational analysis of a-D-Man p-(1 — 6)-a-D-Man p1-OMe, by a combination of exten-
sive molecular dynamics calculations in water and ROE buildup series, afforded two main
minima, namely, ¢/ =95/— 178 and ¢/ = 140/ — 185. Transitions between these minima
are observed, which have not previously been demonstrated using other approaches. In contrast to
literature data for the glycosidic linkage, describing equal populations of both the gg and the gr
rotamers, it was found that the gg conformer is present to ca. 96%. The non-reducing mannosyl
unit showed approximately a 1:1 ratio for the gg:gr equilibrium, in accordance with earlier
reports.
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1. Introduction

In the framework of our studies focused on the determination of the overall structure
of the oligomannose and hybrid type glycans, it appeared necessary to evaluate literature
data concerning the conformation of methyl a-D-mannopyranosyl<{1 — 6)-a-D-
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Fig. 1. a-D-Manp-(1 = 6)-a-D-Man p1-OMe (1) showing w, ¢, and . The 6-linked mannose residue is
denoted Man-a, and the terminal mannosyl group Man-b.

mannopyranoside. The (1 — 6) linkage is crucial for the conformational analysis of
larger glycans, mainly because of the additional torsional angle w (Fig. 1).

Several studies have been performed to establish the conformation of the a-b-Man-(1
— 6)-a-D-Man moiety, investigating the disaccharide itself [1-3] or as part of a larger
oligomannose or hybrid type of structure [4,5]. To this end commonly used techniques
such as molecular mechanics calculations (MM) [3] and 'H NMR NOE measurements
[1] or a combination of these two [2,4,5] have been applied. With respect to a-p-Man p-
(1 - 6)-a-D-Man p1-OMe (1) an equal probability for the gg and the gt rotamer, and a
¢/ minimum of 60/150 have been found [1,4]. The values of the coupling constants
Js 6 (4.5 Hz) and J ¢, (1.8 Hz) were determined by comparing the 'H NMR data of 1
with those of a-D-Man p-(1 = 6)[ a-D-Man p-(1 — 3)]-a-D-Man p1-OMe. On the basis
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of a molecular dynamics (MD) simulation of a-pD-Manp-(1 — 6)-a-D-Man (2) in
vacuum for 10 ps, together with '"H NMR NOE experiments and potential energy
calculations, an averaged ¢/¢ combination of 95/166 was observed for the MD
trajectory [2]. Since these studies, greater computational power has become available,
and the resolution and possibilities of NMR have increased rapidly.

To gain insight into the flexibility across the interglycosidic linkages ([6], and
references cited therein), MD simulations in the present study were performed in water
during 500 ps. The rotamer populations for the exocyclic (hydr)oxymethyl groups were
obtained from the relevant coupling constants via an undecoupled heteronuclear multi-
ple-quantum correlation (HMQC) experiment, and the preferred ¢/ minima were
determined using a combination of NMR ROE buildup series and MD.

2. Experimental

NMR spectroscopy.—a-D-Man p-(1 - 6)-a-D-Man p1-OMe was exchanged twice in
99.9% D, O (Isotec Inc., Miamisburg, USA) with intermediate lyophilization, and finally
dissolved in 99.96% D,0. All spectra were recorded on a Bruker AMX-500 spectrome-
ter equipped with an X32 console (Bijvoet Center, Department of NMR Spectroscopy,
Utrecht University). Chemical shifts are expressed in ppm by reference to internal
acetone in D,0 (& 2.225). The HOD signal was suppressed by presaturation during 1.0
s.

2D ROE measurements were carried out at 285 K using the Time Proportional Phase
Increment (TPPI) method [7] to acquire phase-sensitive spectra [8,9]. The carrier
frequency was placed at the left-hand side of the spectrum at & 5.570, and the power of
the spin-lock pulse corresponded to a 90° degree pulse of 100 us. Mixing times used
were 50, 100, 150, 200, 300, or 400 ms. The spectral width was 3000 Hz in each
dimension, and 4K data points were recorded in 512 increments.

The natural-abundance proton-detected 'H —>*C HMQC spectrum was recorded at
285 K without decoupling during acquisition [10,11]. The spectral width was 2717 Hz in
the '"H domain and 7350 Hz in the “C domain, whereas 4K datapoints and 650
experiments were zero-filled to a 4K X 1K data matrix.

The spectra were processed on a 4D /35 Silicon Graphics station with the TRITON
NMR software package (R. Boelens and R. Kaptein, Bijvoet Center, Department of
NMR Spectroscopy). The data were multiplied with a /2.2-shifted square sine bell in
the w, time domain, and in the @, time domain with a 7/2.5-shifted square sine bell.
A third-order polynomal baseline correction was applied after the first Fourier transfor-
mation, and a fourth-order polynomal baseline correction after the second Fourier
transformation. The ROE cross-peaks were integrated by summation of the intensities
within a defined rectangle, with a baseplane through this rectangle. Overlapping ROE
peaks were integrated to obtain one overall value.

Nomenclature.—The torsional angles ¢, ¢, and w are defined according to [UPAC
conventions [12]: ¢ as (0-5,, C-1,,, 0-6,, C-6,), ¢ as (C-1,, O-6,, C-6,, C-5,), and w
(determining the rotamer population) as (0-6, C-6, C-5, C-4).
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MD simulation.—The MD simulation was performed using the GROMOS program
[13] and its standard force field for carbohydrates [14]. The united atom approach was
used for aliphatic carbon atoms. Positions of the corresponding hydrogen atoms were
calculated after simulation, for each timestep, by using tetrahedral geometry and a C-H
bond length of 1.1 A. For the simulation a-p-Man p-(1 - 6)-a-D-Man pl-OMe was
placed in a computational octahedral periodic box containing ca. 310 water molecules,
and the calculations were carried out at constant temperature (300 K) with a time step of
2 fs, using a 4D /35 Silicon Graphics workstation. All bond lengths were constrained
using the SHAKE method [15]. Temperature and pressure in the system were kept
constant with relaxation times of 0.1 and 0.5 ps, respectively. Nine runs of 500 ps were
performed, each with one of the nine different ¢/¢/w minima encountered in the
database [3] as starting structures, namely, Eggl (70/ — 170/60), Egg2 (75 /100 /60),
Egg3 (150/-— 115/60), Egg4 (160/120/60), Egtl (70/— 170/180), Egt2
(75/90/180), Egt3 (150/— 100/180), Egt4 (165/115/180), and Egt5 (105/—
80,/180). The numbering of the minima reflects the order of increasing potential energy.

Rotamer populations.—The rotamer populations were calculated using a Karplus
equation as described in [16], with a modified torsional angle set for w 53° (gg), @
—175° (gt), and for v —65° (tg) [17].

CROSREL program.—CROSREL [18,19] provides a full relaxation rate matrix
approach for the analysis of ROE spectra. This program can calculate theoretical
intensities using models derived from MD simulations, and these intensities can be
compared with observed ROE intensities. The quality of the structure is judged based on
a weighted R-factor [19,20]
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comparing the calculated intensities from the model structure A®°(r,), to the observed
cross-peak intensities, A°**(r,,). The weights w; (7, ) are defined as
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wherein A_ ;. is the estimated background error of peak integration. This weighting
function gives appropriate weight to the smaller ROE intensities, which are usually the
most conformationally sensitive. The various trajectories are analysed using <r~> > or
< r~% > distance averaging. The general spectral density function used is

TC
Jn(w)=<r 6>m2w—2702 (3)

In Eq. 3 <r 3>?2 can also be substituted for <r~®> . Information about the
overall motion (7,) is obtained using intraresidue cross-peaks. Furthermore, CROSREL
has been used to combine several sets of averaged trajectories with different ratios to
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calculate R-values. The program corrects for the offset dependence of the ROE
experiment, and for HOHAHA magnetisation transfer during the spin-lock period.
Summation of overlapping peaks is implemented; this feature is especially important
for carbohydrates, since overlap is frequently observed. In order to compare the
calculated and the observed data, scaling is necessary. By integration of all peaks,
including the diagonal peaks, extrapolation to the equilibrium magnetisation (which is
the diagonal intensity at 7, = 0) is possible. The equilibrium magnetisation is calculated
from the columns of the 2D spectrum because of the offset dependence in the rows.

3. Results

The 'H and >C NMR chemical shifts of a-p-Man p-(1 = 6)-a-p-Man p1-OMe (1),
abbreviated as Man-b-(1 — 6)-Man-a (Fig. 1), are presented in Table 1. The '"H NMR
assignments of the H-1,2,3,4,5 signals of both residues are in agreement with [21], and
the >C NMR assignments with [22]. Because of severe overlap, the assignment of
H-6 pro-R and H-6 pro-S for each mannosyl unit was previously not established, but due
to the larger chemical shift dispersion in the HMQC spectrum, the H-6 protons could
now be identified stereospecifically (Fig. 2). On the Man-b C-6 track at & 61.8 the
cross-peaks with Man-b H-6 pro-R and H-6 pro-S are detected. The observed Js ¢ values
are typical for a gg: gt equilibrium, whereby the largest coupling constant is expected
on H-6pro-R [17,23]. Therefore, the resonance at & 3.74 was assigned to Man-b
H-6pro-R (Js,,,.5 6.2 Hz), and that at § 3.899 to Man-b H-6 pro-S (Js,,,.52.0 Hz).
Because Man-b H-6 pro-S and Man-b H-5 resonate outside the bulk signal region, the
Js6pro.s and Js,,, g values could be obtained very accurately from the 1D spectrum.
The HMQC spectrum shows at the Man-a C-6 cross-section at & 66.5, small Js ¢
coupling constants for both H-6 signals (Fig. 2), which is characteristic for a high gg
population [24]. Comparison of the chemical shifts of the Man-a H-6 atoms with those
of the same atoms in a-pD-Manp-(1 — 6)-B-D-Manp1-OMe (3), stereospecifically
deuterated at C-6 of the 6-linked mannosy! unit [23), afforded the assignment of Man-a
H-6 pro-R at 3.977 ppm and Man-a H-6 pro-S at 3.76 ppm. Through simulation of the
Man-a subspectrum, coupling constants of approximately Js,,, s 1.9 Hz and Js4,,, 5

Table 1
'H and *C chemical shifts of a-pD-Man p~(1 - 6)-a-D-Man p1-OMe [Man-b-(1 — 6)-Man-a] at 285 K

Compound 'H Chemical shift (5)

1 2 3 4 5 6 pro~-S 6 pro-R OMe
Man-b 4.909 3.989 3.850 3.647 3.710 3.899 3.74
Man-a 4.752 3.939 3.75 3.74 3.75 3.76 3.977 3.401

B C Chemical shift ()

1 2 3 4 5 6 OMe
Man-b 100.3 70.8 71.5 67.7 73.6 61.8

Man-a 101.8 70.8 71.5 67.4 71.6 66.5 55.7
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Fig. 3. Molecular dynamics 500-ps trajectory; for Man-a the gg conformer, for Man-b the gg conformer.

2.2 Hz were obfained, and only these two small coupling constants can reproduce the
pattern found in the HMQC cross-section for Man-a C-6.
As discussed above, the HMQC cross-sections of Man-a C-6 and Man-b C-6 with the

:::/Trilgzed ¢ /4 minima for different combinations of Man-a and Man-b rotamer conformations
Compound Averaged ¢ /¢ minima

Man-b Man-a Min1 Min2 Min3 (35ps)
gt gg 94/ —178

g8 g8 95/—178 140/ - 185

28 gt 97/-172 147/ - 180 90/95
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Fig. 4. Molecular dynamics 500-ps trajectory; for Man-a the gr conformer, for Man-b the gg conformer.

dissimilar Js,,,.s and Js¢,,, p coupling patterns for H-6 proS and H-6 proR, respec-
tively, clearly demonstrate that the rotamer populations for the 6-substituted and the
terminal mannosyl residue are different (Fig. 2). In the case of Man-b the coupling

Table 3
Selected ¢ /4 minima of the trajectory were averaged at different rotamer combinations to give different sets
of averaged model structures

Compound Averaged sets of trajectory
Man-b Man-a Minl Min2
8t 88 I

88 88 I 11

gg gt v v
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constants of Js,,, s (20 Hz) and Jsg,,, x (6.2 Hz) correspond to a rotamer ratio of
gg: gt:tg = 0.49:0.55: — 0.04. For Man-a the coupling constants Js,,,.s (1.9 Hz) and
Jsspro-r (22 Hz) indicate ratios of gg:gt:zg =0.97:0.06: — 0.03. The occurrence of
virtually one conformation for the Man-a residue is in contradiction to published data
for this moiety [1].

The MD simulations of 1 showed transitions between ¢,y=95/— 178 and ¢, =
140/ — 185, whatever minimum from the database [3] with a gg conformer for Man-b
was chosen as starting conformation. As a typical example, in Fig. 3 an MD simulation
for 1 with gg conformers for both Man-a and Man-b is depicted. The observed
averaged minima were slightly different for the different rotamer population combina-
tions of Man-a and Man-b as shown in Table 2. In the case where Man-a as well as
Man-b possess the gg conformation, transitions between minimum 1 and 2 are
observed. In the case of a gg conformation for Man-a and a gr conformation for
Man-b, minimum 1 is detected exclusively. In only one run, minimum 3 (Egt2) is

-100 0 100 200

-100 _ | -100

-300
-100 0 100 200

-300 |

Fig. 5. Same trajectory as in Fig. 3: A, set I at 95/ —178; and B, set III at 140/ —185.
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Fig. 5 (continued).

temporarily occupied (Fig. 4; Table 2), but only from 250 to 285 ps. Before and after
this interval the trajectory shows only transitions between minima 1 and 2. Minimum 3
has been found to occur in a xylose-type structure for the a-Man-(1 — 6)-3-Man
linkage {25]. The minimum at ¢/ = 140/ — 185 was not encountered in the MM
study, but might be important in removing the discrepancies which were previously
found for this linkage between the observed NOEs and the calculated potential energy
minima [2,26,27].

Selected parts of the trajectories were averaged to create different sets of model
structures, reflecting the different ¢/ minima from Table 2 (see Table 3). In Fig. 5,
trajectory II and III are depicted. For CROSREL analysis these models are combined in
the calculated rotamer ratios, namely, for Man-a gg:gt= 0.96:0.04 and for Man-b
gg:gt=0.47.0.53.
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Table 4
Inter- and intra-residue cross-peaks present in the ROE spectra: intra stands for intra-residue cross-peaks which
are used for calibration, inter stands for inter-residue cross-peaks which contain conformational information

Protons Cross-peaks in the ROE spectra

intra inter
aH-1 aH-2
aH-2 aH-1
Hyyp ® aH-6pro-R andbH-2"
Hbulk ¢ b H-1
Hyyy * b H-6 pro-S
aH-6pro-R and b H-2* Hyyu
a H-6pro-R and b H-2 ® b H-1
aH-6pro-R and bH-2 ® b H-3
b H-1 b H-3 Hyyi
b H-1 aH-6pro-R and b H-2°
b H-3 b H-1 aH-6pro-Randb H-2 °
b H-6 pro-S Hyuik

* Hy, stands for a H-3, a H-4, a H-5, a H-6 pro-S, b H-5, and b H-6 pro-R which could not be separated in
the 2D spectra.
" a H-6pro-R and b H-2 could not be separated in the 2D spectra.

In Table 4 the intraresidue ROE cross-peaks are summarized which have been used
for calibration of 7,. For the evaluation of the quality of the model the inter- and
intra-residue cross-peaks have been used. All ROE intensities were calculated using a 7,
value of 0.106 ns. The distances in the trajectories were averaged to give one model
structure as a <r~ 3> or <r %> average. The <r~ 2> average gave slightly better
results, which is expected for a fast rotating molecule with fast internal motions [28].

To test if minimum 2 at ¢/ =140/ — 185 could be an artefact, the averaged
models for sets I, II, and IV were combined in the calculated rotamer population ratios
(Table 3). A better R, value was obtained when sets III and V were included, therefore
it was concluded that minimum 2 provides a real contribution in the structural analysis.
The minima 1 and 2 in a 1:1 ratio gave the lowest R, value and the calculated and
observed buildup curves for this ratio are shown in Fig. 6.

Previously, it had been noticed [29] that the J; ¢ values for a Man-(1 — 6)-a Man and
aMan-(1 — 6)-8 Man linkages are slightly different, suggesting that differences should
exist in the rotamer populations, although the shape of the ¢/y energy contour plot is
assumed to be the same [2,3]. Information about the rotamer population of the glycosidic
linkage in 3 is available from previous studies [27], showing an equilibrium of
gg:gt:tg =58.1:40.6:1.3 (with Js,,, x 6.0 Hz and Js4,,, ¢ 2.0 Hz) and a ¢/¢
minimum around 70/ — 170. A NMR study using 3, stereospecifically deuterated at
C-6, showed an equilibrium of gg:gt:tg = 58:42:0 with Js¢,,,.x 5.6 Hz and Jy,,, ¢
1.9 Hz [23]. Here, the ¢/ minimum was found to be around 60/ — 180. When MD
simulations for the a-D-Manp-(1 — 6)-8-D-Man p1-OMe (3) were performed, the same
two minima were observed as for 1 (Fig. 7).
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Fig. 6. Calculated and observed buildup curves for the ROE intensities at all mixing times. All buildup curves
are plotted on the same scale to facilitate comparison, except for the cross-peak intensity between Hy,,;, and b
H6 pro-S which is plotted on a larger scale.

4. Discussion

A generally applied approach to the conformational analysis of larger glycans is to
study separately small oligosaccharide fragments. The results are then used to construct,
from these building blocks, the overall structure of a larger glycan. From this point of
view a-D-Man p-(1 - 6)-a-D-Man p1-OMe was studied here, since this fragment is
crucial for the overall conformation of larger oligomannose and hybrid type N-linked
glycans. A detailed description of the conformational behaviour of this disaccharide in
solution is a prerequisite to using it as a building block. By a combination of HMQC
spectroscopy, ROE buildup curves, molecular dynamics simulations, and the CROSREL
program, this conformation, previously difficult to define, could be elucidated. The
flexibility of the (1 — 6) linkage is assessed in detail by MD, and the HMQC
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Fig. 6 (continued).

experiment proved to be instrumental in determining the coupling constants Jsg,,, &
and J5,6pro-S'

In the present study it is demonstrated that MM calculations, in vacuum, yield several
redundant minima for this disaccharide. However, MD simulations gave rise to an
additional minimum, not present in the MM studies. This minimum at ¢/ 140/ — 185
has to be included in the conformational analysis. More flexibility is observed for ¢
than for ¢, in contrast to a previous proposal [1,2,4,6]. The accessible ¢ region in the
database published by Imberty et al. [3] is very broad. However, these conformations
(Egg2—-Egg4) are not stable under the conditions described here. It is very likely that the
second minimum is stabilized by the solvent. Analysis of intramolecular hydrogen
bonds, and of those bridged by one water molecule, provided no proof of the existence
of these kinds of bonds. Therefore, we hypothesize a network of water molecules to
stabilize the second minimum, and to explain the preference for the gg rotamer over the

gt rotamer.
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Fig. 7. Molecular dynamics 500-ps trajectory for a-D-Man p-(1 — 6)-8-pD-Man p1-OMe (3).

The program CROSREL [18,19] proved to be very useful to estimate 7, and to
compare experimental ROESY buildup curves with those from a model structure. The
presence of almost exclusively the gg conformer for the (1 — 6) linkage was an
unexpected result, because previous data suggested a 1:1 ratio for gg and gt. As a
consequence the rotamer population of the (1 — 6) linkage has to be evaluated sepa-
rately in each glycan, and it does not seem possible to predict rotamer populations for
larger glycans on the basis of data from smaller oligosaccharides as building blocks.
Even for smaller oligosaccharides large differences can exist. For example in «@-D-
Man p-(1 = 6)] a-pD-Man p-(1 — 3)}-a-D-Man p1-OMe, a gg:gt ratio of 1:1 for the
aMan-(1 — 6)-aMan linkage has been demonstrated [1], so a relatively small change in
the overall structure can induce a large change in rotamer population. It has been
proposed that rotamer populations are affected by steric restrictions due to side chains
present in the oligosaccharide [5]. This proposal has no general validity because such
side chains are not present in 1 investigated in the current study.
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