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Abstract

The conformation of maltose-type oligomers in water and in dimethylsulfoxide (Me,SO) was studied using
two-dimensional NMR spectra. In Me,SO all of the oligomers have a la-type conformation. In water, they tend to
adopt the same conformation, but the oligomers are looser and more flexible than in Me,SO. © 2000 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Amylose, with an a-(1 —4)-linked glucose
unit, forms the backbone chain in starch.
Many basic textbooks describe its conforma-
tion as a helical coil having a l1a-type confor-
mation and not a 1b type [1]. However, these
conformational studies are based on X-ray
diffraction of its glycerol complex [2], its vis-
cosity [3], and the well-known classical amyl-
ose—iodine color reaction. We do not consider
that these studies provide direct evidence for a
helical coil conformation in solution. There-
fore, we examined the conformation of mal-
tose-type oligomers in solution using two-
dimensional NMR spectra.

* Corresponding author. Fax: + 81-22-2238956.

2. Methods

NMR methods.—The small oligomers from
maltose to maltoheptaose were kindly donated
by Nippon Shokuhin Kako Co., Ltd., and the
short-chain amylose (mean molecular weight
2900) was purchased from Nakarai Kagaku
Co., Ltd. The spectra of these oligomers were
recorded without further purification.

’H,0 (D,O) and [*Hy]dimethylsulfoxide
(Me,SO) were selected as solvents. These are
the NMR solvents normally used for oligosac-
charides and provide different environments
for the solute. The NMR spectra were
recorded using Jeol Lambda 600 spectrome-
ters at 600 MHz for protons and at 150 MHz
for carbon. Sodium 4,4-dimethyl-4-sila-
[?’H,Jpentanoate was used as the internal stan-
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dard in both solvents. In the Me,SO solutions,
a few drops of D,O were added to eliminate
hydroxyl-proton coupling. For the phase-sen-
sitive, rotatory frame nuclear Overhauser ef-
fect (ROESY) spectra of the oligomers,
mixing times between 10 and 300 ms were
used; the observed frequency offset was at
least 600 Hz lower than the lowest anomeric
proton signal, and the waiting time between
scans was 3.2 s [4—7]. Carbon—proton three-
bond coupling constants were measured using
the 2D version method of Wilker and
Leibfritz [8]. The 7,,,, was 200 ms with six or
eight samplings of 7 between 40 and 180 ms,
and the gradient ratios used were G,:G,:G; =
2:2:1. The Karplus-type equation relating car-
bon—proton three-bond coupling constants
and dihedral angles used in this paper is that
derived experimentally by Mulloy et al. [9].

Table 1

The proton spectra of all of the oligomers
were assigned using phase-sensitive double-
quantum-filtered correlation spectra, and we
confirmed the existing assignments using pro-
ton—carbon heteronuclear correlation spectra
[4,10].

Estimation of diatomic  distances.— Di-
atomic distances were estimated using the pro-
gram CAcChe (CAChe Scientific, Inc., UK).

3. Results and discussion

Assignments of the proton spectra in D,O
are given in Table 1. The chemical shifts and
vicinal proton—proton coupling constants of
the ring protons of the reducing-end residues,
the internal residues, and the non-reducing-

Proton chemical shifts (ppm) and coupling constants (Hz) of maltose-type oligomers in D,O ?

Position 1 2 3 4 5 6 6

Maltose

o 5.23 3.57 3.98 3.65 3.72 3.76 3.90
(J1» 3.67) (J53 9.15) (J34 9.05) (J4s 9.16) (Jsg 6.2, J561.6) (Joe —12.3)
4.66 3.28 3.78 3.67 3.60 3.84 3.95
(J,» 8.06) (/55 8.06) (J54 8.45) (J4s 8.43)

N 5.42 3.59 3.75 3.42 3.71 3.76 3.90
(J1» 3.66) (/23 9.89) (J34 9.106) (J45 9.34) (Jsg 6.2, Js¢ 1.6) (Jeg —12.3)

Maltotriose

o 5.23 3.57 3.98 3.66 3.79 3.83 3.87
(J12 3.97) (/55 10.38) (V34 9.31) (V45 9.77)

B 4.66 3.28 3.78 3.66 3.60 3.78 3.91
(J1» 8.08) (/53 9.16) (J34 10.07) (J45 9.77) (Js¢ 1.98) (Jee —12.05)

m 5.41 3.66 3.98 3.66 3.79 3.83 3.87
(J» 3.66) (Jo5 11.9) (J34 9.31) (J4s 9.77)

n 5.40 3.59 3.74 343 3.69 3.83 3.87
(J1» 3.66) (J55 10.07) (J34 9.61) (J45 9.61)

Maltoheptaose

o 5.23 3.57 3.97 3.67 3.83 3.83 3.85
(J1» 4.02) (J»3 9.72) (J34 9.35) (J4s 8.98)

B 4.65 3.27 3.77 3.69 3.59 3.83 3.90
(J,» 8.06) (/55 8.06) (J34 9.52) (J45 9.52)

m 5.41 3.63 3.96 3.66 3.83 3.83 3.85
(J1, 4.03) (Jy3 9.16) (J34 9.16) (J45 9.16)

n 5.40 3.59 3.70 342 3.75 3.83 3.85
(J1» 3.67) (/55 8.98) (J34 9.53) (J4s 9.53)

Short-chain amylose

m 5.41 3.64 3.97 3.67 3.85 3.83 3.87
(J1» 3.98) (J53 9.99) (J34 9.28) (J4s 8.99)

2o, o anomer of the reducing-end residue; B, B anomer of the reducing-end residue; m, internal (middle) residue; n,

non-reducing-end residue.
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Table 2

Proton chemical shifts (ppm) and coupling constants (Hz) of maltose-type oligomers in Me,SO ?

Position 1 2 3 4 5 6 6
Maltose
o 5.01 3.32 3.76 3.39 3.72 3.69 3.69
(J1» 3.66) (J5; 10.24) (J54 8.40) (V45 9.31)
B 4.40 3.05 3.49 3.38 3.30 3.61 3.76
(J1» 7.63) (/>3 8.39) (J34 9.31) (J45 9.16) (Js¢ 5.80) (Joo —12.36)
n o 5.08 3.33 3.46 3.16 3.56 3.54 3.68
(J1» 3.35) (/53 9.46) (J54 9.16) (J45 9.16) (Js¢ 5.80) (Jse —11.29)
B 5.10
(J1» 3.36)
Maltotriose
o 5.02 3.32 3.78 343 3.67 3.67 3.73
(J» 3.66) (V53 9.92) (J34 9.36) (J4s 8.45)
B 4.42 3.07 3.52 3.40 3.34 3.61 3.71
(J12 7.94) (/o5 8.24) (J34 9.15) (J45 9.42)
m o 5.09 3.42 3.74 3.43 3.67 3.67 3.73
(J1 3.97) (V>3 9.92) (J34 9.36) (J45 8.45)
B 5.11
(J1» 3.02)
n 5.12 3.36 3.48 3.18 3.58 3.67 3.70
(J1» 3.67) (V53 9.92) (J34 9.30) (V45 9.30)
Maltoheptaose
o 4.99 3.27 3.77 3.39 3.064 3.64 3.69
(J» 3.46) (/55 10.00) (J34 9.31) (J4s 9.33)
B 4.40 3.04 3.48 3.37 3.58 3.58 3.73
(J1, 7.63) (J»3 9.17) (J34 9.16) (J4s5 7.64)
m o 5.07 3.39 3.70 3.40 3.64 3.64 3.73
(J1» 3.66)
B 5.09
m 5.09
n 5.09 3.32 3.45 3.14 3.55 3.53 3.68
(J1» 3.36) (/55 10.07) (J34 9.16) (J45 9.16)
Short-chain amylose
m 5.10 3.41 3.73 3.44 3.65 3.65 3.71
(J1» 3.45)
—5.17

2 Symbols as in Table 1.

end residues of the oligomers are almost the
same in D,0. In consequence, in this paper,
only the proton assignments for maltose, mal-
totriose, maltoheptaose, and short-chain
amylose are shown with the glucose ring con-
formation in the *C, form.

However, in Me,SO, the overlap resulting
from slightly different chemical shifts and the
broader peaks of the internal residues of the
oligomers made it difficult to determine the
spin—spin coupling constants. However, the
vicinal coupling constants of the ring protons
of maltotriose in Me,SO showed that the units

in maltotriose have a typical *C, conforma-
tion. Furthermore, the chemical shifts of mal-
totriose and the other oligomers were almost
identical. Therefore, even in Me,SO, the mal-
tose-type oligomers should have the *C, ring
conformation (Table 2).

When we tried to measure the nuclear Over-
hauser effect spectra (NOESY) for the
oligomers, the only well-resolved spectrum we
obtained was for short-chain amylose, because
of the correlation between the observed fre-
quency and the correlation time of the sam-
ples studied [4—7]. Therefore, the ROESY
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spectra of all of the oligomers were measured
and satisfactory results were obtained. Re-
cently, Wilker and Leibfritz reported a very
convenient method for measuring carbon-
proton long-range couplings [8]. Their method
for estimating the dihedral angles of the inter-
residual linkages was used for the carbon-
proton three-bond couplings of the oligomers.
First we examined the present combined
method [8,9] in comparison with X-ray crys-
tallographic data of cyclomalto-hexa-, -hepta-,
and -octaoses [11], since these small cyclodex-
trins can be expected to have the same confor-
mation in both the crystal and in solution.
The differences between these results were
within 0.1 Hz in the inter-residue °*J.
constants.

In Me,SO, all of the NOE spectra of the
oligomers shorter than the octaose showed
cross-peaks between the anomeric protons of
the non-reducing-end residues and H-4 of the
contiguous residues, with mixing times < 30
ms [6], and between these peaks and the peaks
between the anomeric protons of the non-re-
ducing-end residues and H-2 of the same
residues, with a mixing time of 300 ms. The
intensities of the cross-peaks between the non-
reducing-end residues and H-3 and H-5 of the
contiguous ones were almost zero when com-
pared with the cross-peaks mentioned above,
even with a mixing time of 300 ms, while no
cross-peak  was observed between the
anomeric proton and H-6s and H-6r.

Table 3

T

o) 0]
HO
OH
OH
0]
(6]
HO
OH
1a
g OH
o 0
HO
HO OH
o) HO
1 HO

o)

These facts suggest that the non-reducing-end
residues are very close to H-4 of the contigu-
ous residues, as shown in Structure la. As
shown in Table 3, the carbon—proton three-
bond coupling constants of the inter-residual
bonds of the oligomers in Me,SO had similar
values. The experimentally derived Karplus-
type equation, reported by Mulloy et al. [9],
gave almost identical values for H-1-C-
1'-O-C-4 (¢) and C-1-O—-C-4-H-4 (¢). These
results suggest that there are four possible
combinations of dihedral angles for ¢ and ¢,
namely + +, + —, — 4+, and — —. Based

3]y coupling constants and dihedral angles of the linkage bonds between the residues ?

In D,O In Me,SO
*Jii-cs (H2) *Jia-c1 (Hz) *Jii-cs (H2) *Ja-c1 (Hz)
@ @

Maltose 3.53-54.5° 1.01 70.5° 4.28 — 28° 5.410°
Maltotriose 4.68 +22° 4.37+27° 4.48 —25° 528 =9°
Maltotetraose 4.04 £+ 31° 4.58 +23.5° 4.43 —26° 5.00 — 16°
Maltopentaose 4.19 +29° 4.70 + 21.5° 4.46 — 25.5° 5.33—-6.5°
Maltohexaose 3.72 —34° 447 —25° 4.68 — 22° 519 —11.5°
Maltoheptaose 3.89 —33° 4.75 —21° 4.57 —23.5° 5.00 — 16°
Short-chain amylose 3.38 —38° 517 —12° 4,57 —23.5° 5.12—-13.5°

2 The Karplus-type equation used in this Table is *J ;= 5.5 cos®> 0 —0.7 cos 0 +0.6 [9].
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on the crystallographic study of amylose,
which has been shown to be a left-handed
helical coil [2], the dihedral angles in Me,SO
were selected between 0 (5.41 Hz) and — 16°
(5.00 Hz) for ¢, and between — 22 (4.68 Hz)
and — 33° (4.28 Hz) for ¢. From estimation
by the program cAche, the distances between
the anomeric protons of the non-reducing-end
residues and H-4 of the contiguous ones were
determined to be 0.2064—-0.1964 nm, distances
which violate the van der Waals radius of
hydrogen. The distance between H-1 and H-2
in the same residues was 0.246 nm, which is
almost equal to the van der Waals radius.
These distances are useful for interpreting our
NOE spectra. They provide evidence that in
Me,SO the oligomers should have the classic
helical coil conformation or a very similar
one.

The ROESY spectrum for maltose in D,O
was different from that in Me,SO. It showed a
cross-peak between the anomeric proton of
the non-reducing-end residue and H-4 of the
reducing-end residue and a cross-peak be-
tween the anomeric proton and H-2 in the
same residue with a mixing time of 30 ms.
These peaks had almost the same intensity.
The 1a-type conformer should be dominant.
The spectrum of maltotriose showed strong
cross-peaks between the anomeric protons of
the non-reducing-end residues and H-4 of the
contiguous residues. Weak cross-peaks ap-
peared between the anomeric protons and H-2
in the same residues. At mixing times of 30
and 300 ms maltotetraose, -pentaose, -
hexaose, -heptaose, and short-chain amylose
all showed cross-peaks between the anomeric
protons of the non-reducing-end residues and
H-4 of the contiguous residues, and weak
cross-peaks between the anomeric protons and
H-2 in the same residues.

As with Me,SO, the inter-residue carbon—
proton three-bond coupling constants of the
oligomers studied were measured, and are
shown in Table 3. The coupling constants for
maltose were very different from those of the
other oligomers. The dihedral angles deter-
mined from these coupling constants were
¢ =54.5° and ¢ =70° If the +,+ or —, —
pairs of dihedral angles are selected, the di-
atomic distance between the anomeric proton

of the non-reducing-end residue and H-4 of
the reducing-end residue is 0.3097 nm. This
value is much greater than that between the
anomeric proton and H-2 in the same residue
(0.246 nm). On this basis, the +,— or —, +
pairs of dihedral angles should be selected. In
these cases, the corresponding diatomic dis-
tance was 0.2502 nm, a value close to the
distance between the anomeric proton and
H-2 in the same residue. On this basis, its
NOE spectrum can be rationalized. The crys-
tallographic study of methyl p-maltoside
monohydrate, which shows ¢ = —9.1° and
¢ =9.1°, was taken into consideration [12],
and the pair ¢ = —54.5° and ¢ =70° was
selected. This ¢ coupling constant is the same
coupling as measured (3.5 Hz) for maltose by
Pérez et al. in water [13]. However, in D,O the
triose, tetraose, and pentaose have slightly
different ¢ angles from the longer oligomers.
For any pair of signs of the dihedral angles,
the atomic distances (0.1948—-0.2194 nm) be-
tween H-1 of the non-reducing-end residues
and H-4 of the contiguous residues can be
rationalized. This leads to the conclusion that
these three oligomers have conformations in-
termediate between those of maltose and amy-
lose. In the oligomers longer than the
pentamer, the pair of 4+, — or —, + dihedral
angles results in an overlap of both end
residues similar to that seen in the cyclodex-
trins, which have a pair of —,+ dihedral
angles [11]. Again, based on the crystallo-
graphic study of amylose [2], the pair of —, —
dihedral angles was selected.

There are many theoretical studies on the
conformation of maltose, the malto-
oligomers, and amylose [14]. However, to our
knowledge, there is no study that takes our
results into consideration, particularly in the
case of maltose. Hricovini et al. have made
similar interpretations in their NMR and the-
oretical studies of methyl B-xylobioside in var-
ious solvents [15]. Their work shows that
precise solvent contribution should taken into
account in theoretical calculations.

The mean residue number of the short-
chain amylose is 16 or 17, and it has almost
three complete turns of the helical coil. Never-
theless, its ¢ and ¢ angles in both solvents,
Me,SO and D,O, were not appropriate angles
for the formation of hydrogen bonding be-
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tween O-3 and O-2' of the contiguous
residues. Methyl B-maltoside in the crystal
state shows ¢ and ¢ angles suitable for forma-
tion of O-3 and O-2" hydrogen bonds [16].
This is one of the factors lowering the confor-
mational energy, and the crystallographic
analysis of maltohexaose complexed with
glycogen phosphorylase showed similar ¢ and
¢ angles (see Fig. 4 in Ref. [16]).

The ¢ and ¢ angles of maltose in D,O were
much more open than those of methyl B-mal-
toside monohydrate in the crystal state, while
those in Me,SO had a pair of different signs
and were much more open than those of
a-maltose in the crystalline state [12]. The ¢
and ¢ angles of the short-chain amylose stud-
ied were also much more open than the dihe-
dral angles compatible with hydrogen bonding
between O-3 and O-2'. Therefore, the energy-
lowering factors for amylose in both solvents
might result from side-by-side interaction of
adjacent glucose residues in the same helical
coil. The internal side-by-side interaction of
amylose in water might be relatively weak. In
Me,SO, amylose might have a much stronger
side-by-side type of energy-lowering factor
than in water. A water molecule is much
smaller than a molecule of Me,SO. Since wa-
ter can act as both a hydrogen-bond donor
and acceptor, and the ¢ and ¢ angles of
amylose in water are more open than in
Me,SO, then perhaps water molecules are sit-
uated between glucose residues in the amylose
helical coil and act to weaken this side-by-side
interaction of the coils.
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