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ABSTRACT: MA’AT analysis has been applied to model the
conformational properties of N-acetyl side-chains in biologically
important GlcNAc and ManNAc monosaccharides and in a βGlcNAc-
(1→4)-βGlcNAc disaccharide. Density functional theory calculations
were conducted to obtain parameterized equations that relate the
magnitudes and signs of 10 spin-coupling constants to conformations of
the C2−N2 bonds of GlcNAc and ManNAc. Six of these equations were
used with experimental J-couplings, measured in H2O/

2H2O and
DMSO-d6 solvents in selectively 13C-labeled compounds, to model the
C1−C2−N2−C1′ torsion angle (θ1) in GlcNAc and ManNAc residues.
MA’AT analysis gave mean values of θ1 of 106° for αGlcNAc and ∼116°
for βGlcNAc residues, with circular standard deviations (CSDs) of 21−
22° in aqueous solution, in excellent agreement with those obtained by aqueous molecular dynamics (MD) simulation. Parameter
space plots revealed unique MA’AT fits of the data, and root mean squared deviations (<0.2 Hz) were twofold smaller than those
back-calculated from MD models, indicating that the MA’AT models better fit the experimental J-couplings. Context effects on both
θ1 values were found to be small in a βGlcNAc-(1→4)-βGlcNAc disaccharide. MA’AT analysis gave a mean value of θ1 of 249° for
αManNAc in H2O/

2H2O, with a CSD of ∼19°, with both values in good agreement with MD. MA’AT models of N-acetyl side-
chains are similar to those obtained previously for O-acetyl side-chains (J. Phys. Chem. B 2017, 121, 66−77). Both O- and N-
acetylation conformationally constrain the C−O or C−N bonds relative to the same bonds in unsubstituted compounds. The
present work confirms the ability of MA’AT analysis to reveal relatively small changes in mean molecular torsion angles in solution
and provides additional evidence of the method as an experimental tool complementary to MD simulation.

■ INTRODUCTION

N-Acetylation is a common side-chain modification of
saccharides with potentially important implications for
saccharide biological functions.1 Aminosugars such as D-
glucosamine hydrochloride (1) bear a positive charge in vivo
that is suppressed via N-acetylation to give N-acetyl-D-
glucosamine (2), similar to the suppression of histone positive
charge via N-acetylation of lysine side-chains.2 N-Acetylation
also protects cells from the toxicity of aminosugars such as D-
galactosamine.3 Common biologically relevant monosacchar-
ides and polysaccharides bearing N-acetyl side-chains include
N-acetyl-D-glucosamine (2), N-acetyl-D-galactosamine (3), N-
acetyl-neuraminate (4), and hyaluronate (5) (Scheme 1).
Two molecular torsion angles, θ1 and θ2, dictate the

conformational properties of N-acetyl side-chains (Scheme
2). Recent NMR studies, assisted by selective 13C-labeling,
have interrogated the cis−trans equilibrium of the amide bond
in N-acetyl (and N-formyl) side-chains (rotation about θ2 in
Scheme 2), and the isomerization kinetics can be measured by
1H and 13C saturation transfer.4 These properties are context
dependent (i.e., they are affected by the specific chemical

environment, an example being O-glycoside linkage con-
formation in a disaccharide compared to that of the same
linkage embedded in a larger oligosaccharide), as recently
observed for O-acetyl side-chains,5 leading to the expectation
that they may affect receptor-binding properties and influence
other structural properties of saccharides, notably those
associated with N-glycosidic linkage conformation in N-linked
glycoproteins (Scheme 3). The structure of the βGlcNAc−Asn
linkage bears a close resemblance to that of the adjacent N-
acetyl group. Thus, structural methods to evaluate the
conformational properties of N-acetyl side-chains should be
applicable to evaluating N-glycosidic linkage conformation.
N-acetyl side-chain conformation has been investigated in

prior studies6−9 by measuring and interpreting 3JHCNH values
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(Scheme 4) as constraints on the C−N bond (rotation about
θ1 in Schemes 2 and 4). Although this J-coupling is useful, it

does not provide unbiased conformational assignments of θ1.
Not only is the system severely under-determined but single-
point analyses cannot provide probability distribution models
comparable to those obtained by molecular dynamics (MD)
simulation. Prior NMR studies of βGlcNAc have shown that
five additional spin-coupling constants (3JH2,C1′,

3JC1,NH,
3JC3,NH,

3JC1,C1′, and 3JC3,C1′; Scheme 4) are potentially useful as
constraints on θ1′, giving a total of six redundant J-couplings to
model θ1.

9 Analogous J-couplings are found in peptides and
proteins (Scheme S1, Supporting Information), but their
structural dependencies are likely to differ from those in
saccharides due to differences in coupling pathway structure.
The primary aim of this study was to extend the application

of a new experimental method, MA’AT analysis (named after
the Egyptian goddess, MA’AT), to N-acetyl side-chains in
order to further document its ability to provide experimental
conformational models comparable to those obtained by MD
simulation and to test and validate the conformational models
obtained by MD simulation. Parameterized J-coupling
equations were developed for N-acetylated monosaccharide
model structures 6c−12c [Scheme 5; the superscript “c”

denotes in silico structures used in density functional theory
(DFT) calculations] that are commonly found in biological
systems. Some of these equations were then applied in MA’AT
analyses5,10 to generate conformational models of θ1 in methyl

2-[1-13C]acetamido-2-deoxy-α-D-glucopyranoside (61′) (the
superscript denotes the 13C-labeled carbonyl carbon in the
side-chain), methyl 2-[1-13C]acetamido-2-deoxy-β-D-glucopyr-

anoside (71′), methyl 2-[1-13C]acetamido-2-deoxy-α-D-man-

nopyranoside (101′), and methyl 2-[1-13C]acetamido-2-deoxy-
β-glucopyranosyl-(1→4)-2-[1-13C]acetamido-2-deoxy-β-D-glu-

copyranoside (methyl β-chitobioside) (131″,1‴) (Scheme 6).
The resulting MA’AT models of θ1 were then compared to

Scheme 1. Biologically Important Monosaccharides 1−4
and a Polysaccharide 5 Bearing N-Acetyl Side-Chains

Scheme 2. Definitions of θ1 and θ2 in the N-Acetyl Side-
Chain of GlcNAc Glycosides and Cis−Trans Isomerization
of the Amide from the Rotation of θ2

Scheme 3. Structure of βGlcNAc Appended to an Asn Side-
Chain in an N-Linked Glycoprotein, Highlighting the
Structural Similarities of the N-Glycosidic Linkage and the
Adjacent N-Acetyl Side-Chain

Scheme 4. Twelve Redundant NMR Spin-Coupling
Constants Sensitive to Either θ1 or θ2 in an N-Acetyl Side-
Chain; Six θ1-Sensitive J-Couplings (Shown in Bold) Were
Used in This Work to Model θ1

Scheme 5. In Silico Model Structures of 6c−11c, 12cp, and
12ci Used in DFT Calculations of Spin-Coupling Constants
Sensitive to θ1
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those derived from aqueous MD simulations and to statistical
data obtained on relevant crystal structures.

■ RESULTS AND DISCUSSION
Spin-Coupling Constants for MA’AT Analysis of θ1 in

6c−12c. The ability of MA’AT analysis to provide models of
molecular torsion angles in solution hinges on the availability
of multiple, redundant spin-coupling constants that exhibit
strong dependencies on the angle, and on experimental or
computational methods to parameterize equations that
describe these dependencies quantitatively.5,10 This study

aimed to model θ1 in N-acetylated saccharides 61′, 71′, 101′,

and 131″,1‴, which partly determines the disposition of the N-
acetyl side-chain with respect to the aldohexopyranosyl ring
(Scheme 2). A second torsion angle, θ2, also affects this
disposition and describes the cis−trans configuration of the
amide bond (Scheme 2). Although MA’AT modeling of θ2 is
not treated here, prior work has described NMR methods to
determine both the cis−trans equilibrium and the kinetics of
cis−trans isomerization in N-acyl side-chains of saccharides in
solution.4

Multiple NMR spin-couplings exist in the vicinity of the N-
acetyl side-chain of saccharides that could be useful in MA’AT
modeling of θ1. Twenty J-couplings were investigated initially
in 7c to determine their dependencies on θ1, and more
specifically, their dynamic ranges (Figures S3−S5, Supporting
Information). Spin-couplings with larger dynamic ranges (i.e.,
large differences between their minimal and maximal values
upon 360° rotation of the torsion angle) are particularly
attractive for MA’AT analysis due to their greater overall
sensitivity to changes in the angle. It was expected that the J-
couplings found to have desirable properties for MA’AT
analysis of θ1 in βGlcNAc 7 (as determined from DFT
calculations on 7c) would be equally desirable for similar
analyses of θ1 in αGlcNAc 6, αGalNAc 8, βGalNAc 9,
αManNAc 10, βManNAc 11, and αNeu5Ac 12. DFT
calculations were conducted in which θ1 in 7 was rotated
through 360° in 15° increments and the 20 J-values were
calculated in the resulting geometry-optimized structures. The
plots of these results are shown in Figures S3−S5 (see the
Supporting Information). Six one-bond (1J) spin-couplings
were examined: 1JC2,H2,

1JC1,C2,
1JC2,C3,

1JC2,N2,
1JN2,H, and

1JN2,C1′ (Figure S3, Supporting Information). Within this
group, 1JC2,N2 and 1JN2,C1′ are only modestly affected by θ1,
showing dynamic ranges of 1.6 and 0.7 Hz, respectively, and

therefore are not very useful for MA’AT analysis. Intermediate
dynamic ranges (3.8−4.7 Hz) were observed for 1JC1,C2,

1JC2,C3,
and 1JN2,NH, while

1JC2,H2 showed the greatest sensitivity to θ1
(11.5 Hz). However, while four 1J values have attractive
characteristics, they are affected by secondary conformational
factors (e.g., effects caused by the rotation of proximal C−O
bonds), complicating their use to model θ1. It is noteworthy
that, for each 1J value investigated, the difference between the
calculated coupling for θ1 = 120° (C1′ and H2 eclipsed) and
θ1 = 300° (C1′ and H2 anti) is relatively small (<∼2 Hz)
(Figure S3, Supporting Information), such that qualitative
inspections of their magnitudes will not yield reliable
information on the relative populations of the two most likely
conformations of θ1.
Eight two-bond (geminal) spin-couplings (2JC1,H2,

2JC3,H2,
2JH2,N2,

2JC1,N2,
2JC3,N2,

2JC1,C3,
2JC2,NH, and

2JC2,C1′; Figure S4,
Supporting Information) were calculated in βGlcNAc 7c. Small
dynamic ranges (0.8−1.4 Hz) were observed for 2JC1,H2,

2JH2,N2,
2JC3,N2,

2JC2,NH, and
2JC2,C1′. Of the remaining three values,

2JC3,H2 and
2JC1,C3 have attractive dynamic ranges (3.0 and 4.5

Hz, respectively), particularly the latter. However, like the 1J
values, the difference between the calculated couplings for θ1 =
120° (H2−C2−N2−H = 180°) and 300° (H2−C2−N2−H =
0°) is relatively small for most 2J values (<∼1 Hz) (Figure S4,
Supporting Information), making them somewhat less
attractive to model θ1 using MA’AT analysis.
Six vicinal (three-bond) spin-couplings (3JH2,NH,

3JC1,NH,
3JC3,NH,

3JH2,C1′,
3JC1,C1′, and

3JC3,C1′; Figure S5, Supporting
Information) were calculated in βGlcNAc 7c. All exhibit
significant dynamic ranges with respect to θ1 (3−11 Hz), with
ranges decreasing in the order 3JHH > 3JCH > 3JCC, as expected.
The abovementioned results indicated that six 3J values and

one 2J value (2JC1,C3) are most useful for MA’AT modeling of
θ1 in 7. As discussed below, however, only the six vicinal J-
couplings were used to model θ1 in αGlcNAc 6, βGlcNAc 7,
and αManNAc 10, and θ1 and θ1′ in disaccharide 13 in this
work due to their ease and accuracy of measurement (i.e., only
13C-labeling at C1′ of the N-acetyl side-chain was required to

measure these J-couplings in 61′, 71′, 101′, and 131″,1‴) (Scheme
6).

Parameterization of Spin-Coupling Equations for
MA’AT Analysis of θ1 in 6c−12c. Nine spin-coupling
equations (3JH2,NH,

3JH2,C1′,
3JC1,NH,

3JC3,NH,
3JC1,C1′,

3JC3,C1′,
2JC1,C3,

2JC1,H2, and
2JC3,H2) were parameterized for 6c−12c (see

eqs S1−S54, Supporting Information). Plots of the calculated
dependencies of these J-couplings on θ1 for α/βGlcNAc (6c/
7c) and α/β-GalNAc (8c/9c) (Figures 1 and 2) showed that
the effect of C4 configuration on J-coupling behavior is small,
leading to generalized equations for αGlcNAc/αGalNAc (eqs
S1−S9, Supporting Information) and βGlcNAc/βGalNAc (eqs
S10−S18, Supporting Information). Separate equation param-
eterizations were required for αManNAc 10c (eqs S19−S27,
Supporting Information), βManNAc 11c (eqs S28−S36,
Supporting Information), and for the protonated and ionized
forms of αNeu5Ac (12cp/i) (eqs S37−S54, Supporting
Information).
The plots in Figure 1 show that anomeric configuration in

6c−9c exerts a small effect on the dependencies of 3JH2,NH,
3JC1,NH,

3JC3,NH,
3JH2,C1′,

3JC1,C1′, and
3JC3,C1′ on θ1. The overall

shapes of the plots for anomeric pairs are conserved but small
changes in the phase and/or amplitude are observed between
the α- and β-anomers. This behavior differs from that observed

Scheme 6. Structures of Singly 13C-Labeled 61′, 71′, 101′ and

131″,1‴ Showing Atom Numbering in the Pyranosyl Rings
and Side-Chains
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for the plots of geminal spin-couplings shown in Figure 2A−C.
The effect of anomeric configuration is more pronounced for
2JC1,C3 and

2JC1,H2 (Figure 2A,B) than for 2JC3,H2 (Figure 2C).
11

For 2JC1,C3, the effect is similar to that observed in simple
aldohexopyranosyl rings in which 2JC1,C3 is strongly positive
when the C1−O1 and C3−O3 bonds are both equatorial,
essentially zero when one C−O bond is axial and the other
equatorial, and moderately negative when both C−O bonds
are axial.12−14 2JC1,H2 values are expected to be more negative
in β-anomers βGlcNAc 7c and βGalNAc 9c than in α-anomers
αGlcNAc 6c and αGalNAc 8c, based on the behavior of 2JC1,H2
values in simple aldohexopyranosyl rings bearing equatorial
C2−O2 bonds.11 For example, 2JC1,H2 is +1.0 Hz in methyl α-
D-glucopyranoside and −6.3 Hz in methyl β-D-glucopyrano-
side.15 However, in general, calculated 2JC1,H2 values in 6c−9c
appear to shift to more negative values due to the substitution
of a C2−O2 bond with a C2−N2 bond, consistent with
observations made previously.8

Plots similar to those shown in Figures 1 and 2 were also
generated for 10c−12cp/i (Figures S1, S2, S7, and S8), from
which corresponding parameterized eqs S19−S54 were
obtained (see the Supporting Information).

MA’AT Modeling of θ1 in Monosaccharides 61′, 71′,

and 101′. Selective 13C-labeling at C1′ in 61′, 71′, and 101′

allowed experimental measurements of 3JH2,NH,
3JC1,NH,

3JC3,NH,
3JH2,C1′,

3JC1,C1′, and
3JC3,C1′ in aqueous solution and DMSO-d6

for each compound (Table 1). The experimental J-couplings
and corresponding DFT-parameterized eqs S1−S27 (Support-

Figure 1. Calculated vicinal spin-coupling constants in αGlcNAc 6c

(solid green), βGlcNAc 7c (dashed green), αGalNAc 8c (solid red),
and βGalNAc 9c (dashed red) as a function of θ1. (A)

3JH2,NH. (B)
3JH2,C1′. (C)

3JC1,NH. (D)
3JC3,NH. (E)

3JC1,C1′. (F)
3JC3,C1′. In each plot,

the overlapping curves for 6c and 8c were combined to give the solid
black curves corresponding to eqs S1−S6, and the overlapping curves
for 7c and 9c were combined to give the dashed black curves
corresponding to eqs S10−S15 (see the Supporting Information for
the equations).

Figure 2. Calculated geminal spin-coupling constants in αGlcNAc 6c

(solid green), βGlcNAc 7c (dashed green), αGalNAc 8c (solid red),
and βGalNAc 9c (dashed red) as a function of θ1. (A)

2JC1,C3. (B)
2JC1,H2. (C)

2JC3,H2. In each plot, the overlapping curves for 6c and 8c

were combined to give the solid black curves corresponding to eqs
S7−S9, and the overlapping curves for 7c and 9c were combined to
give the dashed black curves corresponding to eqs S16−S18 (see the
Supporting Information for the equations).

Table 1. JHH, JCH, and JCC Valuesa in αGlcNAcOCH3 (6
1′),

βGlcNAcOCH3(7
1′), and αManNAcOCH3 (10

1′) in
Aqueous Solution and DMSO-d6

aqueous solution DMSO-d6

compound compound

J-coupling 61′ 71′ 101′ 61′ 71′ 101′

3JH2,NH 9.7 10.1 11.1 8.3 9.1 8.0
3JC1,NH 0.6 0.7 1.1 0.5 0.7 1.1
3JC3,NH 1.3 1.0 1.3 1.4 1.0 1.0
3JH2,C1′ 3.4 3.5 3.3 nm 3.8 br
3JC1,C1′ 1.0 1.4 1.4 0.7 1.2 br
3JC3,C1′ 1.5 1.2 1.0 1.8 0.9 1.3

aIn Hz at ∼25 °C, ±0.1 Hz. 3JH2,NH and 3JH2,C1′ values were measured
from 1D 1H NMR spectra. 3JC1,C1′ and

3JC3,C1′ values were measured
from 1D 13C{1H} NMR spectra. 3JC1,NH and 3JC3,NH values were
measured from 2D HSQC-HECADE spectra. For the J-couplings
measured in aqueous solution, J-values not involving the NH
hydrogen were measured in 2H2O and the remaining three J-
couplings were measured in 93/7 v/v H2O/

2H2O. All
3J-couplings

have positive signs. A “nm” entry denotes a J-value that could not be
measured accurately. A “br” entry denotes a non-zero J-value that is
<0.7 Hz (broadened signal).
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ing Information) were then used as inputs in MA’AT analyses
of θ1. Multiple MA’AT models were obtained for θ1 in

αGlcNAc 61′, βGlcNAc 71′, and αManNAc 101′ using different
combinations of the six spin-coupling constants measured in
either aqueous solution or DMSO-d6 (Tables S1−S12, Figure
S9, Supporting Information) to determine how the models are
affected by the ensemble of J-couplings used in the analysis.
The MA’AT models obtained from these fits gave parameter
space plots indicative of unique solutions (for representative
parameter space plots, see Figure S16, Supporting Informa-
tion) in nearly all the cases. The multiple models were

combined to obtain an average model of θ1 in 61′, 71′, and 101′,
and the average MA’AT models were superimposed on those
obtained from aqueous MD simulations (1 μs). The results are
shown in Figure 3, and the statistics obtained from the data
fitting are summarized in Table 2.
For αGlcNAc 6 in aqueous solution, MA’AT analyses gave

an average mean θ1 of 106.3 ± 2.5° and an average circular
standard deviation (CSD) of 22.1 ± 4.0°. These results
compare favorably with those obtained by aqueous MD

simulation, which gave respective values of 104.2 and 25.1°.
The quality of the MA’AT fit is reflected in the average root-
mean-squared deviation (RMSD) of 0.15 ± 0.07 Hz, which is
smaller than 0.27 Hz obtained from MD, indicating a slightly
better fit to the experimental data. For βGlcNAc 7, MA’AT
analysis gave an average mean value of θ1 of 116.3 ± 1.8° and
an average CSD of 20.7 ± 4.5°. These results closely mimic
those obtained by MD, the latter giving respective values of
117.0° and 18.6°. As found for 6, the RMSD obtained from the
MA’AT model of 7 (0.17 ± 0.11 Hz) is slightly smaller than
that obtained from the MD model. For αManNAc 10, an
average mean value of θ1 of 249.0 ± 1.2° and an average CSD
of 18.9 ± 1.4° were obtained from MA’AT analysis. These
results resemble those obtained by MD, the latter giving a
mean value of 251.0° and a CSD of 24.3°. In this case, the
RMSD from the MA’AT model (0.08 ± 0.02) was significantly
smaller than that calculated from the MD model (0.84 Hz),
indicating that the former model fits the experimental data
better. Overall, MA’AT analysis of θ1 in 6, 7, and 10
recapitulates the MD data well in terms of both mean values
of θ1 and the degree of librational motion about the mean
values. The latter motion, embodied in the CSDs, ranges from
19 to 22°, comparable to the 19−25° range determined by
MD. The N-acetyl side-chain highly prefers a conformation in
6, 7, and 10 where the C2−H2 bond in the aldohexopyranosyl
ring is nearly eclipsed with the C1′O bond of the side-chain
(the anti-geometry in which H2 is anti to the NH hydrogen)
(Scheme 7).
The solution behavior of θ1 in αGlcNAc 6, βGlcNAc 7, and

αManNAc 10 determined by MA’AT analysis was compared to
that observed in crystal structures containing N-acetylated
sugar residues (Tables S13, S14, and Figures S10, S11,
Supporting Information). Because GlcNAc residues signifi-
cantly outnumber other types of N-acetylated sugars in the
Protein Data Bank (PDB), only PDB data for these residues
are plotted against models of θ1 determined by MA’AT and
MD (Figure 4). In general, there is very good overlap of the
population distributions of θ1 determined by the three
methods (see statistics in Table 2), with the anti-geometry
highly preferred (θ1 near 120°), although the PDB contains a
minor conformation with θ1 near 300°, that is, in a geometry
where the C2−H2 and N2−H bonds are eclipsed (syn
geometry). The structures containing these aberrant con-
formations mostly involve complexes with proteins where the
binding interaction stabilizes the otherwise less preferred syn
form. This behavior is discussed in more detail below.

The experimental J-couplings measured in αGlcNAc 61′,

βGlcNAc 71′, and αManNAc 101′ (Table 1) are essentially the
same in aqueous solution and DMSO-d6, the exception being
3JH2,NH, which is consistently smaller in DMSO-d6 by 1−3 Hz.
MA’AT modeling of θ1 in DMSO-d6 gave similar but not
identical mean values of θ1 to those found in aqueous solution
(Figure 3, Table 2). The effect of the solvent on the mean
value of θ1 was discernible for 6, whereas the effect is negligible
for 7 (Figure 5). The CSDs in DMSO-d6 are slightly larger
than those in the aqueous solution, especially for 10, indicating
greater librational motion in nonaqueous solvent, but more
data are needed to confirm this behavior.

MA’AT Modeling of θ1 and θ1′ in Disaccharide 13. N-
Acetyl side-chain conformations in methyl β-chitobioside

131″,1‴ were determined to demonstrate the application of
MA’AT analysis to structures more complex than mono-

Figure 3. Average MA’AT models of θ1 in αGlcNAc 6 (A), βGlcNAc
7 (B), and αManNAc 10 (C) in aqueous solution (black curves) and
in DMSO-d6 (blue curves) superimposed on models obtained by
aqueous MD simulation (1 μs) (gray envelopes). The fitting statistics
are summarized in Table 2, and representative parameter space plots
are shown in Figure S16 of the Supporting Information.
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saccharides and to investigate the effect of structural context on
conformation. Experimental J-couplings sensitive to θ1 in
residue a and θ1′ in residue b were measured in aqueous
solution and DMSO-d6 (Table 3, Supporting Information)
(see Scheme 6 for residue assignments). Different combina-
tions of these J-couplings were then used in MA’AT analyses
(Tables S18−S25, Supporting Information), which gave
multiple models that were used to calculate average models
of θ1 and θ1′ (Table 4 and Figures 6 and S15). In aqueous
solution, the average mean value of θ1 (114.6 ± 1.5°) and its
CSD (22.3 ± 3.3°) are similar to those found for βGlcNAc 7

(116.3 ± 1.8 and 20.7 ± 4.5°, respectively; Table 2). Both
side-chains are located on a terminal βGlcNAc residue, and
potential context effects are likely to be small. On the other
hand, the average mean value of θ1′ (110.0 ± 1.6°) in
disaccharide 13 is smaller than that of θ1 in 7 and 13,
suggesting that the “internal” N-acetyl side-chain may
experience local effects that influence its geometry in solution.
This behavior is also observed in the values of θ1 and θ1′ in 13

Table 2. Statistics from MA’AT Modeling of θ1 in αGlcNAcOCH3 (6), βGlcNAcOCH3 (7), and αManNAcOCH3 (10) in
Aqueous Solution and DMSO-d6

mean (deg) std. error (deg) CSDd (deg) std. error (deg) RMSDe (Hz)

αGlcNAcOCH3 (6)
averagea (aqueous) 106.3 ± 2.5 8.3 ± 1.8 22.1 ± 4.0 10.4 ± 8.2 0.15 ± 0.07
averagea (DMSO-d6) 97.5 ± 2.6 8.1 ± 2.7 27.2 ± 3.2 10.2 ± 6.6 0.10 ± 0.06
MDb 104.2 25.1 0.27
X-rayc 113.7 45.7 0.49

βGlcNAcOCH3 (7)
average (aqueous) 116.3 ± 1.8 10.4 ± 2.0 20.7 ± 4.5 10.1 ± 7.7 0.17 ± 0.11
average (DMSO-d6) 115.8 ± 4.2 12.5 ± 3.4 26.8 ± 5.2 7.6 ± 2.9 0.39 ± 0.20
MD 117.0 18.6 0.29
X-ray 112.2 35.6 0.22

αManNAcOCH3 (10)
average (aqueous) 249.0 ± 1.2 8.2 ± 2.2 18.9 ± 1.4 9.4 ± 3.7 0.08 ± 0.02
average (DMSO-d6) 251.7 ± 5.6 9.8 ± 3.3 30.9 ± 4.7 7.6 ± 2.3 0.18 ± 0.10
MD 251.0 24.3 0.38
X-ray 238.5 14.6 0.55

aAverage ±1 standard deviation obtained from MA’AT models of θ1 obtained using different combinations of redundant J-couplings (see Tables
S1, S3, S5, S7, S9, and S11 for aqueous, and Tables S2, S4, S6, S8, S10, and S12 for DMSO-d6, in the Supporting Information). bValues obtained
from 1-μs aqueous MD simulations. cValues obtained from X-ray database analyses. dCSD = circular standard deviation. eRMSD = root mean
squared deviation.

Scheme 7. Mean θ1 Torsion Angles in 6, 7, and 10 in
H2O/2H2O Determined from MA’AT Analysis, Showing
near Eclipsing of the C2−H2 and C1′O Bonds

Figure 4. Solution models of θ1 in αGlcNAcOCH3 (6) (A) and βGlcNAcOCH3 (7) (B) determined by MA’AT analysis in H2O/
2H2O (bold blue

curves) superimposed on corresponding models determined by MD (hatched yellow) and from crystal structures found in the PDB (hatched blue).
The area in red is occupied by all three models.

Figure 5. Effect of solvent on MA’AT models of θ1 in αGlcNAc 6 and
βGlcNAc 7. Black: 6, aqueous solution. Black dotted: 6, DMSO-d6.
Blue: 7, aqueous solution. Blue dotted: 7, DMSO-d6.
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determined by aqueous MD simulation (Table 4). This
difference is smaller in DMSO-d6 and may not be statistically
significant (Table 4). The trends in the mean values of θ
determined by MD and MA’AT analysis in aqueous solutions
are conserved, namely, θ1 (7) > θ1 (13) > θ1′ (13) > θ1 (6).
The CSDs in DMSO-d6 for both θ1 and θ1′ determined from

MA’AT analysis are larger than those found in aqueous
solutions, consistent with observations made in αGlcNAc 6,
βGlcNAc 7, and αManNAc 10 (Table 2) and indicating
greater librational motion in nonaqueous solvent. MA’AT
analysis indicates greater flexibility in both θ1 and θ1′ in
disaccharide 13 than predicted by MD simulation, a result that
differs from those obtained on 6 and 7. Additional studies will
be needed to establish whether the larger CSDs for θ1 and θ1′
in 13 obtained by MA’AT analyses, compared to those
obtained by MD, are generally observed in N-acetyl side-chains
of di- and oligosaccharides, and whether adjustments in the
GLYCAM force field are warranted.

■ CONCLUSIONS
The aim of this study was to apply a newly developed
experimental NMR method, MA’AT analysis,10 to investigate
the solution conformations of N-acetyl side-chains in
saccharides. This work extends prior studies of 2-N-acetylated
aldohexopyranosyl rings in which ensembles of spin-couplings
(JHH, JCH, JCC, JNH, and JNC) in the rings and side-chains,8

parameterized equations sensitive to θ1 and amide bond
configuration (cis and trans),9 and the thermodynamics and
kinetics of cis−trans isomerization of N-acetyl and N-formyl
side-chains4 were investigated. The present work also builds on
recent studies in which the solution conformations of 2-O-
acetyl side-chains in 2-O-acetyl-α-D-glucopyranose (14α) and
2-O-acetyl-β-D-glucopyranose (14β) (Scheme 8) were found
to be affected by anomeric configuration, similar to findings
reported here for the structurally related 2-N-acetyl side-chains
in αGlcNAc 6 and βGlcNAc 7.5 The mean values of the H2−
C2−O2−C1′ torsion angle γ in 14α and 14β were found to be
−22.5 and −1.1°, respectively, with CSDs of 30 and 25°,
respectively (Scheme 8). RMSDs determined from unique fits
of the data were ∼0.2 Hz, which is similar to the ∼0.2 Hz
RMSDs determined from MA’AT modeling of θ1 in the 2-N-
acetyl side-chains in 6 and 7. The ∼20° difference in γ
observed between 14α and 14β is comparable to the ∼10°
difference in θ1 between 6 and 7. In both sets of compounds,
α-anomers show less eclipsing of the C2−H2 and CO bonds

Table 3. JHH, JCH, and JCC Valuesa in βGlcNAc-(1→4)-

βGlcNAcOCH3 (13
1″,1‴) in Aqueous Solution and DMSO-d6

aqueous solution DMSO-d6

J-coupling residue a residue b residue a residue b
3JH2,NH 9.9 10.2 9.0 9.3
3JC1,NH 0.7 0.6 0.6 0.5
3JC3,NH 1.0 1.3 0.9 0.8
3JH2,C1′ 3.3 3.4 nm nm
3JC1,C1′ 1.1 1.0 1.0 0.9
3JC3,C1′ 1.1 1.3 1.0 1.2

aIn Hz at ∼25 °C, ±0.1 Hz. Residue a: βGlcNAc-(1→4)-
βGlcNAcOCH3. Residue b: βGlcNAc-(1→4)-βGlcNAcOCH3.
3JH2,NH and 3JH2,C1′ values were measured from 1D 1H NMR spectra.
3JC1,C1′ and

3JC3,C1′ values were measured from 1D 13C{1H} NMR
spectra. 3JC1,NH values were measured from 2D HSQC-HECADE
spectra. For J-couplings measured in aqueous solution, J-values not
involving the NH hydrogen were measured in 2H2O and the
remaining three J-couplings measured in 93/7 v/v H2O/

2H2O. All J-
couplings have positive signs. A “nm” entry denotes a J-value that
could not be measured accurately.

Table 4. MA’AT Analysisa of θ1 and θ1′ in βGlcNAc-(1→4)-βGlcNAcOCH3 (13): Modeling Results and Statistics in Aqueous
Solution and DMSO-d6

residue mean (deg) std. error (deg) CSDe (deg) std. error (deg) RMSDf (Hz)

residue ab (aqueous) 114.6 ± 1.5 11.0 ± 2.6 22.3 ± 3.3 8.8 ± 4.8 0.14 ± 0.07
residue a (DMSO-d6) 113.4 ± 5.6 11.8 ± 2.5 28.0 ± 4.5 7.1 ± 2.7 0.25 ± 0.12
MDd 114.8 17.8 0.33
residue bc (aqueous) 110.0 ± 1.6 9.5 ± 2.3 20.4 ± 3.4 9.2 ± 7.3 0.14 ± 0.08
residue a (DMSO-d6) 112.0 ± 4.5 10.5 ± 2.5 24.0 ± 5.9 9.7 ± 8.6 0.22 ± 0.11
MD 111.3 16.8 0.27

aAll entries are average values ±1 standard deviation from MA’AT models of θ1 and θ1′ obtained using different combinations of redundant J-
couplings (see Tables S18−S25, Supporting Information). bResidue a: βGlcNAc-(1→4)-βGlcNAcOCH3.

cResidue b: βGlcNAc-(1→4)-
βGlcNAcOCH3.

dValues obtained from 1-μs aqueous MD simulations. eCSD = circular standard deviation. fRMSD = root mean squared deviation.

Figure 6. Average MA’AT models of θ1 in residue a (A) and θ1′ in
residue b of disaccharide 13 in aqueous solution (black curves) and in
DMSO-d6 (blue curves) superimposed on models obtained by
aqueous MD simulation (1-μs) (gray envelopes). The fitting statistics
are summarized in Table 4, and representative parameter space plots
are shown in Figure S16 of the Supporting Information.
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(C1−C2−O2/N2−C1′ torsion angles of ∼100°) compared to
β-anomers (C1−C2−O2/N2−C1′ torsion angles of ∼116°).
Previous qualitative analyses of spin-coupling ensembles

sensitive to θ1 in βGlcNAc 7 conducted prior to the
development of MA’AT led to models in which θ1 values of
either ∼120° (C2−H2 and CO bonds eclipsed) or ∼300°
(C2−H2 and N−H bonds eclipsed) were considered possible,
with the latter more likely to be preferred. MA’AT analysis
resolves this ambiguity by providing probability distributions of
torsion angles in solution for axial (αManNAc 10) and
equatorial (αGlcNAc 6, βGlcNAc 7, and disaccharide 13)
C2−N2 bonds, and is sufficiently quantitative to enable
investigations of context effects. Mean values of θ1, while
similar, are not identical in 6 and 7. In 7 and in residue a of 13,
mean geometries about θ1 are observed (∼115°) in which the
C2−H2 and CO bonds are nearly eclipsed. In αGlcNAc 6,
however, the mean value of θ1 differs by ∼10° from that found
in βGlcNAc 7 and residue a of disaccharide 13, adopting a
value near 106°. A weak 1,3-diaxial interaction between the
axial O1 and the pseudoaxial NH hydrogen on the N-acetyl
side-chain in the α-anomer may induce θ1 to adopt a smaller
value, thereby reducing the interaction (O1 and the NH
hydrogen are further apart) while maintaining a geometry in
which the CO bond is nearly eclipsed by the C2−H2 bond.
A weak hydrogen-bonding interaction between the NH
hydrogen and a lone-pair orbital on O3 may also induce
and/or stabilize the 10° shift in αGlcNAc 6.
The effects of anomeric configuration on θ1 observed in 6, 7,

and 13 closely match those predicted by MD simulation,
providing valuable experimental evidence supporting the MD
models. Although the corresponding θ1-sensitive spin-cou-
plings used to model θ1 in 6 and 7 appear to be very similar
qualitatively, they differ sufficiently such that, when treated
collectively, MA’AT analysis is capable of detecting a difference
in the mean values of θ1. These results demonstrate the ability
of MA’AT analysis to detect both small and large context
effects on conformational elements in saccharides and
presumably in other types of molecules.
TheMA’AT studies of N- and O-acetyl side-chains show that

the C−N and C−O bonds of these side-chains are highly
rotationally constrained compared to the same C−N and C−O
bonds in the absence of acylation. An entropic cost is paid
upon saccharide N- and O-acetylation, with both modifications
producing more conformationally constrained products. The
solution models of C2−O2 bond conformation in methyl α-
and β-D-glucopyranosides are expected to differ significantly
from those in 14α and 14β. Likewise, the solution models of
the C2−N2 bond conformation in α- and β-D-glucosamines 1
and their glycosides are expected to differ significantly from

those in αGlcNAc 6 and βGlcNAc 7. The latter models, in
each case, are essentially constrained to a single torsion angle
with a small amount of deviation, whereas the former are likely
to sample conformations over the 360° rotational itinerary,
albeit staggered states are expected to predominate. In 1, this
sampling is meaningless structurally because the three states
are equivalent. The solution models of free C−O bonds in a
solution, determined experimentally, are currently lacking,
although prior experimental data have been interpreted using
conventional three-state staggered models that may not mimic
behavior in solution. MD simulation has been used to support
these staggered models, although current force fields are not
sufficiently parameterized to allow reliable predictions of these
behaviors. Current work in this laboratory aims to apply
MA’AT modeling to this problem.
The MA’AT models of θ1 for αGlcNAc 6, βGlcNAc 7,

αManNAc 10, and disaccharide 13 show uniformity with
respect to the preferred relative orientation of the C2−H2 and
side-chain amide CO bonds. This preference may pertain to
free saccharides but not to saccharides bound to proteins. For
example, in crystal structures of the lectin, LecB, from
Pseudomonas aeruginosa complexed with the Lex tetrasacchar-
ide, an unusual conformation has been observed in the N-
acetyl groups of all Lex molecules in the asymmetric unit. In
these structures, the H2−C2−N2−H torsion angle adopts a
syn conformation (torsion angles of −1.8 to −13.3°), while the
H−N2−C1′−O1′ torsion angle remains in an anti-conforma-
tion (torsion angles of 149.7−177.1°).16 This unusual
conformation orients the acetyl group away from the protein
surface, with the NH moiety pointing toward an Asp residue to
allow either a direct hydrogen bond or one bridged by water.
Theoretical calculations indicate that this conformation, which
is unstable in solution, is stabilized by the lectin. A PDB-wide
search revealed that this conformation about θ1, is rare,
occurring in ∼2% of protein-carbohydrate complexes.
The MA’AT modeling of θ1 was performed with the

assumption that the amide cis−trans equilibrium of the N-
acetyl side-chain in structures such as 6, 7, 10, and 13 highly
favors the trans configuration (θ2; C2 anti to C2′) (Scheme 2).
This assumption is supported by prior work showing that, at
42−75 °C, Ktrans/cis for N-acetyl side-chains ranges from 31 to
72.4 The equilibrium depends on the structure of the R-group
attached to the carbonyl carbon. For example, N-formyl side-
chains give Ktrans/cis of 2.5−4.2 over a similar temperature
range.4 Kinetic studies of cis−trans isomerization of 2-N-acetyl
side-chains gave ktrans→cis and kcis→trans of 0.02−2.6 and 1.7−80
s−1, respectively, at 42−75 °C.4 The activation barrier is
expected to be influenced by solvent polarity, such that when
the amide hydrogen and/or carbonyl oxygen are involved in

Scheme 8. (A) Structures of 2-O-Acetyl-α,β-D-glucopyranoses (14α/β) and Identification of the Rotatable Exocyclic C2−O2
Bond, γ.(B) Mean Values of γ (Defined as the H2−C2−02−C1′ Torsion Angle) in 14α and 14β in Aqueous Solution
Determined by MA’AT Analysis (See Ref 5)
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hydrogen bonding with a polar solvent (e.g., water) as a donor
and/or acceptor, respectively, the barrier increases, presumably
because the amide bond has greater double-bond character
compared to that in non-hydrogen-bonding solvents or
nonpolar environments.17,18 Structural factors that affect θ2
and θ1 (Scheme 2) determine the behavior of GlcNAc and
related residues in N-linked glycoproteins not only with
respect to their N-acetyl side-chains but also to the structurally
related N-linkage to the Asn side-chain of the protein (see
Scheme 3).
Although variability in the fitting statistics was observed

when different combinations of vicinal spin-couplings were
used in MA’AT modeling of θ1 in 6, 7, 10, and 13, the
differences are small. The models of θ1 predicted from MA’AT
analysis are relatively insensitive to the particular ensemble of
spin-couplings used, provided that the number used is
sufficient to justify the fit. In the present work, reliable fits of
the data were obtained for θ1 even when only four of the six
available vicinal spin-couplings were used in the analysis, as
determined from consistently small RMSDs and from
parameter space plots demonstrating unique fits of the
experimental data. Nevertheless, as discussed elsewhere,5,10

MA’AT models are more reliable when the number of
redundant spin-couplings used is maximized, and ongoing
efforts in this laboratory aim to expand ensembles of redundant
J-couplings to include not only 3J values but also 1J and 2J
values, provided that the latter can be parameterized reliably
and known secondary effects are accounted for (see Spin-
Coupling Constants for MA’AT Analysis of θ1 in 6c−12c in
Results and Discussion).
This work extends the application of MA’AT analysis to

another conformational element of saccharides that adopts a
single-state model (or largely so) in solution. However, not all
conformational elements in saccharides are expected to adopt
single-state models. Exocyclic hydroxyl and hydroxymethyl
group conformations, and furanosyl and pyranosyl ring
pseudorotation, are examples of conformational elements
where multistate models likely pertain. Work is underway to
apply MA’AT analysis to these elements.

■ EXPERIMENTAL SECTION

Preparation of 13C-Labeled Methyl Glycosides 61′, 71′, 101′,
and 131″,1‴. Methyl glycosides 61′ and 71′ were prepared and purified
as described previously4,8 with minor modifications. Chemical

protocols to prepare 61′, 71′, 101′, and 131″,1‴ are described in the
Supporting Information.
NMR Spectroscopy. High-resolution 1H and 13C{1H} NMR

spectra of 13C-labeled 61′, 71′, 101′, and 131″,1‴ and their unlabeled
forms were obtained on ∼20 and ∼100 mM aqueous (2H2O or 93/7
v/v H2O/

2H2O) solutions, respectively, or on ∼10 and ∼50 mM
DMSO-d6 solutions, respectively, at ∼25 °C. Sample solutions were
analyzed in 5-mm NMR tubes on a 600-MHz Fourier transform
NMR (FT-NMR) spectrometer equipped with a 5-mm
1H−19F/15N−31P AutoX dual broadband probe or on an 800-MHz
FT-NMR spectrometer equipped with a 5 mm cryoprobe. One-
dimensional (1D) 1H NMR spectra were collected with ∼4 s recycle
times, ∼256 K data points, and ∼6000 Hz spectral widths, and FIDs
(free induction decay) were zero-filled twice to give final digital
resolutions of <0.01 Hz/pt. 13C{1H} NMR spectra (150 MHz) were
collected with ∼12,800 Hz spectral widths, ∼256 K data points, and
∼5 s recycle times, and FIDs were zero-filled twice to give final digital
resolutions of <0.05 Hz/pt. FIDs were processed with resolution
enhancement (Gaussian or sine-bell functions) to improve resolution
and facilitate the measurement of small J-couplings (≥0.5 Hz), and

experimental J-couplings were obtained with ±0.1 Hz errors unless

otherwise stated. Representative NMR spectra of 61′, 71′, 101′, and

131″,1‴ and their unlabeled forms used to measure JHH, JCH, and JCC
values are shown in the Supporting Information. The spectral
simulation of 1D 1H NMR spectra using Bruker TopSpin NMR-SIM
software19 gave JHH and JCH values free of second-order effects.

To measure long-range intra-residue nJCH values involving the NH
hydrogen, two-dimensional (2D) 13C−1H HSQC-HECADE spectra20

in a 93/7 v/v H2O/
2H2O solvent were recorded with spectral widths

of ∼10 and 50−60 ppm for 1H and 13C, respectively, and 16−120
scans per t1 increment. Data matrices of 4092 (or 8192) × 256 (or
512) points were recorded, and spectra were zero-filled to give final
16384 × 1024 matrices in the 1H and 13C dimensions, respectively. A
DIPSI-2 spin-lock was used with a 90-ms mixing time. Scaling factors
of 1−10 were applied to avoid spectral crowding by scaling 1JCH
values in the indirect dimension. Sign information was obtained from
the slopes of the two cross-peak components.

Coupling signs for 2JCH and 2JCC values were determined using
empirical projection rules11,21 and/or are based on signs determined
from DFT calculations.

■ CALCULATION SECTION

Geometry Optimizations. DFT calculations were con-
ducted on fully substituted model structures 6c−12c (Scheme
5) within Gaussian1622 with the B3LYP functional23,24 and the
6-31G* basis set.25 In all the geometric optimizations, the
effects of solvent water were treated using the self-consistent
reaction field (SCRF)26 and the integral equation formalism
polarizable continuum model (IEFPCM).27 For calculations
on 6c−11c, the C1−C2−N2−C1′ torsion angle θ1 was rotated
in 15° increments through 360°, while all other exocyclic
torsion angles were either held fixed at 180° (e.g., the C2−
N2−C1′−C2′ torsion angle θ2 in the N-acetyl side-chain) or
set at initial values and allowed to optimize (for summaries of
torsion constraints used in DFT calculations on 6c−11c, see
Schemes S2−S7 in the Supporting Information). These
calculations yielded 24 geometry-optimized structures for
6c−11c (144 total structures), which were used as an input
in J-coupling calculations. Similar calculations were conducted
on 12 in either its protonated (12cp) or ionized (12ci) forms,
in this case rotating the C4−C5−N5−C1′ torsion angle θ1 in
15° increments through 360°. The treatment of the exocyclic
torsion angles in 12cp/i during geometry optimization is
summarized in Scheme S8 in the Supporting Information.

Calculations of NMR Spin-Coupling Constants. The
structural dependencies of 20 JHH, JCH, and JCC values on θ1
(Scheme 9) were calculated in geometry-optimized structures
of 6c−12c using DFT with the B3LYP functional23,24 in
Gaussian16.22 The Fermi contact,28−30 diamagnetic and
paramagnetic spin−orbit, and spin−dipole terms28 were
recovered using a specially designed basis set, [5s2p1d|
3s1p],31 and raw (unscaled) calculated couplings are reported
and are accurate to within ±0.2−0.3 Hz based on prior work.15
The SCRF26 and the IEFPCM27 were used to treat the effects
of solvent water during the J-coupling calculations.

Spin-Coupling Equation Parameterization. Equations
relating DFT-calculated JHH, JCH, and JCC values to θ1 in 6c−
12c were parameterized using R. Equations were parameterized
using J-values calculated in a sub-population of conformers that
was selected using a 10 kcal/mol energy cutoff to remove
highly strained conformers.10 A secondary constraint was also
applied when needed to remove DFT-optimized structures
containing distorted aldohexopyranosyl rings; Cremer−Pople
puckering parameters were calculated from DFT-generated
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Cartesian coordinates and a θ value of 35° was used as the
cutoff.10 The plots of calculated J-couplings in structures 6c−
12c as a function of θ1 were parameterized and are found in the
Supporting Information (eqs S1−S60). The curves were fitted
to the following modified Karplus-like equation (eq 1) using R.

θ θ θ

θ θ θ

= + + + +

+ +

J k a b c d

e f

(Hz) cos sin cos 2 sin

2 cos 3 sin 3

X Y
n

, 1 1 1

1 1 1 (1)

This generalized form of the Karplus-like equation was first
described by Pachler.32 This trigonometric function accounts
for asymmetry in the Karplus curve caused by the substitution
of a hydrogen atom in the coupling pathway. This form was
adopted in this work because it provides the best parameter-
ization of the DFT data with the smallest number of terms.
This form is also amenable to simple integration, making it
compatible with MA’AT analysis10 for modeling torsional
populations in a solution. The goodness-of-fit of each equation
is reported as an RMSD. Equation parameterization was also
evaluated using the Akaike information criterion,33 resulting in
truncated forms of some equations.
Brief Description of the MA’AT Method. The relation-

ship between molecular torsion angles and NMR spin-
couplings is well established,34,35 which allows theoretical
methods to produce a function J(θ) that describes this
dependence. NMR observables are averaged over the entire
population and do not yield conformations of single molecules.
Therefore, the experimental J-coupling (Jexp) can be quantified
using eq 2, where J(θ) is the function describing the torsional
dependence of the J-coupling and ρ(θ) is the population
density.

∫ θ ρ θ θ=
π

J J( ) ( ) dexp 0

2

(2)

The MA’AT method to determine rotamer population
distributions evaluates eq 2 directly. The method uses a
trigonometric polynomial to represent J(θ) (eq 1) and either a
wrapped normal or von Mises distribution to represent ρ(θ).
The method then uses an ensemble of redundant NMR J-
couplings that depend on the same torsion angle to solve for
optimal values of the population model. This result is achieved
by calculating spin-coupling constants for the ensemble from
population distributions generated from a Monte Carlo
simulation. The calculated J-couplings are compared to the

experimental values to give a RMSD for each population
model. The models that give the lowest RMSD are further
optimized using the Nelder−Mead derivative-free algo-
rithm.36,37 A web-based application with the same name as
the method has been encoded in R as a Shiny application and
is available at https://rmeredit.shinyapps.io/maat24/.

Aqueous MD Simulations. Initial structures of 6c, 7c, 10c,
and 13c were built using the carbohydrate builder module
available on the GLYCAM website (http://www.glycam.
org).38 The GLYCAM0639 (version j) force field was
employed in all the simulations. Structures 6c, 7c, 10c, and
13c were solvated with TIP3P40 water using a 12 Å buffer in a
cubic box, using the LEaP module in the AMBER 14 software
package.41 Energy minimizations for solvated 6c, 7c, 10c, and
13c were performed separately under constant volume (500
step steepest descent, followed by 24,500 steps of conjugate
gradient minimization). Each system was subsequently heated
to 300 K over a period of 50 ps, followed by equilibration at
300 K for a further 0.5 ns using the nPT condition, with the
Berendsen thermostat42 for temperature control. All covalent
bonds involving hydrogen atoms were constrained using the
SHAKE algorithm,43 allowing a simulation time step of 2 fs
throughout the simulation. After equilibration, production
simulations were carried out with the GPU (graphics
processing unit) implementation44 of the PMEMD.MPI
module, and trajectory frames were collected every 1 ps for a
total of 1 μs. One to four nonbonded interactions were not
scaled45 and a nonbonded cutoff of 8 Å was applied to van der
Waals interactions, with long-range electrostatics treated with
the particle mesh Ewald approximation. The output from each
MD simulation was imported into Prism46 for visualization.
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Spin-coupling constants in N-acetyl side-chains of
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6c−12c; dependencies of calculated J-couplings on θ1 in

6c−12c; synthesis and NMR spectra of 61′ and 71′;
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DMSO-d6; MA’AT models of θ1 in 6, 7, and 10 using J-
couplings measured in aqueous solutions and DMSO-d6;
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formations taken from the PDB; percentages of cis and
trans amide configurations in N-acetylated sugars in the
PDB; histograms showing the distribution of θ1 and θ2
in N-acetylated sugar residues in crystal structures
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Scheme 9. Twenty Spin-Coupling Constants in 6c−11c
Whose Dependencies on θ1 were Calculated, Illustrated for
7c
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