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ABSTRACT: A new experimental method, MA’AT analysis, has ~ °“] aMantzaMan [ o005 - ] aManiZaMan ko.0100
been applied to investigate the conformational properties of O- %] 0008 015 £0.0075
glycosidic linkages in several biologically important mannose- * 2] T 010 Fo.0050
containing di- and oligosaccharides. Methyl @-pD-mannopyranosyl-  °13 [0002 o005} F0.0025
—_ -0-D- i -D- = 0.0 0.000 0.00: t-0.0000
(1-2)-a-p-mannop y‘ranos.lde (2), methyl a-p-mannopyranosyl -180-120 -60 O 60 120 180 -180-120 -60 0 60 120 180
(1-3)-a-p-mannopyranoside (3), and methyl @-D-mannopyrano- ¢ HI—C1-01-C2 (°) : C1-01-C2-H2 (°)
fgrl-(l—>_3)—ﬁ—D—mannopyranoside (4) were prepared with selective 04 Mentavan (9995 020 ciantaatan 0,006
C-enrichment to enable the measurement of NMR scalar 03] [0-004 ¢.153
. . P . L0.003 [0:004 5
couplings across their internal O-glycosidic linkages. Density ®o.2] 0.10] 3
0.002 L0.002 ~

functional theory (DFT) was used to parameterize equations for  o.1]
Jcu and Jc values in 2—4 that are sensitive to phi (¢) and psi ().  o.otefertlillieS L5000 0.003a et 0.000
The experimental J-couplings and parameterized equations were ’180;231',%1301%;?% 180 '180'1:]:2%1'?_001,0_036_0H£% 180
treated using a circular statistics algorithm encoded in the MA’AT

program. Conformations about ¢ and y treated using single-state von Mises models gave excellent fits to the ensembles of
redundant J-couplings. Mean values and circular standard deviations (CSDs) for each linkage torsion angle ¢ (CSD) and y
(CSD) in 2, —29° (25°) and 20° (22°); in 3, —36° (36°) and 8° (27°); in 4, —37° (34°) and 10° (26°); ¢ = H1'-C1'—01'—
CX and y = C1'=01'—CX—HX (CX = aglycone carbon) were compared to histograms obtained from 1 ys aqueous molecular
dynamics (MD) simulations and X-ray database statistical analysis. MA’AT-derived models of y were in very good agreement
with the MD and X-ray data, but not those of ¢, suggesting a need for force field revision. The effect of structural context on
linkage conformation was also investigated in four selectively '*C-labeled homomannose tri- and tetrasaccharides using the
MA’AT method. In the cases examined, context effects were found to be small.
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I I igh-mannose oligosaccharides such as 1 are commonly Current NMR-based approaches to evaluate oligosaccharide
found covalently attached to human glycoproteins,' conformation, either free in solution or bound to receptors, are
including CD2, a T-cell-specific surface adhesion receptor confined mainly to the measurement and analysis of inter-

residue 'H-'H NOEs or ROEs, and to residual dipolar
couplings (RDCs).'"'* However, these parameters do not
provide an unequivocal determination of preferred linkage
conformation, in part due to their low abundance in many
oligosaccharides and/or to their nonlinear averaging in the
presence of conformational exchange. One solution to this
problem involves the measurement of multiple and redundant
NMR J-couplings across O-glycosidic linkages in suitably '*C-
labeled samples."*™"> For saccharides of modest size, NMR

protein that mediates the regulatory and effector functions of T
lymphocytes.”” N-Glycan 1 appears to be important in
maintaining the native conformation of CD2 and directly
mediates its interaction with CDS8 on antigen-presenting
cells.” The binding affinities of saccharides to glycoprotein
receptors like CD2 are affected by saccharide conformational
equilibria and kinetics on the protein,” and efforts to
characterize these properties are considered essential to

arriving at a full understanding of the biological properties of spin—spin coupling constants (J-couplings) are valuable
these important biomolecules. While oligosaccharides such as experimental parameters to investigate conformational proper-
1 contain multiple conformational domains,'® their overall ties in the presence of motional averaging because of their high
shapes are largely determined by the behavior of their
constituent O-glycosidic linkages, thus explaining ongoing Received: October 4, 2018
efforts to characterize these linkages in oligosaccharides free in Revised:  January 3, 2019
solution, appended to proteins, or bound to receptors. Published: January 3, 2019
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abundance and the fact that they average linearly.'™"" To use
these J-couplings quantitatively, however, relationships corre-
lating their magnitudes and signs with one or more molecular
parameters such as a torsion angle must be available; in this
and prior work, these equations were obtained from density
functional theory (DFT) calculations fit to a modified form of
the Karplus equation.” Circular statistics can then be applied
to treat the multiple, redundant J-couplings (i.e., those
sensitive to the same torsion angle) to derive conformational
models of the angle.'””' The power of this approach was
demonstrated in recent studies of the phi (¢) and psi ()
torsion angles in various f-(1—4) O-glycosidic linkages.15 In
this prior work, ensembles of J-couplings (*Jcoc, “Jeocw
*Jcocc) sensitive to ¢ and w were analyzed using DFT-
parameterized equations, Fredholm theory, and circular
statistics to derive experiment-based rotamer populations for
each angle. The conformational models of ¢ and y were found
to be in very good agreement with those predicted from 1 ps
aqueous molecular dynamics (MD) simulations, providing
reliable evidence that conformational models can be obtained
by NMR for mobile domains in saccharides, such as O-
glycosidic linkages, with minimal input from theory.
High-mannose N-glycan 1 contains seven different types of
O-glycosidic linkages (aMan-(1—2)-aMan, aMan-(1—3)-
aMan, aMan-(1—3)-fMan, PGIcNAc-(1—4)-fGlcNAc,
pMan-(1—4)-fGIcNAc, aMan-(1—6)-aMan, and aMan-
(1—6)-fMan) and one N-glycosidic linkage (SGlcNAc-(1—
N7")-Asn) (Scheme 1). The long-range research goal of this

Scheme 1. Structure of N-Glycan 1 and Its Breakdown into
Eight Unique O- and N-Glycosidic Linkages, Each
Representing a Reference State for Use in Studies of the
Effects of Context on Linkage Properties (See Text)
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laboratory is to determine the conformational properties of
each of these linkages in isolation, that is, in simple
disaccharides or monosaccharide-amino acid adducts in
which structural factors controlling these properties are limited
in number and are short-range. The properties of these
“reference states” are then compared to those of the same
linkages embedded in larger oligosaccharides, thereby exposing
context effects that are presumably determined by more
numerous and/or longer-range structural factors (e.g., steric
crowding, H-bonding, other noncovalent interactions, solva-
tion effects). An example of this comparison is illustrated in
Scheme 2. The seven different O-glycosidic linkages 1n 1 can
be classified into two-bond and three-bond linkages." Prlor
work treated the two-bond p-(1—4) linkages in 1;'° this
report focuses on the remaining two-bond aMan- (1—)2)-
aMan, aMan-(1—3)-aMan, and aMan(1—3)-fMan linkages
(Scheme 3). Upcoming reports will treat the three-bond
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Scheme 2. Hypothetical Context Effect on the aMan-(1—
6)-fMan Linkage in 1 (Highlighted in Blue) Caused by a
Remote (Long-Range) and Persistent H-Bonding
Interaction between O6 of Residue 6” and an OH Group
(Serine Side-Chain) on a Glycoprotein®
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“This effect can be detected and quantified by comparing its behavior
to that of the (1—6)-linkage in the disaccharide reference state,
aMan-(1—6)-fManOCH,.

Scheme 3. Man-Man Disaccharide Reference States 2—4
Investigated in This Study”
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“The superscripts identify the carbon atoms in each compound that

were labeled with *C (e.g., 2! is a doubly *C-labeled isotopomer of
2 containing 99 atom % "*C at C2 and C1’).

aMan-(1—6)-aMan and aMan-(1—6)-fMan linkages and the
N-glycosidic linkage in fGlcNAc-(1—-N”)-Asn.

In this report, three Man-Man disaccharides were prepared
with selective '*C-enrichment to enable measurements of Joy;
and Jcc values across their internal O-glycosidic linkages:
aMan-(1—-2)-aManOCH; (2), aMan-(1—3)-aManOCH,
(3) and aMan-(1—3)-fManOCH; (4) (Scheme 3). These
disaccharides were prepared as methyl glycosides on their
“reducing ends” to eliminate signal multiplicities caused by the
presence of anomeric pairs, which can complicate 'H and "*C
NMR spectral analysis (see Figure S3 in the Supporting
Information of ref 15). The '*C-labeling patterns in 2—4 were
optimized to measure conventional J-values across O-glycosidic
linkages, as discussed in prior work.'”'® The redundant J-
values measured in 2—4 were then analyzed using the MA’AT
circular statistics package'® to model the ¢ and w torsion
angles in their linkages, and these models were compared to
those obtained from aqueous 1 ys MD simulations. To begin
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assessing the effects of context on aMan-(1—2)-aMan and
aMan-(1—3)-a/fMan linkages in higher order structures, four
oligosaccharides S—8 (Scheme 4) were prepared with selective
3C-enrichment to allow direct comparison of trans-glycoside J-
coupling ensembles in 5—8 to corresponding ensembles in
reference disaccharides 2—4.

Scheme 4. High-Mannose Oligosaccharides 5—8 Containing
aMan-(1—-2)-aMan and aMan-(1-3)-a/fMan O-
Glycosidic Linkages Used To Evaluate the Effect of Context
on Linkage Conformation®
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“See Scheme 3 for definitions of the superscripts in the compound
numbers.

B EXPERIMENTAL SECTION

Preparation of '3C-Labeled Oligosaccharides 2-8.
BC-Labeled oligosaccharides 2—8 were prepared from b-
[1-3C]mannose, D-[2-!3C]mannose, and/or p-[3-3C]-
mannose; the singly '*C-labeled monosaccharides were
prepared by cyanohydrin reduction and/or molybdate-
catalyzed epimerization (Scheme 5).227** aMan-(1-2)-

Scheme 5. General Chemical Routes Used To Prepare p-

[1-3C]Mannose, p-[2-1*C]Mannose, and p-[3-*C]Mannose
for Incorporation into '*C-Labeled Oligosaccharides 2—8
cR_ D-[1-‘3C]+mannose

13
D-arabinose + K'°CN ——> McE

Y
T D-[2-'3C]mannose

D-[1-8Clarabinose + KCN —Ga

D-[1-'3C]glucose

CR

D-erythrose + K3CN ~"» + MCE
f D-[1-'3C]ribose D-[2-13CJarabinose
+
D-glucose KCN
lCR

D-[3-'3C]mannnose
MCE C +

D-[3-13C]glucose

“CR = cyanohydrin reduction. MCE = molybdate-catalyzed
epimerization. See refs 22—24 for more details.

aManOCH; (2'%) and aMan-(1—3)-[@Man-(1—6)]-fMan-
OCH, (8" and 8%) were prepared as described previously,”
and aMan-(1—2)-aMan-(1—6)-aMan-(1—6)-fManOCH,

(7*"'") was prepared by a minor modification of the chemical
route reported prewouslgr to prepare a '*C-labeled high-
mannose hexasaccharide.”® Synthetic protocols to prepare '3C-
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labeled @Man-(1-2)-aManOCH, (2'%), aMan-(1-3)-
aManOCH; (3'?), aMan-(1—3)-fManOCH, (4! and 4%),
aMan-(1—2)-aMan-(1-6)-aManOCH, (5*"'"), and aMan-

(1-2)-aMan-(1—3)-aManOCH; (6*"'" and 6>") are pro-
vided in the Supporting Information. See Schemes 3 and 4 for
explanations of the superscripts used to identify the '*C-
labeled carbons in 2—8.

NMR Spectroscopy. High-resolution 1D 'H and “C{'H}
NMR spectra were obtained using S mm NMR tubes on a 600
MHz FT-NMR spectrometer equipped with a 5 mm
"H-""F/"N—>'P AutoX dual broadband probe. NMR spectra
of synthetic intermediates were collected in CDCl; at 22 °C.
"H NMR spectra (600 MHz) were collected with an ~6000
Hz spectral window and an ~4.0 s recycle time, and *C{'H}
NMR spectra (150 MHz) were collected with an ~30,000 Hz
spectral window and ~3.0 s recycle time. 'H and "*C Chemical
shifts were referenced internally to the residual CHCI, signal in
the CDCl; solvent.

High-resolution 'H and “C{'H} NMR spectra of “C-
labeled 2—8 (Schemes 3 and 4) were obtained on ~20 and
~100 mM aqueous (*H,0) solutions, respectively, at 22 °C.
"H NMR spectra were collected with an ~2800 Hz spectral
window and ~4 s recycle time, and FIDs were zero-filled to
give final digital resolutions of <0.01 Hz/pt. “C{'H} NMR
spectra were collected with an ~12,800 Hz spectral window
and ~S§ s recycle time, and FIDs were zero-filled 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 reported J-couplings are accurate to
+0.1 Hz, unless otherwise stated (representative NMR spectra
of 2—8 are shown in Figures S1—S7 in the Supporting
Information). Coupling signs for *Jcy and *Jcc values were
assigned using empirical projection rules””** and/or are based
on signs determined from DFT calculations. To measure
*Jcany values in 4 and 8, 2D “C—'H J-HMBC spectra® were
obtained with a two-fold low-pass J-filter applied to suppress
ey values. A discussion of potential non-first-order effects on
the measurement of trans-glycosidic Jcy and Joc values is
provided in the Supporting Information.

B COMPUTATIONS

Geometric Optimization of Model Disaccharides 2—4.
Density functional theory (DFT) calculations were conducted
on model disaccharides 2%, 3%, and 4° (the “c” superscript
denotes in silico structures) within Guusszun09 using the
B3LYP functional’’ and 6-31G* basis set’ for geometric
optimization. The effects of solvent water were treated using
the self-consistent reaction field (SCRF)™ and the integral
equation formalism (polarizable continuum) model
(IEFPCM).** Exocyclic C—C and C—O torsion angles in

—4° were constrained as described in Scheme S1
(Supporting Information); only one set of these angles was
investigated at each incremented value of ¢ and y. These
torsional constraints were imposed to simplify geometric
optimizations and acquire only the heavy atom geometric
information on ¢/ that is needed to parameterize J-coupling
equations, resulting in a restricted energetic landscape that may
not be reflective of the total landscape. Consequently,
preferred geometries about ¢ and y in 2—4 predicted from
an inspection of the potential energy surfaces are prone to
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error, although the data can identify general regions of ¢/
space that are likely to be more occupied than others. Torsion
angles phi (¢ = H1'=C1’=02—C2 for 25 ¢ = HI'-C1'—
03—C3 for 3¢ and 4°) and psi (y = C1'—02—C2—H2 for 25
w = Cl'—=03—C3—H3 for 3° and 4°) were varied in 15°
increments through 360° and held constant during geometry
optimization, yielding 576 final structures of each model
disaccharide.

DFT Calculations of NMR Spin-Coupling Constants in
Disaccharides 2°—4°. J,;;;, Jon, and Jo¢ values were calculated
in each geometry-optimized structure of 2°—4° using DFT and
the B3LYP functional’’ in Gaussian09.° The Fermi con-
tact,>> 7 diamagnetic and paramagnetic spin—orbit, and spin—
dipole terms” were recovered using a specially designed basis
set, [5s2pldi3slp],'”*® and raw (unscaled) calculated
couplings are reported and are accurate to within +0.2—0.3
Hz based on prior work.”® The self-consistent reaction field
(SCRE)** and the integral equation formalism (polarizable
continuum) model (IEFPCM)”* were used to treat the effects
of solvent water during the J-coupling calculations. Plots of
DFT-calculated J-couplings vs ¢ or y were generated using the
graphics software, Prism.”” Three J-couplings were used to
model ¢ and three J-couplings were used to model y in 2—4
(Scheme 6).

Scheme 6. Redundant Jcy and Jc Values Sensitive to the
Phi (¢p) and Psi () Torsion Angles in the @-(1—2) and a-
(1-3) Linkages of 2 and 3—4, Respectively”
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“Six conventional J-values shown in green were parameterized and
used to model ¢ and y in 2—4. Unconventional J-values sensitive to ¢
and y are also shown (black) but were not used in this study.

Parameterization of J-Coupling Equations For a-(1—
2)- and a-(1—3)-Linkages in 2°—4°. Equations relating six
DFT-calculated J-couplings to either ¢ or y in 2°—4° were
parameterized using the scipy and numpy packages in
Python™ to give modified Karplus-like equations™ of the
form shown in eq A. Equations were parameterized using a
subpopulation

*J ,(Hz) = A + B cos(0) + C sin(@) + D cos(26)
+ E sin(20) (A)

of conformers that was selected using an energy cutoff to
remove sterically strained conformers.'> The goodness-of-fit of
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each equation is reported as a root mean squared (RMS)
deviation.

Determinations of O-Glycosidic Linkage Conforma-
tional Models for 2—8 Using NMR J-Coupling Ensem-
bles and MA’AT. NMR J-coupling ensembles (three
experimental values each for ¢ and y; Scheme 6) and DFT-
parameterized equations were combined with Fredholm theory
and circular statistics to determine conformational populations
of the a-(1—2) and/or a-(1—3) linkages in 2—8, (Schemes 3
and 4) using the statistical software, MA’AT.">** Users can
access the current version of MA’AT at the Serianni laboratory
online data archive: www3.nd.edu/~aserilab. Username and
password information that is needed to gain access to this Web
site can be obtained by contacting the Serianni laboratory. A
manuscript describing the MA’AT program and a users manual
are in preparation.

Linkage torsion angles, ¢ and y, were modeled as a single
von Mises distribution, which yields two fitting parameters, the
mean position and the circular standard deviation (CSD) of ¢
or y."> Monte Carlo methods were used to generate model
parameters, and least-squares methods were used to minimize
the RMS deviation between the experimental and predicted J-
couplings. The mean position and CSD of each model were
calculated using the circular statistics package in R.*"*
Approximate standard errors for the model parameters were
computed by taking the square root of the diagonal elements
from the estimated covariance matrix."”

Two- and three-state models of ¢ and y can be tested using
the MA’AT software for two-bond O-glycosidic linkages such
as those found in 2—8, but these treatments require more
experimental restraints than used in this work. Nonconven-
tional J-couplings sensitive to ¢ and y (Scheme 6) could
provide additional constraints. NOEs,"*** residual dipolar
couplings (RDCs)'>***” and/or residual chemical shift
anisotropies (RCSAs)*®*’ are additional NMR parameters
that might allow more complex models and distributions of ¢
and y to be tested in the future.

Molecular Dynamics Simulations of Disaccharides 2—
4 and Tetrasaccharide 7. Initial structures of 2—4 and 7
(Schemes 3 and 4) were built using the Carbohydrate Builder
module available at the GLYCAM Web site (http:/ /www.
glycam.org).”® The GLYCAMO06"" (version j) force field was
employed in all simulations. Structures 2—4 and 7 were
solvated with TIP3P** water using a 12 A buffer in a cubic box,
using the LEaP module in the AMBERI4 software package.”
Energy minimizations for solvated 2—4 and 7 were performed
separately under constant volume (500 steps 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 thermostat™® for
temperature control. All covalent bonds involving hydrogen
atoms were constrained using the SHAKE algorithm,55
allowing a simulation time step of 2 fs throughout the
simulation. After equilibration, production simulations were
carried out with the GPU implementation’® of the
PMEMD.MPI module, and trajectory frames were collected
every 1 ps for a total of 1 us. One to four nonbonded
interactions were not scaled”” and a nonbonded cutoff of 8 A
was applied to van der Waals interactions, with long-range
electrostatics treated with the particle mesh Ewald approx-
imation. Output from each MD simulation was imported into
Prism for visualization.
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Table 1. Trans-glycoside NMR J-Couplings in Compounds Containing an aMan-(1—2)-aMan Glycosidic Linkage”

¢-dependent J-couplings y-dependent J-couplings
compd 2]c1',c2 3]cz',cz 3]cz,l-u' 3]c1',c1 3]c1’,c3 3]c1’,1-12
aMan-(1-2)-aManOCH; (2) -1.8 3.6 42 br 2.0 4.6
aMan-(1-2)-aMan-(1—6)-aManOCHj (5) -1.7 3.5 4.0 br 1.6 4.6
aMan-(1-2)-aMan-(1-3)-aManOCHj, (6) -1.8 3.6 39 br 1.7 4.5
aMan-(1-2)-aMan-(1—6)-aMan-(1—6)-fManOCH, (7) -1.7 39 br 4.5
average values (STD)" -1.8 (0.1) 3.6 (0.1) 4.0 (0.1) br 1.8 (0.2) 4.6 (0.1)

“In Hz + 0.1 Hz; 22 °C; in *H,O; br denotes broadened signal (J < 0.5 Hz). YSTD = standard deviation; shown in parentheses. All *] values are

assumed to be positive in sign.

Table 2. Trans-glycoside NMR J-Couplings in Compounds Containing an @Man-(1—3)-a/fMan Glycosidic Linkage”

¢-dependent J-couplings y-dependent J-couplings
compd 7']c1’,c3 3]cz’,cs 3]ca,Hl’ 3]c1',c2 3]cx',c4 3]c1',1-13
aMan-(1—-3)-aManOCH, (3) -18 34 36 br 1.4 49
aMan-(1-3)-fManOCH, (4) -19 35 37 br LS 49
aMan-(1-2)-aMan(1-3)-aManOCHj, (6) -1.7 3.5 3.7 br 1.4 4.8
aMan-(1-3)[aMan-(1—6)]-fManOCHj (8) -1.8 3.6 3.8 br 1.5 4.9
average values (STD)? —-1.8 (0.1) 3.5 (0.1) 3.7 (0.1) br 1.5 (0.1) 49 (0.1)

“In Hz + 0.1 Hz; 22 °C; in H,0; br denotes broadened signal (J < 0.5 Hz). bSTD = standard deviation, shown in parentheses. All *] values are

assumed to be positive in sign.
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Figure 1. DFT-derived potential energy surfaces (PES) for aMan-(1—2)-aManOCHj 2 (A), aMan-(1—3)-aManOCH; 3 (B), and aMan-(1—
3)-fManOCH; 4 (C). The global energy minimum is identified by the star on each PES map. Energy units on the right-hand axes are in kcal/mol.
As discussed in the text, these maps are not quantitative since they were generated from very limited sampling of the conformational space.

B RESULTS AND DISCUSSION

Qualitative Comparisons of ¢- and y-Dependent J-
Coupling Ensembles in 2—8. NMR J-couplings sensitive to
the internal O-glycosidic linkage conformations in 2—8 were
measured in aqueous (*H,0) solution (Tables 1 and 2; see
representative NMR spectra in Figures S1—S7, Supporting
Information). The aMan-(1—2)-aMan linkages in disacchar-
ide 2 and oligosaccharides 5—7 give essentially identical
ensembles of ¢-dependent J-couplings (Table 1), from which
the following average J-couplings with their standard deviations
were calculated: 2]C1/,C2 = —1.8 + 0.1 Hz, 3]C2’,C2 =36 +0.1
Hz, and *Jc,1 = 40 + 0.1 Hz (Table 1). The standard
deviations lie within the experimental errors of the measure-
ments, indicating that the differences are statistically
insignificant. Similar but not identical ensembles of y-
dependent J-couplings for the aMan-(1—2)-aMan linkages
in 2 and 5—7 were observed, from which the following average
values with their standard deviations were calculated (Table
1): ey =br; YJercs = 1.8 £ 02 Hz; *cy, = 4.6 £ 0.1 Hz.
The standard deviation for ], c; exceeds 0.1 Hz, indicating
statistically significant differences, but line-broadening of the
Cl1 signal when C1’ is *C-labeled precludes a determination of
whether the ] ¢; values also differ statistically. Nevertheless,
these findings indicate qualitatively that the conformation of a
terminal aMan-(1—2)-aMan linkage is not affected signifi-
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cantly when the disaccharide bearing that linkage serves as a
donor to one or two aMan residues to give a linear
(unbranched) tri- (6) or tetrasaccharide (7), respectively.

Corresponding ensembles of J-couplings sensitive to ¢ and
w are virtually identical for the aMan-(1—3) linkages in
aMan-(1-3)-aManOCH; (3) and aMan-(1—3)-fMan-
OCH; (4), suggesting that configuration at the anomeric
carbon of the “reducing” terminal Man residue (i.e., that
bearing the OCH, aglycone) does not affect the conforma-
tional properties of the a-(1—3) linkage appreciably (Table
2). Neither a-mannosylation at O2 of the “non-reducing”
terminal oMan residue of 3 to give unbranched trisaccharide 6,
nor @-mannosylation at O6 of the fMan residue of 4 to give
branched trisaccharide 8, affect the conformational properties
of the a-(1—3) linkage; the ensembles of J-couplings sensitive
to ¢ and  in disaccharides 3 and 4 are virtually identical to
corresponding ensembles in trisaccharides 6 and 8, respec-
tively. Averaging the ¢- and y-dependent J-couplings for the
four aMan-(1—3) linkages in 3, 4, 6 and 8 gave standard
deviations within the experimental error of the measurements
(0.1 Hz): for ¢, *Jcyc3 = —1.8 £ 0.1 Hz, ’Jcy 3 = 3.5 £ 0.1
Hz, 3]C3,H1/ = 3.7 £ 0.1 Hz; for y, 3]c1’,cz < 0.5 Hz, 3]c1’,c4 =
1S + 0.1 Hz, *Jc; 3 = 4.9 + 0.1 Hz (Table 2).

The qualitative comparisons made above hinge on the
assumption that the equations relating a given ensemble of J-
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couplings to either ¢ or y are the same for all linkages; for
example, in the comparison of J-values in disaccharides 3 and 4
(Table 2), the equations relating the six J-couplings to either ¢
or y are assumed to be unaffected by configuration at C1 of
the “reducing” Man residue. In all cases but one, this
assumption is probably valid given the terminal locations of
the aMan-(1—2)-aMan linkages in 2 and 5—7 (Table 1), and
the terminal locations of the @Man-(1—3)-a/fMan linkages in
3, 4 and 8 (Table 2). The one possible exception is
trisaccharide 6, since the aMan residue participating in the
aMan-(1—3)-aMan linkage is a-mannosylated at O2, thus
possibly affecting the equation relating *J¢, ;3 to ¢. Since this
potential substitution effect is absent in 3, 4, and 8, the validity
of directly comparing *J¢, 3 values in all four aMan-(1-3)-
a/pMan linkages might be called into question. However, the
data indicate that this effect, if present, is probably small (the
3.5 Hz value in 6 is very similar to the remaining three *Jc, c;
values), and key secondary factors influencing *J¢, c; remain
intact in 6 (ie., the identity of the terminal electronegative
oxygen substituent at C2’ and its axial orientation are identical
to those in 3, 4, and 8).'>'%%®

Preferred Linkage Conformations in Disaccharides
2—4 Determined from DFT-Derived Potential Energy
Surfaces. DFT-Derived potential energy surfaces (PESs) for
disaccharides 2—4 are shown in Figure 1. As discussed above,
these maps were derived from a limited survey of the
conformational space available to 2—4, and thus preferred
geometries about ¢ and y in 2—4 predicted from them are
prone to error. Linkage conformers associated with the global
energy minimum of these plots were as follows: for 2, ¢ =
312°, w = 332° for 3, ¢ = 311°, y = 25°; for 4, ¢ = 310°, y =
24°. In these conformers, ¢ assumes a value of ~315°, which
orients the aglycone carbon nearly antiperiplanar to C2’. This
geometry is expected to be preferred based on stereoelectronic
considerations®” ™’ (exo-anomeric effect). The nearly identical
PES maps for 3 and 4 (Figure 1) indicate that configuration at
the anomeric carbon bearing the OCH; aglycone does not
significantly affect the conformational behavior of the a-(1—3)
linkage, consistent with the conclusions drawn from qualitative
analysis of the trans-glycoside J-couplings in 3 and 4 (see
section above).

The PES maps for disaccharides 2—4 show energy minima
for y at ~30°, ~180°, and ~330°. The global energy minimum
appears at y = ~330° for 2, and ¥ = ~30° for 3 and 4.
However, in each case, the energy difference between
conformers having ~30° and ~330° values of y is <1 kcal/
mol, and the conformer with y near 180° is only ~5 kcal/mol
higher in energy than the global minimum. Given these small
energy differences, assignments of preferred y torsion angles in
2—4 cannot be made with confidence based solely on PES
data. The greater uniformity of ¢, relative to y, suggests that
the former may be more conformationally constrained in 2—4.
However, as discussed above, the PES data were collected over
a small fraction of the energy hypersurface, that is, only a very
small subset of exocyclic torsion angles was sampled in the
DFT calculations (Scheme S1, Supporting Information). Thus,
while the PES results provide useful clues about the preferred
regions of ¢/y space, reliable determinations of the preferred
values of ¢ and y in 2—4 cannot be made with confidence
from these data.

Structural Dependencies of ¢- and y-Dependent J-
Couplings in Disaccharides 2—4. Equations were para-
meterized for the six conventional ¢- and y-dependent J-
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couplings in 2—4 (J-values shown in green in Scheme 6),
giving a total of 18 parameterized equations (¢/y hyper-
surfaces for these J-couplings are shown in Figures S8 and S9,
Supporting Information). Equations that were very similar for
the three linkages in 2—4 were combined to give a single
generalized equation (the individual equations for each J-
coupling in 2—4 are available in the Serianni Laboratory Data
Archive: https://www3.nd.edu/~aserilab/Disaccharide
Database/Home/DATA.html).

Three-Bond (Vicinal) >*C—"H Spin-Couplings — 3Jcocy. 2D
Contour plots of DFT-calculated trans-glycosidic *Joocy values
in 2 and 3 exhibit a dynamic range of ~10 Hz (Figure 2).

(Hz) = 4.04 — 1.72 cos(0) + 0.18 sin(6) + 3.70
(1)

3
Jcocu
cos(20) — 0.91 sin(26)
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Figure 2. Contour plots of calculated *Jcocy values in 2 and 3. (A)
Jcamr in 2, showing a primary dependence on ¢. (B) ¥y, in 2,
showing a primary dependence on . (C) 3]C3,H1’ in 3, showing a
primary dependence on ¢. (D) *Jc;y; in 3, showing a primary
dependence on .

Jeany is essentially unaffected by w and *J¢, 4, is essentially
unaffected by ¢ for the aMan-(1—2)-aMan linkage in 2
(Figure 2A and B). Similarly, *Jc; 4, is essentially unaffected
by w and *J¢, y; is essentially unaffected by ¢ for the aMan-
(1-3)-aMan linkage in 3 (Figure 2C and D). The six
parameterized 3]COCH equations for 2—4 show very similar
dependencies of *Jcocy on the C—O—C—H torsion angle,
indicating behavior that is largely independent of the linkage
type (Figure 3). Consequently, the six parameterized equations
were combined to give a single generalized equation (eq 1)

§ 12

T 10 — Yeppupin2
8 8 - opppin2
< ey

6 Joa i in 3
3 4 === 3Uopain 3
ks — g in 4
3 2 - S gind
o ()

8 0 — generalized

T rrrrrrrrrrrrrr1
0 60 120 180 240 300 360
torsion angle 6 (deg)

Figure 3. Plots of calculated trans-glycoside *Jcocy values in
disaccharides 2—4 as a function of torsion angle 6, where @ is either
¢ or y (see text). The curve shown in black corresponds to
generalized eq 1.
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which was used to treat *Jcocy values in 2—4 (in eq 1, 6
denotes either ¢ or y depending on the specific *Jcocy value).

A comparison of eq 1 with that obtained previously for f-
(1—4)-linked disaccharides'> shows no significant difference,
providing additional justification for the use of a generalized
equation to treat trans-glycoside *Joocy values across different
O-glycosidic linkages. Exceptions, however, may exist, such as
when the coupled carbon is bonded to an ionizable substituent
(e.g., w-dependent *], 1;x values involving N-acetyl-neuraminic
acid which bears a COOH group attached to C2). In the latter
case, not only might the curve differ in amplitude and/or
phase, but it may also depend on the state of COOH
ionization.

Two-Bond (Geminal) 3C="3C Spin-Coupling — 2Jcoc.
Geminal *Jooc values across O-glycosidic linkages show a
primary dependence on ¢ and a secondary dependence on
w."%® This behavior is responsible for the more complex 2D
contour plots of *J¢; ¢, Vs ¢/ in 2 and

e ey (Hz) = =2.56 + 0.93 cos(¢h) + 034 sin(¢h)

— 0.35 cos(2¢p) + 042 sin(2¢p) rms = 0.68Hz  (2)
T c; (Hz) = =2.79 + 115 cos(¢p) + 0.10 sin(¢p)

— 0.17 cos(2) + 047 sin(2¢) rms =0.53Hz  (3)

Ter,cs Vs ¢/w in 3 and 4, as illustrated in Figure 4 for the
aMan-(1-2)-aMan linkage in 2. In this work, *Jcoc was
parameterized as shown in Figure 5, with each curve
representing the average of 24 curves at different y values to
capture the secondary effects of y. Trans-glycoside *Jcoc
values are negative in sign and exhibit a dynamic range of
~3 Hz, with the least negative values observed at ¢ = ~60°
(OS’ anti to C2 in 2, and OS’ anti to C3 in 3 and 4). The
curves for 3 and 4 are very similar, indicating that anomeric
configuration at the “reducing” terminal residue does not much
affect the parameterization. The amplitude and phase of the
curve for *J¢y ¢, in 2, however, differ from those for 2](:1',(:3 in
3 and 4. Consequently, eq 2 was derived to treat *J¢; , in 2,
and a generalized equation (eq 3) was derived to treat *Jc; c;
in 3 and 4.

Three-Bond (Vicinal) *C~"3C Spin-Couplings — *Jcocc.
The dependencies of 3]C1’,C1 in 2 and 3]C1’,C2 in 3—4 on y are
shown in Figure 6. The curves for 3 and 4 are essentially
coincident, indicating that anomeric configuration of the

(zH) D"sz paie|noje)

1 1
180 240

¢ (deg)

1
60 120 300

360

Figure 4. 2D Contour plot showing the dependence of calculated
geminal *J¢ ¢, values in 2 on both ¢ and y.
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Figure 5. Dependencies of DFT-calculated 2]c1',cz and ¢y c5 values
in disaccharides 2 and 3—4, respectively, on glycosidic torsion angle

.

“reducing” terminal Man residue does not affect the behavior
of *Jc' ¢y, justifying the use of a generalized equation (eq 4) to
treat *Jc; c, in both disaccharides. The curve for *J¢; ¢, in 2
has identical phase to those for 3]C1’,C2 in 3 and 4, but curve
amplitude differs significantly, with calculated J-couplings at y
= 120° and 300° being ~2 Hz larger than those for 3 and 4
(Figure 6). At y = 300°, the coupled carbons, C1’ and Cl,
adopt an anti orientation, producing a planar zigzag arrange-
ment along the C1'—=02—C2—C1-01 pathway. In this
arrangement, a terminal electronegative substituent (O1) lies
in the coupling plane and enhances J¢; ¢, relative to anti
orientations devoid of this substituent."”'%**’° The latter
pathway geometry pertains to *J¢, ¢, in 3 and 4 for C1'—=03—
C3—C2 coupling pathways at i = 300° (Figure 6), but in these
cases the terminal substituent atom (C1) is not electronegative
and does not affect ¢, c, magnitude significantly. An
enhancement is also observed in 3Jc; ¢, in 2 relative to
*Jer,c2 in 3 and 4 at y = 120° (Figure 6). In 2, C1’ and C2 are
eclipsed with O1 lying in the coupling plane, but the
enhancement is smaller relative to that at y = 300° since the
C1'=02—-C2—C1-01 pathway does not have a planar zigzag
geometry. Equation 5 was parameterized to treat 3]C1’,C1 values
in 2.

calculated 3Jg (Hz)

'1-"|-'|"|"|"|"|
0 60 120 180 240 300 360
P (deg)

Figure 6. Calculated 3]C1’,C1 values in 2 and 3]C1’,C2 values in 3—4 as a
function of glycosidic torsion angle .

The dependencies of *J¢;c; on y in 2 and J¢; ¢4 on y in
3—4 are shown in Figure 7. The C1'—02—C2—-C3 coupling
pathway in 2 orients the coupled carbons antiperiplanar at y =
60°. In this geometry, the ring oxygen OS’ lies in the C1'—
02—-C2-C3 coupling plane at ¢ = 60°, thus accounting for
the increased curve amplitude at i = 60° relative to that at y =
240° where C1’ and C3 are eclipsed. Curve shapes for *J¢; ¢4
in 3 and 4 are identical to that found for *J¢; ¢ in 2 (Figure 7)
but
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Figure 7. Calculated 3]C1',C3 values in 2 and 3]C1’,C4 values in 3—4 as a
function of glycosidic torsion angle y.

Jer o (Hz) = 172 + 042 cos(¢) — 0.05 sin(¢h)

— 145 cos(2¢)) — 1.43sin(2¢p) rms = 0.50Hz  (4)

e cr (Hz) = 2,62 + 0.38 cos(¢h) — 0.54 sin(¢)

— 2.18 cos(2¢p) — 1.95sin(2¢)) rms = 0.68 Hz  (5)

Ter o (Hz) = 1.31 + 0.21 cos(w) + 0.64 sin(y)

— 0.50 cos(2) + 1.54sin(2y) rms =035Hz (6)

Ter s (Hz) = 1.58 — 0.03 cos(w) + 0.27 sin(y)

— 048 cos(2w) + 2.07sin(2y) rms =0.50Hz (7)

show significantly greater amplitudes at y = 240°; a structural
explanation for the latter difference is unclear, but steric
compression caused by interactions between OS5’ and O4 when
C1’ and C4 are eclipsed and ¢ = 300° might be responsible.
Equation 6 was parameterized to treat 3]c1/,c3 in 2, and a
generalized equation (eq 7) was parameterized to treat 3]c1’,c4
in 3 and 4.

Ty oy (Hz) = 2.05 + 0.47 cos(y) — 0.55 sin(y)

— 0.86 cos(2w) — 1.92sin(2y) rms =040Hz (8)

Ty o3 (Hz) = 2.08 + 0.53 cos(y) — 0.29 sin(y)

— L.11 cos(2y) — 2.06sin(2y) rms =0.33Hz (9)

Similar global maxima were observed for 3](32/‘(32 in 2 and
Jeacs in 3 and 4 at ¢ = 300° (Figure 8). At ¢p = 300°, the
coupled carbons are antiperiplanar in 2—4, and the in-plane
electronegative terminal O2’ enhances these *Jccoc values.
The C2—02 bond is axial in 2, while the C3—03 bond is
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Figure 8. Calculated ], ¢, values in 2 and ¥, c; values in 3—4 as a
function of the glycosidic torsion angle ¢.

equatorial in 3—4, and this difference appears to affect the
curves slightly; ~ 0.7 Hz differences were observed at ¢p = 120°
and 210° (Figure 8). Equation 8 was parameterized to treat
*Jca,c2 values in 2. Since configuration of the anomeric carbon
in the “reducing” terminal Man residue of 3 and 4 does not
affect %], 3 behavior (Figure 8), a generalized equation (eq
9) was obtained to treat *Jc, c; values in these linkages.

Statistical Modeling of the O-Glycosidic Linkages of
2-8. Parameterized J-coupling eqs 1—9 and experimental J-
couplings (Tables 1 and 2) were used to generate single-state
von Mises models'**' of the rotamer distributions about ¢ and
w in disaccharides 2—4 (Figure 9). The mean positions,
circular standard deviations (CSDs) and RMS errors of these
models are shown in Table 3. The RMS errors (0.13—0.36 Hz)
are relatively small, indicating a good fit of the experimental J-
couplings to the von Mises model. As expected from the
qualitative analysis of the J-coupling ensembles (Qualitative
Comparisons of ¢)- and y-Dependent J-Coupling Ensembles in
2—8), rotamer distributions for ¢ and y in 3 and 4 are very
similar, confirming that anomeric configuration in the
“reducing” terminal Man residue does not significantly affect
aMan-(1—3)-Man linkage conformation.

In general, elaboration of reference disaccharides 2 and 3—4
to give 5—7, and 6 and 8, respectively, does not affect the mean
values and CSDs for ¢ and y significantly. Averaging the data
in Table 3 gives the following mean values for ¢ and y: in
aMan-(1—2)-aMan linkages, ¢ = —31° + 12°, = 19° + 9°;
in aMan-(1—3)-a/fMan linkages, ¢p = —36° + 14°, = 9° +
11° (Scheme 7). In both types of linkages, the averaged CSDs
are smaller for y than for ¢, indicating greater librational
motion about ¢ in both cases. This behavior is consistent with
that observed in f-(1—4) linkages, where CSD values were
typically larger for ¢ than for y."> MA’AT analysis to date has
yielded similar results for ¢ regardless of the configuration of
the glycosidic linkage and the identities of the donor and
acceptor residues.

The conformational properties of the two types of Man-Man
O-glycosidic linkages show minor differences. The mean
position of ¢ in aMan-(1—2)-aMan linkages (—31°) is ~S°
more positive than the mean position of ¢ found in the aMan-
(1-3)-a/fMan linkages (—36°). Similarly, the mean position
of y in the two types of linkages differs by ~10°, being on
average +19° in the aMan-(1—2)-aMan linkages and +9° in
the aMan-(1—3)-a/fMan linkages. The distributions of ¢
and y in aMan-(1—3)-a/fMan linkages, reflected in the
CSDs, are slightly larger than those in aMan-(1—2)-aMan
linkages, indicating greater flexibility in the a-(1—3) linkage.
The mean positions of ¢ in all structures are consistent with
expectations based on stereoelectronic considerations (the exo-
anomeric effect®>™®” favors ¢ values near —60° in a-
glycosides).

Parameterized J-coupling equations obtained from DFT
calculations on 2¢, and experimental J-couplings in 5—7, were
used to generate single-state models of ¢ and y in the aMan-
(1-2)-aMan linkages in 5—7 (Figure 10). Essentially identical
models were obtained for ¢p (~—31° + 12°) and y (19° + 9°)
for the aMan-(1—2)-aMan linkages in 2 and 5—7 (Table 3),
indicating that terminal @Man-(1—2)-aMan linkages in
oligosaccharides 5—7 assume conformations that are virtually
identical to that found in reference disaccharide 2.

Parameterized J-coupling equations obtained from DFT
calculations on disaccharides 3° and 4%, and experimental J-
couplings (Table 2) in trisaccharides 6 and 8, were used to
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Table 3. Single-State von Mises Model Parameters (Mean Values and CSDs) and RMS Errors for O-Glycosidic Torsion Angles
¢ and y in 2—8 Determined From MA’AT Analyses of NMR J-Coupling Ensembles

phi (¢)

psi (¥)

compd mean + SE (deg)” CSD =+ SE (deg)” RMSD (Hz)* mean + SE (deg) CSD =+ SE (deg) RMSD (Hz)
aMan-(1-2)-aMan linkage
2 —29.4 (£10.4) 252 (+13.3) 0.32 20.2 (+8.5) 22.0 (£10.0) 0.13
5 —29.6 (+12.0) 29.5 (+13.3) 0.30 169 (+9.1) 23.7 (£9.4) 0.30
6 —32.3 (x11.6) 28.8 (+13.7) 0.28 18.7 (£9.1) 23.9 (+9.5) 0.28
7 —32.0 (+11.8) 29.1 (+13.7) 0.24 19.5 (£8.9) 23.5 (+9.7) 0.24
average —31 (%12) 28 (+£14) 0.29 (+0.03) 19 (+9) 23 (£10) 0.24 (£0.07)
aMan-(1-3)-a/fMan linkage
3 —36.3 (+15.5) 35.8 (£13.5) 0.30 8.4 (x£11.0) 26.9 (£9.4) 0.31
4 —36.5 (+13.9) 33.6 (+13.0) 0.25 10.2 (£10.6) 25.9 (£9.6) 0.28
6 —35.9 (+13.8) 334 (£15.5) 0.36 8.9 (+11.3) 27.9 (£9.4) 0.33
8 —364 (+12.3) 30.7 (£12.7) 0.31 9.7 (+10.7) 26.5 (£9.5) 0.28
average —-36 (+14) 33 (+14) 0.31 (+0.04) 9 (+11) 27 (£10) 0.30 (£0.02)

“SE = standard errors.

bCSD = circular standard deviation. RMSD = root mean squared deviation.
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Figure 9. Single-state von Mises models of ¢ (A) and y (B) in
disaccharides 2—4 determined from MA’AT analysis of trans-glycoside
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Figure 10. Single-state von Mises models of ¢ (A) and y (B) in the
aMan-(1-2)-aMan linkages of disaccharide 2, trisaccharides 5—6,
and tetrasaccharide 7 based on analyses of J-coupling ensembles.
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model ¢ and y in their constituent aMan-(1—3)-a/fMan
linkages (Figure 11 and Table 3). The models for 3 and 4 are
essentially identical to those for 6 and 8. Thus, a-
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Figure 11. Single-state von Mises models of ¢ (A) and y (B) in the
aMan-(1-3)-a/fMan linkages of disaccharides 3 and 4, and
trisaccharides 6 and 8, based on analyses of J-coupling ensembles.
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mannosylation at O2 of the aMan residue of 3 exerts virtually
no effect on the conformation of the a-(1—3) linkage.
Likewise a-mannosylation at O6 of the fMan residue of 4,
giving a 3,6-branched structure, exerts little effect on the
conformation of the a-(1—3) linkage. While the context
effects were found to be minor for both a-(1—2) and a-(1—
3) linkages in the above comparisons, it is important to bear in
mind that the extensions were modest in length and that larger,
more complex extensions, which would provide greater
opportunities for intramolecular interactions through structural
folding (Scheme 2), are likely to elicit greater context effects.

In this work, single-state von Mises models were used to
treat ¢ and y. Two parameters, the mean value and CSD, are
obtained from this treatment, which allows a determination of
the uniqueness of the model by visual inspection of the
parameter space (Figures S11 and S12, Supporting Informa-
tion). Unique solutions were observed for ¢ in all compounds.
On the other hand, the parameter space of y typically
contained two or three minima, with the global minimum
giving the smallest RMS error in all cases. The existence of
local minima complicates determinations of the uniqueness of
the solution, and results from the limited number of
experimental observables (in this case, three J-couplings)
used to derive the model. Additional structure constraints such
as nuclear Overhauser effects (NOEs) and/or residual dipolar
couplings (RDCs) might help to reduce and/or eliminate these
local minima. Additional J-coupling constraints may also
improve the modeling; for example, for the aMan-(1—3)-a/
pMan linkage, *Jy;; ¢, may serve as an additional constraint on
¢, while *Jca 13, *Jcans and *Jcy cq may serve as constraints on
w (Scheme 6).'*

Behavior of ¢ and yw in Disaccharides 2—4 and
Tetrasaccharide 7 Determined from Aqueous MD
Simulations and Crystal Structure Database Analysis.
The behaviors of ¢ and y predicted from aqueous 1-us MD
simulations on 2—4 and 7 are shown in Figure 12 and
summarized in Table S11 (Supporting Information). Mean
values of ¢ in 2—4 and 7 obtained from MD trajectories are
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Figure 12. Distributions of ¢ and y obtained from aqueous MD
simulations of disaccharides 2 (A), 3 (B), and 4 (C) and of the
aMan-(1-2)-aMan linkage in 7 (D). Mean positions of ¢ are
—44.6°, —45.7°, —46.9°, and —44.9° for 2, 3, 4, and 7, respectively.
Mean positions of y are 20.9°, 7.2°, 10.1°, and 21.7° for 2, 3, 4, and 7,
respectively (see Table S11, Supporting Information).
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uniformly more negative by 9—15° than the NMR-determined
means (Table 3), and CSDs determined from MD trajectories
are smaller by 13—21° than those obtained from MA’AT
analysis (Table 3). These findings suggest that the
GLYCAMOG6 force field used to obtain the MD data may
need adjustment to bring the calculated means of ¢ and the
librational motion about these means into better alignment
with experimental data. The NMR data indicate greater
motional averaging about ¢ in both aMan-(1—2)-aMan and
aMan-(1—-3)-a/fMan O-glycosidic linkages than predicted by
MD simulation. Similar observations were made recently in
similar comparisons of NMR- and MD-determined behaviors
of ¢ in f-(1—4) linkages.">”"

In contrast to ¢, mean values of y obtained by MD
simulation compare favorably with values determined from
MA’AT analysis (Table S11; Supporting Information). For
example, mean values of w for the aMan-(1—2)-aMan
linkages in 2 and 7 were found by MD to be 21° and 22°,
respectively, compared to 20.2° and 19.5° respectively, by
NMR J-coupling analysis. Likewise, for aMan-(1—3)-a/fMan
linkages, mean values of i in 3 and 4 were found to be 7° and
10° by MD simulation, respectively, compared to 8° and 10°,
respectively, by MA’AT analysis. In addition, CSD values for y
determined by MD and NMR in 2—4 and 7 are in good
agreement, especially for 3, 4 and 7 (Table S11, Supporting
Information). Collectively, these results illustrate the power of
MA’AT analysis in allowing direct comparison of mean values
and librational motions of O-glycosidic torsion angles in
oligosaccharides to equivalent parameters derived from MD
simulation, thus providing an experimental tool to validate the
MD predictions.

A closer inspection of the MD histograms for 2—4 and 7
reveals Gaussian-like single-state distributions of the ¢ torsion
angles that are qualitatively consistent with the NMR models,
but the y distributions are bimodal (two overlapping Gaussian
distributions) (Figure 13). This bimodal behavior is observed
for both the aMan-(1—2)-aMan and the aMan-(1—3)-a/
PMan linkages. The single-state von Mises distributions
determined from MA’AT analyses overlap the MD-derived
bimodal distributions very well but do not capture the fine
structure predicted by MD. In the present work, it is not
possible to determine whether the bimodal distributions of y
are accurate representations of solution behavior because the
number of experimental constraints used to model y is too
small to test multistate models. The RMSDs for the MA’AT
models are slightly lower than the RMSDs back-calculated
from the MD simulations (Tables S$7—S9, Supporting
Information), but the differences are insignificant for all but
one model. Additional experimental constraints in the form of
J-couplings, nuclear Overhauser effects (NOEs),*** residual
dipolar couplings (RDCs),"”**® and/or residual chemical
shift anisotropy (RCSAs)**"~* may allow multistate models
to be tested in the future.

An analysis of ~1700 oligosaccharide crystal structures
containing aMan-(1—2)-aMan or aMan-(1—-3)-a/fMan O-
glycosidic linkages was conducted to obtain statistical
distributions of ¢ and y in the solid state for comparison to
those obtained by MA’AT analysis and MD simulation. Table
S12 (Supporting Information) and Figure 14. The mean values
of ¢ are in slightly better agreement with those obtained from
MD simulation, whereas the CSDs are in better agreement
with those obtained from MA’AT analysis. The mean values of
y are in good agreement with those determined by both
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Figure 13. Distributions of ¢ and y obtained from aqueous 1 s MD
simulations (solid curves) superimposed on the same distributions
obtained from MA’AT analysis (blue lines) for 2 (A and B), 3 (C and
D), 4 (E and F), and the aMan-(1—2)-aMan linkage in 7 (G and H).
See Tables 3 and and S11 (Supporting Information) for the mean
values and CSDs for ¢ and y determined by NMR and MD in each
compound.

MA’AT analysis and MD simulation, with values for aMan-
(1-2)-aMan linkages being ~10° larger than values for
aMan-(1—3)-a/fMan linkages. CSD values for i determined
from crystal structure analysis are slightly larger, on average,
than those obtained by MA’AT analysis and MD simulation.

B CONCLUSIONS

N-Glycan 1 contains 10 O-glycosidic linkages, four of which
are aMan-(1—2)-aMan linkages and two of which are aMan-
(1-3)-a/pMan linkages. The impact of these two linkage
types on the overall conformational properties of 1 is therefore
high, thus explaining the attention devoted to their
conformations over the past 30 years.””””° Multiple exper-
imental and computational methods have been brought to bear
on the problem, leading to a range of models for compounds
free in solution, in the crystalline state, or bound to protein
receptors. The latter receptors have been typically ConA and
cyanovirin, both of which bind @Man oligomers containing a-
(1-2) glycosidic linkages. These data are summarized in
Table S6 in the Supporting Information. For a-(1-2)
linkages, the behavior of phi is fairly uniform; the averages of
values in Table S6 are —29° + 33° and —33° + 16° for free
and bound states, with ranges of —60° to 40° and —4° + 50°,
respectively. Thus, in general, phi favors values in the —60°
regime (as expected based on stereoelectronic considerations),
with occasional values in the +60° regime. The reported
behavior of psi is also highly variable. Average values are 12° +
36° and 23° + 23° for free and bound states, with ranges of
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Figure 14. Overlays of MD (blue), crystal structure (yellow), and
MA’AT (black line) distributions of the ¢ and y values for the O-
glycosidic linkages in aMan-(1—2)-aManOCH; (2) (A and B),
aMan-(1-3)-aManOCH; (3) (C and D), and aMan-(1-3)-
pManOCH; (4) (E and F). The results for y show good agreement
between the three data sets, but the MA’AT distribution for ¢ is
significantly broader than those predicted by MD and from crystal
structure database analyses.

—60° to 60° and —27° to 46°, respectively. In general, the
+60° regime is more common than the —60° regime, but even
recent NMR studies of 2 report up to 25% of the solution
conformers having a psi torsion of ~—30°."" Indeed, protein-
bound aMan-(1—2)-aMan linkages appear to adopt negative
psi values in some cases, and aqueous solutions of ligand
containing a mix of 60°/—60° psi states might arguably
promote receptor binding by providing both states in
reasonable abundance at equilibrium. X-ray studies of 2
revealed a —54°/15° conformer, while a statistical analysis of
the crystallographic database gave a —48°/16° favored
conformation but also a fairly highly populated —58°/—55°
conformer. Thus, while nearly 20 studies of the aMan-(1—2)-
aMan linkage have been reported, significant uncertainties
remain about the solution behavior of this linkage.

In contrast to aMan-(1—2)-aMan linkages, limited work
has been reported on aMan-(1—3)-a/fMan linkages (Table
S6). If the 1987 study’” by the Homans group is ignored due
to uncertainties about definitions, phi appears to favor values in
the —60° regime, but psi appears to adopt values in both the
+60° and —60° regimes. For example, in the a-anomer of 8,
two conformational states for the aMan-(1—3)-aMan linkage
have been proposed that are equally populated: —60°/—60°
and —40°/20°”° The only available crystal structure of a
aMan-(1—3)-a/fMan disaccharide is one recently obtained
in this laboratory on aMan-(1—3)-2-O-acetyl-fManOCH,
monohydrate (9), which was monoacetylated to promote
crystallization; linkage conformation in 9 is —43°/—6°.

HO OH
HO

HO/&& HO—, OAc
0
o@m/ocm

a-Man-(1—3)-2-O-acetyl-B-ManOCH; (9)
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In this work, a new experimental method has been applied to
investigate the behaviors of aMan-(1—2)-aMan and aMan-
(13)-a/pMan O-glycosidic linkages in disaccharides 2—4 in
which context effects are considered to be zero, and in
somewhat larger oligomers (5—8) containing these linkages in
which context effects may occur. Statistical analysis of the
current X-ray databases was also performed, as well as 1 us
aqueous MD simulations of the three disaccharides and
tetrasaccharide 7. These results are superimposed in Figure 14.
Free in solution, the MA’AT analyses indicate that all of the
linkages studied highly favor a single conformational state, but
libration about each of the mean values is significant. Mean
and CSD values for y determined by all three techniques are in
close agreement, although it appears that MA’AT analysis
yields a slightly more librationally constrained y in 2 compared
to MD and x-ray, as indicated by the smaller CSD value.
Several x-ray structures that contain aMan-(1—2)-aMan
linkages revealed —60°-regime conformers of y that were not
detected by MA’AT or MD. Mean values of ¢ are slightly more
positive than suggested by MD and X-ray, and the degree of
libration determined from MA’AT analysis is considerably
greater than indicated from MD and X-ray data. These findings
are in close agreement with those found for f-(1—4)
linkages.15 Collectively these results indicate that, at least for
aMan-(1—2)-aMan, aMan-(1—3)-a/fMan and approxi-
mately 15 f-(1—4) linkages examined to date using MA’AT
analysis, some attention may need to be paid to adjusting the
GLYCAMO6 force field to bring the MD results in better
alignment with the MA’AT models. The extent to which force
fields other than GLYCAMO6 compare with MA’AT-derived
conformational models of ¢ and y in Man-containing
oligosaccharides remains to be determined. Other experimen-
tal methods that are capable of yielding explicit conformational
models of ¢ or y in O-glycosidic linkages are not available, so
comparing MA’AT-derived models to other experiment-based
models is not yet possible. However, as the method is further
refined with the inclusion of additional experimental
constraints such as RDCs and RCSAs, the resulting improved
models will allow more rigorous testing of the structural
conclusions drawn in this study.

It is noteworthy that linkage conformations in crystalline 2
(—54°/15°)" and crystalline 9 (—43°/—6°) (Table S6) are
similar to those found in aqueous solution for 2—4, although
mean values for either ¢ or y are shifted by as much as ~20°.
This observation indicates that crystal packing effects perturb
structure relative to that found in aqueous solution,
presumably due to multiple and persistent H-bonding
interactions in the crystal that differ in number and strength
from the transient H-bonding interactions that occur in
aqueous solution.

The number of J-couplings used in this work to determine
the behaviors of ¢ and y in di- and oligosaccharides supported
the use of single-state but not multistate models in MA’AT
analysis. A legitimate concern might be whether two- or three-
state models pertain in some cases. While multistate models
cannot be excluded, the RMSDs obtained from single-state
models were small (<0.4 Hz), which shows that these models
fit the available data well. Employing multistate models to treat
¢ and y will require more experimental observables, perhaps in
the form of additional J-couplings and/or other NMR
parameters such as chemical shifts, residual dipolar couplings,
NOEs and/or residual chemical shift anisotropies. It is
expected that incorporation of the latter NMR parameters as
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additional constraints in MA’AT analysis will allow multistate
models of glycosidic torsion angles to be investigated.

A question that might arise is whether MA’AT analysis is
sufficiently sensitive to detect a second, minor linkage
conformer in aqueous solutions of 2, as suggested in recent
studies by Sawén et al”’ In this prior work, the dominant
conformer (—40°/33° 75%), which is similar to that
determined in this work (—29°/20°; Table 3), was reported
to coexist with a minor conformer (—40°/~ —30°% ~25%).
The RMSD values for this two-state model were back-
calculated using parameterized J-coupling equations and
average CSDs typically obtained from MA’AT analyses. The
calculated RMSDs for ¢ and w (0.53 and 0.52 Hz,
respectively) were significantly larger than those obtained
from MA’AT-derived single-state models, indicating that the
fractional population of minor conformers in solution is
probably less than 25%.

One advantage of redundant J-couplings as linkage
conformational probes is that visual inspections of ensembles
sensitive to either ¢ or y allow rapid qualitative assessments of
the extent to which a given linkage in different structural
contexts changes in conformation. In the present work, we
found that context effects within the relatively limited set of
oligosaccharides 5—8 were small, and this conclusion was
supported by subsequent quantitative studies using the MA’AT
algorithm. As oligosaccharides increase in size and complexity,
it will be interesting to determine to what extent the linkages
are perturbed from the reference (disaccharide) states, and
equally important, to what extent librational motions are either
enhanced or suppressed. Since intermolecular interactions with
solvent, and intramolecular interactions (e.g., H-bonding) are
likely to increase in importance with increasing molecular
weight and complexity, and since their numbers and strengths
will depend on structure, it is difficult to predict how these
context effects will be expressed. Nevertheless, this work
describes a promising new experimental tool to investigate
these effects in molecules such as 1 for which current
knowledge of conformational equilibria and dynamics based
on experimental measurements remain rudimentary but whose
conformational properties are expected to be tightly coupled to
their biological functions.
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