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Abstract 

MA’AT analysis has been applied to two biologically-important O-glycosidic linkages in 

two disaccharides, α-D-Galp-(1→3)-β-D-GalpOMe (3) and β-D-Galp-(1→3)-β-D-GalpOMe (4). 

Using density functional theory (DFT) to obtain parameterized equations relating a group of trans-

O-glycosidic NMR spin-couplings to either phi (φ') or psi (ψ'), and experimental 3JCOCH, 2JCOC 

and 3JCOCC spin-couplings measured in aqueous solution in 13C-labeled isotopomers, probability 

distributions of φ' and ψ' in each linkage were determined and compared to those determined by 

aqueous 1-µs molecular dynamics (MD) simulation. Good agreement was found between the 

MA’AT and single-state MD conformational models of these linkages for the most part, with 

modest (<~15o) differences in the mean values of φ' and ψ', although the envelope of allowed 

angles (encoded in circular standard deviations or CSDs) is consistently larger for φ' determined 

from MA’AT analysis than from MD for both linkages. The MA’AT model of the αGalp-(1→3)-

βGalp linkage agrees well with those determined previously using conventional NMR methods 

(3JCOCH values and/or 1H-1H NOEs), but some discrepancy was observed for the βGalp-(1→3)-

βGalp linkage, which may arise from errors in the conventions used to describe the linkage torsion 

angles. Statistical analyses of X-ray crystal structures show ranges of φ' and ψ' for both linkages 

that include the mean angles determined from MA’AT analyses, although both angles adopt a 

wide range of values in the crystalline state, with φ' in βGalp-(1→3)-βGalp linkages showing 

greater-than-expected conformational variability. 
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Introduction 

Galactopyranosyl residues (Galp) involved in (1→3) O-glycosidic linkage to other sugars  

are important constituents of several biologically important molecules. Hyperacute rejection that 

occurs during discordant xenotransplantation of an organ from a pig to a primate is triggered by 

the binding of naturally occurring antibodies to antigens expressed on xenograft cells.1,2 This 

binding destroys the vascular endothelium of the donor organ within minutes. Similar to the 

 

destruction of red blood cells in ABO-mismatched organ allotransplants, the major antigen against 

the human natural antibodies on porcine endothelium are oligosaccharides containing an α-D-

Galp-(1→3)-β-D-Galp terminus (Scheme 1).3–9 Human anti α-Gal antibodies (anti-Gal) bind 

trisaccharides containing α-D-Galp-(1→3)-β-D-Galp substructures. The α-Galp epitopes are 

synthesized in vivo by α-(1→3) galactosyltransferase (α-(1→3)-GalT; EC 2.4.1.151) that is 

expressed in most mammals but not in humans and other Old World primates.10–12 α-(1→3)-

GalT transfers D-galactose from uridine diphosphate galactose (UDP-Gal) with retention of 

anomeric configuration to N-acetyllactosamine-containing oligosaccharides and glycolipids.13 An 

unconventional food allergy, Alpha-gal syndrome (red meat allergy), is characterized by immune-

mediated hypersensitivity (via IgE) to the αGal-(1→3)-Gal moiety, triggered by tick bites.14 

β-(1→3)-Linked Galp residues are found in vivo as constituents of human proteoglycan 

structure (O-glycans), specifically in the sequence X-β-D-Galp-(1→3)-β-D-Galp-(1→4)-β-D-Xylp–

protein near the linkage between the oligosaccharide chain and protein (Scheme 1).15–17   

Conformational investigations of the αGalp-(1→3)-βGalp and βGalp-(1→3)-βGalp 

linkages have been reported using conventional NMR spectroscopic methods (e.g., 1H-1H NOEs 
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18, 13C chemical shifts19) and molecular modeling20–22. While inter-residue 3JCOCH values for the 

αGalp-(1→3)-βGalp linkage have been determined at natural abundance to assist in 

conformational analysis,23 other trans-O-glycoside spin-couplings (e.g., 2JCOC and 3JCOCC)24–27 

were not measured since the compounds were not 

suitably 13C-labeled. Without these additional carbon-

based J-couplings, it is not possible to assign linkage 

conformation without relying on input from theoretical 

calculations. X-ray crystal structures of 

oligosaccharides containing both linkages have been 

reported,23 often in complex with protein, but no crystal 

structures of disaccharides 3 and 4 are presently available, although that of the peracetate of the 

α-anomer of 4 has been reported.28 

In this report, α-D-Galp-(1→3)-β-D-GalpOMe (3) and β-D-Galp-(1→3)-β-D-GalpOMe (4) 

(Scheme 2) were prepared chemo-enzymatically with site-specific 13C-labeling and investigated 

by MA’AT analysis.29,30 New equations for redundant trans-glycoside spin-coupling constants 

sensitive to the phi (φ') and psi (ψ') torsion angles across the internal O-glycosidic linkages of 3 

and 4 were parameterized using density functional theory (DFT), and MA’AT models of φ' and ψ' 

in both linkages were compared to those obtained by aqueous molecular dynamics (MD) 

simulation. The results are discussed in the context of prior conformational assignments of these 

linkages.   

 

Experimental 

 A. Preparation of Unlabeled and 13C-Labeled Disaccharides. Methods used to prepare 

unlabeled and 13C-labeled disaccharides 3 and 4 are described in the Supporting Information 

(Schemes S1 and S2). 

 B. NMR Spectroscopy. 1D 1H and 13C NMR spectra were obtained in 2H2O at ~298 K on 

a 600-MHz NMR spectrometer operating at 599.89 MHz for 1H and 150.85 MHz for 13C. 1D 1H 
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spectra were obtained with spectral windows of 15 ppm and 26,920 data points, and FIDs were 

zero-filled to 65,536 points to give final digital resolutions of 0.14 Hz/point. 1D 13C{1H} spectra 

were obtained with spectral windows of 250 ppm and 75,472 data points, and FIDs were zero-

filled to 131,072 points to give final digital resolutions of 0.28 Hz/point. 1H and 13C resonances 

for 3 were assigned using a combination of 1D 1H and 13C spectra, and 2D 1H-1H DQF-

COSY31,32, 1H-1H TOCSY,33,34 and 1H-13C gHSQC35,36 spectra recorded on a 600-MHz NMR 

spectrometer.  1H and 13C  chemical shifts for 3 and 31’,3 (throughout this manuscript, the 

superscripted number on a compound number identifies an atom that was labeled with 13C) are 

reported in Tables S1 and S2, respectively (see Supporting Information). Intra-residue JHH, JCH 

and JCC values in 3 and 31’,3 are given in Tables S3–S5 (see Supporting Information). 

Representative 1D and 2D NMR spectra of 3 and 31’,3 are available in the Supporting Information 

(Figures S3–S13). 

 For disaccharides 4, 41’ and 42’, 1D 1H and 13C{1H} NMR spectra were obtained on a 600-

MHz spectrometer equipped with a 3-mm Nalorac microprobe. 1H and 13C chemical shifts, and 

JHH, JCH and JCC values were obtained from direct analyses of 1D spectra (Table S6, Supporting 

Information). In 4, 3JC3,H1’ was not measurable directly from 1D 1H NMR spectra since 4 was not 

13C-labeled at C3. In this case, 3JC3,H1’ was measured at natural abundance.37 

 

Calculations 

 A. Geometry Optimizations. Density functional theory (DFT) calculations were conducted 

on model structures 3c and 4c (Scheme 2; in silico DFT structures are identified by a “c” 

superscript to distinguish them from compounds 3 and 4) within Gaussian1638 using the B3LYP 

functional39,40 and the 6-31G* basis set.41 In all geometric optimizations, the effects of solvent 

water were treated using the Self-Consistent Reaction Field (SCRF)42 and the Integral Equation 

Formalism (polarizable continuum) model (IEFPCM).43 For calculations on 3c and 4c, the phi (φ') 

and psi (ψ') O-glycosidic torsion angles, defined as C2’–C1’–O1’–C3 and C1’–O1’–C3–C2, 

respectively, were each rotated in 15o increments through 360o, giving a 24 x 24 matrix or 576 

 1097458xa, 2024, 7, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/m

rc.5424 by O
ffice O

f Scientific A
nd T

echnical Inform
ation, W

iley O
nline L

ibrary on [21/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 6 

optimized structures (Schemes S3 and S4, Supporting Information). The remaining ten exocyclic 

torsion angles were set initially at 180o and allowed to optimize during the calculations (Schemes 

S3 and S4, Supporting Information). As indicated in Schemes S3 and S4, only one combination 

of exocyclic C–O and C–C torsion angles in 3c and 4c were treated in this work. This limitation, 

however, is not expected to affect the parameterization of trans-glycosidic J-coupling equations 

to any appreciable extent based on prior work. Furthermore, given the nature of MA’AT analysis, 

the DFT calculations do not need to provide accurate conformational energies (energies are not 

required as inputs) or recapitulate hydrogen bonding that may occur in solution. In all calculations, 

only structures containing unstrained 4C1 ring conformations of the Galp residues were used in 

the J-coupling calculations. Cremer-Pople parameters were calculated for each galactopyranosyl 

ring in all optimized structures to identify those structures containing unstrained chair forms (a θ 

value of 35o was used as the cutoff).  

 B. Calculations of NMR Spin-Coupling Constants. JCH and JCC spin-coupling constants 

that depend on φ' or ψ' were calculated in geometry-optimized structures of 3c and 4c by DFT 

using the B3LYP functional39,40 in Gaussian16. The Fermi contact,44–46 diamagnetic and 

paramagnetic spin-orbit, and spin-dipole terms44 were recovered using a tailored basis set, 

[5s2p1d|3s1p],47,48 and raw (unscaled) calculated spin-couplings are reported and are accurate 

to within ± 0.2–0.3 Hz based on prior work.47,48 The Self-Consistent Reaction Field (SCRF)42 

and the Integral Equation Formalism (polarizable continuum) model (IEFPCM)43 were used to 

treat the effects of solvent water during the J-coupling calculations. 

C. Spin-Coupling Equation Parameterization. Equations relating DFT-calculated JCH and 

JCC values to φ' or ψ' in 3c and 4c were parameterized using the software package R. Equations 

were parameterized using the full set of conformers (full equations), or using a subpopulation of 

conformers that was selected by applying a 10 kcal/mol energy cut-off to the full dataset to remove 

a limited number of highly strained conformers (trimmed equations).29 A secondary constraint 

was also applied to the trimmed equations when necessary to remove DFT-optimized structures 

containing distorted aldohexopyranosyl rings; Cremer-Pople puckering parameters were 
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 7 

calculated from DFT-generated Cartesian coordinates and a θ value of 35o was used as the cut-

off.29  

For MA’AT analyses of φ' in 3 and 4, an additional set of equations was parameterized in 

which the secondary effects of ψ' were truncated by including only those values of ψ' in the 

population of conformers determined from MA’AT analysis (trimmed and psi-constrained 

equations). All of the parameterized equations are given in the Supporting Information (eqns. 

[S1]–[S30]). The goodness-of-fit of each equation is reported as a root-mean-squared deviation 

(RMSD). Equation parameterization was further evaluated using the Akaike Information Criterion 

(AIC),50 resulting in truncated forms when justified. 

 D. Conformational Models of φ' and ψ' in 3c and 4c From MA’AT Analysis. NMR J-

couplings and DFT-parameterized equations were combined with Fredholm theory and circular 

statistics to obtain conformational models of φ' and ψ' in 3c and 4c using the in-house statistical 

software, MA’AT.30 The current version of MA'AT can be accessed at: 

https://rmeredit.shinyapps.io/maat24/. A User’s Manual is available on the software’s webpage. 

E. Aqueous Molecular Dynamics Simulations of  3c and 4c. Initial structures of 3c and 4c 

were built using the Carbohydrate Builder module available at the GLYCAM website 

http://www.glycam.org.51 The GLYCAM0652 (version j) force field was employed in all 

simulations. Structures 3c and 4c were solvated with TIP3P53 water using a 12Å buffer in a cubic 

box, using the LEaP module in the AMBER14 software package.54 Energy minimizations for 

solvated 3c and 4c were performed separately under constant volume (500 steps steepest 

descent, followed by 24500 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 thermostat55 for temperature control. 

All covalent bonds involving hydrogen atoms were constrained using the SHAKE algorithm,56 

allowing a simulation time step of 2 fs throughout the simulation. After equilibration, production 

simulations were carried out with the GPU implementation57 of the PMEMD.MPI module, and 

trajectory frames were collected every 1 ps for a total simulation time of 1 μs. One to four non-
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bonded interactions were not scaled58 and a non-bonded cut-off of 8 Å was applied to van der 

Waals interactions, with long-range electrostatics treated with the particle mesh Ewald 

approximation. Output from each MD simulation was imported into Prism59 for visualization. 

 

Results and Discussion 

 A. Preparation of Unlabeled and 13C-Labeled 3 and 4. Enzyme-catalyzed 

transglycosylation60–64 was used to prepare unlabeled and 13C-labeled disaccharides 3 and 4. 

Glycosidases are commonly used to hydrolyze O- and N-glycosidic linkages, but they can also 

be used to catalyze the formation of O-glycosidic linkages under certain reaction conditions. 

These conditions involve the use of an activated donor that is hydrolyzed by the enzyme, 

producing a transient covalently-modified enzyme bearing the saccharide donor. Transfer of the 

enzyme-bound donor occurs subsequently to a suitable acceptor. The reaction occurs with 

retention of configuration, and linkage regioselectivity can often be controlled to achieve highly 

specific synthesis of the desired linkages.60–63  

Enzyme-catalyzed transglycosylation to prepare 3 (Scheme S1, Supporting Information) 

gave α-(1→6)-linked J and α-(1→3)-linked 3, which were separated by chromatography on a 

Sephadex G-10 column followed by chromatography on a Dowex-1 x 8 (OH–) column.65 

Preparation of the glycosyl acceptor, methyl β-D-galactopyranoside (I), was first attempted by 

Fischer glycosidation in methanol,66–68 but gave the α-pyranoside as the heavily favored product. 

An alternate pathway through glycosyl bromide G was then adopted that gave I in ~60% yield 

from D-galactose E. Considering the reaction yield to prepare donor D, the reaction 

regiochemistry that often produces more than one linkage, and the need for excess acceptor 

(which may preclude isotopic labeling of this component), enzyme-catalyzed transglycosylation 

will not be a generally useful method to prepare 13C-labeled disaccharides, although it has the 

advantage of simplicity.  

Transglycosylation was also used to prepare 4 (Scheme S2, Supporting Information). In 

this case, the anomeric configurations of acceptor L and donor K are the same (βGal). While K 
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 9 

is a more reactive donor than L, L also serves as a donor due to its high concentration relative to 

K. In the present application, the same two disaccharides 4 and M form, but each is produced as 

a mixture of unlabeled and 13C-labeled compounds. This complication impedes the measurement 

of J-couplings in the products due to overlapping signals in 1H and 13C NMR spectra arising from 

both labeled and unlabeled products. From a practical standpoint, the use of transglycosylation 

to prepare isotopically labeled disaccharides containing identical residues in which only one 

residue is to be labeled should be confined to reactions where the anomeric configurations of the 

donor and acceptor differ. 

B. NMR Signal Assignments and JHH, JCH and JCC Values in 3 and 4. 1H NMR signal 

assignments (Figure S3 and S4, Tables S1 and S6, Supporting Information) were based on NMR 

analyses of unlabeled and 13C isotopomers of 3 and 4. For example, the H1′ signal (5.145 ppm, 

3JH1′,H2′ = 3.9 Hz) in 3 was assigned from 

observation of the large 1JC1′,H1′ (170.0 Hz) in 

31’,3 and the smaller 3JH1’,H2’ expected in αGal 

anomers .68,69 The H1 signal (4.375 ppm, 3JH1,H2 

= 8.0 Hz) was assigned based on a 3JH1,H2 value 

consistent with βGal anomers.68,69 Signal 

assignments of the remaining hydrogens in both 

residues of 3 were made based on analyses of JHH values extracted from the 1D 1H NMR 

spectrum (Table S3, Figures S3 and S4, Supporting Information) and analyses of 2D 1H-1H DFQ-

COSY and 1H-1H TOCSY spectra (Figures S7–S9, Supporting Information).  

13C Signal assignments  in 3 (Figures S5 and S6, Table S2, Supporting Information) were 

made from the 2D 1H-13C gHSQC spectrum (Figure S10, Supporting Information) and from the 

magnitudes of intra-residue JCC values observed in the 1D 13C{1H} spectrum of 31’,3 (Figure S6, 

Table S5, Supporting Information). 
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 10 

Methods similar to those used to assign 1H and 13C signals and measure JHH, JCH and JCC 

values in NMR spectra of 3 and 31’,3 were applied to 4, 41’ and 42’.  These results are summarized 

in Table S6 (Supporting Information). 

C. Trans-Glycosidic Spin-Couplings in 3 and 4. The trans-glycosidic 3JC3,H1′ in 3 was 

obtained from analysis of the H1′ signal in the 1H NMR spectrum of 31’,3, assisted by selective 

decoupling of H2′ (Figure S11, Supporting Information). 3JC1′,H3 was obtained from analysis of 

the H3 signal, which was split by the large 1JC3,H3, producing two doublets which were further 

split by spin-coupling to H2, H4 and C1′ to give a pair of 

multiplets. 3JH2,H3 and 3JH3,H4 were determined from 

analyses of the H2 and H4 signals, respectively, allowing 

an initial estimate of 3JC1′,H3 (~3 Hz) from one of these 

multiplets. This value was refined through selective 

decoupling of H4, giving a more precise 3JC1′,H3 value of 

3.3 Hz (Figure S12, Supporting Information). 2JC1′,C3 

was obtained from the C1’ and C3 doublets in the 

13C{1H} NMR spectrum of 31’,3 (Figure S6, Supporting Information). 3JC1′,C2, 3JC2′,C3 and 

3JC1′,C4 were measured from the splitting of the C2, C3 and C4 signals, respectively. Trans-

glycosidic JCH and JCC values in 3 are summarized in Table 1. 

Methods similar to those used to measure trans-glycosidic J-couplings in 3 and 31’,3 were 

applied to 4, giving values summarized in Table 1. Since 3JC3,H1′ could not be measured directly 

from the 1H NMR spectra of either 41’ or 42’, it was measured at natural abundance in unlabeled 

4.37 

Figure 1. MA’AT and MD analyses of φ' (A) and ψ' (B) in αGal-
(1→3)-βGalOCH3 (3). Black, full dataset. Red, trimmed 
dataset. Green, trimmed and constrained dataset. The 
hatched grey areas in (A) and (B) are models determined 
from a 1-µs aqueous MD simulation. See text for details.    
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D. MA’AT and MD Analyses of φ' and ψ' in 3 and 4. Trans-glycosidic J-couplings  (Table 1) 

and parameterized eqns [S1]–[S30] (see Supporting Information) were used as inputs in MA’AT 

analyses of φ' and ψ' in 3 and 4.  The results are shown in 

Figures 1 and 2, and the statistics from these analyses are 

summarized in Table 2. 

Depending on the parameterized equations used in 

the analysis, the mean value of φ’ in 3 ranged from –39.2 

– –51.9o, with CSDs ranging from 27.1–33.7o and RMSDs 

ranging from 0.06–0.46 Hz. The smallest RMSD was 

observed when the ψ’-constrained equations were used. This “best fit” to the experimental data 

gave a mean φ’ of –51.9o and a CSD of 27.1o, with the former in good agreement with that 

determined from MD simulation (–

45.4o) when the data were fit to a 

single-state model and –46.0o when 

a two-state model was used (Table 

3). CSDs obtained from MD (13–

15o) were significantly smaller than 

CSDs determined from MA’AT 

analysis, an observation consistent 

with prior MA’AT studies of φ in O-

glycosidic linkages.29 The cause of 

this discrepancy is not known, but 

may be due to flaws in the MA’AT treatment, in the GLYCAM06  force field, or both. The RMSD 

Figure 2. MA’AT and MD analyses of φ' (A) and ψ' (B) in βGal-
(1→3)-βGalOCH3 (4). Black, full dataset. Red, trimmed 
dataset. Green, trimmed and constrained dataset. The 
hatched grey areas in (A) and (B) are models determined from 
a 1-µs aqueous MD simulation. See text for details.    
 

 1097458xa, 2024, 7, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/m

rc.5424 by O
ffice O

f Scientific A
nd T

echnical Inform
ation, W

iley O
nline L

ibrary on [21/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 12 

calculated from the MD data (0.45 Hz) was considerably greater than that determined from the 

best MA’AT fit (0.06 Hz), indicating that the MA’AT model may better represent the torsional 

behavior of φ’ in solution.  

MA’AT analysis of ψ' in 3 gave mean values of either –31.0o or –37.8o depending on the 

equations used in the calculations, and CSDs of 24–26o. RMSDs ranged from 0.40–0.60 Hz, 

somewhat larger than observed for φ’ but still indicative of a good fit to the experimental J-

couplings. MD data fit to a single-state model gave a mean value of –20.5o, a CSD of 33.6o and 

a RMSD of 0.79 Hz. When the MD data were fit to a two-state model, which is more consistent 

with the MD histogram (Figure 1B), mean values of –37.4o (72%) and 27.6o (28%) were obtained. 

Given the limited number of 

redundant J-couplings used 

in MA’AT analysis of ψ’, it is 

not possible to test using 

MA’AT analysis whether the 

two-state model indicated by 

MD provides a better fit to the 

experimental J-couplings 

than the single-state model. 

However, RMSDs calculated 

from the one- and two-state 

fits of the MD data are the 

same (0.79 Hz) and slightly larger than that obtained from a single-state MA’AT analysis (0.40–

0.60 Hz), indicating that the single-state MA’AT model is a valid representation of the solution 

behavior of ψ’. 

 MA’AT analysis of φ' in 4 gave a good fit to the experimental J-couplings when a single-

state model was assumed, giving RMSDs of 0.10–0.16 Hz depending on the equations used in 

the analysis. Mean values of φ' ranged from 32.4–43.1o, with the largest value obtained from the 
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psi-constrained equations, while CSDs ranged from 23.4–27.8o. MD simulation gave a mean 

value of 44.3o for φ', in good agreement with MA’AT analysis when the psi-constrained equations 

were applied. As found for 3, the CSD from MD (15.1o) was considerably smaller than those 

obtained from MA’AT analysis. When the MD data were fit with a two-state model, the mean value 

of φ'  in the dominant conformer (45.5o; 98%) and its associated CSD (15.6o) were essentially the 

same as corresponding values obtained from a single-state fit of the MD data. 

MA’AT analyses of ψ'  in 4 gave mean values of –25o and CSDs of 26o, and neither value 

is much affected by the equations used in the analysis. RMSDs were small (0.05–0.07 Hz), 

indicating good fits of the calculated model to 

the experimental J-couplings. Single-state 

fits of the MD data for 4 gave a mean value of ψ'  of 

–14.1o , a CSD of 29.8o, and a RMSD (0.37 Hz). When a two-state model was used to fit the MD 

data, a mean value of ψ'  of –29.5o was obtained for the dominant conformation (69%), with the 

minor conformer (31%) having a mean of 22.1o. CSDs of 14–16o for both conformers are smaller 

than that found from MA’AT analysis. The RMSD for the two-state fit of the MD data (0.37 Hz) 

was identical to that found for the single-state fit. As found for 3, the population distribution of ψ'  

in 4 obtained from MA’AT analysis overlaps the two populations observed by MD, with the MA’AT 

mean lying between the two means determined by MD. The envelope of MA’AT-determined ψ'  

values includes nearly all angles indicated by MD, but only one broad envelope is needed to fit 

the experimental data well, yielding a smaller RMSD but larger CSD than MD. Based on the 

Figure 3. Distributions of φ’ (A) and ψ’ (B) in 
X-ray crystal structures containing αGal-
(1→3)-αGal (αα), αGal-(1→3)-βGal (αβ), 
βGal-(1→3)-αGal (βα), and βGal-(1→3)-
βGal (ββ) O-glycosidic linkages. Black, α-
linkages. Green, β-linkages. Total structures 
in each group were 24, 73, 4 and 22, 
respectively. Horizontal bars indicate the 
mean values of φ’ and ψ’ determined from 
MA’AT analysis (Table 2). φ’ = H1’–C1’–
O1’–C3. ψ’ = C1’–O1’–C3–H3.  
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 14 

available experimental J-couplings, a single-state model of ψ'  may pertain to 4 in solution, as 

found for 3.  

E. Linkage Conformations in X-ray Crystal Structures. X-ray crystal structures containing 

αGal-(1→3)-αGal, αGal-(1→3)-βGal, βGal-(1→3)-αGal and βGal-(1→3)-βGal O-glycosidic 

linkages were extracted from the PDB to determine the preferred values of φ' and ψ' in the 

crystalline state. Only structures with resolutions of 1.2–2.9 Å were considered, and structures 

bound to protein or other macromolecular receptors were excluded from the analysis. These 

constraints produced 24, 73, 4 and 22 structures containing αGal-(1→3)-αGal, αGal-(1→3)-βGal, 

βGal-(1→3)-αGal and βGal-(1→3)-βGal linkages, respectively (Figure 3). The number of βGal-

(1→3)-αGal structures was too low to allow a meaningful analysis. For the αGal-(1→3)-αGal and 

αGal-(1→3)-βGal linkages, φ' ranges from 320 ± 40o, which includes the mean value determined 

from MA’AT analysis (–51.9o or 308.1o). The ψ' values show significant variability, but most are 

330 ± 40o, which includes the mean value determined from MA’AT analysis (~–34o or 326o).  

While there are fewer structures containing βGal-(1→3)-βGal linkages, the crystallographic data 

indicate that φ'  adopts a wide range of values (350 ± 60o), indicating that it can deform relatively 

easily in the crystalline lattice despite stereoelectronic constraints.70–75 MA’AT analysis gave a 

mean value of 43.1o, which lies at the edge of this range. These observations indicate that 

solvation factors could play a more significant role in dictating φ'  in 4 than in 3. On the other hand, 

ψ'  in structures containing βGal-(1→3)-βGal linkages ranges from 350 ± 40o (similar to the range 

observed for αGal-(1→3)-βGal linkages) and includes the mean value determined from MA’AT 

analysis (–25.4o or 334.6o).    

 F. Prior Conformational Analyses of αGal-(1→3)-βGal and βGal-(1→3)-βGal Linkages in 

Solution. Wang and coworkers76 examined the αGal-(1→3)-βGal linkage in trisaccharide 5 

(Scheme 5) using two trans-O-glycosidic J-couplings, 1H-1H NOEs and HSEA/MM calculations. 

3JH1’,C3 and 3JC1’,H3 values of 3.1 Hz and 3.4 Hz, respectively, were measured, which are similar 

to those reported in this study (Table 1). Based mainly on computational data, preferred values 

of –50o and –34o were reported for φ' and ψ', respectively. These angles are in good agreement 
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with those found from MA’AT analysis (–51.9o and –38o, respectively; Table 2). Bundle and 

coworkers23 examined the same αGal-(1→3)-βGal linkage in trisaccharide 6 and reported 

3JH1’,C3 and 3JC1’,H3 values of 1.4 Hz and 1.5 Hz, respectively, which differ significantly from 

corresponding values in 3 and 5. They 

concluded that this linkage prefers φ and ψ 

values of –63o and –62o, respectively. 

Computational studies of the αGal-(1→3)-

βGalOCH3 disaccharide gave preferred 

φ and ψ values of –49o and –32o, 

respectively, in good agreement with those 

found in this report (Table 2). The authors 

concluded that the addition of the αFuc-

(1→2) linkage to the βGal residue affects 

both φ and ψ (context effect). Future MA’AT 

analyses of 6 may provide a more 

quantitative determination of this 

conformational change. Finally, Imberty 

and coworkers77 studied the αGal-(1→3)-βGal linkage using computational methods and 

reported two dominant conformations characterized by φ/ψ values of –40o/–40o and –20o/20o, 

and a minor conformer with φ/ψ of –20o/–190o. Both dominant forms fall within the envelope of 

conformations determined by MA’AT analysis, with the –40o/–40o form having values similar to 

the mean values of –51.9o/–37.8o determined by MA’AT (Table 2). MA’AT analysis was not able 

to detect the minor –20o/–190o form, presumably due to its low abundance (the relative 

abundances of the three forms were not reported). 

 Krishna et al.78 studied trisaccharide 7 that contains a βGal-(1→3)-βGal linkage identical 

to that found in 4. 1H-1H NOE measurements and MD/EM calculations were interpreted to indicate 

preferred φ angles (defined as O5–C1–O1–C3) ranging from –164.1— –172.0o, with a possible 
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minor conformer with φ = ~35o. The ψ angle, defined as C1–O1–C3–C2, was reported to favor 

values ranging from –168.9 — –173.2o (data taken from Table IV in ref. 78). These angles were 

converted to those used in this study by adding +120o to each, giving φ values of –44.1 – –52o 

for the major form (155o for the minor form) and –48.9 — –53.2o for ψ. This φ assignment differs 

significantly from that obtained from MA’AT analysis (mean value of +43.1o from psi-constrained 

equations), but the ψ assignment compares somewhat favorably with that determined from MA’AT 

analysis (~–25.4o using trimmed equations) (Table 2).   

Prior NMR studies of the βGal-(1→4)-βXyl linkage in 7 by Krishna and coworkers79,80 gave 

preferred φ and ψ values of –62.8o (O5–C1–O1–C4) and 128.3o (C1–O1–C4–C3), respectively. 

These values are similar qualitatively to those determined recently in the disaccharide, βGal-

(1→4)-βXylOCH3, by MA’AT analysis (–92.5 o for φ, 136.8o for ψ).29 An X-ray crystallographic 

study of the same disaccharide gave values of –85.18o and 96.01o for φ and ψ, respectively.81  

       

 
Conclusions 

 Conformational models of saccharides have relied heavily on input from computational 

methods, most often from MD simulation. Conventional assignments of conformation are typically 

made by comparing a group of NMR parameters (e.g., J-couplings, 1H-1H NOEs, RDCs, spin-

relaxation times) to the MD model to test for internal consistency. While this approach has proven 

useful, it places a heavy emphasis on computational models despite the fact that the underlying 

force field from which they are obtained cannot be fully validated by experiment. MA’AT analysis 

provides a solution to this problem by analyzing sets of redundant NMR J-couplings (J-values that 

depend on the same molecular torsion angle) to provide probability distributions of molecular 

torsion angles similar to those determined by MD simulation. A physical picture of the behavior of 

the torsion angle in solution is thereby obtainable from experimental data, which heretofore has 
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proven difficult to achieve. In addition to providing these pictures, feedback provided by MA’AT 

analysis provides an effective means of validating MD force fields experimentally. 

 This investigation has applied MA’AT analysis to two disaccharides 3 and 4 containing two 

biologically-important O-glycosidic linkages involving αGal and βGal donors. This work is part of 

an ongoing longitudinal effort to test the ability of MA’AT analysis to model different types of 

conformational elements in saccharides and other biologically important molecules.82–85 In the 

present work, we have shown that the method provides reliable conformational models of both 

linkages, with the degree of similarity between MA’AT and MD particularly high for ψ both in terms 

of mean values and CSDs. A similar comparison for φ showed good agreement between mean 

values, but different CSDs, as found in prior work.29,82 The cause of the latter discrepancy has 

been investigated recently where secondary effects on the φ-dependent J-couplings were 

minimized by using parameterized equations that were constrained based on information 

obtained from MA’AT analysis of ψ (ψ-constrained φ-dependent equations). This modified 

equation parameterization resulted in essentially no change in the MA’AT-determined CSDs for φ 

(although mean values changed slightly as observed in the present work) (Table 2), eliminating 

secondary effects as the cause of the discrepancy.86 Recent MD simulations using the CHARMM 

force field on methyl β-lactoside gave a CSD for φ similar to that obtained from the GLYCAM06 

force field. In these MD studies, 1-µs simulations were assumed to be sufficient to capture the 

equilibrium distribution of φ in solution. We are currently examining the use of non-conventional 

two-bond 2JCCH values87 as additional constraints of φ in an effort to resolve the CSD 

discrepancy, results of which will be reported in a future publication.  

The DFT calculations performed in this study for geometry optimization made used of the 

B3LYP functional39,40 and 6-31G* basis set41. More extended basis sets and modern functionals 

have been used in our work as discussed in a recent review.88 However, use of the latter in most 

cases gives calculated 2J and 3J values and their associated Karplus-like equations that do not 

differ significantly from those calculated by the methods used in this work. The resulting MA’AT 

models are also virtually identical. The fact that reasonable MA’AT models of glycosidic linkage 
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torsion angles were obtained (comparable to those obtained by MD simulation) provides 

evidence, albeit indirect, that the DFT calculations must be giving reliable calculated J-values and 

parameterized equations, otherwise convergence during MA’AT analysis with the resulting low 

RMSDs would not occur. More extended basis sets and other functionals, however, must be used 

when accurate C–H bond lengths are required, since these lengths exert a large effect on DFT-

calculated 1JCH and 1JCC values.89,90  

This study extends the application of MA’AT analysis to (1→3) O-glycosidic linkages 

involving Galp residues as doors in either the α- or β-configuration. Prior applications have been 

reported for β-(1→4),29 α-(1→2)82 and α-(1→3)82 linkages, and the results for β-(1→2) and α/β-

(1→6) linkages are forthcoming. The findings reported herein provide further evidence of the 

general applicability of the method to all types of O-glycosidic linkages, but additional studies are 

needed to substantiate this claim.    
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