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Abstract

One-dimensional 1H NMR experiments were conducted for aqueous solutions of 

glycosaminoglycan oligosaccharides to measure the amide proton temperature coefficients and 

activation energy barriers for solvent exchange, and evaluate the effect of pH on the solvent 

exchange properties. A library of mono- and oligosaccharides was prepared by enzymatic 

depolymerization of amide-containing polysaccharides and by chemical modification of heparin 

and heparan sulfate saccharides including members that contain a 3-O-sulfated glucosamine 

residue. The systematic evaluation of this saccharide library facilitated assessment of the effects of 

structural characteristics, such as size, sulfation number and site, and glycosidic linkage, on amide 

proton solvent exchange rates. Charge repulsion by neighboring negatively charged sulfate and 

carboxylate groups was found to have a significant impact on the catalysis of amide proton solvent 

exchange by hydroxide. This observation leads to the conclusion that solvent exchange rates must 

be interpreted within the context of a given chemical environment. On their own, slow exchange 

rates do not conclusively establish the involvement of a labile proton in a hydrogen bond and 

additional supporting experimental evidence such as reduced temperature coefficients is required.
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INTRODUCTION

In this work we explore the effects of structural characteristics, such as length, sulfation 

number and site, and glycosidic linkage on the amide proton solvent exchange rates of 

saccharides derived from glycosaminoglycans (GAGs). The GAGs are a family of 

structurally related, unbranched anionic polysaccharides comprised of chondroitin sulfate, 

dermatan sulfate, heparan sulfate, heparin, hyaluronic acid and keratan sulfate.1 GAGs are 

classified based on their major disaccharide repeat subunits, in which a hexose residue is 

linked through the glycosidic bond to a hexosamine residue containing an amide, amino or 

sulfamate (N-sulfo) group. GAGs are important to many life-essential physiological 

processes such as cell development,2,3 inflammation,4–7 differentiation,8 and adhesion,9,10 

including the pathological conditions of tumor growth, 10–13 and viral14–16 and microbial 

infections.17

Hydrogen bonds play an important role in many chemical and biological processes, 

therefore, the development of reliable methods for the identification of hydrogen bonds in 

GAGs is critically important to understanding their behavior. Reduced amide proton 

temperature coefficients (Δδ/ΔT) in the range of 2 – 4 ppb/K are well-established indicators 

of amide proton hydrogen bonds in peptides and proteins.18,19 Similarly, variable 

temperature experiments have been used in studies of GAG oligosaccharides to probe the 

involvement of labile protons in hydrogen bonds and to the investigate the kinetics and 

thermodynamics of solvent exchange in aqueous solution.20–23 For example, Langeslay et 

al. used line-shape analysis of the sulfamate group 1H NMR resonances to complement 

temperature coefficient results and identify a hydrogen bond between the sulfamate group 

and the adjacent 3-O-sulfo group of the internal GlcNS3S6S residue of the synthetic heparin 

pentasaccharide Arixtra (Figure 1q).20

For the slowly exchanging GAG sulfamate and amide protons, 1H NMR resonance line 

widths are related to the rate constant (kex) of the exchange reaction with the water solvent. 

Consequently, resonance line widths measured as a function of temperature can be fit with 

the Eyring-Polanyi equation (eq 1), followed by calculation of the energy barrier (ΔG‡ in 

kcal/mol) associated with solvent exchange:24–26
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kex =
kBT

h e
ΔG‡
RT (1)

where kB is the Boltzmann constant, T is the temperature in Kelvin, h is Planck’s constant, 

and R is the ideal gas constant.

In prior work, labile saccharide protons with a comparatively higher energy barrier (by 2 – 3 

kcal/mol or more) compared to other sites were proposed to be protected from exchange 

through involvement in a hydrogen bond. For example, Langeslay et al. used the ΔG‡ of the 

Arixtra GlcNS3S6S(III) sulfamate proton (ΔG‡ = 18.1 kcal/mol) as evidence for 

participation in a hydrogen bond as it is about 3 kcal/mol larger than the values determined 

for the other Arixtra sulfamate protons (ΔG‡ = 15.1 – 15.7 kcal/mol).20

The more rapidly exchanging GAG hydroxyl and amino protons have also been studied 

using the 2D 1H NMR exchange spectroscopy (EXSY) experiment.21,22,27,28 The EXSY 

cross-peak intensity depends on the exchange rates and spin relaxation properties of the 

detected nuclei. By integrating the cross-peak volumes, a build-up curve can be generated by 

plotting cross peak intensity as a function of the EXSY mixing time. Exchange rates are 

extracted by fitting the build-up curve with the Bloch equation modified to account for 

contributions from radiation damping to the longitudinal relaxation rate. 20,29,30

Using EXSY results, Beecher et al. reported three hydrogen bonds involving the Arixtra 

hydroxyl protons.21 Importantly, there was agreement between the reduced temperature 

coefficients and decreased exchange rates for only of the two hydroxyl protons. The protons 

of the hydroxyl group attached to the third carbon of the IdoA2S residue (OH3) behaved 

inconsistently, having a reduced exchange rate but large temperature coefficients. In other 

words, the exchange rate suggested a hydrogen bond involving the IdoA2S OH3, but the 

temperature coefficient did not support its presence.

Because temperature coefficients are a well-established indicator of hydrogen bonds in 

carbohydrates, proteins and peptides,20,21,31–34 we questioned the identification of a 

hydrogen bond by slower exchange rates alone without support from the temperature 

coefficient measurements. In this work, the solvent exchange properties of the labile amide 

protons in a library of GAG saccharides are examined and discussed as they relate to 

hydrogen bond participation in mono- and oligosaccharides with systematic variations in 

length, sulfo group number and position, uronic acid chirality (glucuronic or iduronic acid), 

type of glycosidic linkage, and other elements of structure. Additionally, the polyelectrolyte 

character of selected oligosaccharides is explored at physiological pH and the experimental 

findings reinforced by the results of molecular dynamics simulations.
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EXPERIMENTAL AND THEORETICAL METHODS

Materials and Reagents.

Arixtra (Fondaparinux sodium), formulated as prefilled syringes for clinical use, was 

obtained from the University Pharmacy and Department of Pharmacy Administration of 

Semmelweis University (Budapest, Hungary). The cation exchange resin Dowex 50WX8 

hydrogen form (50 – 100 mesh); 3-(trimethylsilyl)-1-propanesulfonic acid-d6 sodium salt 

(DSS-d6, 98% D); 99.5% acetic anhydride ((CH3CO)2O); chondroitin sulfate A sodium salt 

from bovine trachea (btCS-A); enzymes Chondroitinase ABC from Proteus vulgaris and 

Hyaluronidase from Streptomyces hyalurolyticus; monosaccharides N-acetyl-D-

glucosamine (GlcNAc), N-acetyl- D-glucosamine-6-O-sulfate (GlcNAc6S), N-acetyl- D-

galactosamine (GalNAc), D-glucosamine-3-O-sulfate (GlcN3S), and D-glucosamine-2-N-
sulfate (GlcNS); ammonium bicarbonate (NH4HCO3); Tris-HCl; and 35 wt% deuterated 

hydrochloric acid (DCl, 99% D) were purchased from Sigma-Aldrich (St. Louis, MO). 

HPLC grade methanol, 12.1 N hydrochloric acid (HCl), 50% w/w sodium hydroxide 

solution (NaOH), glacial acetic acid (CH3COOH), sodium borohydride (NaBH4), disodium 

orthophosphate heptahydrate (Na2HPO4•7H2O), monobasic sodium phosphate ACS grade 

(NaH2PO4•H2O), sodium chloride (NaCl), bovine serum albumin (BSA) lyophilized 

powder, pyridine, and sodium acetate trihydrate (CH3COONa•3H2O) were purchased from 

Thermo Fisher Scientific (Bellefonte, PA). The disaccharides ΔUA-GalNAc, ΔUA-

GalNAc6S, and ΔUA-GalNAc4S were purchased from Iduron Ltd. (Manchester, UK). The 

disaccharides ΔUA2S-GlcNAc; ΔUA2S-GlcNAc6S; ΔUA-GlcNAc6S; and ΔUA-GlcNAc 

and monosaccharides D-glucosamine-2-N, 3-O-disulfate (GlcNS3S); D-glucosamine-2-N, 

6-O-disulfate (GlcNS6S); and D-glucoamine-2-N, 3-O, 6-O-trisulfate (GlcNS3S6S) were 

purchased from Dextra Laboratories Ltd. (Reading, UK). Sodium hyaluronate (HA) was 

purchased from Spectrum Chemical MFG Corp. (New Brunswick, NJ). Chitin disaccharide 

(N-acetyl-glucosamine)2 was purchased from Qingdao BZ Oligos Biotech Co., LTD 

(Qingdao, China). Koptec Pure Ethanol (200 proof) was purchased from Decon Labs, Inc. 

(King of Prussia, PA). Deuterium oxide (D2O, 99.9% D), 40% w/w sodium deuteroxide 

(NaOD, 99.5% D), deuterated dimethyl sulfoxide (DMSO-d6, 99.9% D), and the low 

temperature methanol standard were purchased from Cambridge Isotope Laboratories 

(Andover, MA). Ultrapure deionized water (18 MΩ/cm) was prepared using a Simplicity UV 

water purification system from Millipore (Billerica, MA). Buffers at pH 2.00, 4.00, 7.00, and 

10.00 for calibration of the pH meter were purchased from Fisher Scientific (Nazareth, PA). 

All pH measurements were performed at room temperature using an AB 15 Accumet Basic 

pH meter and a 9110DJWP double-junction Ag/AgCl micro pH electrode, both from 

Thermo Scientific (Chelmsford, MA). All pH values measured in deuterated solutions are 

reported as pD with correction for the deuterium isotope effect.35,36 NMR NE-H5/3-Br 

tubes were purchased from New Era Enterprises (Vineland, NJ).

NMR Measurements

Variable temperature experiments.

Milligram quantities of each mono- or oligosaccharide were dissolved in 300 μL of an 

aqueous 10 mM phosphate buffer at pH 7.48 containing 0.5 mM DSS-d6. Actual weights for 
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each solution are given in the Supporting Information (SI). The pH of each solution was 

adjusted to 7.4 with NaOH and HCl, lyophilized and stored at −20°C. Prior to the NMR 

experiments, the solid samples were reconstituted in 270 μL of H2O and, if necessary, the 

pH was re-adjusted to 7.4. Then, 30 μL of D2O was added to provide a lock signal and 200 

μL aliquots were transferred to NE-H5/3-Br NMR tubes. Experimental details for the 

isolation and/or chemical modification and structure elucidation of CS dp4-ol, CS dp6-ol, 

HA dp3, HA dp4, HA dp5, HA dp6, HA dp6-ol, GlcNAc3S, and N-acetylated Arixtra 

(NAcA) are described in detail in the SI.

Variable temperature experiments were performed over the range 283.2 K to 338.2 K using a 

Bruker Avance spectrometer operating at 599.88 MHz and equipped with a 5 mm TBI 

probe. One-dimensional spectra were acquired by coadding 128 scans using a 90° pulse 

length between 9.5 and 10.6 μs with solvent suppression provided by excitation sculpting. A 

spectral window of 6887 Hz and a relaxation delay of 2.0 s were used. FIDs were acquired 

into 32,768 complex points, zero filled to 65,536 points and apodized by multiplication with 

an exponential function equivalent to a 0.3 Hz line broadening prior to Fourier 

transformation. At least 7 min was allowed for sample thermal equilibration at each 

temperature. Sample temperatures were calibrated using an external low temperature 

methanol standard obtained from Cambridge Isotope Labs (Andover, MA) and calculated 

using the Van Geet equation.37 The spectra were referenced to the 1H resonance of DSS-d6 

(0.000 ppm) and all spectra were analyzed using MestReNova-12.0.1.

Temperature coefficient (Δδ/ΔT) measurements.

To characterize the temperature dependence of the amide proton resonances and explore the 

possibility of hydrogen bonds involving the amide protons, 1H NMR spectra of each 

oligosaccharide shown in Figure 1 were acquired at pH 7.40 over the temperature range 

283.2 – 338.2 K. Temperature coefficients were determined by plotting chemical shift vs 

temperature as illustrated in Figure S4 and were calculated from the absolute value of the 

slopes of the lines obtained by plotting amide proton chemical shifts as a function of the 

calibrated temperature.

Line-shape analysis and determination of exchange energy barriers (ΔG‡).

Resonance line widths were measured for the amide protons by nonlinear least squares 

fitting of a Lorentzian peak shape to the experimental spectra using MestReNova-12.0.1 as 

shown in Figure S5a. The extracted line widths at half-height were plotted as a function of 

the calibrated temperatures as shown in Figure S5b, followed by fitting with the Eyring-

Polanyi equation (eq 1) to calculate the energy barrier, ΔG‡, associated with amide proton 

solvent exchange. A representative example showing the calculation of ΔG‡ is given in 

Figure S5.

pH titrations.

The samples of GlcNAc, GlcNAc3S, GlcNAc6S, chitin disaccharide, NAcA, and GalNAc 

used for the 1H NMR temperature experiments were also titrated with NaOH and HCl 

solutions prepared in 90% H2O/10% D2O. After adjustment to the desired pH, the solutions 

were transferred to NE-H5/3-Br NMR tubes and the spectra recorded at 298.2 K using a 

Green et al. Page 5

J Phys Chem B. Author manuscript; available in PMC 2019 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bruker Avance spectrometer operating at 599.88 MHz and equipped with a 5 mm TBI 

probe. Spectra were acquired as a function of pH using the same acquisition and processing 

parameters used for the variable temperature experiments.

For experiments with the N-sulfo-glucosamines, 1.5 mg GlcNS3S6S, 0.9 mg GlcNS, 1.3 mg 

GlcNS3S, and 0.9 mg GlcNS were each dissolved in 800 μL of a 90% H2O/10% D2O 25 

mM phosphate buffer at pH 6.09 containing mM DSS-d6. The samples were titrated with 

NaOH and HCl in 90% H2O/10% D2O and aliquots of the solution at each pH were 

transferred to NE-H5/3-Br NMR tubes. 1H NMR spectra were acquired as a function of pH 

using a Bruker Avance spectrometer operating at 1H frequency of 599.52 MHz and equipped 

with a 5 mm BBI probe. NMR spectra were at 298.2 K using WATERGATE-W5 solvent 

suppression.38 The acquisition and processing parameters were as described for the variable 

temperature experiments.

MD Simulations.

The AmberTools 16 module xleap39 was used to model the structures of the HA dp6(α), CS 

dp6(α), and NAcA. These saccharides were modeled to generate the parameter, topology, 

and coordinate files for molecular dynamics simulations using a GLYCAM 06g force field.
40 The xleap module was used to add sodium ions (ff99SB parameters) to oligosaccharide 

structures to make the system’s overall charge neutral (addions function) and to construct a 

cubic water box with each face a distance 12 Å from the solute. 37,40–42 Minimization, 

heating, equilibration, and molecular dynamics simulation production runs were performed 

using NAMD 2.11.43 To remove possible bad contacts, conjugate-gradient minimization was 

performed separately in the following order: solute, solvent, and the entire system. Periodic 

boundary conditions were applied throughout. The particle mesh Ewald algorithm was used 

to treat long range electrostatic interactions with the grid spacing set to 1 Å.44 Non-bonded 

interactions were cut off at 12 Å and a smooth switching function was applied to 10 Å. The 

VDW and electrostatic 1–4 scaling factors (SCNB and SCEE, respectively) were set to unity 

for consistency with the GLYCAM 06g parameters.40 The SETTLE algorithm was used to 

hold rigid hydrogen-oxygen bonds within water molecules.45 Slow system heating from 0 K 

to 298 K was performed in 398 ps, including a 100 ps hold at 298 K using a constant-NVE 
ensemble. A constant-NPT ensemble with a pressure of 1 atm and a temperature of 298 K 

was used for system equilibration and the production run. Temperature control was 

performed using the Langevin thermostat with a damping coefficient of 5 ps−1, while control 

over pressure was performed by using NAMD’s Nosé-Hoover Langevin piston method.43 

Trajectory outputs of 11 ns simulations were saved every 500 fs with a time step of 

simulation integration in 1 fs. Monitoring of temperature, pressure, and energy, in addition 

to trajectory visualization, was performed in VMD 1.9.2.46 The hydrogen bonding analysis, 

including a 3.5 Å heavy-atom cutoff distance and a 120° angle cutoff, was performed using 

the AmberTools 16 module cpptraj.39

RESULTS AND DISCUSSION

To experimentally explore amide proton solvent exchange properties, we generated a library 

of amide-containing saccharides found in GAG polysaccharides, structures shown in Figure 

Green et al. Page 6

J Phys Chem B. Author manuscript; available in PMC 2019 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1 with descriptions provided in Table 1. Figures 1(c), (q) also highlight two chemically 

modified structures that do not occur naturally: 3-O-sulfo-N-acetyl-glucosamine 

(GlcNAc3S) and N-acetylated Arixtra (NAcA). The variations in length, composition, 

sulfation position and extent, overall oligosaccharide charge, and glycosidic linkage of the 

compounds listed in Figure 1 allow the evaluation of the effect of these structural features on 

amide proton solvent exchange rates.

Amide Proton Temperature Coefficients (Δδ/ΔT).

Calculated temperature coefficients (presented as absolute value of Δδ/ΔT throughout) for 

the oligosaccharide amide protons are presented in Table S6. None of the investigated 

structures produced an amide proton temperature coefficient that suggests participation in an 

intramolecular hydrogen bond. To visualize the data shown in Table S6, the results are 

depicted in a graphical form in Figure 2 with the Δδ/ΔT values plotted as a function of the 

corresponding residue. Because the α conformers at the reducing end of oligosaccharides 

are generally more energetically favorable and therefore the dominant species in aqueous 

solutions, they are the focus of the following discussion.

The GlcNAc3S monosaccharide and NAcA pentasaccharide are structurally unique and were 

prepared to facilitate evaluation the effect of a 3-O-sulfo group on an adjacent amide moiety. 

The earlier work of Langeslay et al.20 identified that the same 3-O-sulfo group in Arixtra 

was involved in a hydrogen bond with the adjacent sulfamate group proton. In this work, the 

N-sulfo groups of Arixtra were chemically replaced by N-acetyl groups to evaluate possible 

hydrogen bond formation involving an amide proton and an adjacent 3-O-sulfo group. To 

our surprise, all three amide groups of NAcA gave virtually identical temperature 

coefficients, a result that does not support the formation of a persistent hydrogen bond 

between the 3-O-sulfo group and the adjacent amide group of the internal glucosamine 

residue. This is in contrast to what was reported for the N-sulfated glucosamine of Arixtra.20 

Moreover, the temperature coefficients measured for NAcA were slightly higher than those 

of the GlcNAc3S monosaccharide and opposed to the general trend formed by the other 

larger oligosaccharides.

Interestingly, the amide proton of the GlcNAc3S monosaccharide containing a 3-O-sulfo 

group showed the most reduced temperature coefficient of all the mono- and disaccharides 

examined. A slightly higher Δδ/ΔT value was observed for ΔUA(I) (β1→3) GalNAc4S(II). 

This disaccharide has three distinctive features that distinguish it from the GlcNAc3S 

monosaccharide, including a 4-O-sulfated GalNAc residue (GalNAc4S), and an unsulfated 

unsaturated uronic acid residue (ΔUA) connected to GalNAc4S by a β1→3 glycosidic 

linkage. The temperature coefficients for GalNAc and GlcNAc are not significantly 

different, so the effect of sugar type can be excluded. Replacement of the GalNAc 4-O-sulfo 

group with a 6-O-sulfo group in ΔUA(I) (β1→3) GalNAc6S(II) led to increased Δδ/ΔT 

relative to ΔUA(I) (β1→3) GalNAc6S(II). Also, there is no difference in the Δδ/ΔT values 

for ΔUA(I) (β1→3) GalNAc6S(II) and the unsubstituted ΔUA(I) (β1→3) GalNAc(II), 

indicating that the 6-O-sulfo substituent is too distant to affect the amide proton.

Comparison of the effect of different glycosidic linkages for ΔUA(I) (β1→3) GalNAc(II) 

and ΔUA(I) (β1→4) GlcNAc(II) indicates that slightly higher temperature coefficients are 
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associated with the β1→4 linkage. Addition of the 2-O-sulfo group to the unsaturated 

uronic acid residue of ΔUA2S(I) (β1→4) GlcNAc(II) produced a slight decrease in 

temperature coefficient compared with ΔUA(I) (β1→4) GlcNAc(II). Identical results were 

obtained for ΔUA2S(I) (β1→4) GlcNAc(II) and ΔUA2S(I) (β1→4) GlcNAc6S(II), as with 

GalNAc, no difference was observed between the unsulfated and 6-O-sulfated GlcNAc 

monosaccharides. Interestingly, however, replacement of the ΔUA with a GlcNAc residue 

produced a larger temperature coefficient for the chitin disaccharide GlcNAc(I) (β1→4) 

GlcNAc(II).

Comparison of the amide proton temperature coefficients within monosaccharides and 

disaccharides revealed the following trends: (1) no difference is observed between types of 

unsulfated amino sugars; (2) the amide protons in disaccharides with a β1→3 glycosidic 

linkage have slightly reduced temperature coefficients relative to the β1→4 linkage; (3) 6-

O-sulfation had very little effect on temperature coefficient; (4) negatively charged 

unsaturated uronic acid residues decreased the temperature coefficient and 2-O-sulfo 

substituted ΔUA residues contributed to further decreases; and (5) 4-O-sulfated and 3-O-

sulfated amino sugars had significantly reduced temperature coefficients compared to other 

mono- and disaccharides.

The monosaccharide GlcNAc3S gave temperature coefficients comparable to the larger 

oligosaccharides. Across the larger oligosaccharides, the most reduced Δδ/ΔT values were 

observed for the reduced CS dp4-ol and CS dp6-ol derived from CS-A, and HA dp6. The 

temperature coefficients of amide protons of the reducing end residues were consistent with 

the values measured for the mono- and disaccharides. The amides of the CS-A 

oligosaccharides had lower temperature coefficients compared to the unsulfated HA 

oligosaccharides, further supporting the effect of 4-O-sulfation in reducing the magnitude of 

the temperature coefficients.

Another important observation is that the presence of glucuronic acid (GlcA) reduces the 

temperature coefficient of the amide protons in adjacent residues, especially when the 

amide-containing residue is situated between two GlcA residues. For disaccharides with an 

unsaturated uronic acid at the non-reducing end, the presence of the ΔUA residue appears to 

slightly reduce the temperature coefficient of the adjacent amide proton. In larger 

oligosaccharides, when the amide group is preceded by an unsaturated uronic acid and 

followed by a GlcA residue, the amide proton temperature coefficient is reduced more 

substantially, as can be observed for the HA dp3. Furthermore, the GlcNAc6S(I) and 

GlcNAc6S(V) residues of NAcA, which are linked to only one uronic acid, showed higher 

temperature coefficients than the amide of GlcNAc3S6S(III) which is situated between 

GlcA(II) and IdoA2S(IV) residues.

Because the concentrations of the saccharide samples studied varied due to the limited 

availability of some compounds, we evaluated the effect of sugar and phosphate buffer 

concentrations on our measurements. Temperature coefficients of 10 mM GlcNAc in 10 mM 

phosphate buffer (α = 8.7 ppb/K, β = 7.8 ppb/K), 100 mM GlcNAc in 10 mM phosphate 

buffer (α = 8.6 ppb/K, β = 7.6 ppb/K), and 10 mM GlcNAc in 50 mM phosphate buffer (α = 

8.6 ppb/K, β = 7.5 ppb/K) showed no significant deviations that can be ascribed to either the 
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saccharide or buffer concentration. Similarly, 10 mM GalNAc in 10 mM phosphate buffer (α 
= 8.6 ppb/K, β = 7.5 ppb/K), 100 mM GalNAc in 10 mM phosphate buffer (α = 8.5 ppb/K, 

β = 7.5 ppb/K), and 10 mM GalNAc in 50 mM phosphate buffer (α = 8.7 ppb/K, β = 7.6 

ppb/K) also showed no large deviations due to the concentration of the monosaccharide or 

the buffer. Errors in the experimental values of temperature coefficients are estimated to be 

around ± 0.1 ppb/K due to differences in sample preparation, shimming, temperature 

fluctuations and error in the temperature calibration using the external methanol standard.

Line-Shape Analysis and Exchange Energy Barriers (ΔG‡).

Resonance line widths are related to the rate constant (kex) of the solvent exchange reaction 

and can be used to calculate the energy barrier for solvent exchange (ΔG‡). Therefore, the 

variable temperature experiments used for the calculation of temperature coefficients can 

also provide information about the solvent exchange of the labile protons. The calculated 

values of ΔG‡ are summarized in Table S7 of the supplemental information. As with the 

temperature coefficient results, the data presented in Table S7 can be more easily visualized 

as a graph of ΔG‡ plotted as a function of the corresponding amide-containing residue. 

Figure 3 plots the measured ΔG‡ values using the same saccharide order as in Figure 2. 

Comparison of Figures 2 and 3 reveals that the trend of the ΔG‡ values is reciprocal to that 

for the Δδ/ΔT values. In other words, amide protons with reduced temperature coefficients 

have generally higher activation energy barriers, corresponding to slower rates of exchange 

with water.

Most interesting is the high energy barrier calculated for the internal GlcNAc3S6S(III) 

residue of NAcA. The hydrogen bond identified by Langeslay et al. involving the internal 

Arixtra GlcNS3S6S(III) sulfamate proton was supported by both a reduced temperature 

coefficient and a high energy barrier for solvent exchange.20 In contrast, despite its higher 

ΔG‡ value, the absence of a reduced temperature coefficient does not support the 

participation of the NAcA GlcNAc3S6S(III) amide proton in a hydrogen bond.

Distinctively different ΔG‡ values were observed for the 3-O- and 4-O-sulfated residues of 

GlcNAc3S and ΔUA(I) (β1→3) GalNAc4S(II), respectively. Their ΔG‡ values are 

comparable to those measured for the larger oligosaccharides. Furthermore, the energy 

barrier for amide proton solvent exchange in the chitin disaccharide, which lacks a linkage 

to an uronic acid residue, was the lowest value of all the saccharides examined.

These observations suggest that charge plays an important role in determining the energy 

barriers for amide proton exchange with water in aqueous solutions. The pH of solution is 

important experimental parameter because the chemical exchange reaction between the 

labile protons and water is catalyzed by H3O+ and OH- ions. This exchange occurs in 

solution with large excess of the water and therefore is governed by the pseudo first-order 

kinetics as described by eq 2.50

kobs = k
H+[H+ +k

OH− OH−] (2)
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According to eq 2, the overall rate constant (kobs) of the proton exchange reaction is the sum 

of two terms, kH3O+[H3O+] and kOH-[OH-], representing the exchange rates of the base and 

acid catalyzed reactions, respectively. Exchange rate constants for the acid (kH3O+) and base 

(kOH-) catalyzed reactions are not equal and depend on the chemical system. In each given 

system, concentrations of H3O+ and OH- ions might also play important role in catalysis of 

the exchange of labile protons with solvent, as described by eq 2. Therefore, the proximity 

of centers of negative charge close to an amide proton would be expected to slow exchange 

by repulsing OH- ions, which would be reflected by higher values of ΔG‡. To examine the 

effects of negatively charged groups on amide proton exchange, pH titrations were 

performed for a set of saccharides with unique structural differences as described in the 

following section.

Effects of pH on Labile Proton Resonance Line Widths.
1H NMR spectra were acquired as a function of pH for GalNAc, GlcNAc, GlcNAc6S, 

GlcNAc3S, the chitin disaccharide and NAcA. The line widths of the amide proton 

resonances of these saccharides are plotted in Figure 4a as a function of pH. It was 

previously reported that amide proton exchange with water occurs through an acid-base 

catalysis mechanism.50,51 From Figure 4a, it is apparent that in the acidic region there are no 

changes in the amide proton line widths even at the lowest pH tested (~2.5). In the resonance 

structure of amide groups, the carbonyl oxygen atom is partially negatively charged, while 

the amide nitrogen carries partial positive charge. Consequently, charge repulsion between 

the partially positively charged nitrogen and hydronium ions at low pH prevents significant 

acid catalyzed exchange. As the pH is raised, the concentration of hydroxide increases and 

the base catalyzed exchange rate also increases producing line broadening. Closer 

examination of the basic region of Figure 4a reveals interesting trends correlated to the 

saccharide structures. At pH 9, the uncharged saccharides have the broadest resonances 

reflecting faster solvent exchange. In contrast, for the sulfated sugars, where the bulky 

negatively charged sulfate groups may repel the negatively charged hydroxide, reducing base 

catalyzed solvent exchange and producing less line broadening. Because of the close spatial 

proximity of the 3-O-sulfo and amide groups (discussed in the Molecular Dynamics 

Simulation section), base catalyzed exchange may be less effective for the 3-O-sulfated 

saccharide residues. Though increased line broadening is observed for the GlcNAc3S 

monosaccharide above pH 9, the NAcA GlcNAc3S6S(III) amide proton is unaffected by 

increases in pH. In addition to the 3-O and 6-O sulfo groups of this residue, the additional 

negative charges from the adjacent GlcA(II) and IdoA2S(IV) residues contribute to the 

charge density in the neighborhood of the amide proton, essentially shutting down the base 

catalyzed exchange mechanism.

Closer examination of the basic region of Figure 4a reveals interesting trends correlated to 

the saccharide structures. At pH 9, the uncharged saccharides have the broadest resonances 

reflecting faster solvent exchange. In contrast, for the sulfated sugars, the bulky negatively 

charged sulfate groups repel the negatively charged hydroxyl ions, reducing base catalyzed 

solvent exchange and producing less line broadening. Because of the close spatial proximity 

of the 3-O-sulfo and amide groups, base catalyzed exchange is least effective for the 3-O-

sulfated saccharide residues. Though increased line broadening is observed for the 
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GlcNAc3S monosaccharide above pH 9, the NAcA GlcNAc3S6S(III) amide proton is 

unaffected by increases in pH. In addition to the 3-O and 6-O sulfo groups of this residue, 

the additional negative charges from the adjacent GlcA(II) and IdoA2S(IV) residues 

contribute to the negative charge density in the neighborhood of the amide proton, 

essentially shutting down the base catalyzed exchange mechanism.

To further evaluate the effect of structure and charge repulsion on the solvent exchange rates 

of labile protons, we performed a similar NMR pH titration for the N-sulfated 

monosaccharides GlcNS, GlcNS3S, GlcNS6S, and GlcNS3S6S (Figure 4b). Because the 

sulfamate nitrogen does not have a resonance structure similar to the amide group and the 

charge on nitrogen is neutral, acid and base catalysis of the sulfamate proton exchange is 

observed in Figure 4b as expected. However, based on the results for the N-acetylated 

saccharides (Figure 4a), monosaccharides containing a 3-O-sulfo group should repel 

hydroxide ions and reduce the contributions from base catalyzed exchange. Among the 

monosaccharides examined, only GlcNS has no O-sulfo groups and therefore should 

experience the greatest base catalyzed exchange as observed in Figure 4b. The pH dependent 

line broadening experienced by the 6-O-sulfated GlcNS sulfamate proton is only slightly 

less than that of GlcNS because the 6-O-sulfo group is located far from the sulfamate proton 

and only weakly repels hydroxide. Finally, the sulfamate line widths of the GlcNS3S and 

GlcNS3S6S monosaccharides are least affected by increasing pH because the adjacent bulky 

negatively charged 3-O-sulfate group effectively repels hydroxide. A similar pH titration 

curve was reported for the sulfamate group of the Arixtra GlcNS3S6S(III) residue by 

Langeslay et al. with narrow line widths observed even at pH values near 11.20 Though 

Langeslay et al. attributed this unusual pH stability solely to the participation of the 

sulfamate proton in a hydrogen bond with the 3-O-sulfo group, the results obtained for the 

N-sulfo glucosamine monosaccharides in Figure 4b and the similar pH dependence of the 

NAcA titration curve (Figure 4a) suggest that the combination of hydrogen bonding and less 

effective base catalysis due to charge repulsion of the hydroxide ions both contribute to the 

lack of line broadening of the Arixtra GlcNS3S6S(III) sulfamate proton in basic solution.

In another study, Beecher et al. identified three hydrogen bonds involving the hydroxyl 

protons of Arixtra by measurements of the hydroxyl proton solvent exchange rates and 

temperature coefficients.21 The reduced exchange rates measured for two of the hydroxyl 

protons involved in hydrogen bonds were supported by reduced temperature coefficients. 

However, there was a discrepancy between the lower solvent exchange rate of the 

IdoA2S(IV) hydroxyl proton (OH3) and its large temperature coefficient. Because of the 

proximity of the IdoA2S 2-O-sulfo group, the reduced exchange rate observed for OH3 

likely reflects charge repulsion of hydroxide ions and a reduction in base catalyzed solvent 

exchange rate. These results confirm that in aqueous solutions of GAGs temperature 

coefficients may be reliable indicators of hydrogen bonding, and that while exchange rates 

can provide important insights, their interpretation must include an understanding of the 

effects of local structure on the acid-base catalyzed solvent exchange mechanism.
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Molecular Dynamics Simulations.

To visualize the oligosaccharide structures and estimate the distances separating amide 

protons from the oxygens of O-sulfo groups and uronic acid carboxylates, we selected three 

oligosaccharides with variable length and sulfation patterns. MD results were obtained for 

NAcA, the HA dp6(α), and CS dp6(α). Representative structures of each oligosaccharide 

taken from one of the simulation frames are shown in Figure 5.

We can see that among O-sulfo groups the 3-O-sulfo group in GlcNAc3S6S(III) (Figure 5a) 

is indeed closest to the amide group separated by 3.15 Å. Furthermore, the distance for the 

4-O-sulfo group of the GalNAc4S residues (Figure 5c) is 3.20 Å longer than that of the 3-O-

sulfo group, which explains why the amide proton had the second highest activation energy 

of the measured mono- and disaccharides.

The experimentally observed effect of glucuronic acid on the adjacent amide-containing 

residue is reflected by the proximity of the negatively charged carboxylate oxygens to the 

amide protons. For example, for the HA hexasaccharide, shown in Figure 5c, the amide 

proton of the GlcNAc(II) residue is only 3.16 Å from the GlcA(III) carboxylate oxygens. 

Similarly, the amide proton of the GlcNAc(IV) residue is only 3.01 Å from the carboxylate 

oxygens of the GlcA(V) residue. In contrast, the distance between the amide proton in 

GlcNAc(IV) and carboxylate oxygens of GlcA(III) was almost two times greater, 

approaching 7.55 Å. Also, the longer distance separating the carboxylate of the ΔUA(I) 

residue and the amide proton of GlcNAc(II) residue (~ 6.71 Å) explains the smaller effect of 

the ΔUA residue on solvent exchange rates. These observations are also applicable to the 

GlcA residues of the CS dp6 and NAcA, shown in Figure 5c and 5a, respectively. In 

summary, the calculated distances support the interpretation of the experimentally 

determined exchange rates through the effects of charge repulsion of hydroxide by 

neighboring negatively charged groups.

Finally, analysis of the trajectories of the MD simulations for the structures shown in Figure 

5 predicted hydrogen bonds, however, none of the amide protons are involved in hydrogen 

bonds, consistent with experimental temperature coefficient data. Hydrogen bond donor-

acceptor pairs predicted by MD with occupancies greater than 25% lifetime of frames are 

highlighted with black dashed lines. The hydrogen bond predicted between the 2-O-sulfo 

group and OH3 hydroxyl proton in IdoA2S(IV) (39%) was consistent with what was 

previously reported in Arixtra (32%) when IdoA2S residue adopts a 2S0 chair conformation. 

Another hydrogen bond between hydroxyl proton OH3 in GlcNAc6S(V) and ring oxygen of 

IdoA2S(IV) (45%) was also previously reported for Arixtra (32% when IdoA2S residue 

adopts 2S0, 60% when IdoA2S residue adopts 1C4, and 43% overall). For the HA 

hexasaccharide, MD predicted hydrogen bonds involving all ring oxygens in internal 

residues with hydroxyl protons in adjacent residues. However, as can be seen from Figure 5c 

for the CS hexasaccharide, disruption of hydrogen bonds was observed between 

GalNAc4S(VI) and GlcA(V) and between GalNAc4S(IV) and GlcA(III) when the 4-O-sulfo 

group was present in GalNAc residues, perhaps due to steric effects.
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CONCLUSIONS

By generating a library of N-acetylated saccharides, the effects of structural features, 

including length, sulfation, and glycosidic linkage on amide proton solvent exchange could 

be evaluated. Through variable temperature experiments carried out at pH 7.4, one-

dimensional NMR spectra were acquired from which amide proton temperature coefficients 

and energy barriers for solvent exchange were calculated. None of the saccharides were 

identified as having temperature coefficients that indicate amide protons involved in 

hydrogen bonds, however, 3-O-sulfated amide-containing residues showed very distinctive 

and high energy barriers associated with reduced exchange rates. By comparison of the 

activation energy barriers for the saccharide library, elements of structure that slow the rate 

of solvent exchange through charge repulsion of hydroxide were identified. Negatively 

charged sulfate and carboxylate groups in close spatial proximity to amide protons reduce 

their solvent exchange rate by decreasing base catalysis. These experimental observations 

were supported by distances calculated in MD simulations. The results of this work indicate 

that reduced proton exchange rates or very high activation energies need to be interpreted 

within the context of a given chemical environment, as it is the change in rate for this 

environment that is indicative of participation in a hydrogen bond. Slow exchange rates 

cannot alone be used to identify hydrogen bonds involving the labile protons of 

oligosaccharides and should be interpreted in concert with additional evidence supporting 

hydrogen bond participation.
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Figure 1. 
Structures of the library of amide-containing saccharides. For oligosaccharide descriptions 

refer to Table 1. The corresponding residue number starting from the non-reducing end is 

indicated in each oligosaccharide by Roman numerals.
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Figure 2. 
Graphical depiction of the absolute value of the amide proton temperature coefficients 

presented in Table S6. The graph does not include the temperature coefficient of β 
conformers. The 3-O-sulfated residues are indicated by solid black circles and the 4-O-

sulfated GalNAc residue is highlighted by a solid grey circle.
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Figure 3. 
Graphical depiction of the amide proton ΔG‡ results from Table S7 with the results for the β 
conformers omitted. The saccharide order is the same as in Figure 2. The 3-O-sulfated 

GlcNAc residues are highlighted with solid black diamonds and the 4-O-sulfated GalNAc 

residue is indicated with a solid grey diamond.

Green et al. Page 19

J Phys Chem B. Author manuscript; available in PMC 2019 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Dependence of NH resonance line widths on solution pH at 298.2K. (a) Results for the 

uncharged N-acetylated saccharides GalNAc, GlcNAc, chitin disaccharide, and the charged 

N-acetylated saccharides GlcNAc6S, GlcNAc3S, and NAcA. (b) Results for a family of N-

sulfated glucosamine monosaccharides: D-glucosamine-2-N-sulfate (GlcNS), D-

glucosamine-2-N,3-O-disulfate (GlcNS3S), D-glucosamine-2-N,3-O,6-O-trisulfate 

(GlcNS3S6S), and D-glucosamine-2- N,6-O-disulfate (GlcNS3S6S).
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Figure 5. 
3D representation of the penta- and hexasaccharides (a) N-acetylated Arixtra (NAcA), (b) 

unsaturated HA hexasaccharide (HA dp6 (α)), and (c) unsaturated 4-O-sulfated chondroitin 

sulfate hexasaccharide (CS dp6 (α)) calculated by MD simulation. Each carbon of the sugar 

ring is labeled according to its position relative to anomeric carbon (C1). Measured shortest 

average distances separating amide proton and the O-sulfo groups are shown. In addition, 

distances separating amide protons from the uronic acid carboxylate oxygens are also 
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reported, and hydrogen bonds, shown by striped bars, with occupancies greater than 25% are 

indicated.
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Table 1.

Description of oligosaccharide structures shown in Figure 1.

Letter code Name and
abbreviations Oligosaccharide sequence

a N-acetyl-D-glucosamine GlcNAc

b N-acetyl-D-glucosamine-6-O-sulfate GlcNAc6S

c N-acetyl-D-glucosamine-3-O-sulfate GlcNAc3S

d N-acetyl-D-galactosamine GalNAc

e HEP disaccharide IVA ΔUA(I)(β1→4)GlcNAc(II)

f Chitin disaccharide GlcNAc(I)(β1→4)GlcNAc(II)

g HEP disaccharide IIA ΔUA(I)(β1→4)GlcNAc6S(II)

h HEP disaccharide IIIA ΔUA2S(I)(β1→4)GlcNAc(II)

i HEP disaccharide IA ΔUA2S(I)(β1→4)GlcNAc6S(II)

j CS/DS disaccharide ΔUA(I)(β1→3)GalNAc(II)

k CS-A disaccharide ΔUA(I)(β1→3)GalNAc4S(II)

l CS-C disaccharide ΔUA(I)(β1→3)GalNAc6S(II)

m unsaturated HA trisaccharide, abbr. HA dp3 ΔUA(I)(β1→3)GlcNAc(II)(β1→4)GlcA(III)

n unsaturated HA tetrasaccharide, abbr. HA dp4 ΔUA(I)(β1→3)GlcNAc(II)(β1→4)GlcA(III)(β1→3)GlcNAc(IV)

o unsaturated reduced CS-A tetrasaccharide, abbr. CS dp4-ol ΔUA(I)(β1→3)GalNAc4S(II)(β1→4)GlcA(III)
(β1→3)GalNAc4S(IV-ol)

p unsaturated HA pentasaccharide, abbr. HA dp5 ΔUA(I)(β1→3)GlcNAc(II)(β1→4)GlcA(III)(β1→3)GlcNAc(IV) 
(β1→4)GlcA(V)

q N-acetylated Arixtra, abbr. NAcA
GlcNAc6S(I)(α1→4)GlcA(II)(β1→4)GlcNAc3S6S(III)
(α1→4)IdoA2S(IV)(α1→4)GlcNAc6S(V)-CH3

r unsaturated HA hexasaccharide, abbr. HA dp6 ΔUA(I)(β1→3)GlcNAc(II)(β1→4)GlcA(III)(β1→3)GlcNAc(IV)
(β1→4)GlcA(V)(β1→3)GlcNAc(VI)

s unsaturated reduced HA hexasaccharide, abbr. HA dp6-ol ΔUA(I)(β1→3)GlcNAc(II)(β1→4)GlcA(III)(β1→3)GlcNAc(IV)
(β1→4)GlcA(V)(β1→3)GlcNAc(VI-ol)

t unsaturated reduced CS-A hexasaccharide, abbr. CS dp6-ol
ΔUA(I)(β1→3)GalNAc4S(II)(β1→4)GlcA(III)
(β1→3)GalNAc4S(IV)(β1→4)GlcA(V)(β1→3)GalNAc4S(VI-
ol)
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