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 Heparin is unbranched anionic polysaccharide that is part of the 

glycosaminoglycan family. Although its structural microheterogeneity allows heparin to 

mediate a variety of biological processes by binding to over 400 different proteins, it also 

makes structural characterization challenging. This dissertation focuses on the separation 

and isolation of unique heparin oligosaccharides and their structure elucidation using 

nuclear magnetic resonance (NMR) and mass spectrometry. The impact of sequence on 

secondary structure is evaluated through detection of specific intramolecular hydrogen 

bonds. 

 Separation of the low-molecular-weight heparin enoxaparin was accomplished 

using size-exclusion chromatography (SEC) followed by strong anion-exchange high-

performance liquid chromatography (SAX-HPLC). Typically, size-similar SEC fractions 

are combined prior to SAX-HPLC separation. However, screening individual SEC 

fractions using their sulfamate 
1
H and 

15
N chemical shifts allowed for SAX-HPLC 
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resolution of the SEC fractions containing 3-O-sulfated oligosaccharides and led to the 

isolation and characterization of a unique 3-O-sulfated heparin tetrasaccharide.  

 The effect of structure, particularly glucosamine 3-O-sulfation, on hydroxyl 

proton hydrogen bonding was explored. Experimental conditions were optimized for the 

NMR detection and identification of heparin hydroxyl protons. Solvent exchange rates 

were determined using exchange spectroscopy (EXSY). Structurally specific differences 

in the hydroxyl proton exchange rates of the hydroxyl protons were explored for Arixtra, 

a synthetic pentasaccharide that mimics the Antithrombin-III binding sequence, and for 

isolated oligosaccharides that do not contain a 3-O-sulfated glucosamine. Transverse 

relaxation rates (R2) measured for the Arixtra hydroxyl protons using the Carr-Purcell-

Meiboom-Gill experiment are compared with EXSY solvent exchange rates. Because R2 

values are sensitive to factors other than exchange, good correlations with the EXSY 

exchange rates were not uniformly obtained. 

 Experimental conditions are reported allowing the 
1
H NMR observation of the 

amine protons of glucosamine. Exchange properties of amine protons in monosaccharides 

differing only by 3-O-sulfation are compared. Amine group acidity (pKa) was measured 

to probe participation of the amine group in a salt bridge. Although no evidence of a salt 

bridge between the amine and sulfate groups was found in the 3-O-sulfated glucosamine 

(GlcN3S) monosaccharide, these experiments demonstrate the feasibility of probing for 

structurally important salt bridges in longer oligosaccharides. 
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Figure 1.2. 

The structure of Arixtra with residues labeled. Arixtra is a synthetic 
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III. 
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Enoxaparin SEC separation. Data points represent individual 4.5 mL size-

uniform fractions. The peaks are labeled as digestion product (dp) followed 

by a number indicating the number of monosaccharide residues. For 

example, dp4 represents the tetrasaccharide fraction, dp6 the 

hexasaccharide fraction, and so forth. 
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A SAX-HPLC chromatogram for the pooled Enoxaparin SEC 

tetrasaccharide fraction. Each peak is collected over multiple injections and 
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Figure 1.5. 

Bruker pulse sequences for various solvent suppression methods. (A) In 

presaturation, a weak rf pulse is applied at the frequency of the solvent for 

a specific length of time prior to pulse and acquisition, saturating its spins. 

(B) WET solvent suppression occurs by applying four selective pulse (sp1, 
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dephase the solvent (G1, G2, G3, and G4, respectively) making the solvent 

resonance unobservable while leaving all other signals in-phase. The 

selective pulses are then followed by four composite 90 pulses, which 

have been shown to produce a better baseline than one 90 pulse alone. (C) 

WATERGATE uses a composite 180
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 pulse flanked by two gradients (G1 

for the first 180
o
 pulse, and G2 for the second 180

o
 pulse). The first 
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gradient pulse dephases all the magnetization. The composite 180 pulse 

selectively inverts the phase of all the resonances except for the solvent 

resonance. As a result, application of the second gradient pulse further 

dephases the solvent resonance while refocusing the other resonances. (D)  

Excitation sculpting is based on a double gradient spin echo and is similar 

to WATERGATE except that in lieu of the composite pulse, a selective 

pulse at the water frequency is followed by a non-selective 180 pulse. 

Both WATERGATE and excitation sculpting repeat their respective 180 

pulses a second time before acquisition using a different gradient G2 to 

avoid unwanted coherences. 

 

Figure 1.6. 

The pulse sequences used for structure elucidation of heparin and heparan 

sulfate oligosaccharides. (A) The COSY pulse sequence is made up of two 

90 pulses separated by an evolution time, t1. COSY cross peaks will reveal 
1
H couplings usually through three bonds. (B) In the TOCSY pulse 

sequence, a 90 degree pulse is followed by an evolution time, t1, and a 

spin-lock, m. The spin-lock is made up of a series (or train) of 180 pulses 

separated by very small delays that cause the magnetization to evolve 

under the effects of the spinlock field (B1) which is much smaller than the 

applied field (B0). TOCSY cross peaks relate all the coupled protons within 

a spin system. (C) The ROESY pulse sequence is similar the TOCSY, 

except that the spin-lock is applied in the rotating frame to allow the 

observation of dipolar (through-space) couplings. (D) The [
1
H, 

13
C] 

multiplicity-edited HSQC pulse sequence utilizes 90 and 180pulses and 

delays that depend on the coupling constant (1/4JHC) to transfer coherence 

between 
1
H and 

13
C. Gradients are used to remove any unwanted coherence 

pathways. 
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Figure 1.7. 

The ISIS (A) tetrasaccharide structure (UA2S-GlcNS6S-IdoA2S-

GlcNS6S) was elucidated using (B) COSY, (C) TOCSY, (D) ROESY, and 

(E) [
1
H, 

13
C] HSQC spectra. ISIS is the most common tetrasaccharide in 

heparin. 
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Figure 1.8. 

(A) When a group of spins is in the presence of an external magnetic field 

(M0), some spins will align with the field () and some will align against 

the field (). There will be a larger population of  spins, creating a bulk 

magnetization aligned with the magnetic field (B). This magnetization is 

represented by the vector, M, in the xyz coordinate system, aligned with 

the applied magnetic field (B0) along the +z axis. (C) When a 

radiofrequency (rf) pulse is applied, the magnetization is tipped towards the 
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xy-plane. 

 

Figure 1.9. 

(A) The inversion recovery pulse sequence used to measure T1 relaxation, 

also known as spin-lattice or longitudinal relaxation. (B) The vector 

diagram illustrating the effect of the inversion recovery pulse sequence on 

the macroscopic magnetization. Relaxation occurs during the variable 

delay (vd) following the 180º inversion pulse. The terminal 90º pulse 

enables detection of the magnetization vector along the positive y-axis. (C) 

The magnetization is initially inverted, passes through zero intensity and 

recovers to its equilibrium intensity at long values of vd. 
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Figure 1.10. 

(A) A vector diagram representing T2 relaxation, also known as spin-spin 

or transverse relaxation. The different color vectors represent resonances 

with different frequencies caused by magnetic field inhomogeneity across 

the sample.  T2 relaxation occurs when a group of spins loses coherence in 

the xy-plane. (B) The loss of intensity in free induction decay originates in 

part from T2 relaxation and in part from inhomogeneities in the applied 

magnetic field. Longer T2 relaxation times give rise to sharper resonances 

in the Fourier transformed spectrum. 
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Figure 1.11. 

(A) The Hahn spin-echo pulse sequence. A 90-tD-180-tD sequence, where 

tD is a specific delay time. (B) The resulting FID shows initial decay 

followed by a weaker signal, called an echo, which appears and decays. (C) 

The mechanism by which the echo is created is illustrated with an aerial 

view of the xy-plane. The initial 90 pulse,  tips the magnetization so that it 

is aligned with the +y axis. Following the pulse, the magnetization 

precesses according to its frequency, which is proportional to the applied 

magnetic field, B0. The presence of magnetic field inhomogeneities affects 

the frequency of spins located in different regions of the sample, causing 

spins in a region of higher field to precess faster, denoted by f (fast), and 

those in a region of lower field to precess more slowly indicated as s 

(slow). The 180 pulse rotates the spins around the x axis where they will 

continue to travel in the same direction so that after another tD, the vectors 

labeled f and s are refocused along the –y axis, creating the echo. (D) The 

Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence refocuses the effects 

of magnetic field inhomogeneity using a train of 180
o
 pulses keeping the 

delay between
 
pulses short to prevent modulation of the spectra due to 

spin-spin coupling.  (E) During the CPMG experiment the initial FID 

decays by the observed T2* (depicted by the blue line), which includes the 

effects of magnetic field inhomogeneity. The series of echo FIDs decrease 

in intensity according to the actual T2 (depicted by the red line). If a series 
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of CPMG spectra are collected, each with an incrementally increased 

number of n loops, the signals will decay according to Eq. 1.3. 

 

Figure 1.12.  

The NOESY pulse sequence used for EXSY experiments. As the mixing 

time is increased, the exchange cross peaks increase in intensity at a rate 

that corresponds to the exchange rates of the protons observed. 
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Figure 2.1.  
SEC chromatogram of Enoxaparin showing the depolymerization products 

(dp4: tetrasaccharides; dp6: hexasaccharides; etc.). Each point represents a 

different 4.5 mL SEC fraction. Tetrasaccharide SEC fractions are 

numbered T1 through T7. Hexasaccharide SEC fractions are numbered H1 

through H7. 

 

 67 

Figure 2.2. 

SAX-HPLC separation of the pooled tetrasaccharide (dp4) SEC fractions. 

The main peaks which were characterized are numbered Tp1 through Tp11 

(Tp stands for tetrasaccharide peak). 

 

 69 

Figure 2.3. 

[
1
H, 

15
N] HSQC NMR spectrum of Tp5. The two cross peaks located at 

5.21 and 5.39 ppm in 
1
H and 92.8 and 96.1 ppm in 

15
N, respectively, can be 

identified as belonging to the 1,6-anhydro tetrasaccharide. The third cross 

peak (circled in red) located at 5.52 ppm in 
1
H and 92.1 ppm in 

15
N is 

characteristic of a GlcNS sulfamate proton that is adjacent to a 3-O-sulfate 

group. 

 

 79 

Figure 2.4. 
1
H NMR spectra of tetrasaccharide SEC fractions: (A) T2; (B) T3; (C) T4; 

(D) T5; (E) T6; and (F) T7. Slight differences can be observed between the 

NMR spectra of different SEC fractions, suggesting compositional 

differences along the SEC peak. 

 

 81 

Figure 2.5. 

[
1
H, 

15
N] HSQCs of Enoxaparin sulfamate protons in SEC fractions (A) 

T2; (B) T3; (C) T4; (D) T5; (E) T6; and (F) T7. The sulfamate protons 

were not observable in the less abundant T1 fraction. The cross peak 

characteristic of the presence of a 3-O-sulfate group (circled in red) at 5.52 

ppm in 
1
H and 92.3ppm in 

15
N starts to grow in SEC fraction T4 (C) and 

continues to increase in intensity. It becomes the only observable peak in 

SEC fraction T7 (F). 
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Figure 2.6.  85 
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The SAX-HPLC separations of those SEC fractions which showed 

evidence of a 3-O-sulfate group in their [
1
H, 

15
N] HSQCs: (A) T4; (B) T5; 

(C) T6; (D) T7. The major peaks of the pooled. Tp5, which contained the 

3-O-sulfated tetrasaccharide in the pooled SAX separation, decreases in 

intensity and eventually splits into two peaks in T7 (Tp5A and Tp5 in D). 

 

Figure 2.7. 

(A) The anomeric region of Tp5 from the pooled enoxaparin 

tetrasaccharide fraction. (B) The anomeric region of Tp5 in SEC fraction 

T6. The spectrum looks similar to that of the pooled Tp5 tetrasaccharide 

fraction, indicating there is still a mixture of different tetrasaccharides. (C) 

The anomeric region of the 3-O-sulfated tetrasaccharide, isolated in a small 

but fairly pure quantity. 
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Figure 2.8. 

(A) The structure of the 3-O-sulfated tetrasaccharide isolated as Tp5A from 

SEC fraction T7: GlcA-GlcNS3S6S-IdoA2S-GlcNS6S. Two-dimensional 

(B) COSY, (C) TOCSY, and (D) ROESY spectra were used to characterize 

the tetrasaccharide structure. 
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Figure 2.9. 

The SAX-HPLC separation of the pooled enoxaparin hexasaccharide SEC 

fraction. Main peaks are labeled Hp1 through Hp7 (Hp stands for 

hexasaccharide peak). The peaks which are labeled were discovered to be 

pure and in high abundance and were structurally characterized with great 

certainty. Groups 1, 2, 3 and 4 were measured by [
1
H, 

15
N] HSQC to search 

for evidence of a 3-O-sulfate group. 
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Figure 2.10. 
1
H NMR spectra of individual hexasaccharide SEC fractions: (A) H1, (B) 

H2, (C) H3, (D) H4, (E) H5, (F) H6, (G) H7, (H) H8, and (I) H9. Slight 

differences in their NMR spectra demonstrate the compositional difference 

of the fractions along the SEC hexasaccharide peak. 
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Figure 2.11. 

[
1
H, 

15
N] HSQC spectra of individual enoxaparin SEC hexasaccharide 

fractions: (A) H2, (B) H3, (C) H4, (D) H5, (E) H6, (F) H7. The sulfamate 

cross peak which is characteristic of a 3-O-sulfate group is circled in red 

and begins to appear in fraction H4 (C) and continues to increase in 

intensity through fraction H7 (F). All other SEC fractions were too dilute to 

observe any cross peaks. 
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Figure 2.12 

SAX-HPLC separations of individual hexasaccharide SEC fractions: (A) 
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H4, (B) H5, (C) H6, (D) H7. 

 

Figure 3.1. 

Plots of the Cremer-Pople θ parameter versus time (left) and histograms 

(right) of the IdoA2S residue φ2 parameter for the 
2
SO conformational state 

for the five MD simulations analyzed in this study. 
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Figure 3.2. 

The pH dependence of the Arixtra hydroxyl proton NMR resonances.   
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Figure 3.3. 

(A) Structure of Arixtra with residues labeled. (B) 
1
H NMR spectrum of 

Arixtra measured in 85% H2O/15% acetone-d6 at pH 8.1 and -14.5 C with 

hydroxyl and sulfamate proton resonances indicated. 
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Figure 3.4 

(A) COSY and (B) TOCSY spectra of Arixtra used to assign hydroxyl 

proton resonances at -14.5 
ᵒ
C in 85% H2O/15% acetone-d6 and pH 8.1. 
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Figure 3.5. 

(A) Pulse sequence for 2D exchange correlation spectroscopy (EXSY). (B) 

Inversion recovery of water magnetization performed and phase cycled 

using the EXSY pulse sequence with t1 = 0 and mix varied. The blue data 

points were fit by Eq. 3.2 to give TRD = 5.5 ms and t0 = 13.4 ms. (C) 

Intensity predicted from Eq. 3.5 for a cross-peak between water (subject to 

radiation damping with TRD = 5.5 ms and t0 = 13.4 ms) and an analyte with 

k = 15 s
-1

. 
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Figure 3.6.  

Graphical depiction of intramolecular hydrogen bonding predicted from 

MD simulations of Arixtra as a percentage lifetime of frames occupied by 

the IdoA2S residue conformations (A) 
2
SO, (B) 

1
C4, and (C) overall 

(weighted 60% 
2
SO and 40% 

1
C4). Only the hydrogen bonds with 

percentage occupancies greater than 20% are depicted. 
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Figure 3.7. 

Exchangeable hydroxyl and sulfamate proton resonances of Arixtra 

experience a linear shift toward the water resonance as the temperature 

increases, whereas the resonances of the carbon-bound protons are 

unaffected. Exchange broadening of the hydroxyl proton resonances is also 

observed as the temperature is increased. 
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Figure 3.8.  

EXSY spectra of Arixtra at mixing times of (A) 6 ms, (B) 12 ms, (C) 18 
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ms, (D) 24 ms showing differences in the exchange cross-peak intensity of 

each hydroxyl proton. Traces through the exchange cross-peaks at the 

water chemical shift (5.2 ppm) are plotted at the top of each contour map. 

Note the lower intensity of the GlcA(II) OH3 exchange cross-peak relative 

to the other hydroxyl protons. 

 

Figure 3.9. 

Exchange cross-peak intensity of the Arixtra hydroxyl protons as a 

function of mixing time. The lower build-up rate observed for the GlcA(II) 

OH3 and IdoA2S(IV) OH3 protons suggests their involvement in a 

hydrogen bond, consistent with the predictions of the MS simulations in 

Figure 3.6. 
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Figure 3.10. 

A pH titration of Arixtra hydroxyl protons from 7.67 to 8.50 with 

resonances labeled. Samples were prepared on separate days and are 

composed of 85% H2O/15% acetone-d6 and 0.15 M NaCl at a temperature 

of -14.6 C. 
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Figure 3.11. 

A pH titration of Arixtra hydroxyl protons (A) after the solution had been 

bubbled with ultra-high purity (UHP) N2 and prepared in a glove box and 

(B) without bubbling with N2 and preparing solutions open to the 

atmosphere. Solutions were measured in 85% Millipore H2O/15% acetone-

d6 at -14.6 C. 
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Figure 3.12. 

Arixtra bicarbonate titration with hydroxyl proton resonances labeled. 

Initial solution was prepared open to the atmosphere in 85% Millipore 

H2O/15% acetone-d6 at pH 8.28. Sodium bicarbonate at pH 8.26 was 

titrated in 0.5 – 2 L increments and the NMR spectra measured at -14.6 

C. 
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Figure 3.13. 

(A) EXSY cross peak build-up curves of Arixtra hydroxyl protons 

measured at -14.6 C prior to the addition of sodium bicarbonate. The 

solution was prepared open to the atmosphere and composed of 85% 

Millipore H2O/15% acetone-d6 at pH 8.28 with 0.15 M NaCl. (B) EXSY 

cross peak build-up curves of Arixtra hydroxyl protons constants after the 

addition of sodium bicarbonate to a concentration of 0.59 mM. 
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Figure 3.14 

EXSY build-up curves of Arixtra hydroxyl protons. The error bars were 

calculated at each mixing time using the standard error of three trials. The 
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three measurements were performed on the same Arixtra stock solution to 

keep solution composition consistent. A fresh NMR sample was made for 

each measurement using the same Arixtra stock solution. Each solution 

was composed of 85% H2O/15% acetone-d6 with 0.15 M NaCl at pH 8.3 

and -14.6 C. 

 

Figure 4.1. 

Isolated heparin oligosaccharides (A) UA2S-GlcNS6S-GlcA-GlcNS6S, 

referred to as [1], (B) UA2S-GlcNS6S-IdoA2S-GlcNS6S, referred to as 

[2], and (C) UA2S-GlcNS2S-IdoA2S-GlcNS6S-GlcA-GlcNS6S, referred 

to as [3] are structurally related to Arixtra but do not contain the important 

3-O-sulfate group. The oligosaccharides (A), (B), and (C) are referred to as 

[1], [2], and [3], respectively in the text. 
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Figure 4.2.  
1
H NMR spectra of the hydroxyl proton region of oligosaccharide (A) [1], 

(B) [2], and (C) [3]. Hydroxyl and sulfamate proton resonances are labeled. 

Carbon-bound protons are indicated with an asterisk. 
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Figure 4.3. 

Hydroxyl proton resonances were identified using two-dimensional COSY 

and TOCSY spectra. COSY spectra are labeled for oligosaccharides (A) 

[1], (C) [2], and (E) [3]. TOCSY spectra are labeled for oligosaccharides 

(B) [1], (D) [2], and (F) [3]. Carbon-bound protons are marked with an 

asterisk. 
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Figure 4.4. 

The hydroxyl proton resonances (labeled) of each oligosaccharide (A) [1], 

(B), [2], and (C) [3] experience a linear upfield shift as the temperature is 

increased. The exchangeable sulfamate protons also shift upfield with an 

increase in temperature while the carbon-bound protons (marked with an 

asterisk) remain unaffected. 
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Figure 4.5. 

Temperature coefficient plots for the hydroxyl protons of oligosaccharide 

(A) [1], (B) [2], and (C) [3]. Chemical shifts are plotted as a function of 

temperature and the absolute values of the slopes are taken as the 

temperature coefficients. 
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Figure 4.6. 

Hydroxyl proton EXSY spectra of oligosaccharides (A) [1], (B) [2] and 24 

ms mixing time and oligosaccharide (C) [3] at 22 ms mixing time. 

Hydroxyl proton resonances are labeled. Sulfamate protons will also give 

rise to an exchange cross peak to the solvent water. Carbon-bound protons 
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are indicated with an asterisk. 

 

Figure 4.7. 

EXSY initial build-up rate curves for the hydroxyl protons of 

oligosaccharides (A) [1], (B) [2], and (C) [3]. 
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Figure 5.1. 

The structures of the - and -anomers of (A) GlcNS and (B) GlcN3S. 

 192 

Figure 5.2. 

Results of the pH titration of (A) GlcN and (B) GlcN3S to determine the 

optimum pH for amine proton detection by NMR.  Though the spectra 

were measured at -14.5 ºC in 85% H2O/15% acetone-d6, the solution pH 

values were recorded at room temperature prior to the addition of acetone. 

The resonance of the hemiacetal form of acetone at 6.94 ppm is indicated 

by an asterisk. 
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Figure 5.3. 

Double-quantum filtered COSY spectra of (A) GlcN and (B) GlcN3S in 

85% H2O/15% acetone-d6 at pH 4.02 and -14.5 C. The assignments of the 

amine and OH1 resonances are indicated on the contour plots. The 

crosspeak indicated with an asterisk is an artifact at the chemical shift of 

water. 
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Figure 5.4. 

Expansions of the one-dimensional 
1
H NMR spectra of (A) GlcN and (B) 

GlcN3S measured in 85% H2O/15% acetone-d6 at -14.5 C. The [
1
H,

15
N] 

HSQC spectra of (C) GlcN and (D) GlcN3S show the one-bond 
1
H-

15
N 

correlations of the - and -anomer amine groups. Since it is not coupled 

to a nitrogen atom, no HSQC correlation is expected for the -OH1 proton. 
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Figure 5.5. 

Increasing temperature causes the - and -NH3
+
 and -OH1 resonances of 

GlcN3S to shift linearly upfield and broaden as the rate of solvent 

exchange increases. 
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Figure 5.6. 

The temperature coefficient plots for the amine and -OH1 proton of (A) 

GlcN and (B) GlcN3S. 
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Figure 5.7. 

The linewidths of GlcN (A) -NH3
+
, (B) -NH3

+
, and -OH1 protons 

plotted as a function of temperature (shown as blue points). The fits to the 
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Eyring-Polyani equation (smooth red line) are shown overlapped with the 

data. 

 

Figure 5.8. 

The linewidths of GlcN3S (A) -NH3
+
, (B) -NH3

+
, and -OH1 protons 

plotted as a function of temperature (shown as blue points). The fits to the 

Eyring-Polyani equation (smooth red line) are shown overlapped with the 

data. 
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Figure 5.9. 

EXSY spectra for GlcN3S showing the buildup of the solvent exchange 

cross peak intensities of the - and -NH3
+
 and -OH1 protons at mixing 

times of (A) 9 ms, (B) 12 ms, (C) 15 ms, (D) 18 ms, (E) 21 ms, and (F) 24 

ms. The assignments are indicated for each water-exchange cross peak in 

(F). 
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Figure 5.10. 

The EXSY build up curves for solvent exchange of the amine and -OH1 

protons of (A) GlcN and (B) GlcN3S.  In both GlcN and GlcN3S, the -

NH3
+
 protons exchange more slowly than those of the -anomer. 

 

 208 

Figure 5.11. 
1
H NMR spectra of (A) GlcN and (B) GlcN3S showing the effect of pH on 

the the - and -anomer H2 resonance. Chemical shifts extracted from 

these spectra were plotted as a function of pH and fit using Eq. 5.3 to 

calculate pKa. 
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Figure 6.1. 

The water transverse relaxation rates (R2) determined for various 

combinations of H2O in D2O using the CPMG pulse sequence. CPMG 

spin-echo delays (tD) of 1.0 ms, 0.5 ms, and 0.3 ms were used to measure 

the correlation between R2 values and the concentration of H2O. 

 

 229 

Figure 6.2. 
1
H NMR spectra showing the hydroxyl proton resonances of (A) GlcN and 

(B) GlcN3S as a function of pH. Titrations were performed at -14.5 C in 

85% H2O/15% acetone-d6. The asterisk at 6.94 ppm indicates the acetone 

hemiacetal resonance. 
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Figure 6.3. 

The hydroxyl proton resonances of (A) GlcN and (B) GlcN3S were 

assigned using COSY spectra with excitation sculpting solvent 

suppression. Spectra were measured at -14.5 C in 85% H2O/15% acetone-
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d6. The asterisk at 6.94 ppm indicates the acetone hemiacetal resonance. 

 

Figure 6.4. 

GlcN hydroxyl proton (A) EXSY build-up curves, and (B) CPMG decay 

curves measured in 85% H2O/15% acetone-d6 at pH 5.3 and -14.5 C. (C) 

Correlation of R2 values and EXSY solvent exchange rates. The slope and 

correlation coefficient for the linear fit of the data are 0.883 and 0.981, 

respectively. The OH1 proton resonance was not observed at this pH. 
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Figure 6.5. 

GlcN3S hydroxyl proton (A) EXSY build-up curves, and (B) CPMG decay 

curves measured in 85% H2O/15% acetone-d6 at pH 6.0 and -14.5 C. (C) 

Correlation of R2 values and EXSY solvent exchange rates. The slope and 

correlation coefficient for the linear fit of the data are 0.745 and 0.995, 

respectively. The OH1 proton was not observed at this pH. 
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Figure 6.6.  

(A) CPMG decay curves for the Arixtra hydroxyl protons in 85% H2O/15% 

acetone-d6 at pH 8.3 and -14.5 C before the addition of sodium 

bicarbonate (Chapter 3). (B) A plot of the R2 values as a function of EXSY 

solvent exchange rates. (C) CPMG decay curves of Arixtra hydroxyl 

protons in 85% H2O/15% acetone-d6 at pH 8.3 and -14.5 C after the 

addition of 0.59 mM sodium bicarbonate. (D) A plot of the R2 values as a 

function of EXSY solvent exchange rates. EXSY and CPMG 

measurements were performed back-to-back for each sample. 
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Figure 6.7. 

(A) Hydroxyl proton R2 values plotted as a function of EXSY solvent 

exchange rates for Arixtra (no added bicarbonate) and solutions 1, 3, 5. The 

linear plot has a slope of 1.12 and a correlation coefficient of 0.911. (B) 

Hydroxyl proton R2 values plotted as a function of EXSY solvent exchange 

rates for Arixtra (0.59 mM bicarbonate) and solutions 2, and 4. The slope 

of this line is 0.587 and its linear correlation coefficient is 0.728. 
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CHAPTER ONE 

Introduction 

 

The research presented in this dissertation focuses on the development of new 

analytical techniques for the structural analysis of anionic polysaccharides.  The specific 

focus is on heparin oligosaccharides including isolating oligosaccharides with important 

and unique structures, elucidating their primary structure, and analyzing the effect that 

elements of primary structure have on secondary structure.  Heparin is well-known for its 

anticoagulant activity which is mediated by binding of a specific pentasaccharide 

sequence to the protease inhibitor antithrombin-III (AT-III). Although this AT-III binding 

sequence has been studied extensively, the structure-function relationships by which 

heparin binds to more than 400 other proteins are less well understood.   

Heparin structural characterization is challenging because of the high degree of 

microheterogeneity introduced during its biosynthesis.  A bottom-up analytical approach 

is typically utilized, first by depolymerization of heparin followed by chromatographic 

isolation of individual oligosaccharides by size and charge. Absolute structure elucidation 

is then completed using the results of nuclear magnetic resonance (NMR) spectroscopy 

and mass spectrometry (MS) experiments. 

The goal of this work is to demonstrate improved analytical methods for heparin 

primary and secondary structure analysis, building on the work of former lab members.  

This includes detection of exchangeable protons, structural profiling using 
1
H and 

15
N 

chemical shifts, and hydrogen bond detection by Derek Langeslay, and heparin 
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oligosaccharide isolation and characterization by John Limtiaco.  The specific goals of 

this dissertation are summarized in the following objectives: 

 

Objective 1: Identify unique and biologically important heparin oligosaccharide 

structures by screening individual SEC fractions using their 
1
H and 

15
N chemical shifts to 

locate important 3-O-sulfated glucosamine residues. Separation of these individual SEC 

fractions by SAX-HPLC produces less complex chromatograms more amenable to 

isolation of low abundance oligosaccharides. (Chapter 2) 

 

Objective 2: Determine optimum solution conditions for the detection and identification 

of heparin hydroxyl protons by NMR. Determine the exchange rates of the hydroxyl 

protons with aqueous solvent from their exchange spectroscopy (EXSY) cross peaks.  

Explore the effect of structure on hydroxyl proton hydrogen bonds, specifically how 

hydrogen bonding is affected by the biologically important glucosamine 3-O-sulfate 

group. This is accomplished by measuring spectra for Arixtra, a synthetic 

pentasaccharide which mimics the ATIII-binding sequence (Chapter 3), as well as 

structurally related oligosaccharides that do not contain the 3-O-sulfate group. (Chapter 

4) 

 

Objective 3: Investigate the detection of exchangeable amine protons in monosaccharides 

related to heparin and heparan sulfate. Differences in the exchange properties of amine 

protons in monosaccharides differing only by a 3-O-sulfate residue are evaluated, along 
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with their acidity (pKa) to probe for possible participation in a hydrogen bond or salt 

bridge. (Chapter 5) 

 

Objective 4: Compare the results of EXSY measurements of hydroxyl proton exchange 

rates with T2 relaxation rates measured using the CPMG experiment. Examine how 

structural elements of heparin and heparan sulfate monosaccharides and larger 

oligosaccharides affect the rates of chemical exchange and T2 relaxation. (Chapter 6) 

 

1.1  Heparin and heparan sulfate structure and biosynthesis 

Heparin and heparan sulfate (HS) are long chain, anionic polysaccharides that are 

members of the glycosaminoglycan (GAG) family.
1,2

 The GAG family also includes 

chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate (KS), and hyaluronic acid 

(HA).
3
 Each of these polysaccharides is composed of a repeating disaccharide, differing 

largely in the uronic acid residue, the hexosamine residue, and the linkage between them. 

Like the other members of the GAG family, heparin and HS are synthesized primarily in 

the endoplasmic reticulum and Golgi apparatus of cells. Heparin synthesis begins by 

attachment of a specific tetrasaccharide, called the linkage region, to serglycin, a core 

protein found in mast cells. HS, on the other hand, is synthesized on protein cores which 

are modified with HS proteoglycans. The following is the sequence of the linkage region: 

-GlcA(1→3)--Gal(1→3)--Gal(1→4)--Xyl-1→Ser.
1
 A list of saccharide names and 

abbreviations is found in Table 1.1. A GlcNAc residue is then added to the linkage  
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Table 1.1. Full names of abbreviations used throughout this dissertation. 

 

Abbreviation Name 

Gal Galactose 

GlcA Glucuronic Acid 

GlcA2S 2-O-sulfated Glucuronic Acid 

GlcN Glucosamine 

GlcNAc N-Acetylated Glucosamine 

GlcN3S N,3-O-sulfated Glucosamine 

GlcNS N-sulfated Glucosamine 

GlcNS6S N,6-O-sulfated Glucosamine 

GlcNS3S6S N,3,6-O-sulfated Glucosamine 

IdoA Iduronic Acid 

IdoA2S 2-O-sulfated Iduronic Acid 

Ser Serine 

UA Unsaturated uronic acid that contains a C4-C5 double bond 

UA2S 
2-O-sulfated unsaturated uronic acid that contains a C4-C5 

double bond 

Xyl Xylose 
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region, followed by the addition of a (1→4)-linked GlcA residue. Elongation of the 

chain then continues with alternating GlcNAc and GlcA residues.
1,2

 

Microheterogeneity is introduced into heparin and HS through various patterns of 

sulfation and epimerization of the -GlcNAc-(1→4)--GlcA- residues along the 

polysaccharide chain. In the first substitution step, the glucosamine residue can be either 

N-deacetylated or N-sulfated by the N-deacetylase and N-sulfotransferase enzymes, 

respectively. Otherwise, it may remain acetylated at the N- position. The glucuronic acid 

residue can then be converted to its C5 epimer, iduronic acid (IdoA), by a C5 epimerase 

enzyme. The GlcA and IdoA residues can then be sulfated at the 2-O-position by the 

glucuronosyl and iduronosyl 2-O-sulfotransferase enzymes, respectively, only if the 

GlcNS residue does not contain an O-sulfation at the C6 position. The GlcNAc and 

GlcNS residues can subsequently be sulfated at the 6-O-position by a glucosamine 6-O-

sulfotransferase enzyme. Finally, the 3-O-sulfotransferase enzyme can sulfate GlcNS6S 

residues at the 3-O-position, which occurs in only one of every three heparin chains.
1
 

Heparin is then cleaved from the core protein and stored in the granules of mast cells 

while HS remains as a proteoglycan linked to the core protein it modifies. These 

processes are believed to occur sequentially although the factors that regulate these 

enzymes is still not very well known.
1
 

The basic heparin and HS disaccharides comprised of 14 linked uronic acid and 

glucosamine residues, along with their possible substitution patterns is illustrated in 

Figure 1.1. The carbon atoms are labeled starting with C1 as the anomeric carbon 

continuing around the ring to C5 for the uronic acid and C6 for the glucosamine residues.  
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Figure 1.1. The structure of the basic heparin and heparan sulfate disaccharide, 

comprised of (1→4)-linked uronic acid and glucosamine residues. The uronic acid 

residue can either be (A) glucuronic acid or (B) iduronic acid, which are epimers at the 

C5 position. The Y-group can be protonated, sulfated, or acetylated, and the R-groups 

can either be protonated or sulfated. The carbon atoms are labeled starting with the 

anomeric proton as C1 continuing around the ring to C5 for the uronic acid and C6 for 

the glucosamine residues. 
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The main difference between heparin and HS is in the pattern of sulfation. Although 

heparin is more highly sulfated, HS has regions of high and low sulfation along its chain.
4
 
 

Long heparin chains form an -helical secondary structure, with a few “kinks” 

observed along the chain.
1,5

  IdoA2S is the most flexible residue and is capable of 

assuming three different conformations: two chair conformations, 
4
C1 and 

1
C4, and a 

skew-boat conformation, 
2
SO.  As a monosaccharide, the IdoA2S residue exists 90% of 

the time in the 
1
C4 conformation and 10% of the time in the 

2
SO conformation, with little 

to no preference for the 
4
C1 conformation.  Within a heparin chain it is found 60% of the 

time in the 
1
C4 conformation and 40% of the time in the 

2
SO conformation.

6
 However, 

when IdoA2S is located within the AT-III binding heparin pentasaccharide in aqueous 

solution, it is found 40% of the time in the 
1
C4 conformation and 60% of the time in the 

2
SO conformation.

6
 Using NOE measurements and computational modeling for a heparin 

pentasaccharide, Hricovini et al. determined that the IdoA2S residue is exclusively in the 

2
SO conformation when the pentasaccharide is bound to AT-III.

5
 

 

1.2 Pharmacological and biological significance of heparin and heparan sulfate 

Heparin and HS exhibit a variety of biological activities including inhibition of 

angiogenesis and tumor growth through well-characterized interactions with fibroblast 

growth factors (FGF),
7-9

 vascular endothelial growth factor (VEGF),
10-12

 lipases
13-15

 and 

cytokines.
16-18

  Heparin is best known for its role as an anticoagulant and antithrombotic, 

acting by binding to the protease inhibitor AT-III.
19,20

 The anticoagulant activity of 

heparin has been studied extensively, and the structure of the native pentasaccharide 



8 
 

sequence responsible for high affinity AT-III binding is known.
21

 It is a commonly 

prescribed pharmaceutical, with the heparin market made up largely of low molecular 

weight heparin (LMWH). LMWH is heparin that has been depolymerized into smaller 

oligosaccharide chains either enzymatically or chemically. A synthetic pentasaccharide 

that mimics this binding sequence makes up a smaller fraction of the heparin market and 

is currently used clinically, marketed as Arixtra (fondaparinux sodium) (Figure 1.2).   

Heparin protein binding occurs largely through non-specific electrostatic 

interactions of the negatively charged  sulfate and carboxyl groups and the positively 

charged amino acids of proteins, such as lysine and arginine, making its microstructure 

very important for high affinity binding.
3,22,23

 The 3-O-sulfate group of the internal 

GlcNS6S residue of the ATIII-binding pentasaccharide is also an important contributor to 

AT-III binding; without it, affinity to ATIII decreases 1000-fold.
24

  The sulfamate 

(NHSO3
-
) proton on the internal GlcNS3S6S residue is found in a hydrogen bond with 

the adjacent 3-O-sulfate group, most likely causing the observed “kink” in heparin and 

pre-organizing it for protein binding.
25

 Another important component of the 

pentasaccharide sequence is the flexible IdoA2S residue. As described in Chapter 3, 

hydroxyl proton hydrogen bond patterns in heparin oligosaccharides, specifically 

involving the IdoA2S residue, depend on the presence of the GlcNS 3-O-sulfate group, 

suggesting that the flexibility of the IdoA2S contributes to the stability of heparin 

secondary structure through intramolecular hydroxyl proton hydrogen bonds.
26

 Although 

the pentasaccharide is the minimum binding sequence responsible for heparin’s  

 



9 
 

 

Figure 1.2. The structure of Arixtra with residues labeled. Arixtra is a synthetic 

pentasaccharide that mimics the heparin pentasaccharide that binds to AT-III. 
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anticoagulant activity, a heparin octasaccharide containing a second 3-O-sulfated GlcNS 

residue has been discovered to bind more strongly to AT-III than the pentasaccharide.
27

 

The 3-O-sulfated GlcN residue is also important in other biological processes, 

such as in aiding the entry of herpes simplex virus 1 (HSV-1) into cells.
28

  The specific 

HS sequence required for binding glycoprotein-D (gD) receptors that allows the entry of 

HSV-1 into cells has not been fully characterized, but it has been shown that expression 

of the enzyme 3-O-sulfotransferase 2 (3-OST-2) and 3-OST-3 facilitates the entry 

processes.
28,29

  Studies have also shown that fibroblast growth factor 2 (FGF-2) prevents 

the HSV-1 entry into cells, most likely through competitive binding with HS.
30

 Although 

the specific HS sequence required for binding proteins such as gD and FGF-2 has not 

been completely characterized, it is known that at least one of the two following 

disaccharides are a part of this mechanism: -IdoA2S-GlcNH23S6S- and -IdoA2S-

GlcNH23S-.
28

 These disaccharides differ from the AT-III binding heparin 

pentasaccharide in that the 3-O-sultated GlcN nitrogen is present as a free amine.  

 

1.3 Heparin depolymerization 

The inherent microheterogeneity of heparin and HS makes their structure 

elucidation challenging. Depolymerization methods are commonly used prior to 

structural analyses to decrease the length of the chains. Appropriate choice of reaction 

time and conditions permits partial digestion to produce oligosaccharides of varying 

lengths. Longer digestion times will produce shorter oligosaccharides, and exhaustive 

digestions reduce the biopolymers to their constituent disaccharides.  The most common 
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disaccharide in heparin is L-IdoA2S-(14)-D-GlcNS6S while that in HS is D-GlcA-

(14)-D-GlcNS6S.
31

 Heparin contains 200-250 sulfate groups per 100 disaccharide 

units while HS contains 60-125 sulfate groups per 100 disaccharide units.
4
   

1.3.1 Enzymatic depolymerization. Heparin and HS depolymerization can be 

accomplished through digestion by various heparinase enzymes. There are three different 

heparinase enzymes, each with different cleavage specificities, which are isolated from 

Flavobacterium heparinum.
32

 Heparinase I cleaves along the GlcNS-(1→4)-IdoA2S 

linkage. The GlcNS residue can be either sulfated or protonated at the 6-O-position.  This 

disaccharide is the most common disaccharide in the heparin chain, making heparin the 

more susceptible to cleavage by heparinase I than HS. Heparinase I is used in the 

commercial preparation of the LMWH, tinzaparin.
33

 Heparinase II specificity is a little 

broader, cleaving between GlcN and UA residues.  The GlcN residue can either be N-

acetylated or N-sulfated, and the UA residue can either be IdoA2S, IdoA or GlcA.  

Heparinase III cleaves between GlcN-(1→4)-UA residues, with the GlcN residue being 

either N-sulfated or N-acetylated, and the UA residue being either IdoA or GlcA.  HS is 

usually digested using heparinase III because its major sequence is GlcNAc(or NS)-

(1→4)-GlcA.  Digestion with any of the heparinase enzymes creates a double bond 

between C4 and C5 of the UA residue at the non-reducing end, allowing the digestion to 

be monitored by UV absorption at 232 nm. 

1.3.2 Chemical depolymerization. Heparin depolymerization can also be 

accomplished chemically by means of -elimination, reductive deamination, and 

oxidation reactions. Each digestion reaction introduces different structural modifications 
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in the oligosaccharide products. As with enzymatic reactions, chemical digestions can be 

exhaustive for constitutive analysis, or partial to produce a mixture of variously sized 

oligosaccharides. Chemical digestions are often used commercially to produce LMWH 

pharmaceuticals, for example enoxaparin and dalteparin.
33

 -Elimination occurs by 

formation of an ester at the non-reducing end uronic acid residue using a benzyl halide, 

followed by treatment with a strong base which hydrolyzes the benzyl ester. Similar to 

enzymatic degradation, products of -elimination also produce oligosaccharides with a 

double bond between the uronic acid C4 and C5 atoms at the non-reducing end of the 

cleavage site. Reductive deamination occurs by treatment with nitrous acid with the 

products generated determined by the solution pH. Below pH 1.5, cleavage of GlcNS 

residues occurs, and at pH 4.0 cleavage occurs at GlcN residues that are unsubstituted at 

the N-position. This depolymerization method also produces 2,5-anhydro-D-mannose 

residues at the reducing end of the cleaved oligosaccharide. Oxidative depolymerization 

occurs by treatment of heparin with hydrogen peroxide and divalent copper or iron ions. 

This cleavage mechanism is specific for unsubstituted GlcA or IdoA residues and 

produces an oxidized fragment of the uronic acid residue at the reducing end of the 

cleavage site.
34

 

 

1.4 Oligosaccharide isolation 

Much of what is known about heparin and HS structure has been determined by 

structural characterization of oligosaccharides isolated from partial digestion reactions. 
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Because of the complexity of these digests, isolation of individual oligosaccharides is 

accomplished through chromatographic separations based on size and charge.  

1.4.1 Size-exclusion chromatography. The first step in the resolution of digested 

oligosaccharides is separation by size using size exclusion chromatography (SEC).
35-39

 

Analytical scale high-pressure liquid chromatography (HPLC)-SEC separations coupled 

to MS are commonly used to screen the composition of digested GAGs.
35,40-42

 More 

recently, profiling of a LMWH, enoxaparin, was accomplished by Shastri et al. using 

HPLC-SEC, with the oligosaccharides collected and subsequently analyzed by ion 

chromatography (IC).
43

 The advantage of using HPLC-SEC compared to low-pressure 

preparative-scale SEC is the smaller amount of sample and shorter analysis time.  HPLC-

SEC requires g-mg quantities separated over a period of a few hours while low-pressure 

preparative-scale SEC can accommodate mg-g quantities separated over a period of a few 

days. Preparative-scale low-pressure SEC is especially useful when isolating individual 

heparin oligosaccharides in sufficient quantities for structural characterization by NMR. 

Each size-uniform SEC peak is collected over multiple fractions, which are then typically 

combined.
37-39

 

The nature and specificity of the enzymatic and chemical digestion processes 

described in section 1.3 generates predominantly oligosaccharides with an even number 

of residues. The SEC chromatogram of a chemically digested LMWH, enoxaparin, is 

shown in Figure 1.3. This separation was performed on a 3 x 200 cm column packed with 

Bio-Rad Bio-Gel P-10 fine resin. Elution was accomplished using a 0.5 M ammonium  
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Figure 1.3. Enoxaparin SEC separation. Data points represent individual 4.5 mL size-

uniform fractions. The peaks are labeled as digestion product (dp) followed by a number 

indicating the number of monosaccharide residues. For example, dp4 represents the 

tetrasaccharide fraction, dp6 the hexasaccharide fraction, and so forth. 
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bicarbonate solution at a flow rate of 0.076 mL/min. The eluent was collected in 4.5 mL 

fractions and the separation monitored offline using UV absorption at 232 nm.  

Each data point in Figure 1.3 represents the UV absorbance of an individual 4.5 

mL SEC fraction. The typical practice is to combine (or pool) all of the fractions that 

comprise each peak. The resulting solutions of size-uniform oligosaccharides (e.g., tetra-, 

hexa- or octasaccharides) are lyophilized to remove the ammonium bicarbonate and 

concentrate the oligosaccharides by dissolving the dried sample in a smaller volume. The 

component oligosaccharides from each SEC peak are subsequently separated by strong 

anion-exchange high-performance liquid chromatography (SAX-HPLC).  Though each 

SEC peak contains oligosaccharides of the same length, the SEC fractions collected 

across each peak are not homogeneous in their composition.
44

 Though it produces a more 

concentrated sample, pooling the SEC fractions for each peak increases the complexity of 

SAX-HPLC chromatograms, making it more challenging to isolate less abundant, yet 

important oligosaccharides.
44

 As will be described in Chapter 2, SAX separation of 

individual 4.5 mL SEC fractions coupled with compositional monitoring by NMR can 

facilitate the isolation of low abundance oligosaccharides obscured by more abundant 

components in pooled samples. 

1.4.2 Strong anion-exchange chromatography. The second step in heparin and HS 

oligosaccharide isolation typically relies on the separation of SEC fractions by charge 

using SAX-HPLC.
36,37,39

 Figure 1.4 shows a SAX-HPLC chromatogram of a sample 

obtained by pooling the  SEC tetrasaccharide fractions of enoxaparin.  This separation 

used a CarboPac PA1 semi-preparative column having a stationary phase of a 10 m  
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Figure 1.4. A SAX-HPLC chromatogram for the pooled Enoxaparin SEC tetrasaccharide 

fraction. Each peak is collected over multiple injections and analyzed by NMR and MS to 

elucidate the structure of the components in each peak, as explained in greater detail in 

Chapter 2. 
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substrate composed of 2% polystyrene cross-linked with divinylbenzene agglomerated 

with 500-nm MicroBead quaternary ammonium functionalized latex. Although this type 

of column typically provides lower resolution than an analytical scale column because of 

its larger diameter and particle size, it has a higher column capacity facilitating the 

isolation of oligosaccharides for subsequent characterization. The heparin 

oligosaccharides are eluted using a 2 M NaCl gradient and each peak is collected as a 

separate fraction.  

Especially for minor components, it is necessary to combine the collected 

fractions from many SAX runs to obtain sufficient material for subsequent 

characterization experiments. To concentrate the oligosaccharides in these samples and 

reduce the NaCl content, the fraction collected for each peak is reinjected onto the SAX 

column and collected in a smaller volume. The remaining salt is removed from the 

oligosaccharide sample using a 1.6 x 70 cm desalting column containing Sephadex G-10 

(superfine) and HPLC grade water as the eluent at a flow-rate of 0.15 mL/min.
37

 

 

1.5 Oligosaccharide structural elucidation 

The complete structural characterization of isolated heparin oligosaccharides is 

determined by mass spectrometry (MS) and both one-dimensional (1D) proton (
1
H) and 

two-dimensional (2D) NMR experiments.  

1.5.1 Reverse-phase ion-pairing high-performance liquid chromatography-mass 

spectrometry. To determine the purity of the peaks isolated by SAX-HPLC, reverse-

phase ion-pairing- (RPIP-) HPLC is used as an orthogonal separation method. Coupled 



18 
 

with MS detection, this method also provides key structural information about the 

component oligosaccharides.  

RPIP-HPLC utilizes a non-polar C18 stationary phase with an ion-pairing reagent 

(IPR) in the running buffer. This IPR is typically a lipophilic ion able to interact with the 

nonpolar stationary phase as well as the negatively charged heparin oligosaccharides. 

Therefore, the separation is based on a complex mechanism that depends on the strength 

of the interactions of each oligosaccharide with the IPR and the interactions of the IPR 

with the nonpolar stationary phase and polar organic mobile phase. For RPIP-HPLC-MS 

experiments, it is necessary to select a volatile IPR, for example alkylamines. Many IPRs 

have been utilized for heparin oligosaccharide separations including tributylamine 

(TrBA), dibutylamine (DBA), tripropylamine (TrPA), triethylamine (TrEA), 

tripentylamine (TrPA), tetrapropylamine (TPA), tetrabutylamine (TBA), and pentylamine 

(PTA).
45-53

 The IPR chosen in this work for the structural analyses of heparin tetra and 

hexasaccharides was dibutylamine (DBA) because it provided a better separation  than 

the commonly used tributylamine (TrBA). 

Electrospray ionization (ESI), used in negative mode due to the natural negative 

charge of heparin oligosaccharides, provides information about the molecular ion and the 

number of sulfates and N-acetyl groups. However, it is difficult to obtain absolute 

structural information of the oligosaccharides because sulfate groups are easily lost 

during ionization.  Methods such as electron detachment dissociation (EDD) and electron 

induced dissociation (EID) have been used to determine the identity of the GlcA and 

IdoA isomers by their fragmentation patterns. Methods such as MS/MS can be used to 
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distinguish structures of isomers but are difficult to use for highly sulfated GAG 

oligosaccharides such as those derived from heparin because one of the conditions for 

good ionization with minimal sulfate loss is that the charged state should be equal to or 

slightly more than the number of sulfate groups.
54

 Although the addition of NaOH helps 

to prevent sulfate loss by stabilizing the charges, as the length of the chain increases, the 

increased presence of sulfate groups creates more negative charge repulsion, making the 

sulfate groups harder to stabilize. Furthermore, it becomes more difficult to determine the 

absolute structure of larger oligosaccharides because their MS fragmentation patterns 

become more complicated.
55,56

 Statistical analyses such as PCA are currently being 

developed to overcome this problem.
57

  

Methods to determine the absolute primary structure of GAGs by MS are rapidly 

improving and significant advances in this area are anticipated in the coming decade.  

Efficient MS analysis of complex samples will require a database of MS fragmentation 

patterns determined for oliogosaccharides of known structure. Advances underway in 

methods for the synthesis of heparin oligosaccharides should soon allow the creation of a 

library of standards for MS analysis, however, currently NMR analysis is still required 

for complete structure elucidation. An additional advantage of NMR is that it can also be 

used to investigate oligosaccharide secondary structure and dynamics, and protein-

binding. 

1.5.2 
1
H NMR spectroscopy. Inspection of 1D 

1
H NMR spectra allows the 

identification of resonances of heparin oligosaccharides through their characteristic 

chemical shifts. In heparin samples digested using enzymatic or -elimination reactions, 
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the unique chemical shift of H4 (Figure 1.1) ~ 6 ppm reflects the C4-C5 double bond of 

the uronic acid at the nonreducing end. The anomeric (H1) protons are fairly well 

resolved with chemical shifts between 4.6 and 5.6 ppm. Resonances characteristic of 

GlcNAc amide methyl groups are detected as singlets at around 2.0 ppm. The region of 

the spectrum between 3.2 and 4.4 ppm is more crowded containing the H2-H6 

resonances, with the H5 proton of the IdoA residues having a chemical shift of ~4.8 ppm. 

Resonances due to protons adjacent to an O- or N-sulfo group will experience a 

downfield shift.  

NMR experiments are typically performed in phosphate buffer at neutral pH to 

ensure all the carboxyl groups have been deprotonated and their chemical shifts are 

stable. Chemical shift stabilization can be achieved using EDTA-d16, which is typically 

added to complex metal ions and minimize line broadening introduced by the interaction 

of trace paramagnetic ions with the heparin oligosaccharides.
58-61 

 

Solvent suppression techniques including presaturation,
62

 WET,
63,64

 

WATERGATE,
65

 and excitation sculpting
66

 are often employed in the measurement of 

1
H NMR spectra to reduce the intensity of the solvent resonance and better observe the 

analyte signals. Protic solvents such as water give rise to a very intense signal that limits 

the receiver gain that can be applied. Even with the 18 bit analog-to-digital converters 

(ADCs) typically used in modern spectrometers, in the absence of solvent suppression the 

low the receiver gain settings necessary to avoid overflowing the ADC make it difficult 

to detect low intensity analyte signals, especially in dilute aqueous solutions. Because of  
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the Lorentzian lineshape of NMR resonances, the intense solvent peak also obscures a 

significant region of the 
1
H NMR spectrum.  

The various solvent suppression techniques are based on different mechanisms, 

which are briefly summarized in this section. Presaturation reduces the intensity of the 

water signal by saturating the resonance transition with a long selective pulse prior to 

application of a non-selective excitation pulse and acquisition of the FID (Figure 1.5A). 

WET solvent suppression is carried out by applying four selective pulses each of which 

are followed by a gradient to dephase the water magnetization (Figure 1.5B). A particular 

disadvantage of presaturation, and to a lesser extent WET, is that these pulse sequences 

may also suppress the resonances of exchangeable protons of the analyte (see section 

1.7).   

The problem of saturation transfer from water to the analyte exchangeable protons 

is overcome using methods such as WATERGATE or excitation sculpting (Figures 1.5C 

and D). The WATERGATE pulse sequence utilizes a selective spin echo involving a pair 

of identical gradient pulses on either side of a selective 180º pulse (Figure 1.5C). The first 

gradient pulse dephases all the magnetization excited by the initial 90º pulse.  The 

selective 180º pulse reverses the precession of all of the resonances except for the water 

resonance. As a result, application of the second gradient pulse refocuses the analyte 

resonances while further dephasing the water magnetization. In WATERGATE the 

selective 180º pulse is typically a composite pulse (e.g. 3-9-19) that produces additional 

nulls on either side of the water resonance at a spacing of 1/t, where t is the time between 

the pulses. The gradient pulse pairs in surrounding the first and second 180º pulses have  
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Figure 1.5. Bruker pulse sequences for various solvent suppression methods. (A) In 

presaturation, a weak rf pulse is applied at the frequency of the solvent for a specific 

length of time prior to pulse and acquisition, saturating its spins. (B) WET solvent 

suppression occurs by applying four selective pulse (sp1, sp2, sp3, and sp4) on the 

solvent, each followed by a different gradient to dephase the solvent (G1, G2, G3, and 

G4, respectively) making the solvent resonance unobservable while leaving all other 

signals in-phase. The selective pulses are then followed by four composite 90 pulses, 

which have been shown to produce a better baseline than one 90 pulse alone. (C) 

WATERGATE uses a composite 180
o
 pulse flanked by two gradients (G1 for the first 

180
o
 pulse, and G2 for the second 180

o
 pulse). The first gradient pulse dephases all the 

magnetization. The composite 180 pulse selectively inverts the phase of all the 

resonances except for the solvent resonance. As a result, application of the second 

gradient pulse further dephases the solvent resonance while refocusing the other 

resonances. (D)  Excitation sculpting is based on a double gradient spin echo and is 

similar to WATERGATE except that in lieu of the composite pulse, a selective pulse at 
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the water frequency is followed by a non-selective 180 pulse. Both WATERGATE and 

excitation sculpting repeat their respective 180 pulses a second time before acquisition 

using a different gradient G2 to avoid unwanted coherences. 
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different amplitudes.  The excitation sculpting pulse sequence (Figure 1.5D) is a water-

selective gradient double spin echo. It is in similar in concept to WATERGATE but uses 

a shaped 180º pulse (typically Sine.100) applied at the water frequency followed by a 

non-selective 180º pulse to refocus the magnetization of resonances outside the region 

containing the water signal. Excitation sculpting is preferred over WATERGATE in this 

work because it provides a more selective excitation profile reducing the attenuation of 

signals near the solvent frequency and, because excitation sculpting uses shaped selective 

pulses, it avoids the problem of nulls produced by the WATERGATE 3-9-19 composite 

pulse, giving a more uniform excitation profile over the entire 
1
H spectrum.    

1.5.3 Homonuclear two-dimensional NMR spectroscopy.  It is difficult to assign 

the 
1
H resonances of oligosaccharides using only 1D 

1
H NMR spectra because of their 

limited chemical shift dispersion which produces resonance overlap, even for 

oligosaccharides of modest size.  The homonuclear 2D 
1
H NMR experiments typically 

used for oligosaccharide resonance assignment and structure elucidation include the 

correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY), and rotating-

frame nuclear Overhauser effect spectroscopy (ROESY) experiments (Figure 1.6). Either 

presaturation or excitation sculpting may be applied in these experiments to suppress the 

water resonance, depending on whether the focus is measurements of carbon-bound or 

exchangeable protons. 

Heparin oligosaccharide structure elucidation typically begins with the COSY and 

TOCSY spectra. The COSY pulse sequence (Figure 1.6A) utilizes two 90x pulses 

separated by an evolution period, t1, followed by an acquisition period. During the  
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Figure 1.6. The pulse sequences used for structure elucidation of heparin and heparan 

sulfate oligosaccharides. (A) The COSY pulse sequence is made up of two 90 pulses 

separated by an evolution time, t1. COSY cross peaks will reveal 
1
H couplings usually 

through three bonds. (B) In the TOCSY pulse sequence, a 90 degree pulse is followed 

by an evolution time, t1, and a spin-lock, m. The spin-lock is made up of a series (or 

train) of 180 pulses separated by very small delays that cause the magnetization to 

evolve under the effects of the spinlock field (B1) which is much smaller than the applied 

field (B0). TOCSY cross peaks relate all the coupled protons within a spin system. (C) 



26 
 

The ROESY pulse sequence is similar the TOCSY, except that the spin-lock is applied in 

the rotating frame to allow the observation of dipolar (through-space) couplings. (D) The 

[
1
H, 

13
C] multiplicity-edited HSQC pulse sequence utilizes 90 and 180pulses and 

delays that depend on the coupling constant (1/4JHC) to transfer coherence between 
1
H 

and 
13

C. Gradients are used to remove any unwanted coherence pathways. 
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incremented delay, t1, the magnetization evolves as a function of chemical shift while the 

second 90x pulse transfers magnetization between coupled spins. The 2D COSY 

spectrum of the most common heparin tetrasaccharide (UA2S-GlcNS6S-IdoA2S-

GlcNS6S, denoted as ISIS in Figure 1.7A) is shown in Figure 1.7B. The COSY spectrum 

contains a diagonal running from the bottom left to the top right corner of the contour 

plot which is equivalent to the 
1
H spectrum. The off-diagonal features are cross peaks 

that correspond to the chemical shifts of coupled shifts protons. Starting with the well-

resolved H1 resonances, the correlations are followed to the coupled H2 diagonal peak, 

which can then be traced to the H3 cross peak, and so on.  

Like COSY, the TOCSY pulse sequence (Figure 1.6B) starts with a 90x pulse 

followed by an incremented t1 delay allow for chemical shift evolution. Following t1 is 

the mixing period (m) constituted by a spin-lock composed of a series of composite 180 

pulses separated by very short delays. During the spin-lock all spins feel the same field 

(B1) which is very much less than the applied field (B0) so that there is no evolution of 

chemical shift. However spin-spin coupling evolves during m such that coherence is 

transferred between coupled spins that are part of the same spin system. The TOCSY 

spectrum for the ISIS tetrasaccharide is shown in Figure 1.7C. Like the COSY, the 

TOCSY spectrum also contains a diagonal that corresponds to the 
1
H spectrum. The cross 

peaks in the TOCSY spectrum correspond to all coupled protons within the same spin 

system, for saccharide this means the same sugar ring. The longer-range TOCSY 

correlations are assigned by comparison with the COSY cross peaks which typically 

correspond to protons coupled through 3-bonds.  
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Figure 1.7. The ISIS (A) tetrasaccharide structure (UA2S-GlcNS6S-IdoA2S-GlcNS6S) 

was elucidated using (B) COSY, (C) TOCSY, (D) ROESY, and (E) [
1
H, 

13
C] HSQC 

spectra. ISIS is the most common tetrasaccharide in heparin.  
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The ROESY pulse sequence (Figure 1.6D) is similar to the TOCSY in that a spin 

lock follows the incremented t1 delay. ROESY is the rotating-frame version of the 2D 

nuclear Overhauser effect spectroscopy (NOESY) experiment. Both experiments utilize 

the nuclear Overhauser effect, a phenomenon in which intensity of a resonance is altered 

by dipolar relaxation through spins in close proximity, i.e. within 5Å. The intensity of the 

NOE depends on molecular tumbling, and goes through zero for medium-sized 

molecules, such as pentasaccharides, when measured at 14T (600 MHz). Because the 

ROE evolves in the rotating frame of reference, it is always positive, which is why it is 

preferred in this work. The ROESY spectrum of the ISIS tetrasaccharide is shown in 

Figure 1.7D. Like the COSY and TOCSY, the ROESY also has a diagonal corresponding 

to the 
1
H spectrum. The cross peaks in a ROESY spectrum correspond to protons coupled 

through space, but because spin-coupled protons on adjacent carbons are within 5Å, they 

are also detected in both the TOCSY and ROESY spectra. In the ROESY spectrum 

(Figure 1.7D), the H1 proton of one sugar ring will show a cross peak to a H4 proton of 

an adjacent sugar ring if they are connected through a (14) glycosidic linkage, such as 

those found in heparin. This provides information on ring connectivity so that in 

conjunction with the coupling information from the COSY and TOCSY spectra, the 

primary structure of GAGs is determined. 

1.5.4 Heteronuclear two-dimensional NMR spectroscopy. For larger 

oligosaccharides, even homonuclear 2D NMR experiments may not provide sufficient 

resolution for unambiguous resonance assignments. Heteronuclear 2D NMR experiments 

provide greater resolution because of the larger chemical shift dispersion of the 
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heteronucleus (typically 
13

C).  The [
1
H, 

13
C] heteronuclear single quantum coherence 

(HSQC) experiment has proven useful for the analysis of heparin oligosaccharides, and 

has even been used for the characterization of complex LMWH heparins.
67,34,68

 

Multiplicity-edited [
1
H, 

13
C] HSQC spectra are especially useful because the CH and CH3 

proton correlations are of opposite sign from the CH2 correlations, making them easy to 

distinguish. The pulse sequence (Figure 1.6D) begins by applying a 
1
H 90 pulse 

followed by a delay time equal to /2 (where =1/2JHC) that allows chemical shift and 

heteronuclear coupling evolution. A 180 pulse is applied to both 
1
H and 

13
C so that 

heteronuclear coupling continues to evolve while chemical shift is refocused after another 

/2 delay. The 
13

C magnetization is allowed to evolve during time t1 with a 
1
H 180 

pulse in the middle to decouple any 
1
H-

13
C interactions. 90 pulses to both 

1
H and 

13
C 

transfer coherence back to 
1
H. A second series of /2-180-/2 series allows for 

13
C 

magnetization to refocus. Multiplicity editing occurs by adding a -180- sequence 

during t1 evolution in the heteronuclear channel. Gradients remove unwanted coherence, 

and decoupling is applied in the heteronuclear channel during acquisition to make the 

spectrum less crowded in the 
13

C dimension.  

The result of the HSQC experiment is a 2D spectrum with correlations between 

1
H (in the F2 dimension) and the 

13
C nuclei to which they are bonded (in the F1 

dimension). The 
1
H and 

13
C chemical shifts are unique to their chemical environment and 

values have been reported for a wide variety of heparin oligosaccharides, including the 

components of LMWHs.
69,70

 For example, characteristic correlations are observed in the 

[
1
H, 

13
C] HSQC spectrum of the ISIS tetrasaccharide (Figure 1.7E). The -CH2 (H6) 
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correlations of the GlcNS residues are of opposite sign relative to the -CH protons, 

making them easy to distinguish in an otherwise overlapped region in the NMR spectrum. 

 

1.6 NMR relaxation mechanisms 

When nuclei are placed in an external magnetic field (B0), they align parallel to, 

either with or against, the magnetic field. Those nuclei aligned with the magnetic field 

() will be at a lower energy than those that are aligned against the magnetic field () 

(Figure 1.8A).  Because the individual nuclear spins have angular momentum, they 

precess about the applied field at their Lamor frequency ( = B0). Due to the energy 

difference between the  and  spin states, there will be a greater population of  spins 

giving rise to a net macroscopic magnetization (M). The behavior of the macroscopic 

magnetizaton is typically illustrated using a xyz-coordinate system, with M displayed as a 

vector along the +z axis, aligned with the applied magnetic field (B0) (Figure 1.8B). The 

NMR experiment is most simply illustrated using a convention known as the rotating 

frame of reference in which the x and y axes of the coordinate system rotate (or precess) 

at the Larmor frequency.  

At equilibrium, the spins of the individual nuclei lack coherence and precess 

randomly about B0. As a result, M (the vector sum of the individual spins) does not 

precess about B0 at equilibrium. Perturbation by an external radiofrequency (rf) pulse 

equalizes the populations of the  and  spin states and creates coherence as the 

individual nuclear vectors precess about B0 as well as the B1 field generated by the rf 

pulse. The effect of the pulse is visualized in Figure 1.8C as causing M to tip towards the  
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Figure 1.8. (A) When a group of spins is in the presence of an external magnetic field 

(M0), some spins will align with the field () and some will align against the field (). 

There will be a larger population of  spins, creating a bulk magnetization aligned with 

the magnetic field (B). This magnetization is represented by the vector, M, in the xyz 

coordinate system, aligned with the applied magnetic field (B0) along the +z axis. (C) 

When a radiofrequency (rf) pulse is applied, the magnetization is tipped towards the xy-

plane. 
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xy plane. After the pulse, the coherence induced in the spins causes M to precess about 

the z-axis (B0). Over time, this coherence is lost and the population difference between 

the spin states returns to its equilibrium value. These processes are described by two 

different relaxation mechanisms, T1 and T2, as explained below. 

1.6.1 T1 relaxation. T1 relaxation, also known as spin-lattice or longitudinal 

relaxation, occurs when an ensemble of spins returns to their equilibrium population. 

Using the vector formalism described above, T1 relaxation can be described by the 

recovery of the macroscopic magnetization (M) along the z or longitudinal axis following 

a 90º pulse as described by Eq. 1.1: 

𝑀𝑡 = 𝑀0(1 − 𝑒−𝑡/𝑇1)         (Eq. 1.1) 

where 𝑀𝑡 is the magnetization at time t following the rf pulse, 𝑀0 is the equilibrium 

magnetization and T1 is the relaxation time constant. T1 relaxation occurs at a rate of 1/T1 

(R2) and after a time equivalent to one T1, the magnetization recovers to 63% of its value 

at equilibrium. The value of T1 is determined experimentally using the inversion-recovery 

pulse sequence shown in Figure 1.9A. In this experiment, a 180º pulse inverts the 

population of the spins placing the macroscopic magnetization vector along the –z axis. 

The magnetization recovers along the +z axis during the variable delay as the spins return 

to their equilibrium populations according to Eq. 1.2.  

𝑀𝑡 = 𝑀0(1 − 2𝑒−𝑡/𝑇1)        (Eq. 1.2) 

Application of a 90º pulse creates transverse magnetization detected along the y axis of 

the rotating frame of reference (Figure 1.9B). The equation by which the magnetization 

returns to equilibrium is dependent on the initial rf pulse. After a 90 pulse, Mt is equal to  
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Figure 1.9. (A) The inversion recovery pulse sequence used to measure T1 relaxation, 

also known as spin-lattice or longitudinal relaxation. (B) The vector diagram illustrating 

the effect of the inversion recovery pulse sequence on the macroscopic magnetization. 

Relaxation occurs during the variable delay (vd) following the 180º inversion pulse. The 

terminal 90º pulse enables detection of the magnetization vector along the positive y-axis. 

(C) The magnetization is initially inverted, passes through zero intensity and recovers to 

its equilibrium intensity at long values of vd. 
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0, so the magnetization recovers according to Eq. 1.1. After a 180 pulse, Mt is equal to –

M0, so the magnetization recovers according to Eq. 1.2. By varying the delay time over a 

series of 1D experiments, the recovery of the magnetization can be observed and the 

value of T1 determined by fitting a function corresponding to Eq. 1.2 to the measured 

resonance intensity (Mt; Figure 1.9C). It is important to wait 5-10 times T1 between 

acquisitions to allow sufficient time for magnetization to fully relax along the +z axis 

before another 180 pulse is applied  

1.6.2 T2 relaxation. T2 relaxation, also known as spin-spin or transverse 

relaxation, represents the loss of coherence of an ensemble of spins generated by an rf 

pulse. This loss of coherence is observed as a dephasing of the spins reducing the 

intensity of M in the xy plane of the rotating frame of reference (Figure 1.10A). This 

relaxation process is described by an exponential decay: 

𝑀𝑡 = 𝑀0𝑒−𝑡/𝑇2                        (Eq. 1.3) 

where 𝑀𝑡 is the macroscopic magnetization at time t after the rf pulse,  𝑀0 is the initial 

magnetization and T2 is the transverse relaxation time constant in a perfectly 

homogeneous magnetic field. Though T2 relaxation can occur through a variety of 

mechanisms, for spin ½ nuclei in a solution of low viscosity, dipolar relaxation due to 

molecular tumbling is the dominant mechanism. As with T1, T2 relaxation occurs at a rate 

of 1/T2 (R2). The exponential decay of the FID (Figure 1.10B), denoted by T2
*
 reflects 

both the value of T2 and contributions from magnetic field inhomogeneity, which are 

minimized by a process referred to as shimming the magnet. Upon Fourier transformation 
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of the FID, the value of T2* is related to the observed resonance linewidths by the 

following equation: 

𝜔1/2 =  
1

𝜋𝑇2
∗                    (Eq. 1.4) 

where 𝜔1/2 is the resonance linewidth at half height. Longer T2
*
 values produce sharper 

resonances. 

Although T2
*
 can be determined from the resonance linewidth, we are most often 

interested in the true T2 relaxation time. The Hahn spin-echo experiment is useful for 

measuring T2 relaxation rates. In the pulse sequence in Figure 1.11A, an initial 90 pulse 

is followed by delay tD, a 180 pulse, and finally another tD period before acquisition of 

the FID. The result of this experiment is an initial decay of the FID followed by 

appearance of another signal that is less intense than the original, called an echo (Figure 

1.11B). The mechanism by which the echo forms can be explained by the vector diagram 

in Figure 1.11C. After the initial 90x pulse, the macroscopic magnetization will be along 

the +y axis. During the delay tD, the macroscopic magnetization vector precesses in due 

to chemical shift and loses intensity due to the loss of coherence. In addition, as a result 

of magnetic field inhomogeneity some spins will be in a region of higher magnetic field 

and will appear to precess at a frequency greater than M (denoted by f for faster) while 

other spins will be in a region of lower magnetic field and will appear to precess at a 

frequency less than M (denoted by s for slower).  The 180º pulse of the spin echo 

experiment refocuses the effects of magnetic field inhomogeneity by rotating the vectors 

about the x axis.  The spins will continue to precess in the same direction following the 

180 pulse so that after the same delay, tD, the spins refocus along the –y axis, creating  
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Figure 1.10. (A) A vector diagram representing T2 relaxation, also known as spin-spin or 

transverse relaxation. The different color vectors represent resonances with different 

frequencies caused by magnetic field inhomogeneity across the sample.  T2 relaxation 

occurs when a group of spins loses coherence in the xy-plane. (B) The loss of intensity in 

free induction decay originates in part from T2 relaxation and in part from 

inhomogeneities in the applied magnetic field. Longer T2 relaxation times give rise to 

sharper resonances in the Fourier transformed spectrum. 
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Figure 1.11.  (A) The Hahn spin-echo pulse sequence. A 90-tD-180-tD sequence, where 

tD is a specific delay time. (B) The resulting FID shows initial decay followed by a 

weaker signal, called an echo, which appears and decays. (C) The mechanism by which 

the echo is created is illustrated with an aerial view of the xy-plane. The initial 90 pulse,  

tips the magnetization so that it is aligned with the +y axis. Following the pulse, the 

magnetization precesses according to its frequency, which is proportional to the applied 

magnetic field, B0. The presence of magnetic field inhomogeneities affects the frequency 

of spins located in different regions of the sample, causing spins in a region of higher 

field to precess faster, denoted by f (fast), and those in a region of lower field to precess 

more slowly indicated as s (slow). The 180 pulse rotates the spins around the x axis 

where they will continue to travel in the same direction so that after another tD, the 

vectors labeled f and s are refocused along the –y axis, creating the echo. (D) The Carr-
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Purcell-Meiboom-Gill (CPMG) pulse sequence refocuses the effects of magnetic field 

inhomogeneity using a train of 180
o
 pulses keeping the delay between

 
pulses short to 

prevent modulation of the spectra due to spin-spin coupling.  (E) During the CPMG 

experiment the initial FID decays by the observed T2* (depicted by the blue line), which 

includes the effects of magnetic field inhomogeneity. The series of echo FIDs decrease in 

intensity according to the actual T2 (depicted by the red line). If a series of CPMG spectra 

are collected, each with an incrementally increased number of n loops, the signals will 

decay according to Eq. 1.3. 
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the echo. The echo is less intense than the original signal because of losses due to T2 

relaxation, but not T2* because the effects of magnetic field inhomogeneity have been 

removed.  

The Carr-Purcell-Meiboom-Gill (CPMG) experiment applies a 180
o
 pulse train 

composed of a series of spin echoes In the CPMG experiment, instead of applying the 

180 pulses around the x axis, the pulses are applied along the y axis so that the 

magnetization always remains on the +x axis. In addition, the delay between pulses is 

kept short (typically 0.3 ms) to prevent phase modulation of the resonances due to J-

coupling evolution, overcoming a significant limitation of the Hahn spin echo. During the 

train of 180
o
 pulses the echoes produced decay according to the true T2. As illustrated in 

Figure 1.11E, each 180
o
 pulse in the train produces a spin echo that is less intense than 

the previous. The initial FID and each individual echo decays according to T2* (blue), 

influenced by magnetic field inhomogeneity. In contrast the series of spin echoes 

produced by the CPMG pulse train decay according to the true T2 (red). In practice, 

rather than recording the echoes as the pulse train is applied, the number, n, of loops 

through the CPMG pulse train is increased incrementally over a series of experiments to 

record a set of spectra in which the resonances decrease intensity a n is increased. Though 

the linewidth of a resonance in each CPMG spectrum reflects T2
*
, its true T2 relaxation 

time can be extracted by fitting the integrated resonances measured in each experiment as 

a function of the CPMG pulse train time (t) using Eq. 1.3. T2 relaxation times are shorter 

than T1 relaxation times for larger molecules which tumble more slowly in solution. 
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Smaller molecules, which tumble more rapidly in solution, have equal T1 and T2 

relaxation times; this is referred to as the extreme narrowing limit. 

 

1.7 Chemical Exchange 

The exchangeable protons of heparin and HS, introduced in section 1.5.2, include 

the sulfamate (NHSO3
-
), hydroxyl (OH), amide (NHCOCH3), and amine (NH2) protons. 

These protons participate in chemical exchange with the solvent water by the following 

reversible chemical equation: 

ROH∗ + H2O ⇌ ROH + H2
∗O                        (Eq. 1.5) 

where the proton involved in exchange is denoted by an asterisk. The rate of the 

exchange reaction is dependent on the proton’s microenvironment and the solution 

conditions. The slower exchanging amide protons have been studied extensively, mainly 

in proteins and other GAGs such as HA.
71-75

 Amide protons are detectable by NMR over 

a variety of temperatures and solution conditions. Sulfamate protons exchange more 

rapidly and are detectable over a narrow pH range.
76

 Hydroxyl proton exchange in 

carbohydrates has been studied previously and only recently explored for heparin 

oligosaccharides.
26,77-81

 This dissertation explores, for the first time, conditions that allow 

detection of carbohydrate primary amines in aqueous solution (Chapter 5). Prior to this 

work, the amine protons of sugars were assumed to exchange too rapidly to be detected 

by solution state NMR experiments. 

1.7.1 NMR exchange regimes. There are three possible exchange regimes that can 

be considered in an NMR measurement: slow, fast, and intermediate, defined by the 
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exchange rate (reactions per second) and the difference in frequency (in Hz) between the 

two chemical environments (or sites) experienced by the exchanging protons.
82

 Because 

of the dependence on the difference in chemical shift of the exchanging species, the 

appearance of the NMR spectrum can be dramatically affected when measured at 

different magnetic field strengths. In the slow exchange regime, the rate of exchange is 

much less than the frequency difference between the two sites and the protons will be 

detected in the NMR spectrum as two distinct resonances. In the fast exchange regime, 

the exchange rate is much greater than the frequency difference between the exchanging 

spins and a single exchange-averaged resonance is detected at a chemical shift weighted 

by the populations of the two species. In a typical solution of a GAG polymer or 

oligosaccharide, the water protons are present at such a high concentration (110 M) that 

the exchange-averaged chemical shift is essentially that of the water protons. Lying 

between these two extremes is the intermediate exchange regime, in which the exchange 

rate is on the same order of magnitude as the chemical shift difference between the 

exchanging species. In intermediate exchange, the chemical shifts of the exchanging 

species begin to shift towards their average value and an increase in the resonance line 

widths (or line broadening) is observed in the NMR spectrum.  

1.7.2 Lineshape analysis. In the intermediate exchange regime, the resonance line 

widths of exchangeable protons are affected by their exchange with the solvent water.  

Because the rate of the exchange reaction increases with temperature, the resonances 

become broader as the temperature is raised. The relationship between resonance 

linewidth and temperature is described by the Eyring-Polanyi equation:  
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𝑘 =
𝑘𝐵𝑇𝑒−∆𝐺‡/𝑅𝑇

𝜋ℎ
             (Eq. 1.6) 

where 𝑘 is the line width at half height, 𝑘𝐵 is the Boltzmann constant, 𝑇 is temperature in 

K, and  G
‡  

is the Gibbs activation energy for the exchange reaction (Eq. 1.6).
82-84

 A 

higher value of  G
‡ 

can reflect the participation of the proton in a hydrogen bond as 

reported by Langeslay et al. for the internal GlcNS3S6S sulfamate proton of Arixtra.
84

   

1.7.3 Saturation transfer experiments. Saturation transfer NMR experiments 

involve the saturation of a specific exchangeable proton signal. Chemical exchange 

transfers the saturation to the exchange partner, reducing its intensity. As introduced in 

section 1.5.2, when using presaturation and WET solvent suppression methods to 

suppress the water resonance, saturation is transferred to the exchangeable protons, 

reducing their intensity. WATERGATE and excitation sculpting, on the other hand, 

suppress water by using selective pulses at the frequency of water, leaving the 

exchangeable protons unaffected. Exchange rates and relaxation times can be extracted 

using the proton T1 relaxation times (section 1.7.4).
85

 Saturation transfer experiments 

have been utilized in studies of amide proton exchange in small molecules such as 

acetamide, ethyl acetimidate, acrylamide, cyanoacetamide, ethyl oxamate, and synthetic 

diamines.
86-88

 These experiments, however, are not suitable for studying the exchange of 

oligosaccharide hydroxyl, sulfamate or amine protons due to their faster exchange rates. 

1.7.4 Exchange spectroscopy (EXSY). Exchange spectroscopy utilizes the 

NOESY pulse sequence (Figure 1.12) to detect the transfer of magnetization between 

exchangeable spins. In aqueous solutions of heparin oligosaccharides, exchange cross  
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Figure 1.12. The NOESY pulse sequence used for EXSY experiments. As the mixing 

time is increased, the exchange cross peaks increase in intensity at a rate that corresponds 

to the exchange rates of the protons observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 



45 
 

peaks appear between the resonances of water and the exchangeable hydroxyl and 

sulfamate protons.
79,89

 Cross peak intensity depends on the rate of the exchange reaction, 

the length of the EXSY mixing time and the T1 relaxation time. Exchange cross peaks 

become more intense as the mixing time is increased and eventually plateau due to T1 

relaxation. The measurement of cross peak intensity as a function of mixing time can be 

used to determine exchange rates. Differences in exchange rates for chemically similar 

protons can indicate that the more slowly exchanging protons are involved in a hydrogen 

bond, which is discussed in more detail in Chapter 3.  

 

1.8 Summary 

The purpose of the research presented in this dissertation is to develop methods 

that can be used to improve our understanding of the primary and secondary structure of 

heparin and HS oligosaccharides. Chapter 2 focuses on measuring 
1
H and 

15
N chemical 

shifts of individual enoxaparin tetrasaccharide SEC fractions to identify those fractions 

containing 3-O-sulfo-GlcNS residues, facilitating the isolation of component 

tetrasaccharides by SAX-HPLC and their structure determination by MS and NMR. 

Chapter 3 discusses NMR detection of oligosaccharide hydroxyl proton resonances and 

their use to probe for intramolecular hydrogen bonds providing insights into heparin and 

HS secondary structure. The rates of hydroxyl proton exchange with water are directly 

measured using EXSY taking into account effects from radiation damping. Analysis of 

the intensity of EXSY cross peaks as a function of mixing time allows the identification 

of two hydroxyl proton hydrogen bonds in Arixtra. Chapter 4 reports the measurement of 
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transverse relaxation rates (R2) using the CPMG pulse sequence modified to incorporate 

excitation sculpting solvent suppression. The values of R2 are compared with the EXSY 

results (Chapter 4) to evaluate whether relative transverse relaxation rates are also 

reflective of hydroxyl proton intramolecular hydrogen bonding. Chapter 5 reports, for the 

first time, the NMR detection of the amine protons of monosaccharides related to HS. 

The properties of the amine protons are explored including their exchange with water and 

acidity constants (pKa values) to determine whether they participate in intramolecular 

hydrogen bonds or salt bridges. Chapter 7 summarizes the conclusions of this work and 

discusses future directions for the primary and secondary structural characterization of 

heparin and HS. 
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CHAPTER TWO 

Screening Enoxaparin Tetra- and Hexasaccharide SEC Fractions for 3-O-Sulfo-N-

Sulfoglucosamine Residues using [
1
H, 

15
N] HSQC NMR  
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Abstract: Heparin and heparan sulfate (HS) are important in mediating a variety of 

biological processes through binding to a myriad of different proteins. Specific structural 

elements along the polysaccharide chains are essential for high affinity protein-binding, 

such as the 3-O-sulfated N-sulfoglucosamine (GlcNS3S) residue, a relatively rare 

modification essential for heparin’s anticoagulant activity. The isolation of 3-O-sulfated 

oligosaccharides from complex mixtures of oligosaccharides is challenging because of 

their low abundance. Although methods such as affinity chromatography are useful in 

isolating oligosaccharides that bind specific proteins with high affinity, other important 3-

O-sulfated oligosaccharides may easily be overlooked. Screening preparative scale size-

exclusion chromatography (SEC) fractions of heparin or HS digests using [
1
H,

15
N] 

HSQC NMR allows the identification of fractions containing 3-O-sulfated 
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oligosaccharides through the unique 
1
H and 

15
N chemical shifts of the GlcNS3S residue. 

Those SEC fractions containing 3-O-sulfated oligosaccharides can then be isolated using 

strong anion exchange (SAX)-HPLC. Performing SAX-HPLC analysis of individual SEC 

fractions, rather than a pooled sample composed of all the SEC fractions of similarly 

sized oligosaccharides (e.g. tetra-, hexa-, or octasaccharides) produces a less complicated 

chromatogram in which the 3-O-sulfated oligosaccharides are enriched relative to more 

abundant components. The utility of this approach is demonstrated for tetrasaccharide 

SEC fractions of the low molecular weight heparin drug enoxaparin facilitating the 

isolation and characterization of an unsaturated 3-O-sulfated tetrasaccharide containing a 

portion of the antithrombin-III binding sequence. 

 

2.1. Introduction 

Heparin is best known for its anticoagulant activity resulting from the binding of a 

specific pentasaccharide sequence to the protease inhibitor antithrombin-III (AT-III). The 

entire pentasaccharide sequence comprises the minimum structure required for high-

affinity binding, with each residue contributing to the binding energy.
1,2

 Specific 

structural elements of this pentasaccharide, found in only one of every three heparin 

chains, are critical for high affinity binding to AT-III including the flexible IdoA2S 

residue, which exists in equilibrium between the chair and skew-boat conformations,
3
 and 

the internal 3,6-O-sulfated N-sulfoglucosamine (GlcNS3S6S) residue. Loss of the 3-O-

sulfate group decreases the affinity for AT-III by 1000-fold.
1
 A synthetic pentasaccharide 
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mimetic is currently marketed as Arixtra (fondaparinux sodium), which is examined in 

greater detail in Chapter 3. 

3-O-sulfation is also important in several other biological processes involving HS 

though it constitutes only 0.5% of the total sulfate content of an HS chain.
4,5

 For example, 

expression of the 3-O-sulfotransferase (3-OST) enzyme family, including isoforms 3-

OST-2
6,7

, -3
7,8

, -4
9,10

, -5
11

, and -6
12

, facilitate the entry of HSV-1 into cells, a process 

which is mediated by the binding of HS to glycoprotein-D (gD).
4,7,13

 Studies have also 

shown that fibroblast growth factor 2 (FGF-2) prevents the HSV-1 entry into cells, most 

likely through competitive binding with HS.
14

 Liu et al. isolated and characterized the 

following gD-binding octasaccharide containing a 3-O-sulfated glucosamine residue at 

the reducing end: UA-GlcNS-IdoA2S-GlcNAc-UA2S-GlcNS-IdoA2S-GlcNH23S6S.
15

 

Although structure is important for interaction with gD; not all 3-O-sulfated 

oligosaccharides will facilitate HSV-1 entry.
16,17

 Copeland et al. demonstrated that the 

following octasaccharide, which contains an internal 3-O-sulfated GlcNS residue, 

actually inhibits HSV-1 infection: UA2S-GlcNS6S-IdoA2S-GlcNS6S-IdoA2S-

GlcNS3S6S-IdoA2S-GlcNS6S.
16

 Though these oligosaccharides each contain a 3-O-

sulfated glucosamine residue, neither contains the other structural elements important for 

high affinity binding to AT-III.  

Characterization of intact heparin and HS chains remains a challenge because of 

their high degree of structural heterogeneity. Rapid progress is being made in mass 

spectrometry approaches for GAG sequencing, however de novo sequencing of 

unknowns from complex low molecular weight heparins (LMWH) or HS is still on the 
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horizon.
18-21

 Although heteronuclear NMR experiments, such as [
1
H, 

13
C] and [

1
H, 

15
N] 

HSQC experiments can reveal important structural components in heparin, LMWH, HS 

and other GAGs,
22-27

 depolymerization followed by chromatographic isolation is required 

for absolute structural characterization of specific oligosaccharides. Heparin and HS are 

first depolymerized either enzymatically or chemically to form a mixture of variously 

sized oligosaccharides. Enzymatic digestions can be accomplished using one or more 

heparinase enzymes,
28,29

  which introduce an unsaturated double bond between C4 and 

C5 in the uronic acid residue at the non-reducing end of the newly formed 

oligosaccharide. This chromophore allows detection of the digestion components by UV 

absorbance measured at 232 nm.
30

 Processes for chemical digestions include -

elimination,
31

 reductive deamination,
32

 and oxidative depolymerization,
33

 with each 

producing a unique structure at the reducing end. For example, the LMWH enoxaparin, 

which is produced by a -elimination reaction, is known to contain reducing end 

modifications containing mannosamine (ManN) and (1,6-anhydro)-mannosamine 

(ManN(1,6-anhydro)) and -glucosamine (GlcN(1,6-anydro)) residues.
24,31

 The -

elimination reaction mimics the enzymatic digestion in the introduction of a C4-C5 

double bond at the non-reducing end of each cleaved oligosaccharide. 

For isolation of component oligosaccharides, a partial digestion is performed and 

the resulting mixture separated into similarly-sized fractions using size-exclusion 

chromatography (SEC). High-pressure liquid chromatography (HPLC)-SEC separations 

coupled to MS are commonly used to screen the composition of digested GAGs.
34-39

 

More recently, profiling of enoxaparin was accomplished by Shastri et al. using HPLC-
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SEC, with the oligosaccharides collected and subsequently analyzed by ion 

chromatography (IC).
40

 The advantage of using HPLC-SEC is the small amount of 

sample required and short analysis time, g-mg quantities separated over a period of a 

few hours compared to low-pressure SEC separations in which mg-g quantities are 

separated over a period of several days. However, in this work preparative-scale low-

pressure SEC was required for the isolation of individual heparin oligosaccharides in 

sufficient quantities for structural characterization by NMR.  

In preparative-scale low pressure SEC, the common practice is to collect each 

size-uniform SEC peak over multiple fractions, which are typically pooled or combined 

for subsequent charge-based separation using strong anion-exchange high performance 

liquid chromatography (SAX-HPLC).
41-43

 For structural studies, each SAX peak is 

collected and the structure of the component oligosaccharide(s) determined by MS and 

NMR.
43,44

 Coelution, which is particularly problematic for isomeric oligosaccharides, can 

complicate the structure elucidation process.  

Affinity chromatography provides alternative strategy for the isolation of a 

specific subset of oligosaccharides that bind tightly to a protein.
45

 Affinity 

chromatography separations are highly specific and have the advantage of providing a 

direct link between the isolated compounds and their biological action. However, this 

approach requires significant quantities of protein and is ineffective for ligands with low 

to medium binding affinities.
46 

Obviously, it is not possible to use affinity chromatograph 

to target a specific oligosaccharide structural motif unless a protein with high affinity for 

that structure is already known.  
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The goal of this chapter is to develop a streamlined method for the isolation of 

oligosaccharides containing 3-O-sulfated glucosamine residues by enhancing the 

specificity of SEC fractionation rather than relying on an affinity-based separation. It has 

been demonstrated that in the preparative-scale SEC separation of a heparin digest, the 

composition of the SEC fractions varies along the seemingly size-uniform peaks (e.g. 

tetrasaccharides, hexasaccharides, etc.).
47

 The sulfate groups add bulkiness, causing 

highly sulfated oligosaccharides to elute earlier in the separation whereas N-acetyl 

groups, reducing-end modifications, and potentially even elements of secondary 

structure
48,49

 can affect the elution time of the various components. Given the wide array 

of sulfation isomers present in a heparin digest or LMWH sample, the question then 

arises: is there a point along the SEC separation at which the relatively rare 3-O-sulfated 

oligosaccharides elute?  

 Our group has previously demonstrated the potential of [
1
H,

15
N] HSQC NMR 

spectra to report on the composition of heparin and HS samples through the characteristic 

chemical shifts of the sulfamate groups (NHSO3
-
).

48
 In particular, the GlcNS NH 

resonances of a sulfamate group adjacent to a 3-O-sulfate group appear at a unique 

chemical shift of 91.0-92.0 ppm and around 5.6 ppm in the 
15

N and 
1
H dimensions, 

respectively. The GlcNS3S6S sulfamate proton participates in a hydrogen bond with the 

adjacent 3-O-sulfate group causing the NH resonance to be sharp and easily detected over 

a wide range of pH values, temperatures, and at low mass concentrations.
25,48

 In this 

Chapter we explore the use of [
1
H,

15
N] HSQC NMR spectra to screen individual 

preparative SEC tetrasaccharide fractions for the presence of enoxaparin oligosaccharides 
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containing GlcNS3S residues, facilitating the SAX-HPLC resolution of low-abundance 3-

O-sulfated oligosaccharides and allowing isolation of components that would be 

overlooked by AT-III affinity chromatography. We also explore the possibility of 

utilizing this approach for longer-chain oligosaccharides, which produce more complex 

mixtures due to the greater structural variability that accompanies increased size. 

 

2.2  Materials and Methods 

 2.2.1 Materials and Reagents. Enoxaparin sodium was purchased from the U.S. 

Pharmacopeia (USP, Rockville, MD).  The chemical shift reagent 2,2-dimethyl-2-

silapentane-5-sulfonate-d6 sodium salt (DSS), dibutylamine (DBA) (purity > 99%) and 

ammonium bicarbonate (NH4HCO3) were purchased from Sigma Aldrich (St. Louis, 

MO).  HPLC grade water was obtained from Burdick and Jackson (Muskegon, MI).  

Deuterium oxide, (D, 99.9%), deuterated hydrochloric acid, and sodium deuteroxide were 

purchased from Cambridge Isotope Laboratories (Andover, MA).  Acetonitrile (HPLC 

grade), methanol (HPLC grade), and glacial acetic acid (USP grade) were purchased from 

Fisher-Scientific (Pittsburgh, PA). The pH meter was calibrated with pH 4.00, 7.00 and 

10.00 buffers also from Fisher Scientific Co. 

 2.2.2 Size-exclusion chromatography (SEC).  The enoxaparin oligosaccharides 

(1.2 g in 6.5 mL HPLC-grade water) were separated by size using a 0.5 M NH4HCO3 

buffer, pH 7.8, at a flow rate of 0.076 mL/min on a 3.0 x 200 cm column packed with 

Bio-Rad Bio-Gel P-10 fine resin (Bio-Rad Laboratories Hercules, CA). Eluting 

oligosaccharides were collected in separate 4.5 mL fractions. The separation was 
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monitored offline by UV at 232 nm using a Thermo Scientific NanoDrop 2000 

spectrophotometer (Wilmington, DE).  SEC fractions were lyophilized separately 5 times 

to remove the NH4HCO3 and stored at -20 ºC for future use. 

 2.2.3 Strong anion-exchange high-performance liquid chromatography (SAX-

HPLC). Each SEC fraction was further separated by SAX-HPLC using a Dionex 

(Sunnyvale, CA) CarboPac PA1 semi-preparative scale column (9 x 250 mm) on a 

Dionex 500 ion chromatography system equipped with a GP40 gradient pump and AD20 

UV-visible detector. The tetra- and hexasaccharide SEC fractions were individually 

dissolved (without pooling) in HPLC grade water and introduced onto the column in 500 

L injections. The tetra- and hexasaccharide fractions were separated using a 50 mM 

phosphate buffer, pH 7.0, as mobile phase A, and 2.0 M NaCl in 50 mM phosphate 

buffer, pH 7.0, as mobile phase B. The following gradient profile was utilized to separate 

tetrasaccharides: 0 min: 100% A, 0% B; 10 min: 65% A, 35% B; 85 min: 32% A, 68% B. 

The following gradient profile was utilized to separate hexasaccharides: 0 min: 100%, 

0% B; 10 min: 55% A, 45% B; 75 min: 25% A, 75% B.  Each run was followed by a 

washing step of 100% B for 10 min and re-equilibration with 100% A for 20 min. SAX 

tetrasaccharide peaks were collected separately over multiple consecutive injections.  

 To reduce the salt content of the SAX isolates, each of the collected tetra- and 

hexasaccharide peaks was diluted 3-fold with water and reinjected onto the column as 

mobile phase A. This allowed the individual oligosaccharides to be retained on the 

column while the NaCl collected over a series of sample injections was eluted as waste. 

Finally, the tetrasaccharide was eluted using the gradient described above and collected 
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as a more concentrated sample. Each sample was lyophilized and reconstituted in the 

minimum amount of HPLC-grade water for desalting on a column of 1.6 x 70 cm 

Sephadex G-10 (superfine) obtained from GE Healthcare (Pittsburgh, PA). HPLC grade 

water was used as the mobile phase at a flow rate of 0.15 mL/min with the eluent 

collected in 1.5 mL fractions.
43

 The desalting procedure was monitored offline using a 

NanoDrop UV spectrophotometer. Those fractions containing the desalted 

tetrasaccharide were combined, lyophilized, and stored at -20 ºC for future use. 

 2.2.4 Mass spectrometry (MS) measurements.  Reverse-phase ion-pairing ultra-

performance liquid chromatography-mass spectrometry (RPIP-UPLC-MS) was used as a 

confirmation of oligosaccharide structure.
43,50-52

 Analyses were performed using a Waters 

Acquity UPLC with Q-TOF MS detection in negative mode. Separations were performed 

at 40 ºC using a 2.1 x 100 mm Waters Acquity UPLC BEH C18 column and 2.1 x 5 mm 

guard column both containing 1.7 m particles and 130 Å pore size. Oligosaccharides 

were eluted by gradient elution with mobile phase A composed of 90% H2O/10% MeOH, 

and mobile phase B 100% MeOH; both mobile phases contained 10 mM dibutylamine 

(DBA) as the ion-pairing reagent and 10 mM acetic acid. A gradient starting at 30% B 

was increased to 55% B over 15 min with a 7 min re-equilibration period between 

injections.
25

 

 2.2.5 Nuclear magnetic resonance (NMR) measurements.  NMR spectra were 

recorded using a Bruker Avance spectrometer operating at 599.69 MHz for 
1
H. The 

oligosaccharides were dissolved in 10 mM pH 8.2 aqueous phosphate buffer containing 2 

mM EDTA-d16, and 1 mM DSS for sulfamate proton analyses. Measurements were 
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performed using a 1.7 mm capillary insert with a sample volume of 35 L centered in a 3 

mm NMR tube with a Teflon holder (New Era Enterprises, Sevierville, TN) using 100% 

D2O in the 3 mm tube’s annular volume to provide the spectrometer lock. [
1
H, 

15
N] 

HSQC spectra were acquired using States-TPPI at 20 ºC using the Bruker pulse sequence 

(hsqcetf3gpsi2).
53

 The spectra were acquired into 4096 complex points in t2 with 272, 

288, or 304 scans coadded at each of the 112 t1 increments, depending on the available 

mass.  A 2.0 s relaxation delay was used with a 
1
JN-H of 80 Hz and GARP 

15
N decoupling 

applied during acquisition. The spectral window was 6887 Hz in F1 and 1216 Hz in F2.  

The data were zero-filled to 8192 x 512 data points and apodized using a cos
2
 function 

and linear prediction in F1.  Spectra were referenced to DSS set at a 
1
H chemical shift of 

0.00 ppm. 

 Additional NMR experiments were performed for the structure elucidation of 

isolated tetrasaccharides. Chemical shift assignments were performed using TOCSY, 

COSY, and ROESY spectra for structure elucidation.
44,54-56

 Spectra were measured for 

samples dissolved in 100% D2O containing 10 mM phosphate buffer at pD 7.0, 2 mM 

EDTA-d16, and 1 mM DSS using a 1.7 mm capillary insert as described above. Spectra 

were acquired with presaturation in States-TPPI using a spectral window of 2520 Hz in 

the F2 and 2520 Hz in the F1 dimensions. TOCSY spectra were recorded with 40, 64, or 

80 scans coadded into 2048 complex points in t2 and 176, 192, or 208 t1 increments, 

depending on sample concentration. A relaxation delay of 2.0 s was used with a TOCSY 

mixing time of 120 ms. DQF COSY spectra were recorded with 64, 80, or 96 scans 

coadded into 2048 complex points in t2 and 188, 224, 274, or 288 t1 increments and a 
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relaxation delay of 2.0 s was used.  ROESY spectra were recorded with 124 or 144 scans 

coadded into 2048 complex pints in t2 and 284 or 300 t1 increments. A relaxation delay 

of 1.5 s was used with a 350 ms ROESY spinlock. All spectra were zero filled to 4096 x 

512 data points with DQF-COSY were apodized using a sine function in both 

dimensions. TOCSY and ROESY spectra were both apodized using a cosine squared 

function in both dimensions.  

  In the cases where ManNS, ManN(1,6-anhydro), and GlcN(1,6-anhydro) residues 

needed to be distinguished, [
1
H, 

13
C] HSQC spectra were obtained.

24
 Spectra were 

acquired at 20 ºC using the Bruker pulse sequence hsqcedetgpsisp.2 with Echo-Antiecho 

phase cycling. Spectra were acquired into 2048 complex points in t2 with 256, 288, 304, 

or 320 scans and coadded at each of the 72, 112, or 128 t1 increments, depending on 

available mass. A 2 s relaxation delay was used with a 
1
JC-H of 145 Hz and GARP 

13
C 

decoupling applied during acquisition. The spectral window was 22621 Hz in F1 and 

7184 Hz in F2. The data were zero-filled to 4096 x 512 data points and linear prediction 

in F1 prior to apodization with a cos
2
 function. Spectra were referenced to DSS set at a 

1
H chemical shift of 0.00 ppm. 

 

2.3  Results and Discussion 

 2.3.1 SEC separation.  The preparative-scale SEC separation resolved enoxaparin 

oligosaccharides ranging from the tetrasaccharide (dp4) to the sixteen-mer (dp16) (Figure 

2.1). The last eluting peak was confirmed by MS analyses to be comprised of 

tetrasaccharides. A limitation of the SEC method used in this work is the time required  
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Figure 2.1. SEC chromatogram of Enoxaparin showing the depolymerization products 

(dp4: tetrasaccharides; dp6: hexasaccharides; etc.). Each point represents a different 4.5 

mL SEC fraction. Tetrasaccharide SEC fractions are numbered T1 through T7. 

Hexasaccharide SEC fractions are numbered H1 through H7. 
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for separation. There are methods that utilize high-performance size-exclusion 

chromatography (HP-SEC) that are much faster, with a separation time, for example, of 

85 min reported by Shastri et al. compared to 8 days using the method used in this 

work.
40

 Despite the long separation time, we found the methods described in this work to 

be efficient for the purposes of isolation of individual heparin oligosaccharides in the 

quantities desired for structure elucidation and potential future experiments to explore 

their interactions with proteins. In Figure 2.1, each point in the tetrasaccharide SEC 

fraction is labeled T1 through T7 and each point in the hexasaccharide SEC fraction is 

labeled H1 through H9. The bottom-up approach employed for the fractionation and 

characterization of heparin oligosaccharides typically involves pooling the SEC fractions 

of similar size (i.e. combining all the tetrasaccharide peaks T1-T7) followed by a charge-

based separation by SAX-HPLC.
42,43,55,57

  

 2.3.2 SAX-HPLC separation of the pooled tetrasaccharide SEC fraction.  The 

individual fractions of the SEC tetrasaccharide peak were pooled and subsequently 

separated by SAX-HPLC (Figure 2.2). Individual peaks were collected separately over 

multiple injections and their composition analyzed by MS and NMR. The main peaks are 

numbered Tp1 through Tp11 (Tp stands for tetrasaccharide peak). Tp5 was discovered to 

have co-eluting peaks (Tp5A and Tp5), as described in more detail below. The remaining 

unlabeled peaks were either too dilute or insufficiently pure for structural elucidation. 

The mass-to-charge ratios (m/z) of the isolated tetrasaccharides were obtained by 

UPLC-MS and are summarized as the doubly charged ions in Table 2.1. Tp1-Tp4 and 

Tp7 were each found to have an m/z of 536 Da for the doubly charged molecular ion,  
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Figure 2.2. SAX-HPLC separation of the pooled tetrasaccharide (dp4) SEC fractions. 

The main peaks which were characterized are numbered Tp1 through Tp11 (Tp stands for 

tetrasaccharide peak). 
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Table 2.1. The identification of selected peaks in the dp4 SAX-HPLC chromatogram 

with the corresponding m/z for the doubly charged molecular ion. 

SAX Peak Tetrasaccharide ID Molecular Ion (m/z) 

Tp1 UA2S-GlcNS6S-IdoA2S-GlcNS 535.75 

Tp2 UA2S-GlcNS6S-IdoA2S-ManNS 535.62 

Tp3 UA2S-GlcNS-IdoA2S-GlcNS6S 535.75 

Tp4 UA2S-GlcNS-IdoA2S-ManNS6S 535.67 

Tp5 UA2S-GlcNS6S-IdoA2S-GlcNS(1,6-anhydro) 526.63 

Tp6 UA2S-GlcNS6S-IdoA2S-ManNS(1,6-anhydro) 527.52 

Tp7 UA2S-GlcNS6S-GlcA-GlcNS6S 535.60 

Tp8 UA2S-GlcNS6S-IdoA2S-GlcNS6S 575.52 

Tp9 UA2S-GlcNS6S-IdoA2S-ManNS6S 575.47 

Tp10 UA2S-GlcNS6S-GlcA2S-GlcNS6S 575.53 

Tp11 UA2S-GlcNS6S-GlcA2S-ManNS6S 575.55 
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indicating that these tetrasaccharides each contain five sulfate groups. Two components 

were separated in Tp5, labeled peaks Tp5A and the original Tp5. The more abundant Tp5 

had an m/z of 527 Da, indicating five sulfate groups and a loss of water.  The less 

abundant Tp5 had an m/z of 585 Da, corresponding to six sulfate groups and addition of 

one molecule of water, suggesting that this oligosaccharide lacks a C4-C5 double bond at 

the non-reducing end. Tp6, like Tp5, had an m/z of 527 Da, also indicating five sulfate 

groups with a loss of water. The water loss in both Tp5 and Tp6 suggests the 

modification of the reducing end of the oligosaccharide chain to a GlcN(1,6-anhydro) 

and/or ManN(1,6-anhydro) residue, known products in the digestion process of 

enoxaparin.
24

 Tp8- Tp11 had an m/z of 576 Da, indicating that these structures contain 

six sulfate groups. 

Utilizing the information provided by MS, homo- and heteronuclear NMR 

experiments were used to determine the absolute structure of each tetrasaccharide Tp1- 

Tp11 isolated from the SAX-HPLC separation. The tetrasaccharide structures listed in 

Table 2.1 were elucidated with certainty using TOCSY, COSY and ROESY spectra. 

Proton chemical shifts of all tetrasaccharides are summarized in Table 2.2. For those 

oligosaccharides isolated in sufficient quantities, both [
1
H, 

13
C] and [

1
H, 

15
N] HSQC 

experiments were utilized to distinguish between the glucosamine and mannosamine 

residues.
25,26

 Otherwise, only the more sensitive [
1
H, 

13
C] HSQC was used. Carbon-13 

chemical shifts of selected tetrasaccharides are provided in Table 2.3, and nitrogen-15 

chemical shifts of selected tetrasaccharides are provided in Table 2.4. In the SAX-HPLC 

separation, the more highly sulfated tetrasaccharides are more highly retained, with the  
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Table 2.2.  
1
H chemical shift assignments for the main peaks in the SAX-HPLC 

chromatogram of the pooled Enoxaparin tetrasaccharide SEC fraction.   

SAX 

Peak 

Proton NMR Chemical Shifts (ppm) 

Tp1  UA2S- -GlcNS6S- -IdoA2S- -GlcNS 

 1 5.497 5.338 5.218 5.435 

 2 4.62 3.29 4.30 3.23 

 3 4.31 3.65 4.23 3.69 

 4 5.982 3.83 4.06 3.70 

 5  4.01 4.80 3.86 

 6  4.24  3.92 

  6’  4.34   

Tp2  UA2S- -GlcNS6S- -IdoA2S- -ManNS 

 1 5.497 5.341 5.170 5.396 

 2 4.62 3.29 4.29 3.59 

 3 4.31 3.65 4.22 4.06 

 4 5.982 3.82 4.06 3.67 

 5  4.01 4.82 3.89 

 6  4.24  3.86 

  6’  4.35   

Tp3  UA2S- -GlcNS- -IdoA2S- -GlcNS6S 

 1 5.520 5.409 5.213 5.435 

 2 4.597 3.27 4.31 3.25 

 3 4.23 3.61 4.20 3.69 

 4 6.005 3.77 4.08 3.74 

 5  3.78 4.76 4.12 

 6  3.81  4.29 

  6’  3.86  4.36 

Tp4  UA2S- -GlcNS- -IdoA2S- -ManNS6S 

 1 5.520 5.397 5.173 5.382 

 2 4.60 3.27 4.31 3.59 

 3 4.24 3.63 4.20 4.07 

 4 6.007 3.78 4.09 3.69 

 5  3.75 4.76 4.08 

 6  3.81  4.25 

  6’  3.86  4.34 
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Tp5  UA2S- -GlcNS6S- -IdoA2S- -GlcNS(1,6-an) 

 1 5.50 5.35 5.34 5.602 

 2 4.62 3.29 4.35 3.206 

 3 4.31 3.66 4.25 3.90 

 4 5.985 3.83 4.10 3.81 

 5  4.01 4.630 4.08 

 6  4.34  3.79 

  6’  4.24  4.20 

Tp6  UA2S- -GlcNS6S- -IdoA2S- -ManNS(1,6-

an) 

 1 5.499 5.36 5.35 5.558 

 2 4.63 3.295 4.33 3.463 

 3 4.31 3.657 4.24 4.04 

 4 5.985 3.83 4.08 3.97 

 5  4.01 4.550 4.81 

 6  4.25  3.77 

  6’  4.35  4.22 

Tp7  UA2S- -GlcNS6S- -GlcA- -GlcNS6S 

 1 5.497 5.559 4.593 5.451 

 2 4.62 3.30 3.38 3.27 

 3 4.32 3.64 3.85 3.72 

 4 5.987 3.83 3.78 3.71 

 5  3.98 3.82 4.14 

 6  4.20  4.32 

  6’  4.34  4.35 

Tp8  UA2S- -GlcNS6S- -IdoA2S- -GlcNS6S 

 1 5.497 5.414 5.209 5.43 

 2 4.617 3.292 4.31 3.251 

 3 4.31 3.64 4.20 3.69 

 4 5.981 3.83 4.10 3.74 

 5  4.03 4.75 4.12 

 6  4.25  4.30 

  6’  4.35  4.36 

Tp9  UA2S- -GlcNS6S- -IdoA2S- -ManNS6S 

 1 5.496 5.392 5.178 5.381 

 2 4.62 3.30 4.31 3.60 

 3 4.31 3.64 4.20 4.07 

 4 5.991 3.83 4.09 3.70 

 5  4.03 4.78 4.08 

 6  4.25  4.30 

  6’  4.35  4.36 
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Tp10  UA2S- -GlcNS6S- -GlcA2S- -GlcNS6S 

 1 5.494 5.572 4.75 5.442 

 2 4.614 3.28 4.14 3.26 

 3 4.318 3.64 3.96 3.75 

 4 5.988 3.83 3.83 3.74 

 5  3.98 3.84 4.11 

 6  4.21  4.19 

  6’  4.35  4.58 

Tp11  UA2S- -GlcNS6S- -GlcA2S- -ManNS6S 

 1 5.494 5.571 4.73 5.451 

 2 4.61 3.28 4.14 3.65 

 3 4.31 3.64 3.96 4.11 

 4 5.984 3.83 3.83 3.74 

 5  3.99 3.84 4.06 

 6  4.21  4.20 

  6’  4.34  4.58 
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Table 2.3.  
13

C chemical shift assignments for select enoxaparin tetrasaccharides which 

contain a ManNS or (1,6-anhydro) residue at the non-reducing end. 

SAX 

Peak 

Carbon NMR Chemical Shifts (ppm) 

Tp5B  UA2S- -GlcNS6S- -IdoA2S- -GlcNS(1,6-an) 

 1 100.1 100.2 100.2 104.0 

 2 77.3 60.5 77.9 58.3 

 3 65.7 72.2 70.7 72.8 

 4 108.8 81.0 78.8 78.8 

 5  71.6 71.0 -- 

 6  69.0  68.1 

Tp6  UA2S- -GlcNS6S- -IdoA2S- -ManNS(1,6-an) 

 1 100.0 99.9 101.3 103.7 

 2 77.2 60.5 78.2 54.9 

 3 65.7 72.2 70.9 70.9 

 4 108.8 80.8 78.8 80.4 

 5  71.6 71.0 76.3 

 6  68.9  67.5 

Tp9  UA2S- -GlcNS6S- -IdoA2S- -ManNS6S 

 1 100.2 99.5 102.2 95.7 

 2 77.3 60.3 78.4 60.2 

 3 65.7 72.2 71.5 70.0 

 4 108.9 80.9 78.9 77.4 

 5  71.6 71.9 71.9 

 6  70.0  69.8 
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Table 2.4. 
15

N chemical shifts for sulfamate protons of selected enoxaparin 

tetrasaccharides containing a GlcN(1,6-anhydro) and/or ManN(1,6-anydro) at the 

reducing end. 

SAX 

Peak 

15
N NMR Chemical Shifts of sulfamate protons (ppm) 

Tp5 UA2S- -GlcNS6S- -IdoA2S- -GlcNS(1,6-an) 

 -- 92.8 -- 96.1 

Tp6 UA2S- -GlcNS6S- -IdoA2S- -ManNS(1,6-an) 

 -- 92.8 -- 95.8 
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isomeric GlcA-containing tetrasaccharides eluting later than their IdoA-containing 

analogs. For example, the retention of times of Tp10 and Tp11 are longer than their 

IdoA-isomers, tetrasaccharides Tp8 and Tp9, respectively. A similar trend was observed 

in the GlcN and ManN tetrasaccharide isomers, with the ManN-containing 

tetrasaccharides eluting after their GlcN-containing analogs. For example, peaks Tp2, 

Tp4, Tp6, Tp9, and Tp11 all had longer retention times than their GlcNS isomers, peaks 

Tp1, Tp3, Tp5, Tp8, and Tp10, respectively.  

Although the composition of the enoxaparin tetrasaccharides has been previously 

reported,
58

 the methods utilized in this work provide a different profile of isolated 

tetrasaccharides. Ozug et al. used a variety of analytical methods, such as CE, HPLC, 

NMR, and mass spectrometry, to successfully characterize 15 different tetrasaccharides. 

The SAX separation of this group differs from ours in that they report elution of the 

ManNS(1,6-anhydro) tetrasaccharide before the GlcNS(1,6-anhydro) tetrasaccharide. 

This group also reports SAX separation of - and -anomers, which we do not observe. 

Although Ozug et al. mentions that a 3-O-sulfated tetrasaccharide was detected, it was 

not further explored because saturation at the non-reducing end made it difficult to detect 

by UV. Consequently, the SAX retention time was not reported and its structure was not 

fully characterized due to its low abundance.
58

 None of the tetrasaccharides isolated and 

characterized in the present section contain a 3-O-sulfated glucosamine residue, 

prompting experiments described below to isolate and characterize the 3-O-sulfated 

tetrasaccharide. 
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 2.3.3 NMR [
1
H, 

15
N] HSQC spectra of the tetrasaccharide SAX fraction Tp5.  

Two cross peaks were observed in the [
1
H, 

15
N] HSQC spectra of the majority of isolated 

tetrasaccharides, one belonging to the internal and the other to the reducing end GlcNS 

sulfamate protons. The only spectrum which showed more than two cross peaks was that 

of SAX peak Tp5, which contained three cross peaks (Figure 2.3). Two of these cross 

peaks were identified as belonging to the more abundant component ΔUA2S-GlcNS6S-

IdoA2S-GlcNS(1,6-anhydro). Based on previous assignments, 
24,25

 the cross peak at 5.21 

ppm in 
1
H and 92.8 ppm in 

15
N was assigned to the internal GlcNS6S residue and that at 

5.39 ppm in 
1
H and 96.1 ppm in 

15
N was assigned to the reducing end GlcNS(1,6-

anhydro). We were excited to discover that the third cross peak at 5.54 ppm in 
1
H and 

92.1 ppm in 
15

N is characteristic of a GlcNS sulfamate proton adjacent to a 3-O-sulfate 

group.
25

 The sulfamate proton on the reducing end GlcNS residue is not observable in 

this spectrum most likely due to the low abundance of the tetrasaccharide and broadening 

due to fast exchange with the solvent water. The internal sulfamate proton in this 

tetrasaccharide is most likely in a hydrogen bond with its adjacent 3-O-sulfate group, 

causing it to be sharper and more easily observed by NMR. Langeslay et al. showed that 

in the synthetic AT-III-binding pentasaccharide, fondaparinux sodium (trade name 

Arixtra), the sulfamate proton is in a hydrogen bond to the adjacent 3-O-sulfate group 

which reduces the rate of exchange with water and allows it to be detected over a wide 

range of temperatures and pHs.
51

 This discovery suggested we had found the 3-O-

sulfated tetrasaccharide that was previously reported in the enoxaparin tetrasaccharide 

SEC fraction.
58

 Its absolute structure could not be determined, however, without further  
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Figure 2.3. [
1
H, 

15
N] HSQC NMR spectrum of Tp5. The two cross peaks located at 5.21 

and 5.39 ppm in 
1
H and 92.8 and 96.1 ppm in 

15
N, respectively, can be identified as 

belonging to the 1,6-anhydro tetrasaccharide. The third cross peak (circled in red) located 

at 5.52 ppm in 
1
H and 92.1 ppm in 

15
N is characteristic of a GlcNS sulfamate proton that 

is adjacent to a 3-O-sulfate group. 
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separation from the more abundant (1,6-anhydro) tetrasaccharide because of overlap in 

the NMR spectra and the low abundance of the 3-O-sulfated tetrasaccharide. 

 2.3.4 Screening of individual tetrasaccharide SEC fractions by [
1
H, 

15
N] HSQC 

NMR.  We were encouraged that we could detect the [
1
H,

15
N] signature of a 3-O-sulfated 

tetrasaccharide as a minor component of SAX peak Tp5 and sought a strategy that would 

allow us to isolate and characterize the tetrasaccharide containing a 3-O-sulfated 

glucosamine residue. Because we were not able to improve the SAX separation to resolve 

these co-eluting components, we decided to reconsider our treatment of the SEC 

tetrasaccharide fractions prior to SAX-HPLC. Although the individual SEC peaks contain 

oligosaccharides with the same number of monosaccharide building blocks, their 

composition is not necessarily uniform across the peak. For example, the higher sulfated 

tetra- and hexasaccharides are more likely to elute earlier along the SEC separation 

because their bulky sulfate groups make their effective radius larger.
47

 If a 3-O-sulfated 

tetrasaccharide elutes predominantly over one or two SEC fractions, then the practice of 

pooling all the SEC fractions effectively dilutes it with respect to the more abundant but 

less interesting compounds. The question remains: where along the SEC fraction do the 

3-O-sulfated oligosaccharides elute? 

The individual SEC fractions (Figure 2.1) were screened by [
1
H, 

15
N] HSQC 

NMR to identify the fractions containing 3-O-sulfated glucosamine residues. 

Highlighting the differences in composition across the SEC tetrasaccharide peak, the 
1
H 

NMR spectra of each SEC fraction T2–T7 (Figure 2.4) show subtle differences reflecting 

differences in their composition. We hypothesized that recording [
1
H, 

15
N] HSQC spectra  
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Figure 2.4. 
1
H NMR spectra of tetrasaccharide SEC fractions: (A) T2; (B) T3; (C) T4; 

(D) T5; (E) T6; and (F) T7. Slight differences can be observed between the NMR spectra 

of different SEC fractions, suggesting compositional differences along the SEC peak. 
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for each SEC fraction would allow us to identify those SEC fractions containing 3-O-

sulfated oligosaccharides. Armed with this information, we could focus our efforts on 

SAX-HPLC separations of the individual SEC fractions that we knew contained 3-O-

sulfated structures of interest. We also hypothesized that the resulting SAX 

chromatograms would be less complex than that obtained for the pooled SEC fractions 

(Figure 2.2) and more easily allow identification and isolation of less abundant, yet more 

important, oligosaccharides.  

 The [
1
H,

15
N] HSQC spectra obtained for each SEC tetrasaccharide fraction are 

presented in Figure 2.5. The mass of SEC fraction T1 was too low to observe any [
1
H, 

15
N] HSQC correlations, which is not surprising given its lower UV absorbance (Figure 

2.1).  Sulfamate NH correlations are detected for SEC fraction T2 (Figure 2.5A) at 5.33 

ppm (
1
H) and 92.9 ppm 

15
N, consistent with an internal GlcNS6S residue, the 

predominant glucosamine structure in enoxaparin. Correlations characteristic of 

oligosaccharides containing a 1,6-anhydro modification begin to appear in SEC fraction 

T3 (Figure 2.5B) at 5.43 and 94.0 ppm and are visible through fraction T7 (Figure 2.5E).  

A peak characteristic of a 3-O-sulfate group at 5.52 and 92.3 ppm (Figure 2.5C) is first 

detected in fraction T4 at the apex of the SEC peak. The intensity of this correlation 

increases over SEC fractions T5 and T6 (Figures 2.5D and 2.5E, respectively) and it 

becomes the only observable NH correlation in fraction T7 (Figure 2.5F).  Our initial 

hypothesis was that the 3-O-sulfate groups would add bulkiness to the tetrasaccharides, 

causing them to elute at the leading edge of the SEC peak. Interestingly, the results of the 

spectra in Figure 2.5 reflect the opposite trend, with the 3-O-sulfated tetrasaccharides  
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Figure 2.5. [
1
H, 

15
N] HSQCs of Enoxaparin sulfamate protons in SEC fractions (A) T2; 

(B) T3; (C) T4; (D) T5; (E) T6; and (F) T7. The sulfamate protons were not observable in 

the less abundant T1 fraction. The cross peak characteristic of the presence of a 3-O-

sulfate group (circled in red) at 5.52 ppm in 
1
H and 92.3ppm in 

15
N starts to grow in SEC 

fraction T4 (C) and continues to increase in intensity. It becomes the only observable 

peak in SEC fraction T7 (F). 
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most prevalent along the trailing edge of the SEC peak. One reason for the later elution of 

3-O-sulfated tetrasaccharides is that the 3-O-sulfo modification often follows a GlcA 

residue (as in Arixtra) and as noted in Table 2.1, GlcA containing tetrasaccharides tend to 

elute later than their IdoA analogs. In addition, the involvement of the GlcNS3S6S 

sulfamate proton in a hydrogen bond to the adjacent 3-O-sulfate group may make the 

oligosaccharide more compact contributing to its greater retention on the SEC column.
48

  

 2.3.5 Separation of individual SEC tetrasaccharide fractions by SAX-HPLC.  SEC 

fractions Tp4-7 were each subjected to SAX-HPLC with the goal of isolating a 3-O-

sulfated tetrasaccharide. Fractions Tp5-7 gave rise to an [
1
H,

15
N] HSQC correlation at the 

chemical shifts expected for a GlcNS3S residue  and Tp4 was included for comparison. 

Only those peaks eluting between 38–85 min are shown in Figure 2.6. The less retained 

peaks eluting before 38 min are too dilute for structural analyses and are not shown. As 

expected, in the earlier eluting SEC fractions (Figures 2.6A and B) the peaks of the more 

highly sulfated oligosaccharides are more intense than the less sulfated oligosaccharides, 

which are more abundant in the later eluting SEC fractions (Figures 2.6C and D). Tp5 

from in the pooled SAX-HPLC separation (Figure 2.2), suggested by our [
1
H,

15
N] HSQC 

results to contain co-eluting tetrasaccharides, decreases in intensity over SEC fractions 

T4-T7. In the SAX-HPLC chromatogram of SEC fraction T7 (Figure 2.6A), the two 

overlapping peaks are present in comparable amounts, improving their resolution as 

peaks Tp5A and Tp5 and allowing for their isolation as two individual samples for 

subsequent characterization by NMR spectroscopy.  
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Figure 2.6. The SAX-HPLC separations of those SEC fractions which showed evidence 

of a 3-O-sulfate group in their [
1
H, 

15
N] HSQCs: (A) T4; (B) T5; (C) T6; (D) T7. The 

major peaks of the pooled. Tp5, which contained the 3-O-sulfated tetrasaccharide in the 

pooled SAX separation, decreases in intensity and eventually splits into two peaks in T7 

(Tp5A and Tp5 in D). 
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 The complexity of the spectrum of the isolated SAX peak Tp5 for the pooled 

tetrasaccahride fraction (Figure 2.7A) clearly indicates the presence of more than one 

component. Although the spectrum of the SAX peak Tp5 isolated from SEC fraction T6 

(Figure 2.7B) looks similar to that of the pooled SAX peak Tp5 (Figure 2.7A), the 

resonances of the minor component appear enriched compared with the major component 

of Tp5 (UA2S-GlcNS6S-IdoA2S-GlcNS(1,6-an)). For SEC fraction T7, the improved 

resolution of the SAX chromatogram allowed isolation of two peaks, Tp5A and Tp5, 

which had the structure listed in Table 2.1. Although only a small quantity of material 

was isolated from Tp5A, its 
1
H spectrum (Figure 2.7C) indicated that it was fairly pure 

compared to the SAX peak isolated from SEC fraction T6 (Figure 2.7C). The m/z of the 

doubly charged tetrasaccharide (584) of peak Tp5A indicated that the isolated 

tetrasaccharide contains six sulfate groups and is saturated at the non-reducing end. The 

structure of the tetrasaccharide (Figure 2.8A) was elucidated using DQF-COSY (Figure 

2.8B), TOCSY (Figure 2.8C) and ROESY (Figure 2.8D) NMR spectra. Table 2.5 shows 

the structure of the compound isolated as peak Tp5A: GlcA-GlcNS3S6S-IdoA2S-

GlcNS6S, its mass spectral and NMR chemical shift data. The tetrasaccharide contains a 

GlcA at the non-reducing end without a C4-C5 double bond, and an internal 3-O-sulfated 

GlcNS residue consistent the MS data. This tetrasaccharide likely originates from the 

non-reducing end of an intact heparin chain. It is also interesting to note that this 

tetrasaccharide is part of the AT-III-binding pentasaccharide. The 6-O-sulfated N-

acetylglucosamine (GlcNAc6S) residue at the non-reducing end of the AT-III-binding 

pentasaccharide is not present in this tetrasaccharide. Because this GlcNAc6S residue is  
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Figure 2.7. (A) The anomeric region of Tp5 from the pooled enoxaparin tetrasaccharide 

fraction. (B) The anomeric region of Tp5 in SEC fraction T6. The spectrum looks similar 

to that of the pooled Tp5 tetrasaccharide fraction, indicating there is still a mixture of 

different tetrasaccharides. (C) The anomeric region of the 3-O-sulfated tetrasaccharide, 

isolated in a small but fairly pure quantity. 
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Figure 2.8. (A) The structure of the 3-O-sulfated tetrasaccharide isolated as Tp5A from 

SEC fraction T7: GlcA-GlcNS3S6S-IdoA2S-GlcNS6S. Two-dimensional (B) COSY, (C) 

TOCSY, and (D) ROESY spectra were used to characterize the tetrasaccharide structure. 
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Table 2.5. The 
1
H NMR resonance assignments for the 3-O-sulfated tetrasaccharide, 

Tp5A. The molecular ion m/z of the doubly charged tetrasaccharide is 584.48, which 

corresponds to 6 sulfates and saturation at the non-reducing end. 

Tp5A Proton GlcA- -GlcNS3S6S- -IdoA2S- -GlcNS6S 

 1 4.61 5.54 5.17 5.45 

 2 3.39 3.45 4.30 3.26 

 3 3.52 4.37 4.15 3.68 

 4 3.52 4.02 4.15 3.78 

 5 3.70 4.16 4.74 4.11 

 6  4.42  4.28 

  6’    4.43 
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known to contribute to the AT-III-binding affinity of the pentasaccharide,
4
 the 

tetrasaccharide would likely not have been isolated by AT-III affinity chromatography. 

2.3.6. SAX-HPLC separation of the hexasaccharide SEC fractions. Similar to the 

tetrasaccharide SEC fractions, individual fractions of the SEC hexasaccharide peak were 

pooled and separated by SAX-HPLC (Figure 2.9). The main peaks are labeled Hp1 

through Hp7 (Hp stands for hexasaccharide peak). Each peak was collected separately 

over a series of multiple injections and its composition analyzed by NMR. 

Hexasaccharide proton chemical shift assignments are found in Table 2.6. There was no 

evidence of co-eluting 3-O-sulfated hexasaccharides in the [
1
H, 

15
N] HSQC spectra of the 

main SAX peaks. The less abundant oligosaccharides were collected together (labeled 

Groups 1, 2, 3, and 4) and also screened using [
1
H, 

15
N] HSQC experiments for sulfamate 

NM correlations characteristic of 3-O-sulfation. Although evidence of a 3-O-sulfated 

GlcNS residue was found in Groups 2 and 3, isolation of 3-O-sulfated oligosaccharides 

was not successful. The oligosaccharides collected were not very pure, making them 

difficult to characterize by NMR. This prompted examination of each hexasaccharide 

SEC fraction individually in hopes of obtaining less complex SAX-HPLC separations 

with better resolution of low abundance components. 

2.3.7 Screening of individual hexasaccharide SEC fractions by [
1
H, 

15
N] HSQC 

NMR. Though differences are observed in the 
1
H NMR spectra of the individual 

hexasaccharide SEC fractions H1 - H9 (Figure 2.10), the complexity of the mixtures and 

their resulting NMR spectra makes it difficult to draw conclusions about changes in 

composition across the SEC hexasaccharide peak. In contrast, the [
1
H, 

15
N] HSQC  



92 
 

 

Figure 2.9. The SAX-HPLC separation of the pooled enoxaparin hexasaccharide SEC 

fraction. Main peaks are labeled Hp1 through Hp7 (Hp stands for hexasaccharide peak). 

The peaks which are labeled were discovered to be pure and in high abundance and were 

structurally characterized with great certainty. Groups 1, 2, 3 and 4 were measured by 

[
1
H, 

15
N] HSQC to search for evidence of a 3-O-sulfate group. 
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Figure 2.10. 
1
H NMR spectra of individual hexasaccharide SEC fractions: (A) H1, (B) 

H2, (C) H3, (D) H4, (E) H5, (F) H6, (G) H7, (H) H8, and (I) H9. Slight differences in 

their NMR spectra demonstrate the compositional difference of the fractions along the 

SEC hexasaccharide peak. 
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spectra clearly indicate the SEC fractions that contain 3-O-sulfated oligosaccharides. No 

[
1
H,

15
N] correlations are observed in hexasaccharide SEC fractions H1, H8, and H9 due 

to their limited available mass. Correlations characteristic of a GlcNS sulfamate proton 

adjacent to a 2-O-sulfated uronic acid residue are detected in the [
1
H, 

15
N] HSQC 

spectrum of SEC fractions H2 (Figure 2.11A) and H3 (Figure 2.11B). A correlation at 

91.9 ppm in the 
15

N dimension (circled in red in Figure 2.11C) of the [
1
H, 

15
N] HSQC 

spectrum of SEC fraction H4 is characteristic of a GlcNS sulfamate proton adjacent to a 

3-O-sulfate group. The intensity of this correlation increases in SEC fraction H5 (circled 

in red in Figure 2.11D) and two additional correlations also appear at 
15

N chemical shifts 

of 90.2 and 90.5 ppm. It is suspected that these correlations belong to sulfamate protons 

of 3-O-sulfated GlcNS residues in a different microenvironment than were previously 

characterized. 
25,53,59

 Correlations are also observed in the HSQC spectrum of fraction H5 

characteristic of the sulfamate protons of reducing-end GlcNS residues (93.8 ppm) and of 

GlcNS residues adjacent to unsubstituted uronic acid residues (93.1 ppm). All the 

correlations detected in fraction H5 are also observed in the spectra measured for 

fractions H6 and H7 (Figure 2.11E and F, respectively). 

Each of the SEC fractions (H4-7) producing HSQC correlations consistent with 3-

O-sulfatation was separated using SAX-HPLC. The SAX-HPLC chromatographs of each 

hexasaccharide SEC fraction had a slightly different composition (Figure 2.12). 

Oligosaccharides eluting earlier than 30 min are too low in abundance to characterize by 

NMR and are not shown in Figure 2.12. Similar to the tetrasaccharide fractions, the 

earlier eluting hexasaccharide SEC fractions (Figure 2.12A and B) contain a greater  
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Figure 2.11. [
1
H, 

15
N] HSQC spectra of individual enoxaparin SEC hexasaccharide 

fractions: (A) H2, (B) H3, (C) H4, (D) H5, (E) H6, (F) H7. The sulfamate cross peak 

which is characteristic of a 3-O-sulfate group is circled in red and begins to appear in 

fraction H4 (C) and continues to increase in intensity through fraction H7 (F). All other 

SEC fractions were too dilute to observe any cross peaks.  
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Figure 2.12. SAX-HPLC separations of individual hexasaccharide SEC fractions: (A) 

H4, (B) H5, (C) H6, (D) H7.  
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proportion of more highly sulfated oligosaccharides, while the later eluting SEC fractions 

contain a greater proportion of oligosaccharides with lower sulfation levels (Figure 2.12C 

and D).  

We decided to focus our efforts on the regions of the SAX-HPLC fractions 

corresponding to Groups 2 and 3 of the SAX separation of the pooled SEC 

hexasaccharides (Figure 2.9) that originally showed evidence of 3-O-sulfation. In the 

SAX separations of the individual SEC fractions H4-H7, discrete peaks were isolated 

instead of collecting the peaks as a group. The NMR results indicated that the peaks were 

either insufficiently pure or were of too low of abundance to characterize by our 600 

MHz NMR instrument. Access to a cryoprobe equipped instrument, preferably at a higher 

magnetic field, would have aided these measurements. Mixtures of hexasaccharides are 

inherently more challenging to separate than tetrasaccharides because their longer chains 

results in a more complex mixture of oligosaccharides containing a larger number 

positional isomers. As discussed in Chapter 7, an improved separation, perhaps involving 

an orthogonal separation method would be required to isolate the 3-O-sulfated 

hexasaccharides in high purity. 

 

2.4 Conclusions  

 Using the methods described in this chapter, we successfully identified 12 

tetrasaccharides, which includes a unique tetrasaccharide. Although many of these 

tetrasaccharides have previously been reported,
58

 the methods described in this chapter 

provided unique SAX-HPLC separation profiles. We also reported complete 
1
H NMR 
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chemical shifts of the isolated oligosaccharides. This work demonstrated a screening 

method using [
1
H, 

15
N] HSQC NMR, to identify SEC fractions containing NH 

correlations characteristic of 3-O-sulfated oligosaccharides. SAX-HPLC separations of 

individual SEC tetrasaccharide fractions produced less complex chromatograms and 

better resolution of less abundant components. The tetrasaccharide GlcA-GlcNS3S6S-

IdoA2S-GlcNS6S was isolated in fairly high purity and structurally characterized by MS 

and NMR. Although no 3-O-sulfated hexasaccharides were isolated using this method, it 

demonstrated that their location could be narrowed down to specific regions in the SAX-

HPLC chromatogram. The method presented in this chapter shows the potential to locate 

heparin oligosaccharides contain a 3-O-sulfated GlcNS residue. In the future, it might 

also be possible to use this strategy to locate heparan sulfate oligosaccharides containing 

a 3-O-sulfated GlcN residue. GlcN3S-containing oligosaccharides are of interest as they 

have been shown to be part of the binding sequence of various proteins.
15,16,17

 Chapter 5 

demonstrates, for the first time detection of GlcN amine protons by [
1
H, 

15
N] HSQC 

NMR, and the potential for characterizing the oligosaccharides containing GlcN residues. 

Isolation of additional 3-O-sulfated oligosaccharides would increase our library of 

standards and advance the understanding of protein interactions with heparin and heparan 

sulfate. 
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CHAPTER THREE 

Detection and Identification of Hydroxyl Proton Hydrogen Bonds in Arixtra and 

other Heparin Oligosaccharides 

Based on a paper published in the Journal of Physical Chemistry B  

J. Phys. Chem. B. 2014, 118:482-491 
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Abstract: Heparin is best known for its anticoagulant activity, which is mediated by the 

binding of a specific pentasaccharide sequence to the protease inhibitor antithrombin-III 

(AT-III). Although heparin oligosaccharides are thought to be flexible in aqueous 

solution, the recent discovery of a hydrogen bond between the sulfamate (NHSO3
-
) 

proton and the adjacent 3-O-sulfo group of the 3,6-O-sulfated N-sulfoglucosamine 

residue of the Arixtra
TM

 (fondaparinux sodium) pentasaccharide demonstrates that 

definable elements of local structure exist in solution. Molecular dynamics simulations of 

Arixtra suggest the presence of additional hydrogen bonds involving the C3-OH groups 

of the glucuronic acid and 2-O-sulfo-iduronic acid residues. NMR measurements of 

temperature coefficients, chemical shift differences, and solvent exchange rate constants 
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provide experimental confirmation of these hydrogen bonds. The extraction of rate 

constants from cross peak build-up curves in 2D exchange spectroscopy is complicated 

by the presence of radiation damping in aqueous solution. A straight-forward model is 

presented that explicitly takes into account the effect of radiation damping on the water 

proton relaxation and is sufficiently robust to provide an accurate measure of the proton 

exchange rate between the analyte hydroxyl protons and water. The effects of catalysis of 

hydroxyl proton – solvent exchange by dissolved CO2 are also discussed.  

 

3.1 Introduction               

Heparin exhibits a variety of biological effects including inhibition of 

angiogenesis and tumor growth through well-characterized interactions with fibroblast 

growth factors (FGF),
1-3

 vascular endothelial growth factor (VEGF),
4-6

 lipases
7-9

 and 

cytokines,
10-12

  but  is best known for its role as an anticoagulant and antithrombotic, 

acting by binding to the protease inhibitor antithrombin-III (AT-III).
13,14

 The 

anticoagulant activity of heparin has been studied extensively, and the structure of the 

native pentasaccharide sequence responsible for high affinity AT-III binding is known.
15

  

A synthetic pentasaccharide that mimics this binding sequence is currently used clinically 

and marketed as Arixtra
TM

 (fondaparinux sodium).  A critical structural element of the 

AT-III binding pentasaccharide is the internal 3,6-O-sulfated N-sulfoglucosamine 

(GlcNS3S6S) residue.  Removal of the 3-O-sulfo moiety decreases the affinity of the 

pentasaccharide for AT-III by 1000-fold.
16

 The conformational flexibility of the 2-O-

sulfated iduronic acid (IdoA2S) residue of the pentasaccharide is also important for AT-
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III binding.  The IdoA2S residue can exist in two different conformations: chair (
1
C4) and 

skew boat (
2
SO), that interconvert on a rate that is fast on the NMR timescale.  In 

oligosaccharides in which the IdoA2S residue is connected to a 6-O-sulfated GlcNS 

residue at its non-reducing end, the equilibrium slightly favors the 
1
C4 conformer (

1
C4:

2
SO 

= 60:40).  If this GlcNS residue is 3,6-O-sulfated, however, equilibrium of the adjacent 

IdoA2S shifts to favor the 
2
SO conformer (>60%).

17
 In the AT-III complex, however, the 

IdoA2S residue of the pentasaccharide is exclusively in the 
2
SO conformation causing the 

“kink” observed in the otherwise linear oligosaccharide chain.
18

  The 6-O-sulfo group at 

the non-reducing end GlcNS6S residue of the pentasaccharide also contributes to its AT-

III binding affinity and in the crystal structure is involved in a hydrogen bond to the side 

chain of Arg129.
19

  Although the glucuronic acid (GlcA) residue of the pentasaccharide 

has been reported to be neutral with respect to the binding energy,
16

 the crystal structure 

reveals a hydrogen bond between the GlcA carboxylate moiety and the side chain of 

Lys125 as well as a salt bridge with Asn45.
19

 

Understanding how elements of local structure impact the solution conformation 

of heparin oligosaccharides can potentially provide insights into the nature of heparin-

protein interactions. Although oligosaccharides are thought to be flexible in solution, 

specific structural motifs may favor formation of intramolecular hydrogen bonds that 

restrict the conformation and pre-organize a local structure for high-affinity protein 

binding. For example, a persistent hydrogen bond involving the Arixtra GlcNS3S6S 

sulfamate NH was identified through 
1
H NMR spectra examining the pH and temperature 

dependence of the NHSO3
-
 resonances in a series of heparin oligosaccharides.

20
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Molecular dynamics experiments suggested the presence of this hydrogen bond in both 

IdoA2S conformations of Arixtra and identified the hydrogen bond acceptor as the 

adjacent 3-O-sulfo group.
20

 These molecular dynamics simulations also predicted that 

additional intramolecular hydrogen bonds involving the Arixtra hydroxyl protons may 

further stabilize its secondary structure, a possibility explored experimentally in this 

Chapter. 

Several experimental strategies have been used to quantitatively assess hydroxyl 

proton hydrogen bonding in aqueous solutions of oligosaccharides. A small hydroxyl 

proton temperature coefficient (the slope of the line obtained by plotting chemical shift vs 

temperature) suggests protection from exchange with water, most likely by participation 

in a hydrogen bond, although chemical shift changes may also arise from conformational 

changes.  Differences in hydroxyl proton chemical shift compared to their corresponding 

monosaccharide values ( = oligo - mono) can also be diagnostic of hydrogen bonding.
21

 

A positive  value suggests additional hydration from other exchangeable protons while 

a negative  indicates close spatial proximity of the hydroxyl proton to an 

electronegative atom, as would be expected in a hydrogen bond.
22

 For example, through 

analysis of temperature coefficients,  values and ROESY cross peaks, Vilen et al. 

identified hydroxyl proton hydrogen bonds in /-hybrid carrageenan that are absent in 

the structurally related -carrageenan oligosaccharides.
21

 Chemical shift differences can 

also result from isotope participation in hydrogen bonding, which the O’Leary group 

used to determine the presence of hydrogen bonds in partially deuterated diols.
22
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Results of similar studies for sucrose have been more controversial. For example, 

Adams and Lerner evaluated sucrose in water/acetone solution using hydroxyl proton 

temperature coefficients, coupling constants and solvent exchange rates and concluded 

that intramolecular hydrogen bonds were not sufficiently persistent to be detected by 

NMR.
23

  Poppe and van Halbeek also studied sucrose in water/acetone solution detecting 

interresidue NOE contacts and OH-OH ROESY chemical exchange peaks consistent with 

a hydrogen bond between the glucose OH2 and the fructose OH1. Although their results 

supported the persistence of the interresidue hydrogen bond detected in the sucrose 

crystal structure, Poppe and van Halbeek concluded that in solution sucrose does not 

behave as a rigid body but has a high degree of internal flexibility.
24

 Recently, Battistel et 

al. reported the results of NMR measurements for a super-cooled aqueous solutions of 

sucrose at high concentrations (e.g. 300 mM). The 
13

C HSQC-TOCSY experiment was 

used to directly detect interresidue cross peaks indicative of intramolecular hydroxyl 

hydrogen bonds, which were confirmed by 
2
JOH-OH coupling detected in the COSY 

spectrum.
25

 MD simulations and DOSY experiments were used to discriminate 

intramolecular hydrogen bonding from possible aggregation-induced intermolecular 

hydrogen bonds.  The Freedberg group used a similar experimental strategy to directly 

detect patterns of hydrogen bonding in a 
15

N,
13

C labeled 2-8 sialic acid tetramer 

providing direct evidence of hydrogen bonding through the CBCANH NMR 

experiment.
26

 

Inspired by recent reports of hydrogen bonding in oligosaccharides,
21,25,27,28

 and 

motivated by our prior molecular dynamics study,
20

 we embarked on an investigation of 
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hydroxyl group hydrogen bonding in aqueous solutions of Arixtra.  The limited quantity 

of Arixtra available and the necessity of performing the measurements without the benefit 

of 
13

C and 
15

N isotopic enrichment precluded the direct detection of hydrogen bonds as 

described by Battistel et al.
25,26 

 In addition, in heparin oligosaccharides we anticipate OH 

hydrogen bonding through N- or O-sulfate groups which would be challenging to detect 

through long-range couplings, especially at natural abundance levels of 
15

N and 
13

C.   

 In this study, 
1
H NMR experiments were performed to evaluate temperature 

coefficients, differences in hydroxyl proton chemical shifts relative to their 

monosaccharide values, and solvent exchange rates for the Arixtra hydroxyl protons in 

aqueous solution. To accomplish our experimental objectives, the contribution of water 

radiation damping to the exchange rate calculations was also addressed. To our 

knowledge, this study provides the first experimental evidence of solution state hydrogen 

bonds involving the hydroxyl protons of a heparin oligosaccharide.  

The quantification of hydroxyl proton-solvent exchange rates through 

measurement of cross peak intensity in two-dimensional chemical exchange spectroscopy 

(EXSY) spectra acquired as a function of mixing time can also provide evidence for  

hydrogen bonding.
28,29

 A slower rate of increase (or build-up) of EXSY cross peak 

intensity indicates that a hydroxyl proton is protected from exchange with water due to 

hydrogen bonding. In aqueous solution, radiation damping induced by the water 

magnetization makes a significant contribution to the observed longitudinal relaxation of 

the hydroxyl protons. The observed magnetization dynamics of water and exchanging 

protons are governed by a radiation damped relaxation mechanism, TRD, described by 
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Chen and Mao for the exchange of the NH protons of guanidine chloride with water.
30

 

Therefore, a challenge in interpreting the results of EXSY measurements for dilute 

aqueous solutions of heparin oligosaccharides is that analysis of the hydroxyl proton 

build-up curves must consider both the TRD contribution as well as the hydroxyl proton 

T1 relaxation rates. Here we adapt the radiation-damped exchange model of Chen and 

Mao to the case of 2D EXSY correlation spectroscopy. While radiation damping 

complicates the analysis, quantitative determination of the exchange rates are 

accomplished in a robust manner.   

 

3.2  Materials and methods        

3.2.1 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. 2,2-dimethyl-2-

silapentane-5-sulfonate-d6 sodium salt (DSS), and the GlcNS6S and D-GlcA 

monosaccharides were purchased from Sigma Aldrich (Saint Louis, MO). HPLC grade 

water was obtained from Burdick and Jackson (Muskegon, MI).  Acetone-d6 (D, 99.9%) 

and deuterium oxide, (D, 99.9%), deuterated hydrochloric acid, and sodium deuteroxide 

were purchased from Cambridge Isotope Laboratories (Andover, MA).  Sodium chloride 

(NaCl) and sodium bicarbonate (NaHCO3) were purchased from Fisher Scientific 

(Hampton, NH).The pH meter was calibrated with buffers 4.00, 7.00 and 10.00 purchased 

from Fisher Scientific. 
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 3.2.2 Solution preparation for NMR measurements. To reduce the solvent 

exchange rate of the hydroxyl protons, Arixtra and monosaccharide NMR samples were 

prepared at concentrations of 1 – 2 mM under an N2 atmosphere and studied at reduced 

temperatures in 85% H2O/15% acetone-d6 containing 0.15 M NaCl.
21,23

  Acetone-d6 was 

added to avoid freezing the sample and 0.15 M NaCl was added to allow stable 

measurements of pH and to control the ionic strength. Samples were prepared using 

deionized HPLC grade water that had been boiled to remove CO2 that could catalyze 

proton exchange. Spectra were recorded as a function of pH using dilute solutions of CO2 

free HCl and NaOH and the pH was set to 8.1 for subsequent measurements. Solution pH 

measurements were made prior to the addition of acetone-d6 using a Fisher Scientific 

AB15 pH meter with a double junction Ag/AgCl micro-pH electrode (Thermo Scientific, 

Beverly, MA).  NMR measurements were performed in 5 mm NMR tubes using a 600 µL 

sample. 

 A separate set of Arixtra solutions were prepared to test the effects of dissolved 

CO2 on hydroxyl proton exchange. Two sets of 1 mM Arixtra solutions with 0.15 M 

NaCl were prepared open to the atmosphere at pH 8.1 and 8.3. One set was prepared in 

HPLC-grade water and the other in Millipore water to compare the impact of water 

source. EXSY exchange rates were measured for the Millipore sample at pH 8.28. Two 

stock solutions of NaHCO3 were prepared at concentrations of 0.030 and 0.30 M at a pH 

of 8.26 and slowly titrated into the Arixtra sample in 0.5 – 2 L increments to achieve the 

concentrations of bicarbonate between 0.010 and 6.9 mM. The EXSY exchange rates 

were also measured for the same Arixtra sample after the addition of 0.59 mM NaHCO3.  



116 
 

 3.2.3 NMR measurements of Arixtra hydroxyl proton resonances.  Solvent 

suppression was accomplished using excitation sculpting to avoid the signal attenuation 

often observed with WATERGATE.
31

 One-dimensional NMR spectra were recorded at -

14.5 C using two Bruker 600 MHz Avance spectrometers each equipped with a TXI 

probe, one operating at 600.13 MHz and the second operating at 599.58 MHz.
32

 

Temperature coefficients were measured by recording 
1
H NMR spectra over the 

temperature range -14.5 ºC to 11.5 ºC in approximately 4-5 ºC increments.  The 

temperature was calibrated using an external methanol standard.
32

 Chemical shifts were 

referenced using the residual 
1
H resonance of acetone-d6 at 2.204 ppm. The  values for 

each monosaccharide were determined at -10.0 ᵒC.   

 Chemical shift assignments of the Arixtra hydroxyl protons were determined 

using COSY and TOCSY NMR spectra recorded at -14.5 
ᵒ
C in 85% H2O/15% acetone-d6 

at pH 8.1 building on the previous assignments of the carbon-bound protons.
33,34

  Both 

spectra were recorded using excitation sculpting and States-TPPI. Spectra with 96 scans 

coadded into 2048 complex points in t2 and 160 (COSY) or 144 (TOCSY) t1 increments.  

The optimal TOCSY mixing time for the hydroxyl protons was found to be 60 ms.  A 

spectral window of 7000 Hz in the F2 and 6200 Hz in the F1 dimension and a relaxation 

delay of 1.5 s were used for both spectra.  Spectra were zero filled to 4096 x 512 data 

points.   

EXSY spectra were acquired using the Bruker NOESY pulse program 

“noesyesgpph” at -14.5 ºC using excitation sculpting solvent suppression and mixing 

times ranging from 0 to 24 ms in 3 ms increments. 2048 complex-valued time-domain 
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points in t2 and 128 complex time-domain points in t1 were acquired using a relaxation 

delay of 1.5 s and the coaddition of 32 scans per t1 increment. A spectral window of 4440 

Hz was used in both F1 and F2 frequency domains. The spectra were zero-filled to 16384 

x 4096 points to obtain more accurate volume integrals of the hydroxyl cross peaks and 

apodized using a cosine function.  Build-up curves were plotted as the volume integral of 

the hydroxyl exchange cross peaks as a function of mixing time.  The cross peak volume 

integrals were measured using the TopSpin 3.1 integration program and are normalized to 

the diagonal peak for each resonance.  In cases where peaks were slightly overlapped, the 

volume was determined only for the portion of the cross peak that was well resolved. To 

provide consistency, the same chemical shift regions were used for cross peak volume 

integration in each experiment.  Initial rate constants were calculated from the EXSY data 

using Bloch equations modified to include chemical exchange and to accommodate the 

fact that the relaxation of the water protons is governed by radiation damping, TRD, as 

discussed below.
29,30

   

 3.2.4 Molecular dynamics simulations.  The combined results of hydrogen-

bonding analyses of five molecular dynamics (MD) simulations of Arixtra in explicit 

solvent are reported. One 5 ns MD simulation was previously described in Langeslay et 

al.
20

 and the results were combined with the four additional simulations described herein. 

The initial heavy atom coordinates for two of the four additional simulations, 6 ns and 75 

ns in duration, were extracted from the X-ray crystal structure of the bound 

pentasaccharide with Antithrombin-S195A factor Xa, PDB ID 2GD4.
19

 The final two 

simulations were initiated from starting coordinates better approximating the solution 
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conformation of Arixtra by extracting structures from individual frames of the first MD 

run. These included one of each observed conformation of the IdoA2S residue, 
1
C4 and 

2
SO, and were additionally modified by adjusting the interglycosidic dihedral angles H 

(H1-C1-O1-C4’) and H (C1-O1-C4’-H4’) to the same values listed as the free-state 

averages by Hricovíni et al. using the VEGA ZZ program.
18,35

 The last two simulations 

were 9.3 ns in duration. Table 3.1 lists the average H and H dihedral angles measured 

during each trajectory. The AmberTools 11 xleap module was used to parameterize 

Arixtra with the GLYCAM06g force field, to neutralize the system charge by adding 

sodium ions (ff99SB force field), and to construct a rectangular water box of TIP3P 

parameterized water molecules with faces extending at least 12 Å from the solute.
36-39

 

NAMD 2.8 was used to calculate all minimization, heating, equilibration, and production 

trajectories.
40

 Conjugate gradient minimization was applied to the solvent, solutes, and 

finally the entire system to remove bad contacts. The system was heated slowly in the 

constant NVE ensemble from 0 to 298K in 398 ps, including a 100 ps hold at the target 

temperature. Equilibration and production runs were conducted in the constant NPT 

ensemble with a pressure of 1 atm and temperature of 298K. The temperature was 

maintained using the Langevin thermostat with a damping coefficient of 5 ps
-1

 and the 

pressure controlled by NAMD’s Nosé-Hoover Langevin piston method.
40

 The non-

bonded interactions were cutoff at 12Å with a smooth switching function applied at 10Å. 

The VDW and electrostatic 1-4 scaling factors were set to unity for consistency with the 

GLYCAM06g parameterization.
37

 Periodic boundary conditions were applied throughout 

and the Particle Mesh Ewald summation was employed to handle long-range  
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Table 3.1. Average dihedral angles in degrees (+/- std. dev.) for φH (H1-C1-O1-C4’) and 

ψH (C1-O1-C4’-H4’) observed for the indicated simulation and IdoA2S conformation 

(Conf.). 

 

a
Conf. indicates the conformation of the IdoA2S residue. 

b
Frames indicates the number of frames included in the analysis. In simulations where 

conformational changes of the IdoA2S residue occurred the trajectories were divided per 

conformation and the transition periods ommitted from the hydrogen bonding analysis. 
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electrostatics with a grid spacing of 1 Å.
41

 Only the hydrogen-oxygen bonds within water 

molecules were held rigid using the SETTLE algorithm.
42

 All simulations were integrated 

in 1 fs time steps. The trajectory output was saved every 1000 fs for the 75 ns duration 

simulation and every 100 fs for all other simulations. VMD 1.9 was used for the 

visualization of trajectories as well as to monitor temperature, pressure, and energy 

data.
43

 AmberTools 11 ptraj module was used to compute dihedral angles, interatomic 

distances, and to analyze hydrogen bonding.
36

 The hydrogen bonding analysis included a 

3.5 Å heavy atom cutoff distance and a 120 angle cutoff. M. Forster’s mdxvu program 

was used to compute and monitor the Cremer-Pople ring puckering parameters of all five 

rings over the course of the simulation production runs.
44

 In three of the five simulations, 

the IdoA2S residue was observed to transition between the 
2
SO and 

1
C4 conformations. 

The trajectories where this occurred were divided according to IdoA2S conformation and 

the periods corresponding to the transitions, which took place in less than 14 ps each, 

were excluded from the hydrogen bonding analyses. Plots of the Cremer-Pople  

parameter versus time for each monomer and histograms of the φ2 parameter for the 

IdoA2S residue when in the 
2
SO conformation are found in Figure 3.1. The results of the 

hydrogen bonding analyses per IdoA2S conformation were then weighted by frames and 

averaged. In terms of frames from the resulting MD trajectories, the population ratio of 

2
SO to 

1
C4 conformers observed for the IdoA2S residue was approximately 50:50.  

Experimental studies of Arixtra in solution indicate that the ratio of IdoA2S 

conformations best satisfying observed 
3
JHH coupling constants is approximately 60:40 

(
2
SO:

1
C4).

45,46
 The results of the hydrogen bonding analysis indicated that some hydrogen  
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Figure 3.1.  Plots of the Cremer-Pople θ parameter versus time (left) and histograms 

(right) of the IdoA2S residue φ2 parameter for the 
2
SO conformational state for the five 

MD simulations analyzed in this study.  
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bonds are affected by the conformation of the IdoA2S residue and, therefore, to compute 

overall average hydrogen bond occupancy percentages, the weights of 60:40 
2
SO:

1
C4 were 

applied. 

 

3.3 Results and discussion 

3.3.1 Challenges in solution preparation. The fast exchange rates of the hydroxyl 

protons make optimizing solution conditions a challenge. Previous studies of hydroxyl 

protons were conducted in unbuffered solutions composed of 85% H2O (CO2 free)/15% 

acetone-d6 to be able to reduce the temperature to below the freezing point of 

water.
21,23,24,27

 Adams and Lerner demonstrated that a low concentration of acetone does 

not significantly affect the relative temperature coefficients and exchange rates of sugar 

hydroxyl protons.
23,24

 Unlike the amide and sulfamate protons which can be detected in 

the presence of a phosphate buffer, buffers catalyze the exchange of the hydroxyl 

protons.
25

 Maintaining, and even measuring, a stable pH in unbuffered aqueous solutions 

is very difficult.  Addition of 0.15 M NaCl was found to enhance the stability of the pH 

measurements and the reproducibility of the spectral measurements. It should also be 

noted, however, that chemical exchange is strongly influenced by solution composition, 

pH, and temperature so that care must be taken when directly comparing the hydroxyl 

proton exchange between two solutions.
27

 

Solution preparation was initially conducted under an N2 atmosphere in a 

glovebox in an attempt to reduce contamination by CO2. Dissolved CO2 forms carbonic 
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acid (H2CO3) or bicarbonate (HCO3
-
) in solution that can catalyze hydroxyl proton 

exchange.
23,27

 Dissolved CO2 was removed by boiling the HPLC-grade water followed by 

bubbling with N2. The solution was allowed to cool in a capped vial prior to the addition 

of any solute. An antistatic mat was used to alleviate the static build-up caused by the dry 

N2 environment of the glove box that could potentially interfere with pH readings. 

3.3.2 Detection and identification of hydroxyl protons by NMR. An NMR pH 

titration of the Arixtra hydroxyl protons was performed to determine the optimum pH for 

their detection by 
1
H NMR. Arixtra hydroxyl resonances were observed to be most 

intense over the pH range 7.8 - 8.8 (Figure 3.2), which is consistent with the optimum 

conditions for measurement of the Arixtra exchangeable NH resonances of the GlcNS 

sulfamate (NHSO3
-
) groups.

20,47,48 
The optimum pH chosen for the hydroxyl proton 

hydrogen bonding experiments was pH 8.1. The use of excitation sculpting for solvent 

suppression works well for the detection of exchangeable protons by NMR.
31

  

The structure of Arixtra with its residues labeled is shown in Figure 3.3A. The 

position of the individual monosaccharide residues within the oligosaccharide is indicated 

by a Roman numeral, starting from the non-reducing end. Visual examination of Figure 

3.3B reveals differences in the line widths of the six Arixtra hydroxyl protons, which are 

each in a different chemical environment. For some protons, the resonances are 

sufficiently sharp so that even small couplings are resolved, while other peaks are 

broader, suggesting differences in the solvent exchange rate within a given 

oligosaccharide. Chemical shift assignments of the Arixtra hydroxyl protons were  
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Figure 3.2.  The pH dependence of the Arixtra hydroxyl proton NMR resonances.   
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Figure 3.3. (A) Structure of Arixtra with residues labeled. (B) 
1
H NMR spectrum of 

Arixtra measured in 85% H2O/15% acetone-d6 at pH 8.1 and -14.5 C with hydroxyl and 

sulfamate proton resonances indicated. 
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Figure 3.4. (A) COSY and (B) TOCSY spectra of Arixtra used to assign hydroxyl proton 

resonances at -14.5 
ᵒ
C in 85% H2O/15% acetone-d6 and pH 8.1. 
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determined using the COSY (Figure 3.4A) and TOCSY (Figure 3.4B) NMR spectra with 

excitation sculpting solvent suppression at pH 8.1.
33,34

 Assignments were made based on 

previously reported carbon-bound proton chemical shifts.
49,50

 The Arixtra hydroxyl 

proton chemical shifts are summarized in Table 3.2. 

 3.3.3 Proton exchange with solvent in the presence of radiation damping. In 2D 

exchange correlation spectroscopy (Figure 3.5A),
51

  the cross peak intensity shows a time 

response that depends on the exchange rate and the spin relaxation properties. In this case 

the suppression of the solvent resonance is applied directly after the mixing period. For 

analyte protons undergoing exchange with water in aqueous solution, this process is 

complicated by radiation damping – the significantly enhanced drive to equilibrium for 

intense resonances in highly concentrated solutions.
30,52,53

  In radiation damping, the large 

transverse sample magnetization induces a substantial signal voltage across the detection 

coil, which in turn generates a magnetic "reaction" field 90
o
 out of phase with the 

transverse component, rotating it back toward alignment with the field in a nearly 

selective manner.  Because of this, proton spins in water do not relax exponentially, but 

with a rate proportional to their transverse magnetization, complicating the analysis of 

EXSY cross-peaks.   

 Chen and Mao demonstrated that quantitative analysis of exchange is still 

possible (and is some ways enhanced) under radiation damping.
30,54

 Here we adapt their 

analysis to the problem of cross-peak intensity in the EXSY experiment. The cross-peak 

of interest is that from water to the analyte and in our experiments the water is placed on 

resonance – a requirement in the analysis that follows, which assumes that the bulk water  



128 
 

Table 3.2. Arixtra hydroxyl proton chemical shift assignments in 85% H2O/15% acetone-

d6 at pH 8.1 and -14.5 
ᵒ
C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hydroxyl Proton 
Chemical shift 

(ppm) 

GlcNS6S(I) OH3 6.117 

GlcNS6S(I) OH4 6.403 

GlcA(II) OH2 6.568 

GlcA(II) OH3 6.204 

IdoA2S(IV) OH3 6.375 

GlcNS6S(V) OH3 5.916 
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Figure 3.5. (A) Pulse sequence for 2D exchange correlation spectroscopy (EXSY). (B) 

Inversion recovery of water magnetization performed and phase cycled using the EXSY 

pulse sequence with t1 = 0 and mix varied. The blue data points were fit by Eq. 3.2 to give 

TRD = 5.5 ms and t0 = 13.4 ms. (C) Intensity predicted from Eq. 3.5 for a cross-peak 

between water (subject to radiation damping with TRD = 5.5 ms and t0 = 13.4 ms) and an 

analyte with k = 15 s
-1

. 
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magnetization is aligned either parallel or antiparallel to the magnetic field at the start of 

mix.  Indeed, to suppress zero-frequency artifacts in the indirect dimension (due to 

relaxation during t1 and mix), standard phase cycling in EXSY experiments alternately 

places the water magnetization along and against the field, with a corresponding 180
o
 

phase shift of the receiver.
55

  For full inversion of the water resonance, the z-

magnetization recovers under radiation damping according to  

     RD0,OH,OH /tanh
22

TttMtM o

zz  ,                                 (3.1) 

where o

zM ,OH2
 is the net equilibrium magnetization, 1/TRD is the radiation damping rate 

constant, t0 is the latency interval that is related to the initial angular deviation of the 

inversion from 180
o
, and T1 relaxation of water is ignored.

53
 When the magnetization is 

placed in alignment with the field, the radiation damping mechanism is not operative and 

the bulk magnetization persists.  Thus, the net water decay in the EXSY experiment has 

the form 

       2/1/tanh RD0,OH,OH 22
 TttMtM o

zz
.                           (3.2) 

Figure 2B shows a simple inversion recovery experiment, phase cycled as described 

above and using the pulse sequence shown with t1=0.  This signal is fit well by Eq. 3.2 

with TRD = 5.5 ms and t0 = 13.4 ms. 

 During the mixing time of the EXSY experiment, protons exchange between 

water and the analyte.  Because of the vastly different concentrations of the analyte (<2 

mM) and water (55 M x 2 protons per water molecule), exchange with the analyte does 

not significantly perturb the water magnetization, and Eq. 3.2 continues to be an excellent 
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model for the water nuclear spin magnetization. The build-up of cross-peak intensity 

from water to the analyte can then be written: 
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,  (3.3) 

where k is the proton exchange rate from the analyte to water, Xanalyte is the mole fraction 

of analyte (note that 2o

,H

o

,analyte 2 zOanalytez MXkMk   follows from detailed balance), and 1/T1 

is the analyte longitudinal relaxation rate.  This equation can be integrated (performed 

here within Mathematica
56

) subject to the cross-peak initial condition,   00,analyte zM , to 

give a closed from solution in terms of the generalized hypergeometric function 2F1(a,b; 

c; x)
57
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One additional approximation that is typically valid for small molecules is that the 

longitudinal relaxation time of the analyte is much longer than TRD and 1/k, allowing Eq. 

3.4 to be written  
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In the fits described below, we find negligible differences in the extracted rate constants k 

and radiation damping parameters TRD and t0 using either Eq. 3.4 or Eq. 3.5, with nearly 

identical qualities of fit.  

 As an example, Figure 3.5C shows the predicted time response of the cross-peak 

intensity using the radiation damping parameters from Figure 3.5B and an exchange rate 

of 15 s
-1

. Initially, radiation damping is slow and the cross-peak intensity increases with a 

rate  

 
 

   kTt
k

M

tM

dt

d

t

o
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z
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










RD0

0,analyte

,analyte
/tanh1

2
.                      (3.6) 

But a characteristic of radiation damping is that the solvent magnetization quickly 

transitions from full polarization to zero between times t0-TRD and t0+TRD. This rapid 

depletion of source magnetization coincides with the cross-peak reaching its maximum 

intensity and then decaying exponentially under the influence of exchange and T1. At first 

sight, radiation damping might seem to complicate the analysis of exchange; but upon 

further examination, the switching off of the solvent magnetization and subsequent free 

decay of the analyte magnetization provides a robust mechanism for segregating the 

effect of exchange and the relaxation properties of water and the analyte. The process of 

extracting the exchange rate is made even more straightforward if an independent 

measurement of TRD and t0 is made, as we do below for the sample mixtures of Arixtra in 

water. 

3.3.4 Molecular dynamics simulations. The results of the hydrogen bonding 

analyses of the five MD simulations are summarized in Table 3.3 and in Figure 3.6 as the  
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Table 3.3. Combined results of MD hydrogen bonding analyses as percent (%) of frames 

occupied per IdoA2S residue conformation and overall (*weighted 60% 
2
SO and 40% 

1
C4). Only hydrogen bonds with a percent occupancy of greater than 20% for either 

conformation are listed. 

Donor Acceptor 
2
SO 

1
C4 Overall* 

GlcA(II)3OH GlcNS6S(I) 2-N-sulfo 85 92 88 

GlcNS3S6S(III) 2NH GlcNS3S6S(III) 3-O-sulfo 89 63 79 

IdoA(IV) 3OH GlcNS3S6S(III) N-sulfo 35 2 22 

IdoA(IV) 3OH IdoA2S(IV) 2-O-sulfo 49 0 29 

GlcNS6S(V) 3OH IdoA(IV) O5 (ring oxygen) 32 61 43 
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Figure 3.6. Graphical depiction of intramolecular hydrogen bonding predicted from MD 

simulations of Arixtra as a percentage lifetime of frames occupied by the IdoA2S residue 

conformations (A) 
2
SO, (B) 

1
C4, and (C) overall (weighted 60% 

2
SO and 40% 

1
C4). Only 

the hydrogen bonds with percentage occupancies greater than 20% are depicted. 
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percent of frames in which the given hydrogen bonds were detected. Only hydrogen 

bonds detected at greater than 20% occupancy for either conformation are listed in the 

table. Although numerous intramolecular hydrogen bonds were detected, only four 

hydrogen bond donors, GlcA(II)OH3, GlcNS3S6S(III)NH2, IdoA2S(IV)OH3, and the 

GlcNS6S(V)OH3, were consistently involved in hydrogen bonds with an overall 

combined percent occupancy of greater than 40%. The next highest occupancy was 12%. 

The IdoA2S(IV)3OH was observed to alternate its hydrogen bond donation between the 

GlcNS3S6S(III) 2-sulfamate oxygen atoms and the IdoA2S(IV) 2-sulfo oxygen atoms 

when in the 
2
SO conformation that, when weighted 60% 

2
SO and 40% 

1
C4, still resulted in 

an overall occupancy of 51%.   

 3.3.5 Hydroxyl proton temperature coefficients and chemical shift differences. To 

investigate experimentally the occurrence of the hydroxyl hydrogen bonds predicted by 

our MD simulations, Arixtra hydroxyl proton resonance temperature coefficients, 

chemical shift differences, and relative rates of chemical exchange with water were 

compared. The temperature dependence of the 
1
H NMR resonances of exchangeable 

protons can provide a qualitative indication of hydrogen bonding.
20,23,58-60

 As illustrated 

in Figure 3.7, the Arixtra hydroxyl resonances broaden and shift linearly upfield as the 

temperature is increased.  Visual inspection of the spectra in Figure 3.7 shows differences 

in the extent of line broadening as the temperature is raised. The line widths of the 

IdoA2S(IV)OH3 and GlcA(II)OH3 resonances increase more gradually than the other 

OH resonances as the temperature increases. The temperature coefficients, calculated as 

the change in chemical shift as a function of temperature, are summarized in Table 3.4.  
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Figure 3.7.  Exchangeable hydroxyl and sulfamate proton resonances of Arixtra 

experience a linear shift toward the water resonance as the temperature increases, 

whereas the resonances of the carbon-bound protons are unaffected. Exchange 

broadening of the hydroxyl proton resonances is also observed as the temperature is 

increased. 
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Table 3.4. Chemical shift differences, temperature coefficients, and exchange rate 

constants of the Arixtra hydroxyl protons. N/A indicates that the result was not available. 

Hydroxyl Proton 

Temperature 

Coefficient 

(ppb/K) 
 (ppm) 

Initial Build-

Up Rate 

(kex, s
-1

) 

GlcNS6S(I) OH3 11.2 -0.008 13.8 

GlcNS6S(I) OH4 10.5 -0.160 14.2 

GlcA(II) OH2   9.9 -0.006 22.6 

GlcA(II) OH3   6.4 -0.278 4.72 

IdoA2S(IV) OH3 11.4 N/A 5.73 

GlcNS6S(V) OH3   9.1 -0.199 25.9 
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 The GlcA(II) OH3 resonance has the smallest temperature coefficient, 6.4 ppb/K, 

with the other hydroxyl resonances producing temperature coefficients greater than 9 

ppb/K. This result suggests a qualitatively different environment for the GlcA(II)OH3, 

consistent with the results of the molecular dynamics simulation (Figure 3.6) which 

showed this OH group to be involved in a persistent hydrogen bond with the GlcNS6S(I) 

sulfamate group. Although the MD simulations also predict a hydrogen bond involving 

the IdoA2S(IV)OH3 hydroxyl proton, this is not reflected in the temperature coefficient 

measured for this resonance. The MD simulation suggests that the IdoA2S(IV)OH3 

hydrogen bond alternates between two different sulfate groups which could be 

responsible for the larger temperature coefficient (11.4 ppb/K) of this resonance.  

A large negative deviation in the chemical shift of an oligosaccharide hydroxyl 

proton resonance relative to is value in the corresponding monosaccharide can be 

indicative of close spatial proximity to an electronegative atom, as expected in a 

hydrogen bond.
21,27

 The  ( = oligo – mono) values of the hydroxyl protons in each 

Arixtra residue are summarized in Table 3.4. Unfortunately, the IdoA2S monosaccharide 

was not available, so the chemical shift comparison for this residue is omitted from Table 

3.4. In Arixtra, the GlcA(II)OH3 has the largest  value, -0.278 ppm, which is 

consistent with its reduced temperature coefficient and the hydrogen bond predicted by 

the MD simulations. We also observed a large  value (-0.199 ppm) for 

GlcNS6S(V)OH3 though the chemical shift of the non-reducing end GlcNS6S(I)OH3 is 

very close to that of the monosaccharide. As highlighted in Figure 3.6, the MD 

simulations predict the GlcNS6S(V)OH3 proton to be involved in a hydrogen bond with 
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the IdoA2S 5O ring oxygen 43% of the time (Table 3.2). To provide more conclusive 

evidence of hydrogen bonding we turned to differences in the rates of chemical exchange 

of the hydroxyl protons with water. 

3.3.6 Solvent exchange rates. Chemical exchange of the sugar hydroxyl and water 

protons produces prominent exchange cross peaks in the EXSY spectra of 

oligosaccharides in aqueous solution. Examination of the relative intensities of the 

exchange cross peaks of the Arixtra hydroxyl proton resonances, shown in Figure 3.8, 

suggests differences in their solvent exchange rates, especially for GlcA(II)OH3 which 

gives rise to a much weaker cross peak than the other hydroxyl groups. Exchange rates 

were calculated from the buildup curves (Figure 3.9) for each of the Arixtra hydroxyl 

protons and are summarized in Table 3.4.
29,51

 The largest exchange rates were measured 

for GlcA(II)OH2 (22.6 s
-1

) and GlcNS6S(V)OH3  (25.9 s
-1

) while intermediate rate were 

observed for the non-reducing end GlcNS6S(I)OH3 (13.8 s
-1

) and OH4 (14.2 s
-1

). 

Although the large  value (-0.199 ppm) for GlcNS6S(V)OH3 and the MD simulation 

suggested partial involvement of this hydroxyl proton in a hydrogen bond, this is not 

supported by its exchange rate. In an MD study of factors influencing the conformational 

preference of the IdoA2S residue, Pol-Fachin and Verli also indicated the presence of a 

hydrogen bond in IdoA2S(1→4)GlcNS6S disaccharides between the OH3 of the 

GlcNS6S residue and the IdoA2S residue’s ring oxygen in both IdoA2S conformations, 

as predicted in this work.
61

 The GlcA(II)OH3 and IdoA2S(IV)OH3 hydroxyl protons 

have the lowest exchange rate constants of 4.72 and 5.73 s
-1

, respectively. The small 

exchange rate constant, along with the reduced temperature coefficient and  value  
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Figure 3.8.  EXSY spectra of Arixtra at mixing times of (A) 6 ms, (B) 12 ms, (C) 18 ms, 

(D) 24 ms showing differences in the exchange cross-peak intensity of each hydroxyl 

proton. Traces through the exchange cross-peaks at the water chemical shift (5.2 ppm) 

are plotted at the top of each contour map. Note the lower intensity of the GlcA(II) OH3 

exchange cross-peak relative to the other hydroxyl protons. 
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Figure 3.9.  Exchange cross-peak intensity of the Arixtra hydroxyl protons as a function 

of mixing time. The lower build-up rate observed for the GlcA(II) OH3 and IdoA2S(IV) 

OH3 protons suggests their involvement in a hydrogen bond, consistent with the 

predictions of the MS simulations in Figure 3.6. 
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together provide strong evidence for a GlcA(II)OH3 hydrogen bond, which was predicted 

in 88% of the structures calculated in the MD simulations. The low exchange rate 

measured for the IdoA(IV)OH3 hydroxyl proton also suggests that it may be involved in 

hydrogen bond despite its larger temperature coefficient. The MD simulations indicate 

that the IdoA2S(IV)OH3 is involved in a hydrogen bond roughly 51% of the time, 

switching between the GlcNS3S6S and IdoA2S sulfate groups, which may explain its 

higher temperature coefficient.  The two strongest hydroxyl hydrogen bonds found in 

Arixtra are that of the GlcA(II)OH3 and IdoA2S(IV)OH3 protons. In addition to the 

interaction the GlcA carboxyl group with AT-III,
19,62

 its participation in a hydroxyl 

proton hydrogen bond may also help stabilize the secondary structure of Arixtra for 

binding to AT-III. Similarly, the participation of the IdoA2S(IV) residue in a hydroxyl 

proton hydrogen bond may stabilize its conformational shift towards the 
2
SO 

conformation to prepare it for binding to AT-III.
20,63

 

3.3.7 Effects of dissolved CO2 and bicarbonate on hydroxyl proton exchange rate 

measurements.  The reproducibility of the EXSY exchange rate constant measurements 

was tested by preparing five different Arixtra solutions over a range of pH values 

between 7.67 and 8.50. Hydroxyl proton resonances were sharp in the spectra measured 

for some samples, but broad in others and did not follow a clear trend with pH (Figure 

3.10). The fact that these solutions were prepared in exactly the same manner led us to 

suspect that the poor reproducibility of our data might arise from contamination by 

dissolved CO2.  
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Figure 3.10.  A pH titration of Arixtra hydroxyl protons from 7.67 to 8.50 with 

resonances labeled. Samples were prepared on separate days and are composed of 85% 

H2O/15% acetone-d6 and 0.15 M NaCl at a temperature of -14.6 C. 
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In an attempt to reduce the extent of contamination from dissolved CO2, our 

samples were prepared with ultra-high purity (UHP) N2 instead of the industrial-grade N2 

that was originally utilized.
64

 To our surprise, we found that UHP N2 actually appeared 

increased the rate of hydroxyl protons exchange, as evidenced by broader resonances 

compared to the spectra obtained with industrial grade N2 (Figure 3.11A). We were even 

more surprised to find that the NMR spectra of solutions prepared open to the atmosphere 

were much sharper and more reproducible than those previously prepared in an N2 

atmosphere and by bubbling the solution with N2 (Figure 3.11B). We found that the most 

common contaminants regulated in N2 tanks are O2, moisture, and hydrocarbons, but that 

CO2 is not monitored by the supplier. This led us to hypothesize that bubbling our 

solutions with N2 introduced CO2 which was responsible for our sample to sample 

variability. Note that dissolved CO2 can introduce variability in our experiments through 

two mechanisms. First, since our samples do not contain a buffer, dissolved CO2 (H2CO3) 

can alter the solution pH, and as shown in Figure 3.2, pH has a marked effect on the 

quality of the spectra observed. In addition, H2CO3, or more likely HCO3
-
, the dominant 

species in neutral to slightly basic pH solution, can catalyze hydroxyl proton exchange. 

The relatively consistent (and apparently lower) CO2 content in samples prepared open to 

the atmosphere produced spectra with less variability than those prepared in a N2 

atmosphere. 

To test the hypothesis that dissolved CO2 introduced by the N2 used in the 

preparation of our samples was responsible for variability in our results, an Arixtra 

sample was prepared at pH 8.3 open to the atmosphere and a series of EXSY experiments  
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Figure 3.11. A pH titration of Arixtra hydroxyl protons (A) after the solution had been 

bubbled with ultra-high purity (UHP) N2 and prepared in a glove box and (B) without 

bubbling with N2 and preparing solutions open to the atmosphere. Solutions were 

measured in 85% Millipore H2O/15% acetone-d6 at -14.6 C. 
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was performed to measure initial hydroxyl proton exchange rates. We then added a 

NaHCO3
-
 solution at pH 8.26 to the sample in 0.5 - 2 L increments achieving 

concentrations between 0.010 and 6.9 mM HCO3
-
 and recorded the 

1
H NMR spectra of 

these solutions (Figure 3.12). As NaHCO3
-
 is a buffer in this pH range, its addition 

allowed us to evaluate the extent to which it catalyzes the exchange of the hydroxyl 

protons without having to worry about changes resulting from changes in pH. It was 

observed that, in general, the hydroxyl proton resonances become broader with the 

addition of HCO3
-
. However, it is interesting that as the HCO3

-
 is added, the both the 

GlcA(II)OH2 and GlcN6S(V)OH3 resonances initially sharpen before beginning to 

broaden at a rate comparable to the GlcA(II)OH3 resonance, a proton for which we have 

consistent experimental evidence is in a hydrogen bond.
64

 The resonance of the 

IdoA2S(IV)OH3 proton broadens and decreases in intensity relatively quickly upon 

addition of bicarbonate, behaving similarly to the GlcNS6S(I)OH3 and OH4 hydroxyl 

protons.  

Additional evidence that samples prepared in an N2 atmosphere contained 

dissolved CO2 that catalyzed hydroxyl proton exchange was provided by EXSY 

measurements.  Arixtra solutions prepared in the open atmosphere required longer EXSY 

mixing times to achieve plateaus in the build-up curves. The normalized cross peak 

volume integrals were plotted as a function of mixing time in Figure 3.13A
 
and EXSY 

exchange rate constants are summarized in Table 3.5. The two hydroxyl protons with the 

lowest exchange rates, GlcA(II)OH3 (3.50 s
-1

) and IdoA2S(IV)OH3 (5.32 s
-1

) protons, 

are in good agreement with rates reported in section 3.3.6 and are consistent with their  
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Figure 3.12.  Arixtra bicarbonate titration with hydroxyl proton resonances labeled. 

Initial solution was prepared open to the atmosphere in 85% Millipore H2O/15% acetone-

d6 at pH 8.28. Sodium bicarbonate at pH 8.26 was titrated in 0.5 – 2 L increments and 

the NMR spectra measured at -14.6 C. 
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Table 3.5. EXSY initial build-up rates of Arixtra hydroxyl protons. A is an Arixtra 

solution set to pH 8.28 and prepared open to the atmosphere. B is the same solution (A) 

after the addition of 0.59 mM HCO3
-
. The rates for the hydroxyl protons in C were 

calculated from the average normalized cross-peak volumes of three separate 

measurements using a stock Arixtra solution. Each solution was set to pH 8.3 and also 

prepared open to the atmosphere. It is hypothesized that C may have absorbed some CO2 

from the atmosphere, thus resulting in relative rates that are more comparable to B than to 

A. 

Hydroxyl Proton 
Initial Build-Up Rate (kex, s

-1
) 

A B C 

GlcNS6S(I) OH3 13.0 12.9 10.3 

GlcNS6S(I) OH4 14.0 16.0 12.4 

GlcA(II) OH2 17.7 6.01 6.11 

GlcA(II) OH3 3.50 1.20 1.49 

IdoA2S(IV) OH3 5.32 9.23 6.64 

GlcNS6S(V) OH3 25.5 5.13 5.87 
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involvement in a hydrogen bond.
64

 The exchange rates of the GlcNS6S(V)OH3 proton 

(25.5 s
-1

) and the GlcNS6S(I)OH3 and OH4 protons (13.0 and 14.0 s
-1

, respectively) are 

also in agreement with the values reported in section 3.3.6. The only proton with an 

exchange rate that deviates noticeably from that previously reported
64

 is the GlcA(II)OH2 

proton (17.7 s
-1

) which exchanges more slowly in this sample. This difference could be 

caused by slight differences in solution composition between samples (for example pH, 

which is very difficult to determine in unbuffered solution), prompting the reproducibility 

experiments discussed in section 3.3.8. 

The EXSY NMR measurements were repeated for the Arixtra solution following 

the addition of 0.59 mM sodium bicarbonate (Figure 3.12B) and the resulting buildup 

curves had very different profiles than those in Figure 3.12A. Interestingly the hydroxyl 

proton exchange rates, summarized in Table 3.4, were not uniformly affected by HCO3
-
 

catalysis. The exchange rate constants determined for GlcA(II) OH2 (6.01 s
-1

)  and 

IdoA2S(IV)OH3 (9.23 s
-1

) nearly doubled following HCO3
-
 addition, while the rates for 

GlcNS6S(I)OH3 and OH4 (13.0 and 16.0 s
-1

, respectively) were similar to those 

determined from the results in Figure 3.13A  The exchange rate constant measured for   

GlcNS6S(V) OH3 (5.13 s
-1

) is actually slower than the value measured for this solution 

before addition of HCO3- and is also lower than the value reported in section 3.3.6. 

We originally hypothesized that HCO3
-
 would have a greater effect on the 

exchange of hydroxyl protons not involved in hydrogen bonds, reasoning that the 

hydrogen bonds might protect the hydroxyl group from the effects of HCO3
-
 catalysis. 

The results of our titration suggest that the microstructural environment also has a large  
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Figure 3.13. (A) EXSY cross peak build-up curves of Arixtra hydroxyl protons measured 

at -14.6 C prior to the addition of sodium bicarbonate. The solution was prepared open 

to the atmosphere and composed of 85% Millipore H2O/15% acetone-d6 at pH 8.28 with 

0.15 M NaCl. (B) EXSY cross peak build-up curves of Arixtra hydroxyl protons 

constants after the addition of sodium bicarbonate to a concentration of 0.59 mM. 
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impact. The negatively charged Arixtra sulfate and carboxylate groups may repel HCO3
-
 

reducing its impact on hydroxyl protons in close proximity to carboxylate and sulfate 

moieties. Supporting this idea, the GlcNS6S(I) OH3 and OH4 protons that appear to 

exchange faster in the presence of HCO3
-
 are also the most solvent exposed.  

It seems reasonable that HCO3
-
 could also disrupt the intramolecular hydrogen 

bonding network, especially for the IdoA(IV) residue. IdoA(IV) is involved in a 

conformational equilibrium that results in two different hydrogen bonds for the IdoA(IV) 

OH3 proton depending on whether it is in the 
1
C4 or 

2
SO conformation. The results in 

Figure 3.13 suggest that interactions with HCO3
-
 may disrupt the IdoA(IV) OH3 

intramolecular hydrogen bonds and catalyze its exchange.  To avoid discrepancies caused 

by the differences in CO2 content, future studies of hydroxyl proton exchange should be 

conducted with samples prepared in a glove box and by incorporating scrubbing of the N2 

to remove trace amounts of CO2.  

3.3.8 Error in EXSY exchange rate constant measurements. To test the 

reproducibility of our EXSY NMR determination of hydroxyl proton exchange rates, 

replicate measurements were performed for three similarly prepared Arixtra samples. The 

same Arixtra stock solution was utilized for all three trials to avoid variance that could be 

introduced by small differences in sample composition. Solutions were set to a pH of 8.3 

prior to the addition of acetone-d6 and NMR spectra immediately recorded. The Arixtra 

stock solution was stored in the refrigerator between measurements. Normalized cross-

peak volumes of all three EXSY data sets were determined and the average values with  
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Figure 3.14. EXSY build-up curves of Arixtra hydroxyl protons. The error bars were 

calculated at each mixing time using the standard error of three trials. The three 

measurements were performed on the same Arixtra stock solution to keep solution 

composition consistent. A fresh NMR sample was made for each measurement using the 

same Arixtra stock solution. Each solution was composed of 85% H2O/15% acetone-d6 

with 0.15 M NaCl at pH 8.3 and -14.6 C. 
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standard errors are plotted as a function of mixing time in Figure 3.14. The exchange rate 

constants are summarized in Table 3.4. 

The error associated with the EXSY measurements suggests that exchange rate 

constant measurements are reproducible within the same sample. CO2 is absorbed easily 

from the atmosphere by a sample at a basic pH, making it concentration difficult to 

control. Hydroxyl proton exchange rates should be compared within the same sample and 

only to other samples which are of the same or similar composition. The exchange rate 

constants obtained from the data shown in Figure 3.14 correspond well with those 

reported for the Arixtra sample containing 0.59 mM HCO3
-
 in section 3.3.7. The GlcA(II) 

OH3 proton exchanges the slowest at a rate of 1.49 s
-1

. It is the only proton found to be in 

a persistent hydrogen bond. The IdoA(IV) OH3 proton exchanges at a rate (6.64 s
-1

) 

comparable to those of the GlcNS6S(I) OH3 and OH4 protons (10.3 and 12.4 s
-1

, 

respectively). The GlcA(II) OH2 and GlcNS6S(V) OH3 protons exchange relatively 

slowly (6.11 and 5.87 s
-1

, respectively).   

 

3.4 Conclusions        

 This work provides the first experimental evidence for intramolecular hydrogen 

bonds involving the hydroxyl protons in a heparin oligosaccharide.  Hydroxyl hydrogen 

bonds were identified by the use of exchange rates taken together with temperature 

coefficient and  measurements. These results highlight the power of MD simulations 

which predicted the existence of the GlcA OH3 and IdoA2S OH3 hydrogen bonds and 

indicated the hydrogen bond acceptors.  To our knowledge, this is also the first work to 
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address the issue of radiation damping in aqueous solutions when extracting solvent 

exchange rates of hydroxyl protons.  The error associated with the exchange rate 

measurements was also evaluated. It was determined that CO2 content could dramatically 

affect the relative exchange rates of hydroxyl protons within a sample and that care must 

be taken when comparing exchange rates between samples. Because EXSY exchange rate 

constants were determined to be fairly reproducible within the same sample, exchange 

rate measurements reported in subsequent chapters will not contain error bars. 
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CHAPTER FOUR 

Hydroxyl Proton Hydrogen Bonding in Heparin Oligosaccharides in Aqueous 

Solution 
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this research: Dr. Leonard Mueller for his help with the EXSY initial build-up rate 

calculations and Robert Young for his efforts to perform molecular dynamic simulations 

of the oligosaccharides studied in this Chapter, which are currently underway. 

 

Abstract 

Heparin is best known for its anticoagulant activity, which is mediated by the binding of 

a specific pentasaccharide sequence to the protease inhibitor antithrombin-III (AT-III). 

Although heparin oligosaccharides are known to flexible in aqueous solution, the recent 

discovery of a hydrogen bond between the sulfamate (NHSO3
-
) proton and the adjacent 

3-O-sulfate group of the GlcNS3S6S residue in the Arixtra pentasaccharide demonstrates 

the potential of 
1
H NMR to elucidate elements of secondary structure. Chapter 3 

discussed the hydroxyl proton hydrogen bonds present in Arixtra. The present chapter 

examines intramolecular hydrogen bonds involving the hydroxyl protons of heparin 

oligosaccharides which are structurally related to Arixtra through measurements of 

temperature coefficients, chemical shift differences, and rate constants for solvent proton 

exchange calculated from EXSY initial build-up rate data. In the series of 

oligosaccharides examined, several structural motifs were observed to give rise to 
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hydrogen bonds involving specific hydroxyl groups of glucuronic acid (GlcA) and 

glucosamine (GlcNS) residues and are dependent on local structure. 

 

4.1 Introduction  

 Heparin oligosaccharides are known to be flexible in solution, but can also adopt 

local secondary structure through participation of the exchangeable protons in an 

intramolecular hydrogen bonds, as described in Arixtra in Chapter 3. Structurally specific 

hydrogen bonds may play a role in orienting the heparin chain to facilitate protein-

binding. As described in Chapter 3, various methods can be utilized to measure the 

exchange rates of the heparin exchangeable protons to probe for hydrogen bonds.  These 

include temperature coefficients,
1-5

 differences in chemical shift between in the oligo- 

and monosaccharide ( = oligo – mono),
6
 and more direct measurements of exchange 

rates including evaluation of the energy of activation for chemical exchange (G
‡
)
2,7-9

 

and  determination of exchange rate constants using EXSY.
1,10-12

 Molecular dynamic 

(MD) simulations of Arixtra predicted a hydrogen bond between a sulfamate NH proton 

and adjacent 3-O-sulfate group within the same glucosamine residue of Arixtra.
2
  These 

MD simulations also predicted structurally specific hydrogen bonds involving the Arixtra 

hydroxyl protons. In Chapter 3 we experimentally confirmed the results of the MD 

simulations, discovering hydroxyl proton hydrogen bonds involving the GlcA(II)OH3 

and IdoA2S(IV)OH3 hydroxyl protons of Arixtra using temperature coefficients,  

values, and EXSY initial build-up rate constants (kex).
1
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 In this chapter, the results of 
1
H NMR experiments are examined comparing 

hydroxyl proton hydrogen bonding patterns for aqueous solutions of heparin 

oligosaccharides structurally related to Arixtra that were isolated from the low molecular 

weight heparin (LMWH) enoxaparin. The isolated oligosaccharides do not contain the 3-

O-sulfate group required for formation of the GlcNS3S sulfamate NH-3-O-sulfate 

hydrogen bond. The goal of this chapter was to experimentally evaluate the impact of 

structural variations on hydrogen bonding in heparin oligosaccharides. MD simulations 

are currently underway by our collaborator, Robert Young, to support experimental 

results and predict hydrogen bond acceptors. 

 

4.2 Materials and methods 

 4.2.1 Materials and reagents. Enoxaparin sodium was purchased from the U.S. 

Pharmacopeia (USP, Rockville, MD). Oligosaccharides structurally related to the Arixtra 

pentasaccharide were isolated from enoxaparin as described in Chapter 2.  Hydrochloric 

acid (HCl), sodium chloride (NaCl), and sodium hydroxide (NaOH) were purchased from 

Fisher Scientific Co. (Fair Lawn, NJ).  The GlcNS6S and D-GlcA monosaccharides were 

purchased from Sigma Aldrich (Saint Louis, MO).  HPLC-grade water was obtained from 

Burdick and Jackson (Muskegon, MI).  Acetone-d6 (D, 99.9%) and deuterium oxide, 

(D2O; D, 99.9%) were purchased from Cambridge Isotope Laboratories (Andover, MA).  

The pH meter was calibrated with buffers at 4.00, 7.00 and 10.00 purchased from Fisher 

Scientific Co. 



164 
 

 4.2.2 Solution preparation. To reduce the solvent exchange rate of the hydroxyl 

protons, oligosaccharide NMR samples were prepared under an N2 atmosphere to reduce 

catalysis of exchange by dissolved CO2. To reduce contamination by CO2, solutions were 

not bubbled with N2 (section 3.3.7). Solutions were prepared in 85% H2O/15% acetone-

d6 with 0.15 M NaCl at concentrations of oligosaccharide ranging from 1 to 2 mM.
1,3-6

 

The pH was set to 8.1 using dilute solutions of CO2-free HCl and NaOH. Solution pH 

measurements were made using a Fisher Scientific AB15 pH meter with a double 

junction Ag/AgCl micro-pH electrode (Thermo Scientific, Beverly, MA) and measured 

prior to the addition of acetone-d6. NMR measurements were performed in 5 mm NMR 

tubes using a 600 µL sample. 

 4.2.3 NMR measurements. One-dimensional NMR spectra were acquired at -14.5 

C using a Bruker 600 MHz Advance spectrometer equipped with a TXI probe operating 

at 600.13 MHz. Solvent suppression was accomplished using excitation sculpting.
13

 The 

temperature coefficients were measured by recording 
1
H NMR spectra over the 

temperature range -15 ºC and 12 ºC in approximately 4-5 ºC increments. Temperatures 

were calibrated using an external methanol standard.
14

 Chemical shifts were referenced 

using the residual 
1
H resonance of acetone-d6 at 2.204 ppm. The  values for each 

monosaccharide were determined at -10.0 ᵒC.   

 Hydroxyl proton resonances were assigned using two-dimensional COSY and 

TOCSY NMR spectra. Both were acquired in States-TPPI. Double-quantum filtered 

(DQF)- COSY spectra were acquired into 2048 complex points in t2 with 64, 80, or 128 

scans coadded at each of 208, 256, or 272 t1 increments, depending on solution 
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concentration.  Phase sensitive TOCSY spectra incorporating excitation sculpting for 

solvent suppression were acquired into 2048 complex points in t2 with 64, 80, or 128 

scans coadded at each of 192, 256, or 272 t1 increments, depending on solution 

concentration.  A spectral window of 7000 Hz in F2, 6200 Hz in F1 and a relaxation 

delay of 1.5 s were used in both the COSY and TOCSY experiments. The optimal 

TOCSY mixing time for the hydroxyl protons was found to be 60 ms. Spectra were zero-

filled to 4096 x 512 data points and apodized using a sine squared function (for the 

COSY) and a cosine squared function (for the TOCSY) in both dimensions.  

 EXSY spectra were measured at -14.5 ºC using excitation sculpting for solvent 

suppression. A series of EXSY spectra were acquired using mixing times between 0 and 

24 ms in 3 ms increments for the more abundant oligosaccharides. Due to experiment 

time restrictions, the less abundant oligosaccharide was measured using mixing times 

between 0 and 18 ms in 3 ms increments with one experiment using 22 ms mixing 

time.
1,12

 Spectra were acquired in 2048 complex points in t2 with 32 scans for the more 

abundant oligosaccharide and 128 scans for the less abundant oligosaccharide. EXSY 

experiments used 128 t1 increments with a relaxation delay of 1.5 s. Spectral windows of 

4440 Hz were used in F1 and F2. Spectra were zero-filled to 16384 x 4096 points and 

apodized by multiplication by a cosine squared function to obtain more accurate volume 

integrals of hydroxyl proton exchange cross peaks. EXSY build-up curves were plotted 

as the volume integral of the hydroxyl cross peaks as a function of mixing time and rate 

constants were calculated using modified Bloch equations as described in Chapter 3.
1,10,15
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4.3 Results and discussion 

 4.3.1 Heparin oligosaccharide hydroxyl proton detection and identification. Our 

goal is to determine the influence that local structure has on heparin hydroxyl proton 

hydrogen bonding, building on the hydrogen bonds characterized in the pentasaccharide, 

Arixtra (Chapter 3).
1
 The following isolated heparin tetra- and hexasaccharides, 

characterized in Chapter 2, are structurally similar to Arixtra but do not contain the 

important glucosamine 3-O-sulfate group: ΔUA2S-GlcNS6S-GlcA-GlcNS6S (Figure 

4.1A); ΔUA2S-GlcNS6S-IdoA2S-GlcNS6S (Figure 4.1B); ΔUA2S-GlcNS6S-IdoA2S-

GlcNS6S-GlcA-GlcNS6S (Figure 4.1C). These heparin oligosaccharides will be referred 

to in the text as oligosaccharides [1], [2] and [3], respectively. As described in greater 

detail in Chapter 3, temperature coefficients, chemical shift differences ( = oligo – 

mono), and EXSY initial build-up rate constants (kex) were used to probe for hydroxyl 

proton hydrogen bonds in these oligosaccharides. 

 In order to slow down chemical exchange and make the hydroxyl protons 

observable by NMR, oligosaccharide solutions were prepared in 85% H2O/15% acetone-

d6 and spectra were measured at -14.5 C using excitation sculpting solvent 

suppression.
1,5,6, 12,13

 Differences in resonance linewidth are observed between the 

different hydroxyl protons in the 
1
H NMR spectrum of each oligosaccharide (Figure 4.2). 

The GlcNS6SOH3 hydroxyl proton resonances of each compound appear relatively 

sharp, suggesting these protons exchange more slowly. Hydroxyl proton resonances were 

assigned for each oligosaccharide using two-dimensional COSY and TOCSY spectra 

(Figure 4.3). 
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Figure 4.1.  Isolated heparin oligosaccharides (A) UA2S-GlcNS6S-GlcA-GlcNS6S, 

referred to as [1], (B) UA2S-GlcNS6S-IdoA2S-GlcNS6S, referred to as [2], and (C) 

UA2S-GlcNS2S-IdoA2S-GlcNS6S-GlcA-GlcNS6S, referred to as [3] are structurally 

related to Arixtra but do not contain the important 3-O-sulfate group. The 

oligosaccharides (A), (B), and (C) are referred to as [1], [2], and [3], respectively in the 

text. 
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Figure 4.2. 
1
H NMR spectra of the hydroxyl proton region of oligosaccharide (A) [1], 

(B) [2], and (C) [3]. Hydroxyl and sulfamate proton resonances are labeled. Carbon-

bound protons are indicated with an asterisk. 
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Figure 4.3. Hydroxyl proton resonances were identified using two-dimensional COSY 

and TOCSY spectra. COSY spectra are labeled for oligosaccharides (A) [1], (C) [2], and 

(E) [3]. TOCSY spectra are labeled for oligosaccharides (B) [1], (D) [2], and (F) [3]. 

Carbon-bound protons are marked with an asterisk. 
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 4.3.2 Temperature coefficients. As discussed in section 3.1, a lower temperature 

coefficient can indicate that a proton is involved in a hydrogen bond. The 
1
H NMR 

hydroxyl proton resonances shift linearly upfield with an increase in temperature (Figure 

4.4). When chemical shifts are plotted as a function of temperature (Figure 4.5), the 

absolute values of the slopes are taken as the temperature coefficients (summarized in 

Table 4.1). The temperature coefficients of the anomeric hydroxyl protons were not 

measured because they exchange too quickly at this pH and are unlikely to participate in 

a hydrogen bond. 

 The GlcNS6S(II) and GlcA(III)OH3 hydroxyl protons in oligosaccharide [1] have 

the smallest relative temperature coefficients of 6.2 and 6.6 ppb/K, respectively, which 

are comparable to the GlcA(II)OH3 proton of Arixtra which participates in a hydrogen 

bond (Chapter 3).
1
 The temperature coefficients of the reducing end GlcNS6S(IV)OH3 

(8.6 ppb/K) and GlcA(III)OH2 (10.8 ppb/K) are similar to the values measured for the 

corresponding residues of Arixtra.
1
 It is not too surprising that the UA2S(I)OH3 proton 

has the largest temperature coefficient (12.7 ppb/K) as this modified residue at the 

tetrasaccharide’s non-reducing end has a rigid partially planar conformation and is not 

expected to contribute to hydroxyl proton hydrogen bonding. 

 The GlcNS6S(II) and GlcNS6S(IV)OH3 protons in oligosaccharide [2] have 

temperature coefficients of 8.5 and 8.8 ppb/K, respectively, which are comparable to 

reducing end GlcNS6SOH3 protons in both Arixtra and in oligosaccharide [1]. The 

temperature coefficient of IdoA2S(III)OH3 hydroxyl proton is relatively large (11.0 

ppb/K) and similar to that in Arixtra (Chapter 3).
1
 Although the temperature coefficient  
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Figure 4.4. The hydroxyl proton resonances (labeled) of each oligosaccharide (A) [1], 

(B), [2], and (C) [3] experience a linear upfield shift as the temperature is increased. The 

exchangeable sulfamate protons also shift upfield with an increase in temperature while 

the carbon-bound protons (marked with an asterisk) remain unaffected. 
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Figure 4.5. Temperature coefficient plots for the hydroxyl protons of oligosaccharides 

(A) [1], (B) [2], and (C) [3]. Chemical shifts are plotted as a function of temperature and 

the absolute values of the slopes are taken as the temperature coefficients. 
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Table 4.1.  Chemical shift differences, temperature coefficients, and exchange rate 

constants of three oligosaccharides studied. These were compared to the results of the 

Arixtra hydroxyl proton exchange studies, found in Table 3.4. 

Oligosaccharide Hydroxyl Proton 
 

(ppm) 

Temperature 

Coefficient 

(ppb/K) 

Initial Build-

Up Rate  

(kex, s
-1

) 

ΔUA2S-GlcNS6S-

GlcA-GlcNS6S 

[1] 

ΔUA2S(I) OH3 N/A 12.7 24.3 

GlcNS6S(II) OH3 -0.167 6.6 9.70 

GlcA(III) OH2 -0.103 10.8 24.5 

GlcA(III) OH3 -0.216 6.2 7.33 

GlcNS6S(IV) OH3 -0.410 8.6 9.13 

ΔUA2S-GlcNS6S-

IdoA2S-GlcNS6S 

[2] 

ΔUA2S(I) OH3 N/A 9.2 20.7 

GlcNS6S(II) OH3 -0.234 8.5 6.71 

IdoA2S(III) OH3 N/A 11.0 18.9 

GlcNS6S(IV) OH3 -0.288 8.8 4.95 

ΔUA2S-GlcNS6S-

IdoA2S-GlcNS6S-

GlcA-GlcNS6S 

[3] 

IdoA2S(III) OH3 N/A 11.7 37.9 

GlcA(V) OH2 -0.108 10.5 30.0 

GlcA(V) OH3 -0.212 6.9 11.1 

GlcNS6S(II) OH3 -0.241 8.6 6.73 

GlcNS6S(IV) OH3 -0.330 9.8 1.75 

GlcNS6S(VI) OH3 -0.407 8.5 9.61 
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of the UA2S(I)OH3 proton (9.2 ppb/K) is slightly lower than its counterpart in 

oligosaccharide [1], it is still greater than the hydrogen bonded Arixtra GlcA(II)OH3 

proton.  

 Temperature coefficients of hydroxyl protons in oligosaccharide [3] are 

comparable to protons in similar microenvironments in oligosaccharides [1] and [2]. The 

GlcA(V)OH3 hydroxyl proton has the smallest temperature coefficient (6.9 ppb/K), 

comparable to the GlcA(III)OH3 proton in oligosaccharide [1]. The reducing end 

GlcNS6S(VI)OH3 proton has a larger temperature coefficient (8.5 ppb/K), comparable to 

the reducing end OH3 protons of both oligosaccharides [1] and [2]. The temperature 

coefficients of the OH3 protons of the reducing end GlcNS6S residues appear to be 

unaffected by the identity of the adjacent uronic acid residue. The internal 

GlcNS6S(II)OH3 proton also has a relatively large temperature coefficient (8.6 ppb/K) 

that is comparable to the GlcNS6S(II)OH3 proton of oligosaccharide [2]. Both protons 

are also in a similar microenvironment, flanked by a UA2S residue at their non-

reducing end and an IdoA2S residue at their reducing end. Both the GlcA(V)OH2 and 

IdoA2S(III)OH3 protons have the largest temperature coefficients (10.5 and 11.7 ppb/K, 

respectively), and are comparable to their counterparts in both oligosaccharides [1] and 

[2], respectively. The UA2S(I)OH3 hydroxyl proton could not be evaluated in 

oligosaccharide [3] due to resonance overlap with carbon-bonded protons.  

 4.3.3 Chemical shift differences (). Chemical shift differences report on the 

hydroxyl proton microenvironment. A larger negative  ( = oligo - mono ) value 

(summarized in Table 4.1) indicates close proximity to an electronegative atom and a 
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greater possibility of participation in a hydrogen bond.
1,5,6

. The IdoA2S and UA2S 

monosaccharides were not available, so their  values are not included in Table 4.1. 

 In oligosaccharide [1], the GlcNS6S(IV)OH3 proton has the largest negative  (-

0.410 ppm), which is much larger than that of the Arixtra hydrogen bonded GlcA(II)OH3 

hydroxyl proton (Chapter 3). Similar to temperature coefficients,  values are also 

influenced by factors other than hydrogen bonding. The GlcA(III)OH3 proton has a  

value of -0.216 ppm, which is comparable to its counterpart in Arixtra and is consistent 

with its smaller temperature coefficient. The GlcNS6S(II)OH3 hydroxyl proton has a 

smaller negative  value (-0.167 ppm). The GlcA(III)OH2 proton has the smallest 

negative  (-0.103 ppm), corresponding to its smaller temperature coefficient.  

 Because monosaccharide standards are not available for UA2S and IdoA2S,  

values could only be determined for the GlcNS6S(II) and GlcNS6S(IV)OH3 protons (-

0.234 and -0.288 ppm, respectively) of oligosaccharide [2]. The  values of both 

GlcNS6S OH3 protons are comparable to that of the GlcA(II)OH3 proton in Arixtra. The 

differences in temperature coefficients between the reducing end GlcNS6S(IV)OH3 

proton of oligosaccharide [2] and that of oligosaccharide [1] could reflect differences in 

their microenvironment. The reducing end GlcNS6S residue in oligosaccharide [1] is 

adjacent to a GlcA residue whereas the reducing end GlcNS6S residue in oligosaccharide 

[2] is adjacent to an IdoA2S residue.   

 In oligosaccharide [3], the reducing end GlcNS6S(VI)OH3 proton has the largest 

negative  (-0.407 ppm), comparable to its counterpart in oligosaccharide [1]. The 

similarity in these values is most likely attributed to similarities in their 



176 
 

microenvironments. Both residues are adjacent to a GlcA residue at their non-reducing 

end. The internal GlcNS6S(II)OH3 proton has a relatively large negative  (-0.241 

ppm), which is also comparable to its counterpart in oligosaccharide [2]. Both are in a 

similar microenvironment, flanked by a UA2S residue at their non-reducing end and an 

IdoA2S residue at their reducing end. Although the relatively large temperature 

coefficient of the internal GlcNS6S(IV)OH3 proton suggests fast exchange, its relatively 

large  (-0.330 ppm) suggests participation in a hydrogen bond. This residue has a 

unique microenvironment flanked by both GlcA and IdoA2S residues. The GlcA(V)OH2 

and OH3 proton  values (-0.108 and -0.212 ppm, respectively) are in good agreement 

with their temperature coefficients and are comparable to their respective counterparts in 

oligosaccharide [1]. Though chemical shift differences between the oligo- and 

monosaccharide can be a qualitative indicator of hydrogen bonding, the exchange rate 

constants, discussed in section 4.3.4, provide stronger evidence of hydroxyl proton 

hydrogen bonding. 

 4.3.4 Solvent exchange rates.  The rate of hydroxyl proton-solvent exchange can 

be a direct indicator hydroxyl proton hydrogen bonding. To evaluate the exchange rates, 

EXSY spectra were acquired with mixing times between 0 and 24 ms for 

oligosaccharides [1] and [2] and between 0 and 22 ms for oligosaccharide [3]. EXSY 

spectra using 24 ms mixing time for oligosaccharides [1] and [2] (Figure 4.6A and 4.6B, 

respectively) and using 22 ms mixing time for oligosaccharide [3] (Figure 4.6C) show 

differences in the intensity of the water exchange cross peaks for the various hydroxyl 

proton resonances. To obtain exchange rate constants, the normalized exchange cross  
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Figure 4.6. Hydroxyl proton EXSY spectra of oligosaccharides (A) [1], (B) [2] and 24 

ms mixing time and oligosaccharide (C) [3] at 22 ms mixing time. Hydroxyl proton 

resonances are labeled. Sulfamate protons also give rise to an exchange cross peak to the 

solvent water. Carbon-bound protons are indicated with an asterisk.  



178 
 

peak volumes are plotted as a function of mixing time for each oligosaccharide (Figure 

4.7). Initial build-up rate constants are calculated as described in Chapter 3 and are 

summarized in Table 4.1.
1
  

 The EXSY initial build-up rates (kex) of the oligosaccharide [1] hydroxyl protons 

suggest participation of the GlcA(III)OH3 proton in a hydrogen bond as this proton has 

the smallest initial build-up rate (7.33 s
-1

). Although the initial build-up rates of 

GlcNS6S(II) and GlcNS6S(IV)OH3 protons are slightly higher (9.70 and 9.13 s
-1

, 

respectively) than that of the GlcA(III)OH3 proton, they are significantly lower than 

those of the UA2S(I)OH3 and GlcA(III)OH2 protons (24.3 and 24.5 s
-1

, respectively). It 

is possible that the two GlcNS6S OH3 protons also participate in hydrogen bonds in 

oligosaccharide [1]. MD simulations would provide additional evidence to clarify the 

experimental results. 

 In oligosaccharide [2], the EXSY initial build-up rates show evidence of hydrogen 

bonding only in the GlcNS6S(II) and GlcNS6S(IV)OH3 hydroxyl protons with fairly 

small initial build-up exchange rates (6.71 and 4.95 s
-1

, respectively). With an initial 

build-up rate of 18.9 s
-1

, it appears that the IdoA2SOH3 does not participate in a 

hydrogen bond. The IdoA2S residue changes its conformation from majority 
2
SO to 

majority 
1
C4 without the adjacent glucosamine 3-O-sulfate group.

16
 This most likely 

moves the IdoA2SOH3 proton away from the sulfamate protons to which it is hydrogen 

bonded in Arixtra (Chapter 3). MD simulations would provide more insight into the 

effects of structure on hydroxyl proton hydrogen bonding patterns. 
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Figure 4.7. EXSY initial build-up rate curves for the hydroxyl protons of 

oligosaccharides (A) [1], (B) [2], and (C) [3]. 
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The hydroxyl proton hydrogen bond patterns in oligosaccharide [3] are similar to those in 

oligosaccharides [1] and [2] but differ from those measured in Arixtra. No evidence of a 

hydrogen bond was found in the IdoA2S(III)OH3 proton in oligosaccharide [3]. Its initial 

build-up rate (37.9 s
-1

) is much larger than that of the GlcA(V)OH2 proton (30.0 s
-1

). The 

GlcNS6S(IV)OH3 proton has the smallest initial build-up rate (1.75 s
-1

), suggesting its 

participation in a hydrogen bond. The GlcNS6S(II)OH3 proton also has a relatively small 

initial build-up rate (6.73 s
-1

) which suggests that it may also  be involved in a hydrogen 

bond. The reducing end GlcNS6S(VI)OH3 proton initial build-up rate (9.61 s
-1

) is 

slightly larger, but is comparable to that of the reducing end OH3 proton of 

oligosaccharide [1]. Interestingly, both GlcNS6S(II) and GlcNS6S(VI)OH3 proton initial 

build-up rates, temperature coefficients, and  values are comparable to their respective 

counterparts in oligosaccharides [2] and [1], respectively. Experimental evidence 

suggests that the GlcNS6SOH3 protons of oligosaccharide [3] all participate in hydrogen 

bonds. The GlcA(V)OH3 proton initial build-up rate (11.1 s
-1

) is slightly higher than the 

GlcNS6SOH3 protons of oligosaccharide [1] or Arixtra. It is possible that this proton is 

no longer participating in a strong hydrogen bond in oligosaccharide [3]. MD simulations 

would provide further insight into the presence of hydroxyl proton hydrogen bonds and 

the hydrogen bond acceptor in these oligosaccharides. 

 4.3.5 Effects of microstructure on hydroxyl proton chemical exchange. The 

hydroxyl proton temperature coefficients,  values, and initial build-up rates are 

influenced by their surrounding microstructure, supporting our assertion that differences 

in heparin microstructure affect local hydrogen bonding patterns. Experimental evidence 
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suggests that the IdoA2SOH3 proton no longer participates in a hydrogen bond without 

an adjacent GlcNS3S6S residue. The GlcAOH3 proton shows evidence of participation in 

a hydrogen bond without an adjacent GlcNS3S6S residue only if an IdoA2S residue is 

also not present. The results presented in this chapter also suggest that the GlcNS6SOH3 

protons are involved in a hydrogen bond when the 3-O-sulfate group is not present. 

 4.3.6 Effects of CO2 on hydroxyl proton exchange. In Chapter 3 we demonstrated 

that CO2 contamination introduced by bubbling the sample with N2 changed the relative 

hydrogen bonding patterns within the pentasaccharide Arixtra. The samples evaluated in 

this chapter were not bubbled with N2, to help minimize their exposure to CO2. The 

results presented in this chapter are comparable for hydroxyl protons in similar 

microenvironments within different oligosaccharides, suggesting that these results are not 

strongly affected by CO2 contamination. Future experiments should be performed which 

look further into the effect that CO2 contamination has on all oligosaccharide chains 

studied and to reduce CO2 contamination by removing it from the N2 feed (Chapter 7). 

 

4.4. Conclusions 

Hydroxyl hydrogen bonds were identified using solvent exchange rates taken together 

with temperature coefficient and  measurements of isolated heparin oligosaccharides 

that are structurally similar to Arixtra. It was demonstrated that oligosaccharides that do 

not contain a 3-O-sulfate group have different hydroxyl proton hydrogen bond patterns 

than those observed for Arixtra. The most significant finding of this work is that the 

internal GlcNS6SOH3 protons show evidence of hydrogen bonding in oligosaccharides 
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that do not have a glucosamine 3-O-sulfate group. The IdoA2SOH3 proton, on the other 

hand, does not appear to participate in a hydrogen bond without an adjacent GlcNS3S6S 

residue. It appears that the GlcAOH3 proton participates in a hydrogen bond without the 

3-O-sulfate group only if the IdoA2S residue is also absent.  The results presented in this 

Chapter highlight the role that heparin’s structural microheterogeneity plays in adoption 

of local secondary structure.  
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CHAPTER FIVE 

Detection of the Amine and Hydroxyl Protons of Heparan Sulfate Related 

Monosaccharides and Characterization of their Solvent Exchange Properties 

Based on a paper published in Analytical Chemistry  

Anal. Chem. 2015, ASAP, DOI: 10.1021/acs.analchem.5b01181 

 

Abstract: Glucosamine is an important constituent of the heterogeneous 

glycosaminoglycans heparin and heparan sulfate occurring in N-acetylated and N-sulfated 

forms, and as the unmodified amine. Though the 
1
H and 

15
N NMR chemical shifts of N-

acetyl- and N-sulfoglucosamine residues have been extensively characterized, this study 

provides the first direct NMR characterization of the amine groups of glucosamine and 3-

O-sulfoglucosamine in aqueous solution. The solvent exchange properties of the amine 

protons are examined and the possibility of a salt bridge between the sulfate and amine 

groups of 3-O-sulfoglucosamine was explored through 
1
H NMR pKa measurements, but 

is not supported by the experimental results.  

 

5.1 Introduction 

More than 400 heparin binding proteins have been identified,
1
 however, for many 

of these proteins the native ligand is believed to be the structurally-related cell-surface 

proteoglycan heparan sulfate. Glucosamine 3-O-sulfation, a relatively rare modification, 

is critical for high affinity binding of heparin and heparan sulfate to antithrombin-III 

resulting in its activation as a potent thrombin inhibitor.
2-4 

3-O-sulfation also increases the 
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affinity of heparan sulfate for the herpes simplex virus glycoprotein D facilitating viral 

fusion,
5-10

 and is implicated in binding to fibroblast growth factors,
11,12

 cyclophilin B,
13

 

and stabilin.
14,15

 Evidence is also emerging about the importance of glucosamine 3-O-

sulfation in development and cancer.
16

  

NMR spectroscopy is a well-established analytical tool for the structural 

characterization of heparin and heparan sulfate.
17,18

 Because they are linear repeating 

polymers composed of variously substituted uronic acid-glucosamine disaccharide 

subunits, NMR detection of the 
1
H and 

15
N chemical shifts of N-acetylated (GlcNAc), N-

sulfated (GlcNS) and unmodified (GlcN) glucosamine residues can provide important 

insights into heparin and heparan sulfate structure. NMR measurements of the amide 

protons of GlcNAc residues are well-established and are easily executed due to their slow 

exchange in acidified aqueous solution.
19-21

 In contrast, conditions that permit detection 

of the more rapidly exchanging GlcNS NH resonances have only been reported 

recently.
22

 GlcNS sulfamate (NHSO3
-
) 

1
H and 

15
N chemical shifts have been used to 

provide important structural information for complex samples like low molecular weight 

heparins.
23,24

 In addition, exploration of the solvent exchange properties of the sulfamate 

protons led to the identification of a hydrogen bond in the synthetic ultra-low molecular 

weight heparin drug Arixtra
TM

 (fondaparinux).
25

 To our knowledge there have been no 

prior reports of direct NMR measurements of the GlcN amine protons because of their 

rapid exchange in solution. Although the glucosamine 
15

N chemical shift has been 

indirectly recorded using the [
1
H,

15
N] HMBC experiment, it from poor sensitivity due to 

small values of 
3
JNH.

26
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Building on our recent success in using
 1

H NMR to study the hydroxyl protons of 

heparin oligosaccharides,
27,28

 we report herein the NMR characterization of the amine 

groups of the GlcN and 3-O-sulfoglucosamine (GlcN3S) monosaccharides through the 

measurement of 
1
H and [

1
H,

15
N] HSQC spectra. We further explore the solvent exchange 

properties of these protons, and through measurement of the amine group pKa values 

examine the possibility of a salt bridge between the adjacent amine and sulfate groups of 

GlcN3S. 

 

5.2 Materials and methods 

5.2.1 Materials and reagents.  The monosaccharides D-glucosamine (GlcN) and 

D-glucosamine-3-sulfate (GlcN3S) were purchased from Sigma-Aldrich (Saint Louis, 

MO). Deuterated acetone (acetone-d6, 99.9% D) and deuterium oxide (D2O, 99% D) were 

purchased from Cambridge Isotope Laboratories (Andover, MA). DSS-d6 (3-

(trimethylsilyl)-1-propanesulfonic acid sodium salt) was purchased from Isotech 

(Miamisburg, OH). High-performance liquid chromatography (HPLC-) grade water was 

obtained from Burdick and Jackson (Muskegon, MI). The pH meter was calibrated with 

buffers at pH 4.00, 7.00, and 10.00 purchased from Fisher Scientific (Hampton, NH). The 

hydrochloric acid (HCl) and dibasic sodium phosphate were purchased from Fisher 

Scientific (Hampton, NH) and the sodium hydroxide (NaOH) was purchased from 

Macron Fine Chemicals (Center Valley, PA).  

 5.2.2 Solution preparation for NMR measurements  Solutions for NMR resonance 

assignment and exchange experiments were composed of 85% H2O/15% acetone-d6 at 
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pH 3.65 and were recorded at -14.5 C.
27-31

  All pH measurements were performed at 

room temperature using a double-junction Ag/AgCl micro-pH electrode (Thermo 

Scientific, Beverly, MA) prior to the addition of acetone-d6. The pH optima for NMR 

detection of the amine protons of GlcN and GlcN3S were determined through pH 

titrations performed under an N2 atmosphere in our attempt to avoid catalyzed exchange 

from dissolved carbon dioxide (CO2).
2,27

 Solutions were prepared using HPLC-grade 

water that had been boiled and then bubbled with N2 to remove dissolved CO2. These 

experiments were performed prior to our studies in section 3.3.7 which noted 

contamination of the N2 by CO2. The potential impact of dissolved CO2 on these 

measurements is discussed in section 5.3.3. 

 The pKa values of the amine group of the GlcN and GlcN3S monosaccharides 

were determined by 
1
H NMR by following the chemical shift of the carbon-bound H2 

proton as a function of pH. Monosaccharide solutions (10 mM) in 90% H2O/10% D2O 

solution containing 10 mM phosphate buffer and 1 mM DSS were titrated from pH 3.07 

to pH 10.50 (GlcN) or from pH 3.01 to pH 10.42 (GlcN3S) using HCl and NaOH 

dissolved in of 90% H2O/10% D2O. NMR measurements were performed at 25 C. 

 5.2.3 NMR experimental parameters. One-dimensional 
1
H NMR spectra were 

obtained for each of the GlcN and GlcN3S samples at a temperature of -14.5 C on a 

Bruker Avance 600 MHz spectrometer operating at 599.58 MHz using excitation 

sculpting for solvent suppression (“zgesgp”).
32

 A total of 32 scans for GlcN and 128 

scans for GlcN3S were coadded into 32768 complex points. A spectral window of 8389 

Hz and relaxation delay of 2.0 s were used with a 90 pulse of 8.5 s at a power level of -
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5.00 dB. Spectra were zero-filled using 32768 points and line-broadening of 0.30 Hz. For 

solutions containing acetone-d6, spectra were referenced to the residual 
1
H acetone-d6 

signal at 2.204 ppm. For solutions containing DSS, spectra were referenced to the 

residual 
1
H signal set to 0.00 ppm. Resonances were assigned using double quantum 

filtered (DQF)-COSY spectra.  

 DQF-COSY spectra were measured using excitation sculpting solvent suppression 

(Bruker pulse program “cosyfesgpph”) for 10 mM GlcN and 10 mM GlcN3S in 85% 

H2O/15% acetone-d6 at pH 4.02 and -14.5 C. Spectra were acquired using States-TPPI 

with 64 scans coadded into 2048 complex points in F2 with 192 increments in F1. A 

spectral window of 7183 Hz was used in both F2 and F1 dimensions. A relaxation delay 

of 2.0 s was used with a 90 pulse of 8.72 s for GlcN and 8.93 s for GlcN3S at a power 

level of -5.00 dB. Spectra were zero filled to 4096 points in F1 and 512 points in F2 and 

were apodized using a cosine squared function. 

 Two-dimensional [
1
H, 

15
N] HSQC experiments were measured at pH 3.65 using 

echo-antiecho phase cycling. Spectra were acquired into 4096 complex points. For GlcN 

240 scans were coadded in F1 over 128 scans in F2 while for GlcN3S 384 coadded scans 

in F2 were collected over 144 scans. A spectral window of 6887 Hz was used in the 
1
H 

dimension and 2430 Hz was used in the 
15

N dimension with the 
15

N frequency set to 35 

ppm. A value of 90 Hz was used for JHN with a relaxation delay of 2.0 s. Spectra were 

zero-filled using 8192 points in F2 and 256 points in F1 and apodized in each dimension 

using a cosine squared function with 0.50 Hz line broadening in F2 and 0.30 Hz line 

broadening in F1.  
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One-dimensional 
1
H NMR spectra were measured as a function of temperature 

using excitation sculpting solvent suppression for GlcN and GlcN3S samples at pH 3.65. 

Temperature coefficients were calculated by taking the absolute value of the best fit line 

obtained by plotting chemical shift as a function of temperature.
25,29,31,33

  The resonances 

were fit to a Lorentzian function in Mathematica to extract the widths at half-height (1/2) 

which were plotted as a function of temperature and fit to the Eyring-Polanyi equation 

(Eq. 1.5) to determine the energetic barrier to solvent exchange, G
‡
.
25,34,35

 

 The rates of chemical exchange of the amine protons with water were measured 

by exchange spectroscopy (EXSY) using the NOESY pulse sequence incorporating 

excitation sculpting solvent suppression.  All spectra were recorded at a temperature of -

14.5 C. A total of nine EXSY spectra were recorded for each sample using mixing times 

that ranged from 0 to 24 ms in 3 ms intervals.
27,30

 Spectra were recorded with 2048 

complex points using 128 experiments, each with 32 coadded scans using States-TPPI. A 

spectral window of 7184 Hz was used in both F1 and F2 with a 1.5 s relaxation delay. A 

power level of -5.00 dB was used with 90º pulses (pulse widths 8.85 - 9.05 s). EXSY 

spectra were processed using 16384 complex points in F2 and 4096 complex points in F1 

and apodized using a cosine squared function in both dimensions. Amine and hydroxyl 

proton cross peaks were integrated using the Topspin 3.1 software. Cross peak volumes 

were normalized to the corresponding diagonal peak volume and plotted as a function of 

mixing time. EXSY build-up curves were fit using Mathematica.
27,36 
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5.3 Results and discussion 

The structures of the GlcN and GlcN3S monosaccharides are given in Figure 5.1. 

In aqueous solution, glucosamine exists as an equilibrium mixture of - and -anomers.  

Because the rate of mutarotation is slow on the NMR timescale, the spectrum contains 

the resonances of both anomeric species.  

The glucosamine amine and hydroxyl protons are also involved an equilibrium in 

which they exchange with the solvent water as indicated by the chemical reaction listed 

below, using the amine protons as an example: 

RNH3
+
 + HOH* ⇌  RNH*H2

+
 + HOH 

where the asterisk denotes a proton that exchanges between water and the glucosamine 

amine group during the time in which the FID is acquired.  The rate of the chemical 

exchange reaction is pH dependent as indicated by Eq. 5.1. 

   koverall = kH+ х [H
+
] + kOH- х [OH

-
]                 (Eq. 5.1) 

The solvent exchange reaction is both acid and base catalyzed. Therefore in very acidic 

or basic solution the rate of the exchange reaction will be fast on the NMR timescale and 

the resonance of the amine protons will not be observed in the NMR spectrum. Because 

the rate constants for the acid (kH+) and base (kOH-) catalyzed terms are not equal, the 

minimum in the exchange rate (indicated by koverall) typically does not occur at neutral 

pH. For example, the exchange rate is minimized for amide protons around pH 3 – 

4,
19,20,21

 and for the sulfamate protons the exchange minimum occurs in slightly basic 

solution, around pH 8.
22
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Figure 5.1.  The structures of the - and -anomers of (A) GlcNS and (B) GlcN3S. 
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5.3.1. Detection and identification of the GlcN and GlcN3S amine protons. To 

identify the solution conditions conducive for detection of the resonances of the 

glucosamine amine protons, NMR spectra were recorded at -14.5 ºC  in 85% H2O/15% 

acetone-d6, conditions used previously to characterize sugar hydroxyl proton resonances, 

which also undergo solvent exchange with water.
27,29

 Upon dissolution at room 

temperature, glucosamine gives rise to a solution at pH 5.30. Though the -anomeric 

hydroxyl (OH1) resonance is visible as a broad peak at 7.47 ppm in Figure 5.2A, at pH 

5.30 the sharper resonances of the other hydroxyl resonances of the GlcN -and -

anomers are observed between 5.8 and 7.1 ppm. In addition, the hemiacetal resonance of 

acetone (marked with an asterisk) appears at 6.94 ppm. As the pH is lowered, most of the 

OH resonances broaden until they are no longer detected. Conversely, the amine 

resonances of the GlcN -and -anomers sharpen as the solution pH (measured at room 

temperature) is lowered to 3.65, behavior mirrored by the OH1 resonance of the -

anomer. A similar trend is observed for the GlcN3S amine and OH protons (Figure 5.2B). 

The amine and -OH1 proton resonances were identified using the DQF-COSY spectra 

(Figure 5.3). 

The regions of the one-dimensional 
1
H NMR spectra containing the amine 

resonances of GlcN and GlcN3S are compared in Figures 5.4A and 5.4B, respectively. 

The presence of the 3-O-sulfate group in GlcN3S produces a slight upfield shift of the 

amine resonances of both anomers. Notably, the -OH1 resonances of GlcN and GlcN3S 

are also observed at pH 3.65 (Figure 5.4). In Chapters 3 and 4, more basic solution 

conditions were used to minimize the solvent exchange of the hydroxyl protons of N-  
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Figure 5.2.  Results of the pH titration of (A) GlcN and (B) GlcN3S to determine the 

optimum pH for amine proton detection by NMR.  Though the spectra were measured at -

14.5 ºC in 85% H2O/15% acetone-d6, the solution pH values were recorded at room 

temperature prior to the addition of acetone. The resonance of the hemiacetal form of 

acetone at 6.94 ppm is indicated by an asterisk.  
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Figure 5.3. Double-quantum filtered COSY spectra of (A) GlcN and (B) GlcN3S in 85% 

H2O/15% acetone-d6 at pH 4.02 and -14.5 C. The assignments of the amine and OH1 

resonances are indicated on the contour plots. The crosspeak indicated with an asterisk is 

an artifact at the chemical shift of water. 
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Figure 5.4.  Expansions of the one-dimensional 
1
H NMR spectra of (A) GlcN and (B) 

GlcN3S measured in 85% H2O/15% acetone-d6 at -14.5 C. The [
1
H,

15
N] HSQC spectra 

of (C) GlcN and (D) GlcN3S show the one-bond 
1
H-

15
N correlations of the - and -

anomer amine groups. Since it is not coupled to a nitrogen atom, no HSQC correlation is 

expected for the -OH1 proton. 
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sulfated heparin oligosaccharides.
27

 The stabilization of the GlcN and GlcN3S -OH1 

resonances at low pH reflects a decrease in the rate of the acid catalyzed exchange term 

in Eq. 5.1, which may arise due to charge repulsion of H
+ 

by the adjacent positively 

charged amine group. Supporting this hypothesis, the resonance of the -OH1 is not 

observed at this pH, similar to the other GlcN and GlcN3S hydroxyl protons, likely 

because in the chair conformation the -OH1 is in the equatorial position pointing away 

from the amine. Although the absolute pH minimum for the amine protons is not 3.65, 

this pH was chosen because it falls within the range of pH 3.20 and 4.19 where the amine 

protons appear the sharpest (Figure 5.2). 

 Two-dimensional [
1
H,

15
N] HSQC spectra were measured for GlcN (Figure 5.4C) 

and GlcN3S (Figure 5.4D) with the 
1
H and 

15
N chemical shifts summarized in Table 5.1. 

The [
1
H,

15
N] HSQC experiment detects correlations between 

1
H and 

15
N nuclei coupled 

through one bond, and therefore no peak is expected for the -OH1 proton because it 

does not have a 
1
H-

15
N bond. The presence of the 3-O-sulfate group produces a 2 ppm 

downfield shift in the
15

N frequency. The 
15

N chemical shifts of the -GlcN (34.4 ppm) 

and -GlcN3S (36.2 ppm) are also consistently downfield of the corresponding -GlcN 

(32.9 ppm) and -GlcN3S (34.5 ppm) due to deshielding by nearby OH1 oxygen in the 

-anomer. Overall, the 
15

N chemical shifts determined are slightly downfield of the 

values previously reported using HMBC, most likely due to temperature differences 

between the two sets of measurements.
26

 Detection by HSQC through one-bond 
1
H-

15
N 

couplings is much more sensitive than indirect detection by HMBC through long-range 

couplings. The sensitivity improvement resulting from HSQC detection, especially when  
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Table 5.1. The 
1
H and 

15
N chemical shifts and pKa values of - and -anomers of the 

GlcN and GlcN3S amine moieties. The 
15

N chemical shifts were measured -14.5 C in 

85% H2O/15% acetone-d6 at a room temperature pH of 3.65. The pKa values were 

measured at 25 C in a 90% H2O/10% D2O solution containing 10 mM phosphate buffer 

and 1 mM DSS. 

 

Saccharide Group 
1
H Chemical 

Shift (ppm) 

15
N Chemical 

Shift (ppm) 
pKa 

GlcN 
-NH3

+
 8.31 34.4 7.84 

-NH3
+
 8.44 32.9 7.44 

GlcN3S 
-NH3

+
 8.28 36.2 7.40 

-NH3
+
 8.39 34.5 7.16 
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coupled with higher field and/or cryoprobe equipped magnets, should make it feasible to 

use this approach to characterize the amine groups of heparin and heparan sulfate 

oligosaccharides, which are typically available in very limited quantities. 

 5.3.2. Chemical exchange properties of the GlcN and GlcN3S amine protons. The 

observation of an intramolecular hydrogen bond between the 3,6-O-sulfo-N-

sulfoglucosamine (GlcNS3S6S) sulfamate NH and the adjacent 3-O-sulfate group in the 

Arixtra pentasaccharide
25

 raises the possibility that that the amine protons of GlcN and 

GlcN3S may also participate in hydrogen bonds or that the GlcN3S amine group could 

form a salt bridge with the adjacent 3-O-sulfate group. With the ability to detect the 

amine protons by NMR, we can probe for hydrogen bonds or salt bridge interactions 

through measurements of temperature coefficients,
 
energy barriers for solvent exchange 

(G
‡
), and solvent exchange rates determined using EXSY. The values determined in this 

study are summarized in Table 5.2.  

The effects of temperature on the amine and -OH1 resonances can be observed 

in the spectra shown in Figure 5.5 for GlcN3S. As the temperature is increased from -

15.3 C to 6.8 C, the - and -amine and -OH1 protons experience a linear upfield 

shift and broaden.  Temperature coefficients were calculated from the absolute value of 

the slope of the lines obtained by plotting chemical shift as a function of temperature 

(Figure 5.6). The GlcN -amine protons have a slightly larger temperature coefficient 

(4.49 ppb/K) compared with that of the -anomer (4.14 ppb/K). A similar trend is 

observed for GlcN3S with the temperature coefficient of the -amine protons (3.60 

ppb/K) larger than the -anomer (2.99 ppb/K).  The temperature coefficients of the -  
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Table 5.2. The temperature coefficients, G
‡
 values and solvent exchange rate constants 

determined for the amine and -OH1 protons of GlcN and GlcN3S.  

Saccharide 
Group 

Temperature 

Coefficient (ppb/K) 
G

‡
 

(kcal/mol) 

Solvent Exchange 

Rate Constants (s
-1

) 

GlcN 

-NH3
+
 4.14 14.0 4.27 

-NH3
+
 4.49 13.7 11.3 

-OH1 4.39 14.8 9.84 

GlcN3S 

-NH3
+
 2.99 13.6 22.2 

-NH3
+
 3.60 13.3 37.3 

-OH1 4.07 14.6 11.5 
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Figure 5.5. Increasing temperature causes the - and -NH3
+
 and -OH1 resonances of 

GlcN3S to shift linearly upfield and broaden as the rate of solvent exchange increases.  
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Figure 5.6. The temperature coefficient plots for the amine and -OH1 proton of (A) 

GlcN and (B) GlcN3S. 
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OH1 resonances of GlcN (4.39 ppb/K) is slightly larger than that of GlcN3S (4.07 

ppb/K), similar to the trend observed in the amine protons of GlcN and GlcN3S.  Though 

amide proton temperature coefficients are a well-established qualitative indicator of 

hydrogen bonding peptides and proteins,
37-40

 because this is the first NMR study of amine 

groups in sugars, an extensive literature is not available to provide a basis of comparison. 

The GlcN3S amine temperature coefficients are somewhat lower than those reported in 

our prior study of the sulfamate protons of GlcNS or 6-O-sulfo-N-sulfoglucosamine 

(GlcNS6S), which ranged from 3.8 to 7.4 ppb/K, but higher than the 1.0 ppb/K of the 

GlcNS3S6S sulfamate proton involved in a hydrogen bond to the adjacent 3-O-sulfate 

group.
25

 The temperature coefficients of the GlcN and GlcN3S -OH1 protons are in 

general lower than the values reported for the Arixtra hydroxyl protons at pH 8.1 (section 

3.3.5). 

Though temperature coefficients do not provide a direct indication of hydrogen 

bonding, they can be used to support insights provided through other means, including 

the results of lineshape analysis. As observed in Figure 5.4, as the temperature is raised 

resonances broaden due to an increase in the solvent exchange rate.  Resonance 

linewidths were plotted as a function of temperature and the value of the energetic barrier 

for solvent exchange, G
‡
, calculated by fitting the results for GlcN (Figure 5.7) and 

GlcN3S (Figure 5.8) to the Eyring-Polanyi equation:  

 𝑘 =  
𝑘𝐵𝑇

ℎ
𝑒−

𝐺‡

𝑅𝑇            (Eq. 5.2) 

where k is the peak width at half height, kB is the Boltzmann constant, h is Planck’s 

constant, G
‡
 is Gibbs energy of activation, and T is temperature in Kelvin.

25,34-36,41
 The  
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Figure 5.7. The linewidths of GlcN (A) -NH3
+
, (B) -NH3

+
, and -OH1 protons plotted 

as a function of temperature (shown as blue points). The fits to the Eyring-Polyani 

equation (smooth red line) are shown overlapped with the data. 
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Figure 5.8. The linewidths of GlcN3S (A) -NH3
+
, (B) -NH3

+
, and -OH1 protons 

plotted as a function of temperature (shown as blue points). The fits to the Eyring-Polyani 

equation (smooth red line) are shown overlapped with the data. 
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G
‡
 values summarized in Table 5.2 correlate well with the temperature coefficients. The 

-amine protons have the lowest energy barriers for solvent exchange in GlcN (13.7 

kcal/mol) and GlcN3S (13.3 kcal/mol) consistent with their larger temperature 

coefficients and their equatorial orientation.  The G
‡
 values of the -anomer amine 

protons in GlcN (14.0 kcal/mol) and GlcN3S (13.6 kcal/mol) are similar and slightly 

higher than the corresponding values for the -anomer. The differences in the G
‡
 values 

between the - and -anomer pairs likely are attributable to the greater steric hindrance 

caused by the axial OH1 in the -anomer and are far below the 2-3 kcal/mol expected for 

a hydrogen bond or salt bridge. They are also lower than the barriers measured for 

solvent exchange for the sulfamate protons of - and -GlcNS (15.6 and 15.1 kcal/mol, 

respectively), consistent with the observation of the sulfamate proton resonances at 

temperatures well above 0 C.
25

 The G
‡
 values of the -OH1 of GlcN (14.6 kcal/mol) 

and GlcN3S (14.8 kcal/mol) are similar.  

 A direct method for measuring solvent exchange is through EXSY 

experiments.
42,43

 As illustrated for GlcN3S in Figure 5.9, in EXSY the increase in the 

normalized intensity of the solvent exchange cross peaks is measured as a function of the 

mixing time. The EXSY build-up curves for GlcN (Figure 5.10A) and GlcN3S (Figure 

5.10B) provide additional direct evidence for the slower exchange of the -amine 

protons. The solvent exchange rates extracted from these build-up curves are summarized 

in Table 5.2.  The solvent exchange rates of the -OH1 protons in GlcN and GlcN3S are 

similar, consistent with their similar G
‡ 

values. For both GlcN and GlcN3S, the  
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Figure 5.9.  EXSY spectra for GlcN3S showing the buildup of the solvent exchange 

cross peak intensities of the - and -NH3
+
 and -OH1 protons at mixing times of (A) 9 

ms, (B) 12 ms, (C) 15 ms, (D) 18 ms, (E) 21 ms, and (F) 24 ms. The assignments are 

indicated for each water-exchange cross peak in (F). 
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Figure 5.10.  The EXSY build up curves for solvent exchange of the amine and -OH1 

protons of (A) GlcN and (B) GlcN3S.  In both GlcN and GlcN3S, the -NH3
+
 protons 

exchange more slowly than those of the -anomer.  
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exchange rates of the -amine protons is less than that of the corresponding -anomer. 

Comparison of the complete set of results obtained for GlcN and GlcN3S suggests that 

introduction of the 3-O-sulfate moiety actually lowers the energetic barrier to solvent 

exchange (G
‡
) while increasing the exchange rate of the amine protons. If the GlcN3S 

amine participated in a hydrogen bond or salt bridge with the adjacent 3-O-sulfate group, 

we would expect to observe a slower exchange rate and a higher barrier to solvent 

exchange than observed for GlcN.  

 5.3.3 Effects of dissolved CO2 on measurements of GlcN and GlcN3S amine 

proton exchange. Like the sulfamate protons, which were detected in the presence of 

phosphate buffer, the amine protons appear to be less sensitive to buffer-catalyzed 

exchange than the hydroxyl protons. This can be attributed to the lower pH optimum (pH 

3-4) for detection of the amine resonances which gives rise to a more stable pH, and to 

the ability of glucosamine to self-buffer in this pH range. In addition, the solubility of 

CO2 is less at low pH than in slightly basic solution. Therefore, compared with the 

measurements performed with Arixtra in section 3.3.6, we expect less contamination 

from CO2 in solutions in the pH range 3-4. Finally, it is also possible that H2CO3 is less 

effective than HCO3
-
 in catalyzing proton exchange because its proton acceptor sites are 

saturated. As a result of these considerations, we are not concerned that CO2 

contamination was a complicating factor in this initial study, however in future studies, 

this problem should be avoided by scrubbing the N2 to remove CO2 prior to use. 

5.3.4  Comparison of pKa values for the GlcN and GlcN3S amine groups. It is 

possible that salt bridge between the positively charged amine group and the adjacent 
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negatively charged 3-O-sulfate group of a GlcN3S residue helps to stabilize heparan 

sulfate secondary structure and prepare for protein-binding. Salt bridges in proteins are 

typically detected by measuring the pKa values of the carboxylate and amine groups by 

NMR.
44-46

 Salt bridge formation stabilizes the ionic species involved, decreasing the 

carboxylate pKa and increasing the pKa of the protonated amine.
44-46

 Comparison of the 

pKa values of the amine groups of GlcN and GlcN3S should reflect the formation of a 

salt bridge if one were present. Because of the effect of the amine group protonation state 

on nearby carbon-bound protons, direct observation of the amine protons is not required 

for the pKa determination and the NMR titration can be performed in 90% H2O/10% D2O 

at room temperature. Figure 5.11 shows the region of the 
1
H NMR spectra of GlcN and 

GlcN3S containing the carbon-bound H2 protons which experience the greatest chemical 

shift change over the course of the titration. Note that a unique advantage of NMR is the 

ability to simultaneously determine the pKa values of both anomeric species. The pKa 

values of GlcN and GlcN3S were determined by plotting the chemical shifts of the 

carbon-bound H2 protons (obs) as a function of pH and fitting the results in Mathematica 

according to Eq. 5.3:
36

 

obs =  U +   
P+ U

1 + 10𝑛(pKa−pH)                                 (Eq. 5.3) 

where U is the chemical shift of the neutral, unprotonated amine, P is the chemical shift 

of the positively charged, protonated amine, and n is Hill’s coefficient (which should be 1 

in this case).
47,48

 The pKa values of the GlcN - (7.84) and -amine (7.44) are larger than 

the values determined for corresponding GlcN3S - (7.40) and -amine (7.16) groups. 

These values indicate that the GlcN3S amine group does not participate in a salt bridge  
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Figure 5.11.  
1
H NMR spectra of (A) GlcN and (B) GlcN3S showing the effect of pH on 

the the - and -anomer H2 resonance. Chemical shifts extracted from these spectra were 

plotted as a function of pH and fit using Eq. 5.3 to calculate pKa. 
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with the adjacent 3-O-sulfate group, as a salt bridge would be expected to increase the 

amine group pKa. 

5.4 Conclusions 

 This work presents for the first time the direct NMR detection of the amine 

protons of the heparan sulfate related glucosamine monosaccharides GlcN and GlcN3S. 

The ability to detect the sugar amine protons opens the door for measurement of 
15

N 

chemical shifts by [
1
H,

15
N] HSQC experiments. A detailed characterization of the 

exchange properties of the amine protons is now possible by evaluation of temperature 

coefficients, measurements of the energy barrier to solvent exchange, and determination 

of solvent exchange rates, which taken altogether can reflect the participation of the 

amine protons in a hydrogen bond or salt bridge. The presence of a salt bridge can be 

further evaluated through NMR pH titrations to determine the amine group pKa. Though 

no evidence was obtained to support the presence of a hydrogen bond or salt bridge in 

these simple monosaccharides, the approach demonstrated in this work paves the way for 

future studies of the amine groups in larger isolated or synthetic heparan sulfate 

oligosaccharides that might favor their formation.  
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CHAPTER SIX 

Evaluation of Oligosaccharide Hydroxyl Proton Transverse Relaxation Rates (R2)  

 

Abstract: NMR detection of intramolecular hydrogen bonding in aqueous solutions of 

carbohydrates is of considerable current interest as it has the potential to provide insights 

into polysaccharide secondary structure and dynamics. Various NMR measurements can 

be used to probe for intramolecular hydrogen bonds involving carbohydrate exchangeable 

protons. These approaches include indirect methods such as the measurement of 

temperature coefficients, analysis of differences in monosaccharide and oligosaccharide 

chemical shifts, and determination of the activation barriers for solvent exchange through 

lineshape analysis. Perhaps the most compelling evidence for the involvement of an 

exchangeable proton in an intramolecular hydrogen bond is provided by a reduced rate of 

solvent exchange, which can be directly assessed using exchange spectroscopy (EXSY). 

This Chapter evaluates the use of transverse relaxation rates (R2) measured for the 

exchangeable protons of glucosamine (GlcN), 3-O-sulfoglucosamine (GlcN3S), and 

Arixtra as a complementary approach to investigate hydroxyl proton exchange rates. The 

CPMG pulse sequence used to measure R2 values effectively removes the contribution of 

radiation damping to transverse relaxation. We were encouraged that plots of R2 vs 

EXSY exchange rates gave a linear correlation for the GlcN and GlcN3S hydroxyl 

protons, however, plots for the Arixtra hydroxyl protons provided poorer correlations. 

The results obtained for Arixtra suggest that for longer oligosaccharides other factors can 

influence relaxation rates, such as molecular motion and conformational flexibility. 
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Because NMR measurements of the Arixtra hydroxyl protons are carried out in slightly 

basic solution, catalysis of exchange by bicarbonate may also contribute to differences in 

the solvent exchange and transverse relaxation rates. Therefore, EXSY exchange rates, as 

used in Chapters 3 and 4, are a more robust indicator of hydrogen bonding and caution 

should be used in attributing differences in hydroxyl proton transverse relaxation rates 

and resonance linewidths to hydrogen bonding.  

 

6.1 Introduction 

Heparin is known to mediate a variety of important biological processes through 

binding to over 400 different proteins.
1-3

 Although many of the mechanisms of specific 

heparin-protein interactions are not yet understood at the molecular level, heparin’s 

anticoagulant activity has been studied extensively.
4-7

 A specific pentasaccharide 

sequence, found in only one of every three heparin chains, contains the minimum 

structural requirements for high affinity binding to the protease inhibitor antithrombin-III 

(AT-III).
8,9

 In particular, the internal N-,3,6-O-sulfated glucosamine (GlcNS3S6S) 

residue contains a critical 3-O-sulfate group that increases the affinity of the 

pentasaccharide for AT-III 1000-fold.
10

 The flexibility of the 2-O-sulfated IdoA 

(IdoA2S) residue is also important for AT-III binding.
11,12

 A synthetic ultralow molecular 

weight heparin drug, fondaparinux sodium, based on this pentasaccharide structural motif 

is marketed for pharmaceutical use under the trade name Arixtra.
13

 

Though methods for elucidation of the primary structure of oligosaccharides, such 

as those derived from heparin, are well-established
14,15

 fewer studies probe secondary 
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structure. Intramolecular hydrogen bonds involving the exchangeable protons of heparin 

may help stabilize a particular conformation locally within a specific structural motif.
16,17

 

The methods for characterizing hydrogen bonding in oligosaccharides are similar to the 

well-established methods for peptides and proteins developed over several decades of 

study.
18-21

 Temperature coefficients and chemical shift differences have been used as 

indicators of hydrogen bonds in various carbohydrates.
22-25

 Differences in the energetic 

barriers for chemical exchange (G
‡
) were used to identify a hydrogen bond in Arixtra 

involving the GlcNS3S6S sulfamate (NHSO3
-
) proton and the adjacent 3-O-sulfo group.

16
  

Analysis of the G
‡
 values for Arixtra’s hydroxyl protons proved less fruitful most likely 

because resonance overlap and the lack of observable J-couplings prevented accurate 

measurements. As described in Chapters 3 and 4, two-dimensional exchange 

spectroscopy (EXSY) measurements of relative rates of solvent exchange provide direct 

approach to investigate hydroxyl proton hydrogen bonding,
17,25-27

 and we utilized these 

rates to discover a persistent hydrogen bond involving the GlcA(II)OH3 of Arixtra.
17

 

Noting that differences in hydroxyl proton resonance line widths roughly correlate with 

their EXSY exchange rates prompted us to question whether transverse relaxation rates 

(R2) might provide a simpler and faster means to identify hydroxyl proton hydrogen 

bonds.   

The T2 relaxation time of water depend on chemical exchange with the 

exchangeable protons of carbohydrates, polymers, and solutions such as methanol and 

glycerol.
28-35

 Fabri et al. studied T2 relaxation times in sugar solutions as well as aqueous 

solutions of glycol and glycerol and determined that the T2 relaxation of the water 
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changes as a function of the percent exchangeable protons.
32

 Calucci et al. utilized spin-

spin relaxation times to provide insight into the hydration mechanism of 

poly(amidoamine) hydrogels.
33

 To our knowledge, direct measurements of the T2 

relaxation times of individual hydroxyl protons of heparin oligosaccharides have not been 

used to investigate their solvent exchange rates. Although radiation damping needed to be 

accounted for in the hydroxyl proton EXSY exchange rate constant calculations,
17 

Mao et 

al. demonstrated that the Carr-Purcell-Meiboom-Gill (CPMG)
36,37

 pulse sequence 

effectively removes radiation damping from the measurement of the T2 relaxation times 

in a solution of acetone-d6 in 80% (v/v) benzene.
38

  

In this Chapter the hydroxyl proton R2 values for the D-glucosamine (GlcN) and 

3-O-sulfated D-glucosamine (GlcN3S) monosaccharides, and Arixtra are compared to the 

solvent exchange rates (kex) measured using EXSY. The effect of radiation damping on 

transverse relaxation rates is also explored in this using various mixtures of H2O/D2O. 

 

6.2 Methods and Materials 

 6.2.1 Materials and reagents. Monosaccharides GlcN and GlcN3S were purchased 

from Sigma-Aldrich (Saint Louis, MO). Arixtra (fondaparinux sodium), formulated as 

prefilled syringes for clinical use, was obtained from the University of Pharmacy and 

Department of Pharmacy Administration of Semmelweis University (Budapest, 

Hungary). Arixtra was desalted, freeze-dried, and stored at -20 C between 

measurements. Acetone-d6 (99.9% D) and deuterium oxide (99.9% D) were purchased 

from Cambridge Isotope Laboratories. Sodium chloride (NaCl) and sodium bicarbonate 
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(NaHCO3) were purchased from Fisher Scientific (Pittsburgh, PA). High-performance-

liquid-chromatography (HPLC) grade water was obtained from Burdick and Jackson 

(Muskegon, MI). Ultrapure Millipore water with resistivity of 18.2 M•cm was obtained 

using a Millipore Simplicity UV Water Purification System (Billerica, MA). The pH 

meter was calibrated with buffers of 4.00, 7.00, and 10.00 purchased from Fisher 

Scientific. The pH was adjusted using hydrochloric acid (HCl) purchased from Fisher 

Scientific and sodium hydroxide (NaOH) purchased from Macron Fine Chemicals 

(Center Valley, PA). 

 6.2.2 Hydroxyl proton detection and identification.  Solutions of 10 mM GlcN 

and 3 mM GlcN3S containing 0.15 M NaCl were prepared in a CO2 free environment 

using HPLC-grade water which had been boiled to remove dissolved CO2. A pH titration 

was performed to determine the pH optimum for GlcN and GlcN3S hydroxyl protons. 

Arixtra solution preparation is described in detail Chapter 3. Five separate solutions of 1 

mM Arixtra at pH 7.67, 7.95, 8.10, 8.37, and 8.50 (referred to Arixtra solutions 1, 2, 3, 4, 

and 5, respectively) were prepared with HPLC-grade water. A solution of 1 mM Arixtra 

at pH 8.28 was prepared open to the atmosphere using Millipore water and then titrated 

with 0.59 mM NaHCO3. Measurements were performed on this solution before and after 

the addition of bicarbonate. All solutions were composed of 85% H2O/15% acetone-d6 

and pH adjustments made using CO2 free 0.1 M HCl and 0.1 M NaOH prior to the 

addition of acetone-d6
17

 using a Fisher Scientific AB15 pH meter with a double-junction 

Ag/AgCl micro-pH electrode (Thermo Scientific, Beverly, MA).   
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 One-dimensional 
1
H NMR spectra were recorded using a Bruker 600 MHz 

Avance spectrometer equipped with a triple gradient inverse probe operating at 599.58 

MHz using a 600 L sample in 5 mm NMR tubes. The temperature of the NMR probe 

was set to -14.5 C, measured using an external methanol standard.
39

 Chemical shifts 

were referenced to the residual 
1
H resonance of acetone-d6 at 2.204 ppm. 

 GlcN and GlcN3S hydroxyl protons resonances were assigned using two-

dimensional COSY spectra with excitation sculpting solvent suppression. Double-

quantum filtered (DQF-) COSY spectra were acquired in States-TPPI with 2048 complex 

points in t2 with 64 scans coadded at each of 192 t1 increments for both GlcN and 

GlcN3S. A spectral window of 7200 Hz was used in both dimensions.  A 2.0 s relaxation 

delay was used.  The spectra were zero filled to 4096 x 512 data points.   

  6.2.3 NMR measurements of hydroxyl proton transverse relaxation rates.  To 

determine the effects of radiation damping on the values of R2 measured using the CPMG 

pulse sequence, water transverse relaxation rates were measured in solutions containing 

5%, 15%, 25%, 35%, 45%, 55%, 65%, 75%, and 85% H2O in D2O. Measurements were 

performed at 25 C with 1 mM DSS-d6 the chemical shift reference using the CPMG 

pulse sequence (Bruker pulse program cpmg), which consists of a 90 pulse followed by 

a spin-echo pulse train: 90-(tD-180-tD)n (Chapter 1, Figure 1.11D). Delay times (tD) of 

0.3, 0.5, and 1.0 ms were used with values of n ranging from 2 to 10000 m, as listed in 

Table 6.1.  The relaxation delay was 10.0 s and 8 scans were coadded. A 7.60 s 90 

pulse was used at a power level of -5 dB. The spectral window was 7000 Hz and spectra 

were recorded using 32768 complex points.  
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Table 6.1. The number of spin echo pulse trains (n) looped per CPMG cycle for each 

delay time (tD) for all H2O/D2O solutions.  

Delay time (tD) 0.3 ms 0.5 ms 1.0 ms 

Spin echo pulse 

train (n) 

2 2 20 

20 20 80 

40 40 100 

60 60 150 

80 80 200 

100 100 250 

150 150 350 

200 200 500 

250 250 700 

350 350 850 

500 500 1000 

700 700 1200 

850 850 1500 

1000 1000 1700 

1200 1200 2000 

1500 1500 2500 

1700 1700 3000 

2000 2000 4000 

2500 2500 5000 

3000 3000 6000 

4000 4000 7000 

5000 5000 8000 

 6000 9000 

  10000 
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Spectra were processed using Topspin 3.1 as a pseudo two-dimensional 

experiment and zero-filled with 32768 points in t2. The free induction decays (FIDs) 

were apodized by multiplication with an exponential function equivalent to 0.3 Hz line 

broadening prior to Fourier transformation. The water resonance was integrated, plotted 

as a function of the length of the CPMG pulse train, t, (where t  = 2ntD) and the resulting 

decays fit using Mathematica
40

 to the following equation: 

𝑀𝑡 = 𝑀0𝑒−𝑡/𝑇2                         (Eq. 6.1) 

where Mt is the net magnetization magnitude at time t and M0 is the initial net 

magnetization (Chapter 1, Eq. 1.3). 

The transverse relaxation rates of the GlcN, GlcN3S, and Arixtra hydroxyl 

protons were determined using a CPMG pulse sequence with excitation sculpting solvent 

suppression obtained from Hoffmann et al.
41

 Spectra were recorded using 32768 complex 

points in t2 with a spectral window of 7000 Hz. A total of 34 experiments were obtained 

for each solution by coadding 16 scans for GlcN and 64 scans for both GlcN3S and 

Arixtra over values of n ranging from 2 to 500 (Table 6.2). A CPMG spin-echo tD delay 

of 0.30 ms was used with a relaxation delay of 10.0 s. The 90 pulses were calibrated at a 

power level of -5 dB as 9.0 s  for GlcN and GlcN3S and  8.6 s for Arixtra.  

Spectra were processed as a pseudo two-dimensional experiment, with zero-filling 

to 32768 points. Individual spectra were extracted and the hydroxyl proton resonance 

integrals measured using TopSpin 3.1. Integrals for each hydroxyl proton were plotted as 

a function of CPMG pulse train length, t, and the resulting plots were fit to Eq. 6.1 using 

Mathematica.
40 
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Table 6.2. The number of spin echo pulse trains (n) looped per CPMG cycle for the 

hydroxyl protons of each solution with a delay time (tD) of 0.3 ms. 

Spin echo pulse 

train (n) 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

22 

24 

26 

28 

30 

36 

40 

46 

50 

56 

60 

70 

80 

90 

100 

130 

150 

180 

200 

250 

300 

350 

400 

500 

 

 

 



227 
 

6.2.4 NMR measurements of hydroxyl proton solvent exchange rates. EXSY 

spectra for GlcN and GlcN3S hydroxyl protons were acquired using the Bruker NOESY 

pulse program “noesyesgpph” using excitation-sculpting solvent suppression and mixing 

times ranging from 0 to 24 ms in 3-ms increments.
17

 Spectra were recorded into 2048 

complex points in t2 and coadding 32 scans at each of 128 t1 increments. A relaxation 

delay of 1.5 s and spectral windows of 4440 Hz were used in both and dimensions. For 

each solution, the EXSY experiments were performed immediately following the CPMG 

experiments so that the results would be directly comparable. 

The EXSY spectra were zero-filled using 16384 x 4096 points to obtain more 

accurate volume integrals of the hydroxyl proton cross peaks and apodized using a cosine 

squared function. The cross peak volume integrals were measured using TopSpin 3.1, 

normalized to the diagonal peak of each hydroxyl proton resonance, and plotted as a 

function of mixing time. Initial rate constants were calculated from the EXSY build-up 

curves using modified Bloch equations as described in Chapter 3.
17

 

 

6.3 Results and Discussion 

A convenient and fast one-dimensional NMR method for evaluating differences in 

hydroxyl proton exchange properties would streamline studies of hydrogen bonding in 

oligosaccharides.  Although resonance lineshape analysis of 
1
H NMR spectra measured 

as a function of temperature have been used to identify hydrogen bonds involving amide 

and sulfamate protons by calculating the energy barrier (G
‡
) for chemical exchange,

16,41
 

we found that this method does not work as well for the hydroxyl protons due to peak 
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overlap and the lack of observable J-couplings. In the spectra presented in Chapters 3 and 

4, we observed that the hydroxyl protons within a given oligosaccharide have different 

resonance linewidths, and that these differences in general are consistent with differences 

in the EXSY exchange rates.
17

 In this Chapter we explore quantitatively whether 

exchange contributions to T2 relaxation are reflective of differences in hydroxyl proton 

exchange rates, and therefore a potential predictor of hydrogen bonding.  

 6.3.1 Transverse relaxation rates of H2O/D2O mixtures.  Radiation damping can 

produce significant non-uniform decreases in relaxation times.
42

 Chen and Mao 

demonstrated that when the T1 relaxation rate of water is governed by radiation damping 

it must be included when measuring proton longitudinal relaxation rates.
42

 In EXSY 

measurements of the exchange rates of sugar hydroxyl protons with water, we also 

considered the effects of radiation damping (Chapter 3).
17

 In contrast, for T2 relaxation 

measurements, Mao et al. report that the 180 pulses of the CPMG pulse train remove the 

effects of radiation damping, along with the effects of magnetic field inhomogeneity.
38

  

To experimentally determine the effects of radiation damping on hydroxyl proton 

relaxation rate measurements, R2 (R2 = 1/T2) values for determined for the water 

resonance in solutions with various ratios of H2O/D2O. The measured R2 values plotted 

as a function of the percent H2O for three different CPMG spin-echo delays (tD) are 

shown in Figure 6.1. The transverse relaxation rates measured using the shortest spin-

echo delay time (tD = 0.3 ms) range from 0.111 to 0.198 s
-1

 as the percentage of H2O 

increases. Such a small difference in R2 between solutions could be attributed to the 

difference in the dipole-dipole interactions between H2O and D2O.
43

 At any given  
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Figure 6.1. The water transverse relaxation rates (R2) determined for various 

combinations of H2O in D2O using the CPMG pulse sequence. CPMG spin-echo delays 

(tD) of 1.0 ms, 0.5 ms, and 0.3 ms were used to measure the correlation between R2 

values and the concentration of H2O.  
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percentage of water the three different CPMG spin-echo delays produced different values 

of the water R2 (Figure 6.1). In addition, a greater deviation of the R2 values from a linear 

correlation is observed for larger values of tD. This is most likely due to the incomplete 

realignment of relaxing magnetization with a slower duty cycle, along with a greater 

contribution from translational diffusion during the longer delay times.
44

 Dramatic effects 

due to radiation damping on the transverse relaxation rate of water are not observed in 

Figure 6.1. 

6.3.2 Comparison of GlcN and GlcN3S hydroxyl proton solvent exchange and 

transverse relaxation rates. As discussed in Chapter 3, observation of the hydroxyl proton 

NMR resonances requires determination of experimental conditions under which their 

solvent exchange is sufficiently slow to allow detection.  The optimum pH for the 

hydroxyl protons was found to be between pH 5.3 and 5.8 for GlcN (Figure 6.2A) and 

between pH 5.4 and 6.0 for GlcN3S (Figure 6.2B). The hydroxyl proton resonances of 

both GlcN and GlcN3S were assigned using COSY spectra with excitation sculpting 

solvent suppression (Figures 6.3A and 6.3B, respectively). The pH optimum for the 

hydroxyl protons of GlcN is slightly more acidic than that of GlcN3S. This difference is 

likely due to the overall positive charge of GlcN compared to the net neutral charge of the 

zwitterionic GlcN3S.
17,45

 Solutions of GlcN at 5.3 and of GlcN3S at pH 6.0 were used for 

the EXSY and CPMG experiments.  

For both GlcN and GlcN3S, the hydroxyl proton R2 values are in good agreement 

with the EXSY solvent exchange rates (Table 6.3). The GlcN EXSY build-up curves 

(Figure 6.4A) and CPMG decay curves (Figure 6.4B) show that there are two hydroxyl  
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Figure 6.2.  

1
H NMR spectra showing the hydroxyl proton resonances of (A) GlcN and 

(B) GlcN3S as a function of pH. Titrations were performed at -14.5 C in 85% H2O/15% 

acetone-d6. The asterisk at 6.94 ppm indicates the acetone hemiacetal resonance. 
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Figure 6.3.  The hydroxyl proton resonances of (A) GlcN and (B) GlcN3S were assigned 

using COSY spectra with excitation sculpting solvent suppression. Spectra were 

measured at -14.5 C in 85% H2O/15% acetone-d6. The asterisk at 6.94 ppm indicates the 

acetone hemiacetal resonance. 
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Table 6.3. EXSY solvent exchange rates and CPMG R2 values for the GlcN and GlcN3S 

hydroxyl protons. The measurements were performed for solutions composed of 85% 

H2O/15% acetone-d6 at -14.5 C. The GlcN and GlcN3S solutions were measured at pH 

5.3 and 6.00, respectively. 

 GlcN GlcN3S 

Proton EXSY kex (s
-1

) CPMG R2 rate 

(s
-1

) 

EXSY kex (s
-1

) CPMG R2 rate 

(s
-1

) 

-OH3 36.9 37.8 --- --- 

-OH3 59.9 64.3 --- --- 

-OH4 21.2 25.0 13.4 16.0 

-OH4 22.2 26.6 14.2 16.4 

-OH6 73.1 69.7 34.9 31.2 

-OH6 60.2 57.1 34.6 32.4 
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Figure 6.4. GlcN hydroxyl proton (A) EXSY build-up curves, and (B) CPMG decay 

curves measured in 85% H2O/15% acetone-d6 at pH 5.3 and -14.5 C. (C) Correlation of 

R2 values and EXSY solvent exchange rates. The slope and correlation coefficient for the 

linear fit of the data are 0.883 and 0.981, respectively. The OH1 proton resonance was 

not observed at this pH. 
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protons, - and -GlcN OH4, that exchange more slowly than the other protons. Their 

solvent exchange rates (21.2 and 22.2 s
-1

, respectively) correlate well to their measured 

R2 values (25.0 and 26.6 s
-1

, respectively). The - and -OH6 protons, on the other hand, 

exchange more rapidly with rates of 73.1 and 60.2 s
-1

, respectively, and R2 values of 69.7 

and 57.1 s
-1

, respectively. Interestingly, there appear to be some structural differences 

even for this simple monosaccharide. The -OH3 proton exchanges fairly quickly, with 

solvent exchange and transverse relaxation rates of 59.9 and 64.3 s
-1

, respectively, while 

the -OH3 proton exchanges more slowly, with a solvent exchange rate of 36.9 s
-1

 and an 

R2 value of 37.8 s
-1

. When the R2 values of all the GlcN hydroxyl protons are plotted as a 

function of their solvent exchange rates determined by EXSY, a linear correlation is 

obtained (Figure 6.4C). The slope of this line is 0.883 with a good linear correlation 

coefficient (R
2
) of 0.981. The deviation of the slope from a value of 1.0 likely arises 

because there are additional contributions to the resonance linewidth other than solvent 

exchange. 

The GlcN3S hydroxyl protons cluster in two groups, as observed in EXSY build-

up plots(Figure 6.5A) and CPMG decay curves (Figure 6.5B). Just as in GlcN, the - and 

-OH4 hydroxyl protons have the smallest initial build-up rates (13.4 and 14.2 s
-1

, 

respectively), which correspond well to their R2 values (16.0 and 16.4 s
-1

, respectively). 

The - and -GlcN3S OH6 protons have larger relative initial build-up rates (34.9 and 

34.6 s
-1

, respectively), which also correlate well to their R2 values (31.2 and 32.4 s
-1

, 

respectively). The plot of R2 as a function of initial build-up rates for the GlcN3S 

hydroxyl protons also follows a linear relationship (Figure 6.5C) with a slope of 0.745  
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Figure 6.5.  GlcN3S hydroxyl proton (A) EXSY build-up curves, and (B) CPMG decay 

curves measured in 85% H2O/15% acetone-d6 at pH 6.0 and -14.5 C. (C) Correlation of 

R2 values and EXSY solvent exchange rates. The slope and correlation coefficient for the 

linear fit of the data are 0.745 and 0.995, respectively. The OH1 proton was not observed 

at this pH. 
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and a linear correlation coefficient of 0.995. As observed for GlcN, a slope less than 1.0 

for this plot likely reflects contributions to transverse relaxation in addition to solvent 

exchange.  

6.3.3 Comparison of Arixtra hydroxyl proton solvent exchange and transverse 

relaxation rates.  The relationship between hydroxyl proton solvent exchange rates 

measured using EXSY, and transverse relaxation times measured with CPMG, was also 

investigated for two Arixtra solutions. Because of the effects of dissolved CO2 noted in 

Chapter 3, the Arixtra solution was prepared open to the atmosphere (conditions that 

minimize CO2 contamination) and analyzed before and after addition of bicarbonate. The 

Arixtra solutions showed differences in the patterns of solvent exchange rates measured 

by EXSY (Figure 3.13), prompting investigation of their hydroxyl proton transverse 

relaxation rates.  

In an attempt to ensure comparable results, CPMG and EXSY experiments were 

performed back-to-back for both Arixtra solutions. The CPMG decay curves for the 

Arixtra hydroxyl protons in the solution without added bicarbonate are shown in Figure 

6.6A. Transverse relaxation rates were calculated for each hydroxyl proton using Eq. 6.1 

and are compared with the EXSY solvent exchange rates in Table 6.4. The plot of R2 as a 

function of solvent exchange rates (Figure 6.6B) has a slope of 0.906 and a correlation 

coefficient of 0.927. This result is comparable to our findings for GlcN (Figure 6.4C) and 

GlcNS (Figure 6.5C).  

The CPMG decay curves for the Arixtra hydroxyl protons in the solution 

containing 0.59 mM added bicarbonate are shown in Figure 6.6C. The plot of R2 as a  
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Figure 6.6.  (A) CPMG decay curves for the Arixtra hydroxyl protons in 85% H2O/15% 

acetone-d6 at pH 8.3 and -14.5 C before the addition of sodium bicarbonate (Chapter 3). 

(B) A plot of the R2 values as a function of EXSY solvent exchange rates. (C) CPMG 

decay curves of Arixtra hydroxyl protons in 85% H2O/15% acetone-d6 at pH 8.3 and -

14.5 C after the addition of 0.59 mM sodium bicarbonate. (D) A plot of the R2 values as 

a function of EXSY solvent exchange rates. EXSY and CPMG measurements were 

performed back-to-back for each sample. 
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function of solvent exchange rate (Figure 6.6D) has a slope of 0.527 and a linear 

correlation coefficient of 0.921. Although the plots in Figure 6.6B and 6.6D have similar 

correlation coefficients, they have very different slopes. The significant decrease in slope 

observed for the plot in Figure 6.6D for the Arixtra solution after bicarbonate addition 

suggests that the transverse relaxation rates are affected by bicarbonate catalysis to a 

much greater degree than the solvent exchange rates determined using EXSY.  

Looking further into the correlation between R2 and initial build-up rates, 

hydroxyl proton exchange was investigated in the five different Arixtra solutions 

prepared in Chapter 3 at the following pH values: 7.7, 7.9, 8.1, 8.4, and 8.5, referred to as 

Arixtra solutions 1, 2, 3, 4, and 5, respectively. Because these samples were prepared 

before we realized that the compressed nitrogen tanks are a significant source of CO2, 

these samples were prepared under a N2 atmosphere and were bubbled with N2. As the 

hydroxyl proton resonance linewidths of their do not follow a clear trend with pH (Figure 

3.10 in Chapter 3), we hypothesize that each solution contains an unknown and variable 

amount of CO2 contamination. The EXSY solvent exchange rates and CPMG R2 values 

of the hydroxyl protons in each Arixtra solution are summarized in Table 6.4, along with 

the slopes and linear correlation coefficients of their respective R2 vs. solvent exchange 

rate plots. 

Hydroxyl proton solvent exchange and transverse relaxation rates for Arixtra 

solutions 1, 3, and 5 follow a similar trend as a group and as compared to the results in 

(Figure 6.6B) for the Arixtra solution prepared open to the atmosphere and prior to 

bicarbonate addition.  The solvent exchange rates of the GlcA(II)OH3 hydroxyl protons 
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in solutions 1, 3, and 5 (6.61, 8.09, 3.69 s
-1

, respectively) and those of the IdoA(IV)OH3 

hydroxyl protons (7.00, 8.82, and 3.76 s
-1

, respectively) are relatively slow, consistent 

with their involvement in a hydrogen bond as postulated in Chapter 3. The R2 values 

correspond well to the solvent exchange rates for both the GlcA(II)OH3 hydroxyl proton 

(17.8, 18.7, 14.1 s
-1

, respectively) and the IdoA2S(IV)OH3 hydroxyl proton (20.3, 22.2, 

15.3 s
-1

, respectively). The GlcA(II)OH2 hydroxyl protons in solutions 1, 3, and 5 have 

relatively fast initial build-up exchange rates (36.4, 37.1, and 18.0 s
-1

, respectively) and 

R2 values (44.5, 55.4, and 27.5 s
-1

, respectively), similar to the Arixtra solution prior to 

the addition of bicarbonate. Although there is a fair amount of spread among the R2 

values for the three sets of experiments, within an experiment, the relative ranking of R2 

values for a given hydroxyl proton are more consistent.  As a result, the slopes of the 

plots of hydroxyl proton R2 as a function of solvent exchange rates for solutions 1 

(0.973), 3 (1.26), and 5 (1.10), are similar and close to 1.0 with roughly similar values for 

the linear correlation coefficients (0.914, 0.944, and 0.805, respectively).  

In contrast, the hydroxyl proton solvent exchange and transverse relaxation for 

Arixtra solutions 2 and 4 are more similar to the patterns observed for the Arixtra 

solution after the addition of 0.59 mM bicarbonate. In solutions 2 and 4, only the 

GlcA(II)OH3 proton exchanges  slowly with initial build-up rates of 1.67 and 1.80 s
-1

, 

respectively, and R2 values of 12.5 and 13.9 s
-1

, respectively. In comparison, the 

IdoA(IV)OH3 proton exchanges relatively rapidly and in the case of solution 4 has a 

solvent exchange rate (5.33 s
-1

) comparable to those of GlcA(II)OH2 (5.50 s
-1

) and 

GlcNS(V)OH3 (4.93 s
-1

) protons. For solution 4, the slope (0.427) of the plot of the 
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hydroxyl proton R2 values as a function of solvent exchange rate deviated the most from 

unity, although a fairly good linear correlation (0.870) was still obtained. The 

corresponding plot for solution 2 had a slope (0.733) that is closer to 1.0 but this data did 

not produce good linear correlation coefficient (0.682). 

In Figure 6.7, the overall correlation of hydroxyl proton R2 and solvent exchange 

rates of each Arixtra solution (1, 2, 3, 4, and 5) are compared with the results for the 

Arixtra solution prepared open to the atmosphere before and after bicarbonate addition. 

Figure 6.7A shows the combined results for Arixtra (no added bicarbonate) and solutions 

1, 3, and 5. The slope of the plot of R2 as a function of solvent exchange rate (1.12) is 

close to 1.0  and has a linear correlation coefficient of 0.911. The combined results for 

Arixtra (0.59 mM bicarbonate) and solutions 2 and 4 (Figure 6.7B) show a lower slope 

(0.587) and a much poorer linear correlation coefficient of 0.728. The results in Figure 

6.7B indicate that bicarbonate catalysis of solvent exchange affects transverse relaxation 

rates to a much greater extent than the solvent exchange rates, and plots of R2 vs solvent 

exchange rate may provide a good indication of CO2 contamination. Further investigation 

is needed to confirm the relationship between R2 and solvent exchange rates under 

conditions that rigorously avoid CO2 contamination (Chapter 7). 

 

6.4 Conclusions 

 The results of this study demonstrate that it is possible to use transverse relaxation 

rates to study hydroxyl proton solvent exchange, but that these measurements must be 

interpreted with caution.  Though the transverse relaxation rates of the GlcN and GlcN3S  
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Figure 6.7.  (A) Hydroxyl proton R2 values plotted as a function of EXSY solvent 

exchange rates for Arixtra (no added bicarbonate) and solutions 1, 3, 5. The linear plot 

has a slope of 1.12 and a correlation coefficient of 0.911. (B) Hydroxyl proton R2 values 

plotted as a function of EXSY solvent exchange rates for Arixtra (0.59 mM bicarbonate) 

and solutions 2, and 4. The slope of this line is 0.587 and its linear correlation coefficient 

is 0.728. 
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monosaccharide hydroxyl protons correlated reasonably well with their EXSY solvent 

exchange rates, a much poorer correlation was obtained for the Arixtra hydroxyl protons, 

especially when bicarbonate contamination was significant. In addition, to the effects of 

bicarbonate catalysis, in longer oligosaccharides R2 values may also be affected by 

dynamic processes such as conformational change and local molecular motion. Given 

these limitations, transverse relaxation measurements for oligosaccharide hydroxyl 

protons are not likely to be useful as a method to identify hydrogen bonds. Still, poor 

correlations between R2 values and solvent exchange rates could be useful as a means of 

confirming the presence of other relaxation mechanisms, for example bicarbonate 

catalysis of solvent exchange. 
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CHAPTER SEVEN 

Conclusions and Future Directions 

 

7.1 Conclusions 

 Heparin is an unbranched, highly anionic polysaccharide that is known to mediate 

a variety of biological processes by binding to over 400 different proteins.
1
 Heparin’s 

microheterogeneity is introduced during its biosynthesis. The work presented in this 

dissertation demonstrates chromatographic methods of isolating heparin oligosaccharides 

for structure elucidation as well as methods for secondary structure elucidation through 

investigation of hydrogen bonding in the exchangeable hydroxyl (OH) and amine (NH3
+
) 

protons. These experiments build on previous studies of the heparin sulfamate (NHSO3
-
) 

protons, which show the importance of the 3-O-sulfate group in the AT-III binding 

pentasaccharide for hydrogen bonding stabilization of secondary structure to prepare it 

for protein binding. 

 In Chapter 2 we presented a method to isolate 3-O-sulfated oligosaccharides from 

a heparin digestion without the need for affinity chromatography. By screening the tetra- 

and hexasaccharide SEC fractions of the low molecular weight heparin, enoxaparin, 

using [
1
H, 

15
N] HSQC NMR, we could identify those SEC fractions containing the 

important glucosamine 3-O-sulfate group. Interestingly, the 3-O-sulfated 

oligosaccharides eluted later in the SEC separation perhaps because its participation in a 

hydrogen bond to the adjacent sulfamate proton makes the oligosaccharides more 

compact. Rather than pooling the size-uniform SEC fractions prior to separation by 
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charge, we separated each tetrasaccharide SEC fraction individually to obtain less 

complex SAX-HPLC separations. By focusing on the SEC fractions that show evidence 

of 3-O-sulfation in their [
1
H,

15
N] HSQC spectra, we were able to isolate a unique 3-O-

sulfated tetrasaccharide that originally co-eluted with a more abundant component in the 

pooled tetrasaccharide SAX separation. The hexasaccharides were also screened using 

[
1
H, 

15
N] HSQC NMR and separated by charge as individual SEC fractions, but due to 

the greater complexity of the hexasaccharides, it was difficult to resolve many 

oligosaccharides of interest in high purity. An additional separation method could be 

utilized for separations of larger oligosaccharides (section 7.2). 

 Chapter 3 presents, to our knowledge, the first experimental evidence of 

intramolecular hydrogen bonding involving the hydroxyl protons of the synthetic 

pentasaccharide, Arixtra. This study used temperature coefficients,  values, and solvent 

exchange rates. This work was prompted by a study by Langeslay et al. in which MD 

simulations predicted hydrogen bonds involving both the Arixtra sulfamate protons and 

hydroxyl protons.
2
 Experimental evidence presented in Chapter 3 suggested hydrogen 

bonds involving the GlcA(II)OH3 and IdoA2S(IV)OH3 hydroxyl protons in Arixtra. The 

error associated with the exchange rate measurements was also evaluated. It was found 

that CO2 content could dramatically affect the relative exchange rates of hydroxyl protons 

within a sample and that care must be taken when comparing exchange rates between 

samples.  We also address, for the first time, the issue of radiation damping in aqueous 

solutions in the calculations of hydroxyl proton solvent exchange rates. 
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 In Chapter 4 the effects of structural heterogeneity on hydroxyl proton hydrogen 

bonding patterns was investigated using three isolated heparin oligosaccharides. 

Specifically, we focused on oligosaccharides that are structurally similar to Arixtra but 

that do not have the important 3-O-sulfate group. As in Chapter 3, temperature 

coefficients,  measurements, and solvent exchange rates were used to evaluate 

intramolecular hydroxyl proton hydrogen bonding patterns. Without the adjacent 

glucosamine 3-O-sulfate group, the IdoA2S residue changes its conformation from 

majority 
2
SO to majority 

1
C4,

3
 which most likely moves the IdoA2SOH3 proton away 

from the sulfamate protons to which it is hydrogen bonded in Arixtra. Without the 3-O-

sulfated glucosamine residue, the GlcAOH3 proton hydrogen bond appears to be weaker 

while the GlcNS6SOH3 proton appears to be in a stronger hydrogen bond. The results 

summarized in Chapters 3 and 4 illustrate the importance of elements of primary 

structure in determining heparin local secondary structure. 

 Chapter 5 presents, for the first time, the direct NMR detection of the amine 

protons in the heparan sulfate related monosaccharides D-glucosamine (GlcN) and 3-O-

sulfated D-glucosamine (GlcN3S). Direct detection of the amine protons allows for 

characterization by [
1
H, 

15
N] HSQC NMR. Exchange of the amine protons was also 

investigated using temperature coefficients, energy barriers of chemical exchange (G
‡
), 

and solvent exchange rates. The possible existence of a salt bridge was investigated by 

measuring the pKa values of the amine group through NMR pH titrations following the 

H2 proton chemical shifts. Although no evidence of a salt bridge was found for the 
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GlcN3S monosaccharide, the results of this experiment demonstrate the feasibility of 

probing for structurally important salt bridges in longer oligosaccharides. 

 In Chapter 6 hydroxyl proton transverse relaxation rates (R2 = 1/T2) were 

evaluated for their potential to reflect hydrogen bonding by comparing the hydroxyl 

proton R2 values to solvent exchange rates measured using EXSY. The use of transverse 

relaxation rates to identify hydroxyl proton hydrogen bonds would be desirable due to 

shorter experiment times and because in EXSY noise and artifacts at the water frequency 

that can impact the volume integration of exchange cross peaks. GlcN and GlcN3S were 

initially used as test compounds because their hydroxyl protons can be detected in 

slightly acidic solution, reducing the extent of bicarbonate contamination, and because 

their amine groups act as a buffer stabilizing the solution pH. Although the R2 values 

measured for the GlcN and GlcN3S hydroxyl protons correlated well with the solvent 

exchange rates, similar measurements for the Arixtra hydroxyl protons did not provide 

good agreement between the R2 values and EXSY results. Investigation of hydroxyl 

proton transverse relation in Arixtra solutions with and without added bicarbonate 

revealed that bicarbonate affects the R2 values in a non-uniform manner compared to the 

solvent exchange rates, which are primarily impacted by T1 relaxation. Further 

investigation is required to evaluate whether bicarbonate affects the Arixtra 

conformation, however based on these initial studies we conclude that EXSY 

measurements are a more robust method of evaluating oligosaccharide hydroxyl protons 

solvent exchange.  
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7.2 Future directions 

 Complete resolution of the hexasaccharides by SAX-HPLC is more challenging 

than that of the tetrasaccharides due to the increased structural complexity of the mixture 

with many more isomeric oligosaccharides possible. One approach that can improve the 

resolution of the hexasaccharides involves a second separation of isolated SAX-HPLC 

peaks using histamine in the SAX running buffer. Histamine is known to bind heparin
4
,
5
,
6
 

at specific sites along the chain containing GlcNS and IdoA2S residues.
6
 Dynamic 

interactions of the heparin oligosaccharides with the stationary phase and the mobile 

phase histamine and sodium chloride will produce a different SAX profile separating co-

eluting oligosaccharides based on their different histamine binding affinities.  Another 

plausible approach would be to re-separate the isolated SAX peaks using an analytical-

scale SAX-HPLC column. The greater resolution provided by an analytical-scale column 

could be sufficient to isolate oligosaccharides with similar structures in sufficient 

quantities for NMR identification. 

 In Chapter 2, heparin SEC fractions were examined for the presence of 3-O-

sulfated oligosaccharides using their unique sulfamate 
1
H and 

15
N chemical shifts. With 

the identification of experimental conditions for detection of saccharide amine protons by 

NMR (Chapter 5), it is now feasible to screen heparan sulfate SEC fractions using their 

[
1
H, 

15
N] HSQC spectra. As was done to correlate sulfamate NH chemical shifts with 

oligosaccharide structure,
7
  a library of oligosaccharides with known structures would be 

needed to establish a database of glucosamine 
1
H and 

15
N chemical shifts. As a starting 

point, Arixtra can be N-desulfated through solvolysis
8
 and used as a standard for the 

1
H 
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and 
15

N chemical shifts of amine protons adjacent to a 3-O-sulfate group as well as the 

reducing end glucosamine. The same N-desulfation procedure can be applied to isolated 

heparin oligosaccharides of known structure that do not contain a 3-O-sulfate group. 

Isolation and identification of depolymerized heparan sulfate would produce additional 

oligosaccharides containing glucosamine residues with free amine groups, allowing for 

the development of a complete chemical shift library of unique oligosaccharides. 

 The exchange properties of amine protons can also be explored using N-

desulfated Arixtra and isolated heparan sulfate oligosaccharides using temperature 

coefficients,  measurements, energy barriers for chemical exchange (G
‡
), and solvent 

exchange rates. These values can be compared to those of the amine protons of 

monosaccharides GlcN and GlcN3S (Chapters 5) to examine their potential participation 

in hydrogen bonds or salt bridges. Heparan sulfate secondary structure can also be 

evaluated though investigation of amine group acidity (pKa). Although no salt bridge was 

discovered in the 3-O-sulfated glucosamine monosaccharide (Chapter 5), it is possible 

this is due to an interaction between the 3-O-sulfate group and the adjacent OH4 proton. 

This interaction would not be observed in the longer chains due to the (14)-O-linkage 

at the C4 position, increasing the likelihood of salt bridge formation in heparin sulfate 

oligosaccharides. 

 It was observed in Chapter 6 that the hydroxyl protons of GlcN and GlcN3S are 

detected by NMR at a more acidic pH than those of Arixtra and structurally related 

heparin oligosaccharides. Furthermore, Langeslay et al. observed that more highly 

negatively charged oligosaccharides required a more basic pH to slow the solvent 
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exchange of the sulfamate protons to allow NMR detection.
2
 It was hypothesized that the 

negative charges on the sulfamate groups repelled the negative charged hydroxide ions 

(OH
-
), reducing the hydroxide catalyzed exchange rate. We posit that the opposite is also 

true for our positively charged amine groups in Chapter 5. The correlation of structure 

and hydroxyl proton solvent exchange rates could be investigated in greater detail by 

exploring the hydroxyl proton exchange rates of positively charged, negatively charged, 

and neutral oligosaccharides. Studies of hydroxyl proton exchange in longer 

oligosaccharides with varying amounts of both positive and negative charges could 

provide insight into the role that both the NH3
+
 and OSO3

-
 groups play in the solvent 

exchange reactions of heparin and heparin sulfate oligosaccharides. 

 A thorough examination of the effects of bicarbonate on hydroxyl proton 

exchange should be performed using heparin oligosaccharides. A bicarbonate titration 

using isolated heparin oligosaccharides of known structure could be performed to 

investigate the effects that minute structural changes have on the bicarbonate catalysis of 

hydroxyl proton solvent exchange. Because the IdoA2S(IV)OH3 proton in Arixtra is the 

most sensitive to bicarbonate catalyzed exchange, experiments with oligosaccharides 

containing an IdoA2S residue but no 3-O-sulfated glucosamine residue would provide 

insights into the effect of the 3-O-sulfo group on IdoA2SOH3 solvent accessibility. 

Furthermore, it was observed that the GlcA(II)OH2 and OH3 protons in Arixtra 

exchanged slower in the presence of bicarbonate, suggesting a bicarbonate titration of 

oligosaccharides containing a GlcA residue should also be conducted. Additionally, 

investigation of transverse relaxation rates should be repeated under an N2 atmosphere 
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scrubbed of CO2 to remove the potential effects of bicarbonate on these measurements. 

Finally, molecular dynamic (MD) simulations would provide more insight to confirm 

hydrogen bonds and predict possible hydrogen bond acceptors. 
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