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ABSTRACT 

Liquid-state NMR has long been an important tool for understanding the conformations 

and interactions of biomacromolecules. To date these conclusions have primarily been focused 

upon nucleotides and peptides with little information regarding the conformational structures of 

carbohydrates. Through the methods described in this manuscript the conformational analysis of 

a sulfated fucan from Lytechinus variegatus has been assessed. This was achieved through a 

combination of NOESY spectroscopy and assessment of chemical exchange in hydroxyl protons 

undergoing fast chemical exchange with excess solvent. This is accomplished through usage of 

super-cooled H2O:acetone solvent and T1 inversion recovery. This methodology was optimized 

in L-fucose and applied to the sulfated fucan for normalization of NOE information for 

derivatization of distance restraints. Molecular dynamics modeling further confirmed these 

structures as supported. Furthermore, the structure-activity relationships between 

glycosaminoglycan oligosaccharides and their binding partners have been heavily studied. Usage 

of saturation transfer difference NMR has allowed robust conclusions towards understanding the 

impact of chain length, position of sulfates, and carbohydrate composition on the complex 

formation between the sulfated polysaccharides and their binding partners.   
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CHAPTER 1. NUCLEAR MAGNETIC RESONANCE  

 

1.1 NUCLEAR MAGNETIC RESONANCE 

Nuclear magnetic resonance (NMR) has been a staple in structure elucidation of small 

and large molecules since its inception in the mid 1900s by Bloch and Purcell’s groups. 

Awarding the Nobel Prize in Physics in 1952 (1).  While originally optimized for the purpose of 

elucidation of small molecules with high proficiency especially in comparison to older methods 

like infrared spectroscopy, the field of NMR has expanded greatly through the last decades in 

regards to its application in large molecules. Among its current uses are solution structures of 

biological macromolecules beyond 1000 kDa (2) and interactions of these macromolecules in 

solution. In addition to this NMR has seen great usage in understanding reaction rates (3), 

metabolomics (4), and structure-activity relationships (SAR) (5).  Despite its diversified usage 

NMR is still considered a low sensitivity technique with much higher sample preparations than 

other analytical techniques. 

In theory the concept of NMR is based upon the observation of specific precession 

patterns of individual nuclei when submitted to a strong external magnetic field. The resultant 

data undergoes Fourier transformation, changing time domain to frequency domain. The 

resultant information is a spectrum which displays peaks at specific values and patterns. These 

are called chemical shift and J-coupling, respectively. These specific precession patterns 

observed are referred to as Larmor frequencies. Larmor frequency is dependent upon the external 
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magnetic field, conventionally named B0. Resolution of this information is highly dependent on 

the intensity of the B0 (400 Mhz, 600 MHz, 800 MHz) where high magnetism increases 

sensitivity. In addition to magnetic field advances in hardware such as cold and cryo probes have 

also been employed to increase sensitivity (6). 

Atomic nuclei that can be manipulated and therefore observed through NMR 

spectroscopy are nuclei whose spin quantum number is equal to ½. This requirement is due to the 

necessity of a lower energy state that can absorb the additional radiation sequestered by the pulse 

to switch this low energy state to the high energy state. This heavily limits the amount of atoms 

that can be observed through NMR with few atoms being naturally abundant in spin-half nuclei. 

Common nuclei observed through NMR are nitrogen 15, carbon 13, fluorine 19, and hydrogen 1. 

Of these four nuclei only 19F and 1H are in high natural abundance. Samples containing 15N and 

13C often must be atomically labeled to overcome a severe lack of sensitivity due to low natural 

abundance for studies of molecules where these atoms are important to be observed. This is 

especially relevant in studies involving biological macromolecules where the goal is to identify 

the position or changes within amide resonances. 

Data from NMR spectroscopy can be observed within multiple dimensions. For many 

applications NMR is presented in one dimension. However when the molecule of interest is 

complicated or other structural features are probed then data acquisition in multiple dimensions 

is often required. While usually conducted in 2 dimensions, this is not the limit with >2 

dimensional NMR experiments can be conducted as well (7). In 1D NMR the single axis is 

limited to observation of a single species of nuclei of different frequencies. Among those 

discussed, observation of 1H, 13C, and 19F are those routinely utilized in organic chemistry. 1H 

NMR is undoubtedly the most heavily used NMR experiment of these. Within these spectra there 
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are two primary figures of merit that are often observed that contain a wealth of information. 

These two sources of information are chemical shift and J-coupling. These will be discussed in 

more detail further. 

2 dimensional approaches are either homonuclear, a single type of nuclei, or 

heteronuclear, multiple nuclei in interaction with one another (ex. 1H-15N HSQC). For purposes 

of structure elucidation both approaches are often used to compile structural information about 

the molecule that is being observed. Homonuclear information allows for more in depth probing 

of nuclei and neighbors within the same species. While heteronuclear NMR allows for 

understanding nuclei of different species. This is especially important in the context of 

biopolymers that are usually very large or hard to observe. In proteins for instance 15N is 

observed in interaction with solvent protons to understand amide resonances or 13C to probe 

peptide backbones (8). While 31P in addition to 15N nuclei find usage in studies involving 

nucleotides (9)(10). However carbohydrates are limited in that they do not contain another 

species of nuclei outside of 13C and 1H to extract information from through NMR.  In the 

observation of biomacromolecules these dimensions are dominated heavily by heteronuclear data 

for the purposes of both structure elucidation and interactions of these larger molecules either 

with ligands (11)(12) . Or other variables like solvent and temperature that can be experimentally 

altered to probe the properties of these complex systems and polymers (13)(14).  

 

1.1.1 CHEMICAL SHIFT 

Of the two most important observables in NMR spectroscopy is chemical shift. In simple 

terms this is the value that a peak corresponds to within the NMR spectrum. Chemical shift 

values are calculated as a part per million (ppm) scale. In NMR, ppm corresponds to a 
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standardized measurement to describe Larmor frequencies of specific nuclei in the spectrum as 

related to the frequency at which they precess at. This relationship is described by the equation 

ppm = (actual frequency - B0)/B0. Through this equation, frequencies measured in hertz can be 

easily converted to a reproducible value in ppm regardless of B0. This allows for uniform data of 

the same sample under different magnetic fields assuming other variables remain consistent. 

Different nuclei do not provide the same values for chemical shift ppm information, giving rise 

to different chemical shift ranges or scales for the different isotopes. 

 Chemical shift values are determined by a myriad of different factors. Among these are 

temperature and chemical environment. Temperature may have an impact upon the ppm value of 

a specific proton in solution NMR. The heavily studied nuclei are those within water that exhibit 

this perturbation in chemical shift due to fluctuations in temperature. For this purpose this proton 

can be observed in different conditions to map the change in temperature (15). This phenomenon 

is not only limited to water protons, nor protons in general but can be traced in other novel 

applications as well (16). Of particular importance in temperature impact on chemical shift is 

within peptides whose tertiary structure leads specific NMR signals and chemical shift locations. 

Upon alteration of the temperature-dependent conformation of the peptide can cause a shift 

within the resultant NMR spectrum that can be diagnostic for structural assessment (17). Within 

the structural biology of nucleotides this phenomenon is also explored (18) 

Patterns of chemical shifts in regards to functional groups are well described but are not 

rules. For example methyl protons often fall around 1 ppm however they are often observed from 

-1 ppm up to ~1.5 ppm. Differences in chemical shift values reflect these differing chemical 

environments and neighboring nuclei. Strongly electronegative atoms in proximity to observable 

nuclei will exert an effect where these nuclei will be observed downfield. This is due to nuclei 
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being electronically deshielded or shielded. The concept of shielding can be best described as an 

increase in electron density surrounding a nucleus. In deshielding this is the opposite relationship 

where a decrease in electron density reduces the magnetic effects upon the nucleus (19)(20). 

Functional groups containing heavily electronegative atoms induce heavy deshielding resulting 

in a downfield displacement of signal frequency (ppm) of the observed nuclei. This is 

exceptionally clear in hydroxyl and amide resonances that are often probed in NMR studies 

(21)(22). Another aspect of the chemical environment surrounding the nucleus is also playing a 

role in the precession of the nuclei. Common molecular properties like hydrogen bond length can 

also produce an impact on the observed chemical shift (23) as can solvent assuming the 

experiment is performed in solution-state NMR (24). 

.  

1.1.2 J-COUPLING 

 J-coupling is a description of the patterns observed in NMR spectra when protons are 

near each other. These interactions are due to magnetic dipole moments occurring in electrons 

due to the influence of the B0.  In protons this is usually, but not always, observed between 

vicinal carbon-bound protons. The splitting pattern follows the n+1 rule where n is the number of 

neighboring signals plus the single peak from the original signal. This phenomenon results in the 

NMR spectrum displaying predictable patterns of multiplets. These can be, but are not limited to, 

a doublet, which has one neighboring signal, a triplet, 2 neighboring signals, and a doublet of 

triplets, when a doublet is further split into a triplet. Through further analysis the distance of 

these peaks can be converted to atomic distances between nuclei. Working with J-coupling 

allows for interesting conclusions within NMR. Specific properties in physical chemistry can be 

understood through this property. Among these advantages is understanding the impacts of lone 
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pair electrons (25), hydrogen bonding interactions (26), as well as producing patterns for 

preliminary database information that can be used in metabolomics (27). 

 

1.1.3 T1 AND T2 RELAXATION PROPERTIES 

Following magnetization of the compound of interest there is a relaxation period in which 

the nuclei equilibrate to the external magnetic field, B0. These are named T1 and T2 spin 

relaxation times.  

T1 relaxation, or spin-lattice relaxation, is the relaxation that is due to the protons being 

observed relaxing in regards to the magnetic field B0 (28). T1 values observed often follow a 

pattern within the chemical properties of the nuclei being observed (29). Within a clinical setting 

T1 relaxation is the property in which magnetic resonance imaging is observed. Within this 

setting different biomacromolecules such as lipids (30) and bone tissue (31) provide varying but 

somewhat predictable T1 relaxation times that can be used to image organs. Through this 

methodology different diseases states such as leukemia and liver functionality are also elucidated 

through this property in application towards magnetic resonance imaging (32)(33). This 

comparison is also observed within small and large molecules where observations of these 

relaxations are different depending upon the chemical environment in which the observed nuclei 

is in.  

T2 relaxation, or spin-spin relaxation, is transverse relaxation of nuclear precession 

within the external magnetic field. This value is always less than that of T1. T2 is the transverse-

spin relaxation time which is dependent on how the magnetization of the different nuclei interact 

and influence the precession of each other after a 90 degree pulse that flips the nuclear spins to 

the x-y quadrature. This flip is necessary for NMR signal acquisition. The longer the nuclear spin 
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remains with its magnetization projection on the quadrature, the longer the T2 values. 

Determination and analysis of the T2 values are important to understand how the magnetic field 

is influencing the spin dynamics of the observed molecule under NMR investigation. Overall, T1 

and T2 spin relaxation values are parameters used to understand overall dynamics of the 

molecules in solution or specific internal motions of certain chemical groups.       

 

1.1.4 PULSE SEQUENCES 

Standard one dimensional data is gathered from a single 90 degree pulse followed by a 

data acquisition step (Figure 1) in which the information undergoes Fourier Transformation to 

yield the specific chemical shift values and J-coupling values and patterns that are indicative of 

molecular structure. There is a vast array of different pulse sequences in multiple dimensions that 

can be used to probe molecular structure or interactions of these molecules. Pulse sequences can 

be manipulated to achieve many things. Among these are selectively shaped pulses as can be 

seen in saturation transfer difference (34), the specific excitement of particular nuclei and 

transfer of spin in experiments like heteronuclear single quantum coherence (HSQC) spectrum 

(35) and cross-polarization transfer experiments, as seen in Nuclear Overhauser Effect 

Spectroscopy (NOESY) spectra analyzed within different mixing times. 
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Figure 1: The standard 1D NMR pulse sequence for a single scan. d1 corresponds to the initial 

relaxation period following acquisition of the free induction decay (FID) to allow for the sample 

to re-homogenize with B0. 90 degree pulse is a hard RF pulse to allow for precession of the 

nuclei. FID corresponds to the period of time in which information is recorded by the 

spectrometer. 

 

1.2 MOLECULAR CONFORMATION OF BIOMACROMOLECULES THROUGH 

NMR 

 Molecular conformation of molecules in 3D space can be accomplished through NMR 

and is well developed and in widespread use. While there is an abundance of information in 

regards to the structures of peptides and nucleotides in solution there is not the same level of 

abundance of carbohydrate studies. Atomic distances through NMR are mainly probed through 

J-coupling values and information from signals of nuclear overhauser effects (NOEs). In 

comparison to other methods NMR has the advantage of being in solution. Solution state NMR 

allows for understanding the conformation of molecules in or as close to physiological 

conditions as sample preparation allows. 
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1.2.1 ATOMIC DISTANCE THROUGH J-COUPLING 

 J-coupling values describe distance of bonds in addition to the number of neighboring 

protons as was stated. Distance of neighbors can be described as the distance between peaks as 

measured in hertz. This value is independent of the external magnetic field but dependent on the 

pattern of neighboring NMR sensitive nuclei of the observed nucleus under investigation.  

 

1.2.2 NUCLEAR OVERHAUSER EFFECT 

 Nuclear overhauser effect spectroscopy (NOESY) is the observation of an 

interaction of two spin-half nuclei that transfer magnetization through space. In Figure 2 the 

pulse sequence for the NOESY experiment can be seen. Within this pulse sequence the delay in 

the pulse sequence corresponding to mixing time must be optimized. This allows for optimal 

cross polarization of the nuclei as too short of a mixing time will not allow this polarization to 

reach a maximum intensity or too long and the cross polarization event will be fully relaxed 

producing low or nonexistent signals. This is necessitated by the different transverse relaxation 

times of different protons with variable molecules (63).  This intensity is also dependent upon the 

temperature the experiment is run at. Therefore in conformational studies this mixing time must 

also be optimized per temperature if variable temperatures are used (64). 
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Figure 2: The standard NOESY pulse sequence is shown. d1 corresponds to a relaxation period 

after the acquisition of the FID in which the sample homogenizes with the external magnetic 

field. This is followed by a 90 degree pulse to the sample followed by an evolution period in 

which the nuclei freely interact. Following this evolution period is a 90 degree pulse followed by 

a 90 degree pulse. The mixing time period is the period of time in which magnetization is 

transferred between nuclei. This is followed by free induction decay (FID) for acquisition.  

 

 Within the realm of understanding conformation of molecules in space through NMR 

NOE has been the subject of this for decades. Calculation of atomic distances through peak 

volume is a means to determine conformations with an accuracy of ± 5 angstroms in comparison 

to other methods (65). The distance between two nuclei can be calculated from the peak volume 

within the NMR spectrum following a similar 1/r6 value. This phenomenon will be further 

explained within the next chapter. 
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CHAPTER 2. GLYCOBIOLOGY 

2.1 SULFATED CARBOHYDRATES 

Glycobiology is an interdisciplinary science regarding the functional and structural 

analysis of carbohydrates. Common tools within this body of research include NMR, Mass 

spectrometry, chromatography, and biological assays.  

 Within the last few decades the science around understanding carbohydrates has 

accelerated immensely (36). The scientific initiative named Glycomics has been created and 

conclusions derived from related research has proved pivotal to understanding many aspects of 

carbohydrate impact in physiology (37). While previously considered heavily for metabolic 

importance and related to energy storage, the understanding of complex carbohydrates in 

signaling and structural functions is profound and seems to be crucial to an incredibly diverse set 

pathophysiological events in multicellular organisms. While being crucial in maintaining 

functional integrity within cells as proteoglycans and cell wall components in eukaryotes (38) 

and prokaryotes (39)  these molecules also have direct effects upon a vast array of biological 

systems at all levels of life (40). Among these are inflammatory responses and other tissue 

impacts (41)(42), tumorigenesis (43), neurological effects (44), as well as being heavily explored 

for anticoagulative effects (45). 

In glycobiology, many biologically active glycoconjugates exist at the extracellular 

matrices and surround the coat surface of the cells (glycocalix). Among all these glycoconjugates 

are N- and/or O-linked glycoproteins, glycolipids and proteoglycans. Of particular importance in 



12 

 

this research are the glycosaminoglycans (GAGs) and other sulfated polysaccharides. GAGs are 

composed of an uronic acid or neutral sugar, galactose (Gal) linked to an amino sugar (46). This 

is presented as alternation disaccharide units of the hexuronic acid and hexosamine constituents. 

Monomers that can be present within this group of carbohydrates are glucuronic acid or iduronic 

acid as the hexuronic acid and N-acetylglucosamine or N-acetylgalactosamine as the hexosamine 

(46). The four major groups of GAGs are observed in Figure 3. R groups determine the location 

in which sulfation of the original hydroxyl group can be the chemical substituent. 

 

 

Figure 3: Representations of the 4 major types of GAG repeating disaccharide units. R groups 

represent hydroxyl residues in which sulfation can occur. In A, heparin (Hp) and heparan sulfate 
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(HS) is composed of a uronic acid linked to α-glucosamine in repeating [1-4] linkages. In B, 

chondroitin sulfate (CS) and dermatan sulfate (DS) is composed of alternating [1-4] linked 

glucuronic acid with [1-3] linkage to a N-acetylgalactosamine. Dermatan sulfate is a similar 

structure but containing an iduronic acid. Species of CS/DS are determined through sulfate 

positions within the disaccharide. In C, keratan sulfate (KS) is composed of repeating [1-3] 

linked galactosamine with [1-4] linkage to N-acetylglucosamine. In D, hyaluronic acid (HA) is 

the only non-sulfated unit. These are composed of repeating [1-4] linked glucuronic acid with [1-

3] to N-acetylglucosamine. 

 

 Briefly, keratan sulfate is a sulfated polysaccharide that is observed to be expressed 

within brain cells as well as corneal tissues. This GAG functions as a proteoglycan (47). 

Hyaluronate is an important component of extracellular matrices and is the only member of this 

family that is not sulfated at any position. Hyaluronate is an incredibly large polysaccharide as 

well, with observed molecular weights (MW) being ~100.  In addition to being present in the 

ECM of cells it is also prevalent in synovial fluids (48) and has been explored for its usage in 

pain relief (49) as well as other functions like dendritic modulation (50). Chondroitin sulfates are 

highly expressed in cartilaginous tissues, synovial fluids, and as proteoglycan components. 

Chondroitin sulfates exist as long chains of individual disaccharide subunits. The sulfation 

pattern within these disaccharides is indicative of the species of chondroitin sulfate subunit. 

Chondroitin sulfate is also a well studied proteoglycan whose physiological impact is also 

diverse with interactions in inflammation (51), neuronal implications (52), and anticoagulation 

(53), among others. This activity is highly variable in regards to the chondroitin sulfate 

composition and distribution of sulfate residues. While arguably the most highly studied, heparan 
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sulfate and heparin are observed as important signaling and research molecules (54). This is 

especially true within coagulation pathways where they are found to be an important 

anticoagulative drug on the market. This interaction in the coagulation cascade is due to its 

interactions with thrombin binding leading to its inactivation and subsequent loss of function 

(55). This well described function has led to a market for this sugar as a drug worth billions 

worldwide. Due to previous issues with contamination such as the heparin crisis of 2008 as well 

as its capacity for heparin induced thrombocytopenia other pharmaceutical options have been 

explored as alternatives. Among these other options are synthetic heparin (56) as well as sulfated 

carbohydrates from marine organisms (57). 

 

2.1.2 SULFATED POLYSACCHARIDES FROM MARINE SOURCES 

 Marine organisms are an excellent source of novel sulfated polysaccharides. It is apparent 

that many of these polysaccharides suffer the same lack of structural homogeneity that the 

mammalian GAGs do. However in some cases there is clear evidence of homogeneous structure. 

This is exemplified in a sulfated fucan from the sea urchin Lytechinus variegatus. This organism 

expresses a long chain polysaccharide composed of uniform tetrasaccharide units. This 

tetrasaccharide units follow the uniform structure of [3)-α-L-Fucp-(2SO3
-)-(1→3)-α-L-Fucp-

(4SO3
-)-(1→3)-α-L-Fucp-(2,4SO3

-)-(1→3)-α-L-Fucp-(2SO3
-)-(1→]. Regular structures are 

paramount in understanding the structural components that are involved in these physiological 

processes.  

From a pharmacological perspective it has been widely observed that these sugars can 

exhibit similar biological action as mammalian derived GAGs.  Among these are fucosylated 

chondroitin sulfates (58), sulfated fucans (59), and sulfated galactans (60). These unique 
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polysaccharides can be observed in a diverse set of organisms in both plants and animals. The 

anticoagulant action of these marine derived polysaccharides has been well documented with 

activity comparable to heparin, which is still one of the most economically relevant carbohydrate 

drugs on the market. In addition to proposed similar methods of action as these the potential for 

interactions with other proteins in the coagulation pathway has also been suggested (61). Due to 

this similar activity these polysaccharides provide an interesting avenue of pharmacological 

studies. An issue arises when trying to understand their structures and how this relates to their 

function. This is due to these carbohydrates often being as diverse as the organisms they are 

expressed in. These sugars can be linear or heavily branched (62). Due to this structural diversity 

the structures must be well described before probing their pharmacological effects. This 

highlights an excellent usage of regular carbohydrate building blocks like is seen in L. 

variegatus. This structure elucidation is primarily performed through mass spectrometry and 

NMR spectroscopy.  

 

2.2 STRUCTURE ELUCIDATION OF CARBOHYDRATES THROUGH NMR 

Structure elucidation through NMR can be accomplished within reason through simple 

1D spectra. In carbohydrates, a general pattern is usually seen in a crowded region between 3-5 

ppm where most signals appear and chemical shift degeneracy is consequently very high. Due to 

deshielding from the carbon-bound oxygen upon cyclization of the linear carbohydrate rings, 

anomeric protons can be observed furthest downfield in the 1H NMR spectra.  However, as 

molecules of interest become more structurally complex as can be seen in the carbohydrates 

other methods are used in combination with one another. Usage of multiple NMR experiments 

increased the overall integrity of conclusions found from previous experiments. This 
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combinatorial method is especially relevant to ring bound protons that experience intense signal 

overlap. Usually this is accomplished through conducting multiple 2D pulse sequences. Most 

commonly these methods are HSQC, COSY, TOCSY, and NOESY or ROESY. 

 Correlation spectroscopy (COSY) is an experiment that traces neighboring nuclei to each 

other allowing for elucidation of nuclei that are neighbors. To increase the number of neighbors 

seen by a single nucleus the usage of the total correlation spectroscopy (TOCSY) is conducted. 

TOCSY experiments allow for observation of through-bond interactions of more than 3 bonds in 

distance. This is achieved through a saturation step (spinlock) within the pulse sequence that 

magnetization is intermolecularly distributed through bonds. In carbohydrates this allows for 

observation of the spin system or characterization of a single monosaccharide unit with no 

impact from the glycosidic linkage between units.   

 Heteronuclear single quantum coherence (HSQC) experiments in regards to 

carbohydrates involved 1H and 13C nuclei directly bound. Conclusions regarded from these 

experiments allow for additional integrity to proton based structure elucidation.  

 NOESY and ROESY experiments can often be looked at as complimentary of the 

TOCSY experiments in regards to structural assessment of carbohydrates in solution. These 

experiments observe proton-proton interactions through space. In these experiments it is seen 

that in addition to neighboring peaks that can be observed in TOCSY the protons in adjacent 

sugar monomers can be observed to allow for assignment of the glycosidic linkage positions and 

other inter and/or intraresidue connectivities. For this purpose NOESY is a crucial tool in 

elucidating the location of glycosidic linkages within carbohydrate polymers and the 3D 

structures of both rings and chains. In tandem with TOCSY the NOESY experiment will display 

many of these neighboring protons as well as the proton observed between the reducing and 
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nonreducing ends of the monosaccharides that are glycosidically bound.  In all, NOESY and 

ROESY experiments have added advantages in their ability to allow for understanding the 3 

dimensional structure or conformation of a molecule in solution.   
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CHAPTER 3. CONFORMATION OF A SULFATED FUCAN FROM LYTECHINUS 

VARIEGATUS 

 

3.1 ISOLATION AND CHARACTERIZATION OF SULFATED FUCAN FROM L. 

VARIEGATUS 

Among those marine species who have been explored for possible novel sulfated 

polysaccharides is L. variegatus a sea urchin that is distributed throughout the coasts of North 

and South America (66). Within the reproductive processes of this sea urchin they produce a rich 

jelly coat surrounding their eggs. This jelly coat as well as male’s seminal fluids contain highly 

concentrated sulfated polysaccharides (6768). While previously mentioned sulfated 

polysaccharides from marine sources are often branched as is seen in algae (69), this, however, is 

not the case for L. variegatus which produces a uniform linear polysaccharide within its egg 

jelly. Structurally this polysaccharide is composed of a fucose backbone with a regular structure 

(70). This regular structure enables advanced studies of conformation and dynamics. 

 In the manuscript titled “Conformational properties of l-fucose and the tetrasaccharide 

building block of the sulfated L-fucan from Lytechinus variegatus” by Bezerra et al. (71) we had 

sought to determine experimentally supported information regarding the fucan from L. 

variegatus. It is hypothesized that the exchange of hydroxyl group protons with deuterium oxide 

resulted in incorrect NMR based distance measurements through NOE. To assess this hypothesis 
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the protons needed to be both observed as NMR signals through protonation as well as 

understanding the rate of occupancy between solvent protons and hydroxyl protons in solution. 

It was determined through NMR and mass spectroscopy that this sulfated polysaccharide 

exists as a repeating unit of tetrasaccharides composed of fucose. This tetrasaccharide repeated 

unit is pictured in Figure 4. 

Extraction of the sulfate fucan was carried out through the methods described by Pomin 

et al. (72). In these methods L. variegatus specimens were collected and the egg jelly was 

separated from the organism. Following this step is purification through diethylaminoethyl 

cellulose weak anion exchange chromatography eluted by NaCl gradient to isolate and purify the 

polysaccharide. This method isolates a high molecular weight polysaccharide chain of the 

sulfated fucan that is unkind to NMR studies. To overcome the issue of this high molecular 

weight the polysaccharide was depolymerized into tetrasaccharide fragments through a mild acid 

hydrolysis performed in 0.01 M HCl for 1 h at 60oC. This mixture was then neutralized through 

an equivalent molar portion of NaOH solution. Separation of this resultant mixture through size 

exclusion chromatography with a BioGel P-10 resin filled column yields polydisperse fragments 

of differing MW.  
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Figure 4: Repeating unit of the sulfated fucan from Lytechinus variegatus 3D model created by 

AyoOluwa Aderibigbe; blue dashed lines represent hydrogen bonds. Individual differing fucose 

monomers are described as D, B, C, and A. Single letter nomenclature is a result of the order of 

alpha anomeric protons in the downfield region of the 1D NMR spectrum where A is the most 

downfield signal followed B, C, and D.  D, B, and A contain a single 2 or 4-sulfate. C is 

disulfated at positions 2 and 4. The structures and glycosidic linkages are as follows: 

D: [→3)-α-L-Fucp-(2SO3
-)-(1→] 

B: [→3)-α-L-Fucp-(4 SO3
-)-(1→] 

C: [→3)-α-L-Fucp-(2,4 SO3
-)-(1→] 

A: [→3)-α-L-Fucp-(2 SO3
-)-(1→] 
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Due to the homogenous structure of this tetrasaccharide unit this carbohydrate is a logical 

choice for developing a method to observe the conformation through NMR. This is in 

comparison to the famously heterogenous GAGs like heparin and chondroitin sulfates that there 

is much difficulty in obtaining well described structures for NMR studies.   

 

3.2 DIFFICULTIES OF CONFORMATION OF SULFATED CARBOHYDRATES 

3D solution structures of carbohydrates are vastly under studied with very few examples 

currently present in the literature. This is due to the structural moieties of these molecules that 

lead to a lack of restraints for NOE derived distance restraints which is hypothesized as the 

impact of solvent exchange at hydroxyl protons sites. A primary factor reducing the intensity of 

NOE signals observed in these carbohydrates is chemical exchange between solvent protons (or 

deuterons) and the carbohydrate hydroxyl groups. To assess the conformation of the sulfated 

fucan from L. variegatus the optimal conditions for calibrating the NOE peaks needed to be first 

understood using L-fucose as a model system.  

Before this however, another aspect of the experimental design that must be assessed is 

the impact of rotational correlation time on the signals observed through NOE. At higher MW 

NOE signal becomes negative while in intermediate MW this signal is unobservable before 

becoming a negative value. This leads to a lack of cross-peak information and therefore relevant 

determination of restraints for NOE based atomic distance information. This is visualized in 

Figure 5. To overcome this issue the ROESY experiment can be performed to assure all signals 

are positive. NOESY and ROESY spectra were collected to determine if the NOESY experiment 

is optimal for fully described cross peak information. The results of this can be observed in 

Figure 6. Wherein, we observe no loss of signal between the two experiments. This is an 
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excellent result as it assures cross-peak information can be accurately observed Through 

NOESY.  

 

Figure 5: Representation of signal value as a function of rotational correlation time (τc) as it is 

related to molecular weight of the sample. Value of 0 represents a complete loss of NOE signal. 
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Figure 6: A comparison of NOESY vs ROESY spectra. In comparison a clear pattern of 

negative (red) NOE vs positive (blue) ROE is observed by the difference in phasing. Both 

spectra were acquired with a mixing time parameter of 25 ms. 

A: NOESY spectrum acquired at 25oC of sulfated fucan tetramer.  

B: ROESY spectrum acquired at 25oC of sulfated fucan tetramer. 
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3.2.1 HYDROGEN/DEUTERIUM EXCHANGE 

The primary issue as stated with these structures is within the hydroxyl groups present on 

the sugar backbone. Hydroxyl groups contain a labile proton that readily exchanges with water 

protons or in the case of solution NMR spectroscopy with the deuterons in deuterium. This is a 

well explored concept within amino acid side chains and even solvent-solvent interactions 

however within carbohydrates studies utilizing this phenomenon are not common (73)(74). 

Chemical exchange reduces the occupancy of protons observable through NMR this is 

demonstrated in Figure 7 where the phenomenon of deuterons occupying the hydroxyl group 

proton is represented through the two way arrow. This leads to a lack of signal within the NMR 

spectra under normal conditions of running NMR experiments of carbohydrates in a deuterium 

oxide solution at room temperature. To overcome this initial lack of signal the exchange rate 

needed to be slowed as well as the saturating the solvent with exchangeable protons. To 

accomplish this task fucose was dissolved in a mixture of H2O and deuterated acetone at a ratio 

of 85:15%. This solvent mixture assures the presence of protons that can undergo exchange 

while deuterated acetone serves as a necessary standard for resonance signal locking. As well as 

a reduction of freezing point to allow for super-cooled experiments while still in the liquid phase. 

Freezing point is an important aspect of this observation as protons will exchange with the 

solvent slower at lower temperatures. Usage of super-cooled solvents in solution NMR is a 

reliable method to observe these exchangeable protons (75).  
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Figure 7: Example of proton chemical exchange in L-fucose with deuterium oxide. In both A 

and B red represents deuterons and blue represents exchangeable proton. A: Chemical exchange 

of anomeric proton undergoing mutarotation and chemical exchange. Arrows represent a 

preference in equilibrium between alpha and beta states. B: Chemical exchange of hydroxyl 

bound proton. All protons in blue are undergoing the similar mechanism for this exchange.  
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Due to the importance of maintaining the utmost structural integrity of the sulfated 

tetrasaccharide in this study the impact of this additional acetone needed to be understood. This 

was performed through a titration of increasing concentrations of acetone in the solvent mixture 

from 99.9% D2O titrated to a 75:25 D2O:acetone mixture with a 5% stepwise addition of the 

acetone into the solution. The result of this is pictured in Figure 8. In this titration, there were no 

notable differences in chemical shift or J-coupling values observed within the tetrasaccharide 

indicating that this additional acetone did not result in any significant changes in the observed 

conformation these sugars.  

Demonstrated in Figure 9, protons within the hydroxyl groups on fucose become 

observable as temperature is reduced with a step size of 5oC starting from 25oC reduced to 5oC. 

At the region of spectra at 5.5-8 ppm the intensity of these signals increases at reduced 

temperatures as well as a significant reduction in line-widths observed. It is very clear however 

that the reduced intensities of these residues do not equal that of carbon bound protons that are 

not undergoing chemical exchange within this spectrum. After confirmation of the above this 

methodology was repeated within the tetramer. This structure necessitated the usage of cooler 

temperatures. Seen in Figure 10 the sulfated fucan was protonated at hydroxyl proton and sulfate 

residues. 
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Figure 8: Titration experiment to assess the impact of acetone on the conformation of the 

sulfated fucan. Each spectrum corresponds to a change of 5% increase in acetone concentration 

versus deuterium oxide.  
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Figure 9: Stacked 1D proton NMR spectra displaying protonation of l-fucose in 85:15 H2O:d6-

acetone mixture. Color corresponds to different temperatures the spectrum was acquired at with a 

stepsize of 5oC. 

Temperatures are as follows: Yellow: 25oC, Dark Blue: 20oC, Light Blue: 15oC, Green: 10oC, 

Red: 5oC  
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Figure 10: Stacked 1D proton NMR spectra displaying protonation of the sulfated fucan 

tetramer in 85:15 H2O:d6-acetone mixture. Color corresponds to different temperatures the 

spectrum was acquired at with a step size of 5oC. 

Temperatures are as follows: Yellow: 25oC, Dark Blue: 20oC, Light Blue: 15oC, Green: 10oC, 

Red: 5oC, Black: 0oC  
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 Usage of these methods allows for observation of NOE peaks between hydroxyl protons 

and anomeric protons. As multiple temperatures were used NOE buildup curves were created for 

both 25oC and 5oC. With a reduction in mixing time of ~10 ms for anomeric protons.  

This chemical exchange and subsequent reduction in peak intensity results in issues 

within the NOE derived restraints by having a negative effect on the peak volume of the NOE 

derived cross peaks that are used in calculating the distance. We observed an addition of 2-4 

angstroms to these distances in initial calculations before any normalization was implemented. 

This placed these distances outside of any modeled information in both fucose and the sulfated 

fucan. This issue necessitates calibration of these NOE cross peaks as a function of their 

occupancy of the protons in hydroxyl groups. Within the literature there are multiple methods to 

determine the chemical exchange of hydroxyl peaks however these are often within proteins or 

nucleic acids with little information available in regards to signal intensity in sulfated 

polysaccharides (76). 

Measuring chemical exchange is a difficult process to quantify for these protons that are 

insensitive within the NMR spectra. These methods are usually based in usage of jump return 

pulse sequences or using other water suppression schemes (77). Because of the high chemical 

shift degeneracy that is observed in carbohydrate NMR, the water signal reduces intensity of the 

anomeric protons that are often falling within this signal oscillating around 4.7 ppm. Due to this 

possible reduction in anomeric intensity these methods could not be used to calibrate the NOEs. 

It was determined that a different method would be needed to calibrate these peaks.  

The solution we employed as described by Adams et al. uses the formula 1/τ  = 1 / T1, + 

k.  Where tau (τ) is the decay time constant. This tau value is homogenized across all protons on 



31 

 

the sugar and does not need to be experimentally verified. k is the value that corresponds to 

chemical exchange, or rate of exchange between the solvent and labile site. Algebraically this 

equation allows for the calculation of chemical exchange through T1 assuming an arbitrary value 

for tau. For this portion fucose and the sulfated fucan were studied through T1 inversion 

recovery for calculation of T1 values to be applied to this formula.  

 

3.2.2 T1 INVERSION RECOVERY AND CALCULATION OF T1 RELAXATION 

TIMES 

 The T1 inversion recovery (T1IR) pulse sequence seen in Figure 11 was used to 

determine the T1 relaxation property of the hydroxyl protons to calculate and later on calibrate 

the NOE derived distances that were obtained within the NOESY spectrum. Simply put the T1IR 

pulse sequence can be described as a series of individual scans consisting of a 180 degree pulse 

followed by a variable delay time which is then followed by another 90 degree pulse. At almost 

zero delay time this results in a one dimensional spectrum that is in negative phase. At longer 

delays times all signals in these spectra will be in the proper phase. This is due to the variable 

delay time filling enough time to allow for the magnetization of the nuclei to equilibrate with B0 

before the following 90 degree pulse. Following the 90 degree pulse the FID is then allowed to 

return to equilibrium with the external magnetic field for a repeated number of scans as needed. 

This relaxation step is represented by D1 within the pulse sequence. 90 degree pulses were 

optimized through topspin command “pulsecal”. 
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Figure 11: The pulse sequence for T1 inversion recovery is shown. d1 corresponds to standard 

delay time. Values in degrees correspond to magnetic pulses applied to the sample. [vd]n 

corresponds to variable delay times at different values. FID is free induction decay or 

acquisition. 

 

The T1IR experiment is then conducted out as a sequence of individual 1D protons 

spectra at differing variable delay times. In the T1 calculation of fucose these times for variable 

delay were optimized as 0.00125, 0.0025, 0.005, 0.01, 0.01, 0.025, 0.05, 0.1, 0.1, 0.25, 0.5, 0.75, 

0.75, 1.25, 3 and 5 sec. In fucose these experiments were performed in protonated spectra at 5oC, 

10oC, and 15oC. The result of this acquisition can be observed in Figure 12. These vd values 

were then repeated for the sample containing sulfated fucan. For the sulfated fucan the 

experiments were ran at 2oC, 5oC, and 8oC. These temperatures were slightly warmer than initial 

protonation experiments but signals arising were still of quantifiable intensity.  

For increasing the validity of the curves derived through the three parameter exponential 

fit and to have an internal check in the experiment multiple vd values were repeated. Within 
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these stacked spectra there is a clear pattern of signals being in the negative phase for variable 

delay times that are near zero and signals either being matched with baseline or being of very 

low intensity in the spectrum corresponding to a 1.25 second variable delay time. At the 

following longer delay times the spectra “flip back” to being in the normal phase. This is due to 

the protons being allowed to relax fully and reach homogeneity with the external magnetic field 

before the 90 degree pulse followed by acquisition of the FID. In Figures 13, 14, and 15 

experimentally derived curves of values based on vd time value in the x axis as well as relative 

intensity in the y axis is shown for a representative methyl proton, anomeric proton, and 

hydroxyl proton. Production of these curves is generated through the following workflow in 

MestreNova as it is present in the software manual. First, the signal area corresponding to a 

single proton is selected and plotted in an integrals graph. This results in a table containing vd 

values in X panel, integral values corresponding with the experimentally acquired signal 

intensity, then panel Y’(X) the function for three parameter exponential fit [B+F*exp(-x*G)] is 

selected for plotting. This results in the curves plotted in Figures 13, 14, and 15 and values 

corresponding to B, F, and G. T1 value in time is calculated for the inverse of the G value or 1/G 

= T1. This was repeated for all protons in both the fucose and sulfated tetrasaccharide. An issue 

highlighted in the original manuscript that due to signal degradation a few protons were unable 

to have their T1 values calculated from a lack of proper application of the parameter exponential 

fit function. A majority of protons both carbon-bound and hydroxyl-bound ones were fully 

described in both MestReNova and TopSpin 4.0.5. 
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Figure 12: T1 Inversion recovery results of L-fucose in 85:15 H2O:d6-acetone. X axis 

corresponds to chemical shift value. Stacked spectra are distinguished by individual vd times. 

Values highlighted represent repeated vd values. 
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Figure 13: Representative experimentally derived curve for anomeric proton at 3.5 ppm. L-

fucose in 85:15 H2O:d6-acetone. Data was acquired at 15oC and processed through MNova using 

a three parameter exponential fit equation (B+F*exp(-x*G)). T1 is then calculated through an 

inverse of the calculated G value.  
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Figure 14: Representative experimentally derived curve for methyl protons at 1.2 ppm. L-fucose 

in 85:15 H2O:d6-acetone. Data was acquired at 15oC and processed through MNova using a 

three parameter exponential fit equation (B+F*exp(-x*G)). T1 is then calculated through an 

inverse of the calculated G value. 
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Figure 15: Representative experimentally derived curve for hydroxyl proton at  7 ppm. L-fucose 

in 85:15 H2O:d6-acetone. Data was acquired at 15oC and processed through MNova using a 

three parameter exponential fit equation (B+F*exp(-x*G)). T1 is then calculated through an 

inverse of the calculated G value. 
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3.2.3 EQUILIBRATION OF NOE RESTRAINTS 

 A compilation of the T1 relaxation times was obtained from integration of the curves for 

individual peaks. This is presented in Table 1 for L-fucose. Observation of this information 

shows a clear pattern of T1 times that are similar within different chemical environments. There 

are 3 different groups that provide this pattern. These are the protons bound to methyl groups, 

carbon-bound protons on the fucose backbone, and those that are in the hydroxyl groups. This 

same pattern is then observed again for the T1 values for the sulfated fucan in Table 2. 

 

Table 1: T1IR derived T1 values in L-fucose at 5oC, 10oC, and 15oC with corresponding 

chemical shift values 

 

Table 1: T1IR derived T1 values in L-fucose at 5oC, 10oC, and 15oC with corresponding 

chemical shift values.  
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Table 2: T1IR derived T1 values in sulfated fucan at 2oC, 5oC, and 8oC with corresponding 

chemical shift values 

 

Table 2: T1IR derived T1 values in sulfated fucan at 2oC, 5oC, and 8oC with corresponding 

chemical shift values. Due to signal degeneration methyl protons experienced almost complete 

overlap.  
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Upon comparison between the exchangeable protons T1 values a regular difference was 

observed for those signals which arise from the hydroxyl protons and those that are carbon-

bound in both fucose and the tetrasaccharide. In a simple comparison of means we observed a 

40% change in occupancy for fucose and a 35% change in occupancy for the sulfated fucan. The 

original experimentally observed NOE cross peak derived distance restraints were normalized 

through these percent changes in occupancy. These interatomic distances are present in Table 3 

for L-fucose and Tables 4 and 5 for the sulfated fucan. 

 

Table 3: NOE derived interatomic distances for L-fucose in solution 

 

Table 3: NOE derived interatomic distances for L-fucose in solution. Information is split 

between carbon bound protons and exchangeable hydroxyl protons. Exchangeable hydroxyl 

proton distances are normalized by a 40% change in occupancy relative to chemical exchange.  
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Table 4. NOE derived interatomic distances for the sulfated fucan tetramer monomer units 

A and B in solution 

 

Table 4: NOE derived interatomic distances for the sulfated fucan tetramer monomer units A 

and B in solution. Information is split between carbon-bound protons and exchangeable hydroxyl 

protons. Exchangeable hydroxyl proton distances are normalized by a 35% change in occupancy 

relative to chemical exchange.  
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Table 5: NOE derived interatomic distances for the sulfated fucan tetramer monomer units 

C and D in solution 

 

Table 5: NOE derived interatomic distances for the sulfated fucan tetramer monomer units C and 

D in solution. Information is split between carbon-bound protons and exchangeable hydroxyl 

protons. Exchangeable hydroxyl proton distances are normalized by a 35% change in occupancy 

relative to chemical exchange. 
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In comparison with molecular dynamics data, interatomic distances in fucose were 

mostly equivalent with force-field derived distances. The force-field used in this structure was 

GLYCAM06j. This process was repeated for the sulfated fucan. Both simulations matched with 

great agreement between NMR derived data and force-field information. This is further 

supported in fucose with atomic distance agreement with a fully sulfated fucose that was 

described through x-ray crystallography. This fucose was taken from a protein data bank entry, 

ID: 4CE8. All fucose residues fell into the predicted 1C4 position. 

 

3.3 CONCLUSIONS 

 

This supports the hypothesis in which it was stated the impact of chemical exchange 

between solvent protons and hydroxyl residues reduces the NOE peak volume. This method 

provides a baseline method for normalization of NOE based interatomic distances for fucose and 

the regular sulfated fucan it has been applied to. In the future applications this method could 

possibly be applied to other carbohydrate monomers and subsequently more structurally complex 

carbohydrate polymers like the GAGs. This direction will likely need to be corroborated with 

regular oligosaccharide structures initially to provide more validation to the methods that have 

been used.  Since there is so little information regarding this area of research, the question must 

still be asked whether or not differential sulfation patterns and chain length will affect the sugar’s 

conformation in solution in addition to the loss of signal from chemical exchange. In addition to 

these aspects experimental conditions regarding the isolation and depolymerization of these 
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oligosaccharides must also be assessed to reduce the possible impact of ionic species on the 

conformation. 
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CHAPTER 4. PROTEIN LIGAND INTERACTIONS THROUGH NMR SATURATION 

TRANSFER DIFFERENCE SPECTROSCOPY 

 

4.1 SATURATION TRANSFER DIFFERENCE (STD) 

Multiple methods have been developed in NMR to further understand the complex 

relationships between ligands and receptors. Among these are chemical shift perturbation 

experiments that can be used to both map the overall binding locations through differences 

observed (78). In addition to this NOESY measurements may also be understood to determine 

the conformation of these proteins in the bound state identifying possible allostery within the 

peptide (79). These methods however focus on the receptor itself. 

Methods have also been developed for understanding the ligand perspective of these 

interactions. Among these are transferred NOE (trNOE) and saturation transfer difference. 

trNOE can be conducted to determine the binding conformation of ligands as well as the 

opportunity to observe the NOE cross-peaks entering negative phase due to the increase of the 

MW (80). The trNOE method effectively compares the structure of the ligand in the bound vs 

unbound state. This method does not describe the chemical properties of the ligand that are in 

interaction however. To understand structurally the nuclei involved within the binding event of 

these larger complexes saturation transfer difference spectroscopy is the current pinnacle in 

NMR approaches within this discipline. In “Saturation Transfer Difference in Characterization 
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of Glycosaminoglycan-Protein Interactions” the application of STD to sulfated carbohydrates 

has been reviewed in detail.   

 

 STD is a monumental technique in understanding ligands in interaction with receptors 

originally described by Meyer and Mayer (34). The strength within this analytical technique 

from an observation perspective is the ability to observe the protons and functional groups that 

are in interaction with a receptor. The experiment itself provides a comparison of spectra from 

the ligand in both the bound and unbound states. This is achieved through a selective 

magnetization of a receptor of interest with no magnetization of the ligand. Selective 

magnetization occurs in a region of receptor signals that do not overlap with signals observed in 

the ligand. This produces a spectrum of signals that are only in interaction with the receptor. 

Consequently, this allows for a more discrete ability to understand the structure-activity 

relationship and functional properties of molecules in both drug discovery and pharmacology. In 

addition to this experiment also allows for the comparison of different ligands within the sample 

solution, assuming the parameters can be applied for all the ligands of interest. The mechanism 

for STD is described in Figure 16.  
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Figure 16: A: Selective saturation to the receptor is off, all signals are observed from the ligand. 

B: Selective saturation to the receptor is on, ligand signals that are in interaction with the 

receptor are undergoing cross polarization with shown reduced intensity. C: Difference spectrum 

is observed between on and off spectra. This leaves only those signals that are involved within 

the binding mechanism.  
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STD is conducted through a complex pulse sequence. The beauty of this pulse sequence 

lies in the selective pulse for magnetization of only the receptor protons. How this is achieved is 

that this selective pulse irradiates only a region of the spectrum in ppm that corresponds to 

Larmor frequency of receptor protons. These protons must not fall within the signal range of any 

of the ligand protons to assure that all signals observed in the spectrum have magnetization that 

originates through cross polarization from the receptor. This pulse a challenging aspect of the 

experimental design that must be optimized for proper information to be observed.  

In addition to the optimized region in which the spectrum is irradiated the length of this 

pulse is also a crucial aspect of the experiment. The pulse must be maintained for a long enough 

period of time for the receptor to be properly magnetized and therefore resulting in highly 

diffused magnetization throughout the receptor. In another similarity with NOE based 

experiments the selective saturation pulse is often optimized at different lengths of time to 

produce a build up curve of intensities (81). When both the length of pulse and design of this 

saturation step are optimized the receptor will be fully magnetized at the spectra region the pulse 

has been designed for. Once this has occurred the selectively magnetized region will become 

diffused across the receptor region. In ligands that are in the bound state this diffusion will 

further cross polarize through space to the protons in the ligand. This cross polarization event 

should effectively radiate the ligand protons to the high energy state that is observable through 

NMR. The cross-polarization that the ligand receives magnetization through is within similar 

distance restraints to NOE. That is the 1/r6 dependence or 5-6 angstroms with intensity reducing 

greatly as distance between the contacts increases.  
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Some practical considerations to take into account are the size in MW of the protein as 

well as other experimental variables like viscosity that need to be considered outside of the pulse 

design. Due to the property of spin diffusion the magnetization to a specific region of the 

spectrum is diffused across the biomacromolecule before it migrates through space to the protons 

bound to the ligand. For this reason this experiment is more effective for larger macromolecules 

(>15kDa) as this allows for a more intense polarization of interresidues (82)(83). In normal 

conditions this experiment is conducted by comparison of ligand spectra where both the on and 

off resonance scans are conducted with a sample containing both ligand and receptor. For the 

purpose of a control for this experiment to determine no signal is being observed by direct 

magnetization to the ligand a sample containing only ligand is subjected to the on-resonance 

frequency. This control experiment to assess the design of the selective pulse assures that the 

resultant spectrum contains no artifacts due to non-directed pulse to the ligand. When the 

experiment is performed the receptor and ligand is dissolved within the same sample. To reduce 

the impact of the protein signals in comparison to the ligand’s signals this sample is prepared 

with a high molar excess of ligand vs. receptor.    

 In the context of glycobiology saturation transfer difference spectroscopy has been 

mostly explored into three separate groups biological macromolecules. These are coagulation 

factors, cytokines and chemokines, and growth factors. While these groups are the most widely 

probed with this technique there are exceptions. These proteins that have been observed to bind 

to GAGs are referred to as “heparin binding proteins” or HBPs.  

 In our manuscript titled “Saturation Transfer Difference in Characterization of 

Glycosaminoglycan-Protein Interactions” the applications of STD towards multiple types of 

GAGs and these three groups of heparin binding proteins has been explored. It is hypothesized 
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that the review of this information will lead to conclusions about the impacts of sulfation sites, 

carbohydrate chain length, and carbohydrate composition and how they vary in these three 

separate groups of HBPs.   

STD application towards GAGs does have an added benefit in application towards GAGs 

as the selective pulse is often not in overlapping regions of the receptor. This is due to the lack of 

intense signal overlap as most carbohydrate signals fall within midrange ppm values (84). For 

this reason the pulse design in these experiments occurred in either high upfield or downfield 

ppm regions. These ppm regions correspond to methyl groups in the -1 to 1 ppm regions and 

highly downfield ppm regions corresponding to amine groups present on peptides. These 

receptor ppm values often correspond to methylene protons in the upfield region and lysine or 

arginine in the downfield region (85). 

As well as experimental design in regards to experimental parameters and conditions 

differences between structural properties of the GAGs were also well described. In this it was 

observed that the position of sulfate, sugar monomer composition and oligosaccharide chain 

length were found to have an impact on STD signals in addition to this the impact of reducing 

and non-reducing ends was explored in its function towards overall binding of these 

carbohydrates. Within these three groups a diverse set of structural features was observed to have 

impact on the STD results. This further exemplified the diversity of the structure-activity 

relationship of these carbohydrates with a diverse set of protein families. For the purpose of well 

elucidated interactions between these receptors and the GAGs relatively short oligosaccharide 

fragments are used to allow for well resolved elucidation of the carbohydrate structures. Tetra-, 

hexa-, and octasaccharides are often used. Usage of these oligosaccharide chains allows for ease 

of initial structure elucidation as well as being highly useful for understanding binding 
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contributions to the regions of the oligosaccharide. The regions within these oligosaccharides are 

the reducing end, the non-reducing end, and the inner residues. Within STD studies usage of the 

oligosaccharides provides rich details of these interactions.   

While primarily utilized as the more simplistic 1D approach originally described by 

Meyer and Mayer this is not the only way to perform the STD experiment. More complex 

ligands or experimental conditions may necessitate usage of alterations of this original pulse 

sequence. In the case of protein background signals being too overwhelming the usage of 

saturation transfer double difference (STDD) experiment is used (86). In the STDD experiment 

the signals from the ligand are not the only signals that are subtracted from the final spectrum as 

residual signal leftover from the protein in solution is also removed. This assures a final 

spectrum that is only displaying signals whose origins are from the ligand. In the case where 

ligand spectrum become too difficult to decipher as they become structurally complex the usage 

of 2D STD has been implemented. 2D STD experiments that have been successfully used are 

STD-HSQC and STD-HMQC (87). In an incredibly interesting application of the STD 

experiment incredibly complementary information to chemical shift perturbation can be 

observed. That is, where in an inverse of the experiment this transfer of magnetization can be 

carried out through selective magnetization of the ligand. In an isotopically labeled sample this 

can be further used to identify those amino acids at the binding interface (88).  

 

4.2 COAGULATION FACTORS 

 Proteins involved in the coagulation cascade pathway have been the subject for numerous 

studies regarding GAGs, particularly heparin. This relationship between coagulation and heparin 

is accentuated by its usage as an anticoagulant since the early 20th century (89). Heparin 
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contains a pattern of sulfated residues following the pattern GlcNAc/NS(6S)-GlcA-

GlcNS(3S,6S)-IdoA(2S)-GlcNS(6S) as seen in Figure 17. This pattern has been dubbed 

fondaparinux in a synthetic preparation and is mimicking the primary binding sequence of 

heparin to antithrombin. Binding to antithrombin leads to downstream effects in the coagulation 

cascade and is critical for its physiological function (90). This is primarily observed through 

inhibition of factors Xa and IIa. Through STD impacts of this pentasaccharide structure were 

probed in interactions with antithrombin. Stancanelli et al. employed the use of two synthetic 

hexasaccharides containing this high affinity pentasaccharide sequence. These two structures 

they had used differed in the composition slightly where one hexasaccharide contains sulfation 

on the second position of iduronic acid while one does not. This residue was targeted for this 

change as sulfation on this iduronic acid has long been thought to be a crucial structure in this 

sequence's biological effects (91). Of note is that this sulfation point was one of two 

modifications to the pentasaccharide. The other modification was a simple addition of a 

glucosamine to the reducing end of the pentasaccharide (92). This addition of glucosamine 

induced no major change to the binding event and produced no notable signals within the STD 

spectra. 

 

Figure 17: High affinity antithrombin binding HS pentasaccharide structure. [→4)-D-

GlcNAc/GlcNS6S-α-(1→4)-D-GlcA-β-(1→4)-D-GlcNS3S6S-α-(1→4)-L-IdoA2S-α-(1→4)-D-

GlcNS6S-α-(1→]  
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 Through STD between these hexasaccharides and antithrombin the individual 

contributions of structural features are described. The intensity of these interactions is visually 

available by Figure 18. Conclusions from this STD study concluded that the contribution of 

sulfation on the second position of iduronic acid is not a requirement for this pentasaccharides 

binding to antithrombin.  

 

Figure 18: Hexasaccharides containing high affinity AT-binding sequence used in STD studies 

with antithrombin. Both differ slightly in sulfation content as is highlighted by red boxes at 

differing residues. A: Contains sulfation on the second position of iduronic acid. B: Does not 

contain sulfation at the second position of iduronic acid. Grey markers correspond to the STD 

derived signal intensities. Signal intensity markers are relative to the maximum observed proton 

intensity in the STD NMR spectrum for each individual ligand. 
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 The structural properties of this pentasaccharide structure were further explored by 

Guerrini et al. who elucidated the importance of 3-O sulfation on GlcNS(6S) within this 

pentasaccharide structure (93). This alteration resulted in an oligosaccharide with 3-O sulfation 

on two monosaccharide units. For this they opted for usage of a longer oligosaccharide fragment, 

an octamer in this case. With the presence of this additional 3-O sulfate group they observed a 

clear increase in STD intensity. This further provided evidence for the importance of sulfation on 

this position of GlcN.  

Through these two studies the usage of saturation transfer difference was able to discern 

and somewhat quantify the impact of structural features of this pentasaccharide with 

antithrombin, particularly the IdoA2S motif. It was observed that increases to the oligosaccharide 

chain did not heavily impact the interaction between antithrombin and GlcNAc/NS(6S)-GlcA-

GlcNS(3S,6S)-IdoA(2S)-GlcNS(6S). It is also observed that the impact of sulfation on IdoA is 

not of maximum importance while further highlighting the importance of 3-O sulfation.  

 

4.3 CYTOKINES AND CHEMOKINES 

Cytokines and chemokines are likely the most well explored HBPs through STD NMR. 

In this review many of these macromolecules in this category were described through STD. Of 

these are GBP Stromal Cell-derived Factor-1 alpha (CXCL12α), Midkine (MK), C-C Motif 

Chemokine Ligand 5 (CCL5), Interleukin-10 (IL-10), and Leukocyte common antigen-related 

(LAR). Within these different cytokines and chemokines many structural conclusions about 

GAGs could be made. This is due to the sheer abundance of structural diversity of receptor 

molecules that was able to be observed in this group of HBPs. 
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One of these proteins, GBP stromal cell-derived factor-1 alpha (CXCL12α), is expressed 

throughout multiple cell types (94). Coupled with this proteins known binding capacity for 

heparin, this highlights the importance of glycosaminoglycans as cellular components (95).  In 

application towards CXCL12α Laguri et. al (96) utilized a fully synthetic heparin octasaccharide 

for their STD studies. In this case synthesis of this allowed for isotopic labelling of carbon 

residues in the oligosaccharide. When applied in the STD experiment a similar pattern of 

intensity was seen as observed in Fei Yu’s work in the growth factors. This is observed in Figure 

19. Through observation of the signal intensities it is apparent that this molecular complex is 

formed through bonding within the center disaccharides with little or low influence from the 

reducing and non-reducing ends (96).  

 

 

Figure 19: HS octasaccharide is displayed. This oligosaccharide contains the GlcNS6S residue. 

STD derived signal intensities are displayed by the gray markers present.  Signal intensity 

markers are relative to the maximum observed proton intensity in the STD NMR spectrum.  
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In interaction with midkine, the impact of GAGs is also described well within the 

literature with physiological impacts being quite widespread (97). For STD studies regarding this 

protein Solera et al. opted to use two chondroitin sulfate oligosaccharides (98). These CS 

oligosaccharides consisted of 4 monomer units with structures being described as follows, 

GalNAc4S6S-GlcA3S-GalNAc4S6S-GlcA3S and IdoA2S4S-GalNAc4S6S-IdoA2S4S-

GalNAc4S6S. These tetrasaccharides differ in both sulfation content and sugar constituents. 

When applied in STD both sugars were found to sequester magnetization across the entirety of 

the chain. This indicated that the binding event and subsequent complex involved the entirety of 

the oligosaccharide without an intense impact from their differences in structural constituents. In 

Figure 20 these intensities are displayed. In comparison to other STD effects in different 

GAG:Protein complexes these showed a preference for the reducing ends in both 

oligosaccharides. The second oligosaccharide shows increased intensities on innermost residues. 

While not entirely clear this may be due to the hinge action that occurs during bound 

conformation of this molecule (99). This hinge action within this protein has been observed 

within midkine itself (88) however this is the first time this function could be observed through 

the ligand’s perspective.  
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Figure 20: CS tetrasaccharides used in STD studies with midkine. A: contains a GalNAc4S6S 

residue. B: contains an iduronic acid as opposed to a glucuronic acid. This residue is 2,4 sulfated. 

Gray markers indicated experimentally derived STD signal intensities. Signal intensity markers 

are relative to the maximum observed proton intensity in the STD NMR spectrum for each 

individual ligand. 

 

CCL5 is another immunoregulatory protein where it functions in inflammation to 

promote cell migrations (100). It has been observed that CCL5 has a mechanism that requires it 

to be in complex with a GAG to exert its biological effects (101). Because of this requirement of 

GAGs in its function CCL5 serves as an excellent receptor for discerning structural features 
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required for its GAG interaction. For this application Deshauer et al. sought to use chondroitin 

sulfate hexasaccharides to probe the structural influence of GAGs with CCL5 (102). These 

chondroitin sulfates differed in sulfate position in the disaccharide building blocks. Within this 

study it was concluded that the binding interface is in interaction with the entirety of the 

oligosaccharide chain and not solely from those residues that are sulfated. In an interesting 

application Deshauer’s group also utilized the inverse of this STD experiment, 2D HSQC STD 

NMR, to obtain the amino acid residues also involved in this binding. This is both in inverse in 

results but also an inverse in preparation where the receptor is in molar excess in comparison the 

ligand. This provides more support to previously obtained NMR based information about the 

amino acid residues involved in this binding event (88).  

 In application towards another anti-inflammatory cytokine, Interleukin-10 (IL-10), Kunze 

et al. applied the usage of multiple glycosaminoglycans types. These were CS, DS, HA, and 

heparin (103). In their studies they found a similar pattern as many other STD studies of GAGs 

in which the protons nearing sulfate groups were the most heavily involved within the binding 

interface during the formation of the Protein:Ligand complex. This was performed in both 1D 

STD NMR and 2D HSQC NMR. Upon removal of sulfate groups this interaction was even 

clearer where a reduction in STD signal intensity was observed for the same protons involved. 

This was in contrast to an experiment in which they observed a tighter binding event in a tri-

sulfated CS residue versus a di-sulfated CS residue. To probe a different structural feature 

observed in carbohydrate polymers, the length of the oligosaccharide chain itself, Kunze et al. 

also performed these STD experiments with heparin oligosaccharides of differing lengths from a 

disaccharide to a decasaccharide. It was observed that the longer the oligosaccharide chain the 
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more intense the interaction occurred as notified through the signal intensities and lower 

concentration requirement. 

 Another chemokine, leukocyte common antigen-related (LAR), was explored through 

STD. Of note is that this chemokine is not directly involved in the inflammatory processes as 

some of the other proteins that have been discussed. LAR is heavily involved in axon growth and 

elongation where heparan containing proteoglycans promote proliferation of the physiological 

outcomes while chondroitin sulfates promotes the opposite (104)(105)(106).  For STD studies 

the pentasaccharide sequence with high affinity for antithrombin, GlcNAc/NS(6S)-GlcA-

GlcNS(3S,6S)-IdoA(2S)-GlcNS(6S), was used by Gao et al. (107). In these experiments the 

usage of STDD experiments were used to reduce the amount of background noise from the 

peptide within the solution. Conclusions acquired from this pentasaccharide sequence with LAR 

yielded a pattern of signals corresponding to protons in the non-reducing end of this 

oligosaccharide. This was concluded as being the result of less sulfation on this end of the sugar, 

further highlighting the structural diversity of GAGs in regards to physiological outcomes and 

binding partners.  

 

4.4 GROWTH FACTORS 

 Interactions between growth factors and GAGs are a well described relationship with 

multiple growth factor families having been shown to be in interaction with GAGs (108). This 

relationship is especially well described within fibroblast growth factors, a family of growth 

factors consisting of 23 members sharing a conserved peptide sequence (109).While this 

relationship is diverse in families of growth factors, those studied through STD are much more 

limited with these experiments only being performed for fibroblast growth factors at this time. 
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This work was conducted by Fei Yu et. al (85) and produced excellent conclusions in regards to 

structural diversity’s impact upon binding. 

 In these studies Fei Yu utilized three synthetic heparin octasaccharides. These 

oligosaccharides differed by sulfation sites with no alterations in their monosaccharide 

constituents. Within these each oligosaccharide is composed of disulfated disaccharides with 

only one of the three containing a disulfated monomer unit.   With these octasaccharides STD 

was performed with two members of the FGF super-family, FGF-2 and FGF-10. Between these 

two FGFs there was clear differences observed within the STD spectra. Namely, that FGF-2 has 

a binding capacity much more indicative of a specific structural requirement. This was 

highlighted by signals within the STD only showing discrete increases in intensity of 2 out of 3 

oligosaccharides. In this case octasaccharide 3 was the only sugar displayed well resolved peaks 

indicative of exact structural moieties involved in the binding. This was further supported 

through the usage of all three oligosaccharides within the same sample. In this combinatorial 

experiment it was observed that the signals present in the STD spectrum were from 

oligosaccharide 3. Possibly indicating that due to a more preferential structure to FGF-2 that this 

oligosaccharide out competed the other two within the same solution. This is apparent in Figure 

21 where this interaction is shown through this enhanced signal intensities. Within FGF-10 this 

pattern is not seen and no oligosaccharide displays a clear preferential binding structure. This is 

in stark contrast to FGF-2 interactions that did show this specificity.  
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Figure 21: STD information as related to Hp octasaccharide in interaction with FGF-2. A: 

Reference 1D NMR spectrum Hp octasaccharide. B: Structure of the Hp octasaccharide, 

individual monomer constituents are labelled accordingly. Boxed in area represents the region of 

the highest affinity for FGF-2. C: STD spectrum of the Hp octasaccharide, gray dots in (B) 

correspond to these signals. 

 

 Of importance to note in these experiments is the lack of signal arising from both 

reducing and non-reducing ends of the oligosaccharides. This indicates that the binding is 

primarily a function of the innermost disaccharide units with the receptors. 

 



62 

 

 

 

 

 4.5 CONCLUSIONS 

 Currently, it is very clear that the impact of sulfation pattern, chain length, and 

monosaccharide content are distinct parameters involved in the binding capacities of these 

carbohydrates as was hypothesized. This is highlighted by the diversity in results observed in 

STD studies involved GAGs and their already known binding partners. STD has allowed for the 

determination of structural importance of the location of sulfation in these carbohydrates. This is 

highlighted through experiments involving complex mixtures of similar oligosaccharides, STD 

signal intensities as a result of presence of lack of sulfation at specific residues. These 

conclusions regarding the diversity of glycosaminoglycans will aid future research identifying 

the epitopes and structural motifs required for GAG binding. This will allow for both further 

understanding of the mechanisms of these interactions as well as more supported routes of 

development for pharmaceutical candidates.   
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