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ABSTRACT OF THE DISSERTATION 

Characterizing Ligand-Protein Interactions by Ligand-Detected Nuclear Magnetic 

Resonance (NMR) Methods 

 

by 

Jennifer Rapacon Cruz 

 

Doctor of Philosophy, Graduate Program in Chemistry 

University of California, Riverside, March 2011 

Dr. Cynthia K. Larive, Chairperson 

 

The study of ligand-protein interactions is important for understanding the 

biochemical basis of many diseases and provides an opportunity for the development of 

pharmaceutical compounds with agonistic or inhibitory activity. Biochemists and 

medicinal chemists often use structure-activity relationships (SARs) to gain insights into 

how a ligand’s molecular structure is related to specific interactions with a receptor, such 

as a protein. Nuclear magnetic resonance (NMR) spectroscopy is an ideal technique for 

probing ligand-protein interactions because a single analysis can yield rich structural 

information without destroying the sample, it is universal, and analyte derivatization is 

unnecessary. NMR ligand epitope maps gives information on the ligand protons that 

interact most strongly with the protein and can provide some information about the 

ligand’s orientation at the binding site. Ligand-detected NMR methods such as nuclear 

Overhauser spectroscopy (NOESY), diffusion NMR, and saturation transfer difference 

(STD) can be used to generate ligand epitope maps. The goal of this dissertation is to 

evaluate the efficiency and reliability by which epitope maps of ligand-protein 
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interactions are determined, advancing the study of fundamental biochemical 

interactions.  

The protein investigated in this research is the human plasma protein, α1-acid 

glycoprotein (AGP). AGP is heavily glycosylated with about 45% of its mass composed 

of carbohydrate. AGP binds to a variety of small basic ligands and is known to play an 

important role in inflammatory processes.  

Epitope mapping results will be presented and compared for the binding of the 

drugs lidocaine and disopyramide with AGP. Lidocaine is an anesthetic drug with a weak 

binding affinity for AGP, while disopyramide is a chiral drug with stronger binding 

affinity. The enantiomers of disopyramide were isolated using an AGP chiral stationary 

phase and the AGP epitope maps of each enantiomer were characterized.  Analytical 

challenges such as effects of nonspecific binding on STD epitope maps and designing the 

best practice for setting the ligand-protein concentration ratios are also addressed. 

AGP is utilized as a chiral chromatographic phase. Preliminary work using high 

resolution-magic angle spinning (HR-MAS) to characterize the interactions of lidocaine 

with the AGP stationary phase is presented. 
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Chapter 1 

Introduction to NMR Methods for Characterizing Ligand-Protein Interactions 

 

 
 Elucidation of ligand-receptor interactions is of paramount importance in 

understanding biological processes vital for human life such as enzymatic mechanisms, 

hormone-receptor interactions, receptor and antibody recognition, and signal 

transduction. Therefore the molecular interactions responsible for ligand-protein binding 

may provide insights into the biochemical basis of many diseases and offers an 

opportunity for the development of new pharmaceutical compounds.  

Nuclear Magnetic Resonance (NMR) is a versatile technique that has made a 

tremendous impact in the pharmaceutical drug discovery process.1-14 Due to the rich 

structural information it provides and its non-invasive nature, NMR is a popular method 

of analysis in drug development.15-17 A schematic diagram of the drug development 

process is shown in Figure 1.1. There are several stages in the drug 

development process before a drug reaches clinical trials and is 

approved by the FDA: identification of the drug target, validation 

of initial hit compounds that bind to the protein target or show 

activity in cell-based assays, lead generation, lead optimization, 

evaluation of drug stability, development and efficacy of drug 

formulation, and the determination of the pharmacokinetic 

parameters including the adsorption, distribution, metabolism, and 

excretion (ADME) properties of the drug.6 One approach to Figure 1.1.  A schematic 
diagram of the drug 
development process. 
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generating lead compounds which complements the synthesis of combinatorial libraries is 

structure-based drug design (SBDD). In SBDD, a three dimensional model of the ligand 

interacting with the drug target is developed and lead drug compounds are selected based 

on specific drug-target interactions.18  

SBDD has brought novel therapeutic drugs into the market. The AIDS drug 

nelfinavir, which binds to the active site of HIV-1 protease, can be traced back to 

structure-based studies.19 SBDD has also been pivotal in discovering inhibitors for the 

target, SH2 domain of Src, which has been linked to osteoporosis and other bone-related 

diseases.19  

Because SBDD is an iterative process, one of the requirements in each step is a 

new lead compound generated through lead optimization.4  Lead optimization is typically 

based on structure-activity relationships (SAR), which provide insights into how the 

drug’s molecular structure is related to both specific interactions with the drug target and 

competing nonspecific interactions. Hence, a technique, such as NMR, that can provide 

specific structural information and report on interactions at the atomic level is needed. 

NMR is a robust and information rich analytical technique that can be applied to every 

step in the drug development process. In comparison with alternative techniques, NMR 

offers the key advantages of providing both structural and functional information to 

characterize ligand-receptor interactions.3   

The two receptor molecules investigated in this thesis are beta-cyclodextrin (β-

CD) and alpha1-acid glycoprotein (AGP). Although neither are specific drug targets, 

studying their interactions with various drugs provides insights into SAR at the early 
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stages of drug development. β-CD is an important compound used as a mobile phase 

modifier in separation techniques such as capillary electrophoresis or HPLC,20-21 and as a 

drug excipient.22 AGP is a human protein that is a major transporter of basic drugs. 

Therefore, studying drug interactions with AGP is important for determining their 

bioavailability. Studies using these receptors are also useful for further refining the NMR 

methods used to characterize ligand-protein interactions. 

The goals of this thesis are to use and evaluate NMR methods to understand 

interactions between small molecule ligands and their receptors. These goals are 

accomplished in the following objectives: 

Objective 1: Apply 1D- and 2D-NMR techniques to characterize the host-guest inclusion 

complex of doxepin and β-CD. 

Objective 2 : Apply ligand-based NMR experiments to characterize the binding motifs of 

achiral and chiral drugs with AGP. 

Objective 3: Design an experimental protocol to minimize nonspecific binding effects in 

epitope mapping experiments and evaluate nonspecific binding effects. 

Objective 4: Evaluate suspended state NMR epitope mapping methods for 

characterization of the binding of lidocaine to AGP bound to silica as a chiral 

chromatographic stationary phase. 

 

The remainder of this chapter will be devoted to providing background on NMR 

as it pertains to ligand-receptor binding. The comparative advantages and disadvantages 

of the different ligand-based NMR techniques used for epitope mapping, and the 
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application of these experiments to characterize ligand-protein interactions will be 

discussed. 

1.1 NMR Methods for Characterizing Ligand-Protein Interactions 

 Several NMR techniques have been developed to detect binding and provide 

structural information about both the binding pocket of the receptor as well as the 

ligand’s binding epitope. A binding epitope identifies which protons of the ligand 

molecule interact most with the protein’s binding site.27 Besides NMR there are several 

other methods that can be used to characterize ligand-protein interactions including 

surface plasmon resonance, calorimetry, and fluorimetry. These can detect binding but do 

not provide information on specific intermolecular interactions.28 NMR has the 

advantages of providing structurally rich information, it is non-destructive, and it can 

characterize binding at the molecular level. Although x-ray crystallography can also 

report on the structure of ligand-protein complexes, it requires a suitable crystal and the 

information obtained may not always be representative of the solution structure. In 

addition, x-ray crystallography provides a static picture, while many NMR experiments 

provide unique insights into the dynamics of ligand-receptor interactions. 

In a typical protein-ligand interaction, there are three species in equilibrium, the 

protein (P), the ligand (L), and the molecular complex (PL). For a 1:1 binding 

stoichiometry, the concentrations of the species can be related through the equilibrium 

expression as illustrated in Eq. 1.1. 

P + L ↔
on

off

k

k

PL   (1.1) 
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The dissociation constant, Kd, of the ligand-protein complex is expressed as shown in Eq. 

1.2. 

     Kd = 
on

off

k

k
   (1.2) 

The term koff represents the off-rate or the rate of dissociation of the ligand-protein 

complex and kon is the on-rate or the rate constant for the association of the ligand with 

the protein. For high affinity ligand-protein interactions, the binding strength (Kd) is 

approximated using the value of the ligand off-rate.29, 30 

 
 
 
 

 

 

There are two classes of NMR experiments for the identification of ligand protein 

interactions: protein-detected and ligand-detected methods. The choice between the two 

depends on the size of the target, its availability, and the Kd of the complex. Several 

thorough reviews of both approaches are provided by Ludwig, Carlomagno, Neuhaus, 

and Williamson .33-35 

 

 

 

Figure 1.2. Schematic representing the ligand-protein 
equilibrium for a 1:1 binding stoichiometry. The protein 
is represented with black shading and the ligand, L, is 
represented in white. 
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1.1.1 The Influence of Chemical Exchange on Ligand-Protein Binding
 

Chemical exchange involves nuclei converting between two (or more) 

nonequivalent environments. 31As shown in Figure 1.2, a ligand is in equilibrium 

between the free and bound state when interacting with a protein. If the ligand-protein 

complex is being studied in an NMR experiment, and the ligand is in fast exchange 

between the free and bound states, then the observed NMR parameter will be related to 

the mole fraction, X, of the free and the bound forms. For example, the observed 

chemical shift, δobs , of a ligand proton will be defined by Eq. 1.3 31-32: 

    δobs = Xfδf + Xbδb   (1.3)  

where δf and δb and Xf and Xb are the chemical shifts and mole fractions of the free ligand 

and ligand-protein complex, respectively.  

Because proteins yield complex NMR spectra, the properties of the ligand are 

often used to report the extent of binding in ligand-protein binding experiments. The two 

factors which determine if the bound and free ligand can be distinguished in the NMR 

spectrum are: (1) the exchange rate between the ligand in the bound and free states and 

(2) the NMR time scale, │δf – δb│, which is defined by the separation (in Hz) of the 

chemical shifts of the free (δf) and the protein-bound ligand (δb).31 The spectrum of a 

particular ligand-protein solution depends on the exchange rates associated with ligand 

binding. For systems in which the exchange is fast on the NMR time scale, koff >> │δf – 

δb│, separate resonances for the free and bound ligand would not be observed and a 

single resonance is expected. If chemical exchange is slow on the NMR chemical shift 

time scale, koff << │δf – δb│, and separate resonances are expected for each species.31 In 
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slow exchange, Eq. 1.4 can be used to calculate the equilibrium constant from the 

integrals of the resonance of the free ligand and the ligand-protein complex. 31 
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The integral of the free ligand (If) is proportional to [L], and the integral of the bound 

ligand (Ib) is proportional to [LP]. The free protein concentration is represented by [P]. 

The total ligand [Ltot] and protein [Ptot] concentrations are known by experimental design. 

The effects of chemical exchange on the resonances detected in the ligand-protein 

spectrum depends on multiple factors such as temperature, the number of potential 

binding sites, and the ligand:protein concentration ratio. Unlike simple systems that 

undergo chemical exchange such as cis/trans isomerization or cyclodextrin host-guest 

interactions, the resonance of the protein-bound ligand are usually broadened as the 

bound ligand takes on many of the motional properties of the protein. Slow tumbling and 

the restricted motion of the bound ligand can reduce the T2 relaxation times of the ligand 

nuclei leading to broadened ligand resonances.32 Depending on the rate of exchange, the 

motional broadening can be further exacerbated by exchange broadening. Broadening 

associated with intermediate exchange arises when the exchange rate is on the same order 

of magnitude as the difference in chemical shifts of the free and bound species,  

koff ≈ │δf – δb│.  

Protein-detected NMR methods rely on systems in slow exchange, while ligand-

detected experiments rely on fast exchange. Depending on the magnitude of Kd, the 
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concentration of ligand can sometimes be used to control the exchange rate. NMR 

experiments can be used to detect binding for Kd values of 10-3-10-8 M, but usually an 

excess of ligand is needed.31The experimental requirements and information obtained 

from each type of NMR approach is discussed further in the following section. 

 

1.2 Protein-Detected NMR Techniques for Measuring Ligand-Protein Binding 

In protein-detected NMR experiments, chemical shift changes of the protein are 

monitored as the ligand is added. This methodology requires 15N and/or 13C labeling of 

the protein and monitoring chemical shift changes of the protein backbone in 

heteronuclear multidimensional NMR experiments. A spectrum of the labeled protein is 

first acquired and the chemical shifts of the labeled nuclei are assigned. In the presence of 

a binding ligand, the local environment and the chemical shifts of the protein nuclei are 

affected. This allows the protein binding site to be characterized. When experiments are 

performed with several analog compounds, ligand SAR and the orientation at the protein 

binding site may be determined.  

Fesik and colleagues developed a strategy for high-throughput SAR by NMR 

methods.4  A library of small ligands are synthesized which have a binding affinity for a 

specific protein binding site. 15N-1H HSQC experiments are used to screen for ligand 

binding and leads are identified by the NMR chemical shift changes in resonances that 

correspond to the known protein binding site. Once leads are identified, structurally 

similar analogs are screened to provide SAR inputs for lead optimization. When used for 
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adjacent protein binding sites, after identification and optimization of ligands for each 

site the ligands can be linked to form a higher affinity ligand.7,10 

 A distinct disadvantage of the SAR by NMR method is that all of the resonances 

of the protein binding pocket must be completely resolved and identified, which limits its 

use to lower molecular weight proteins. Protein-detected methods such as SAR by NMR 

also require labeled protein, which can be expensive or difficult to generate for some 

proteins. Protein-detected methods also require a higher protein concentration than 

ligand-detected methods, which limits the types of proteins that can be studied.12, 26, 34 

 Although the SAR by NMR method is useful for lead generation, it can be 

difficult to distinguish between the protein residues that experience changes in chemical 

shift due to ligand binding and the residues whose chemical shifts are perturbed due to 

protein conformational changes caused by binding. A way to overcome this is to perform 

several experiments with a library of analog compounds. The protein residues that 

experience chemical shift changes upon addition of ligand molecules that have been 

modified can show which residues are in the binding site.17 This information is useful to 

determine which functional groups of both the ligand and protein are important in 

binding, so lead optimization can proceed in an intelligent approach.17 It is often more 

desirable to study the properties of small ligands, whose NMR spectra are simpler and 

better resolved than the spectra of large proteins. There is no need for labeling and 

binding can be studied by faster one-dimensional 1H NMR methods. 
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1.3 Ligand-Detected NMR Techniques for Measuring Ligand-Protein Binding 

 Ligand-detected methods are based on the observable differences in the basic 

properties of ligands and proteins. Because ligands, such as small drug molecules, have a 

lower molecular weight than proteins, their NMR active nuclei will be detectably 

different when the ligand is free or protein bound.  

The differences in the relaxation properties of free and protein-bound ligands give 

rise to a number of properties that can be detected in ligand-detected NMR experiments: 

(a) the change in the relaxation properties of the ligand due to interaction with spin labels, 

(b) line broadening, (c) change in the NOE, (d) intermolecular magnetization transfer, 

and (e) restricted ligand diffusion.32, 33, 35-37 

 Ligand-detected techniques can be divided into three broad classes of 

experiments: relaxation methods, NOE-based methods, and diffusion. In all of these 

techniques, no protein labeling is required, low protein concentrations can be used, and 

there is no limit to the protein molecular weight. Since NOE- and diffusion-based 

techniques are primarily used to characterize ligand-protein interactions in this thesis, 

these methods will be discussed in greater depth. 

 

1.3.1. Introduction to NMR 

 Nuclei with a spin of ½ will have two possible orientations. In the absence of a 

magnetic field, these orientations are of equal energy. As shown in Figure 1.3, when a 

magnetic field is applied, these energy levels split into a higher and lower energy state 

and each energy level is denoted by a magnetic quantum number, m. 1H nuclei have a 
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spin quantum number of ½ therefore there are two possible energy levels for an isolated 

1H nucleus in a magnetic field, α (aligned with the field) and β (aligned against the field). 

The stronger the magnetic field, the greater the energy difference between the two spin 

states.38 

0
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Figure 1.3. Diagram showing the possible orientations of nuclei in the 
presence of an external magnetic field. For spin 1/2 nuclei, the possible 
spin states are +1/2 and -1/2. 

 
The energy difference between these two transitions can be determined from Eq. 1.5, 

     
π

γ

2
ohB

E =∆    (1.5) 

where γ is the gyromagnetic ratio of the observed nuclei, h is Planck’s constant, and 

oΒ represents the static magnetic field.  The population of nuclei in the α and β states is 

defined by the Boltzmann relationship (Eq. 1.6), 
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     Tk

E

Be
N

N
∆

=
β

α    (1.6) 

where βα ,N  represents the population of nuclei in each spin orientation, Bk is the 

Boltzmann constant, and T is temperature. When the populations are at equilibrium, there 

are an equal number of upward and downward transitions between the two energy levels, 

but no net change in the populations. Excitation by a radiofrequency (rf) pulse of the 

appropriate frequency equalizes the populations of the two spin states. After excitation, 

the nuclei return to their equilibrium population by relaxation. 

 

1.3.2 NMR Relaxation 

NMR, unlike other spectroscopies, results from stimulated emission of 

electromagnetic radiation rather than spontaneous emission. There are two major NMR 

relaxation processes that allow for stimulated emission. The first is called spin-lattice 

relaxation (T1) because it was studied first historically. The second is called spin-spin 

relaxation (T2). Spin-lattice relaxation results in a reestablishment of the equilibrium 

population within quantized energy levels that arise from the magnetic moments of the 

spinning nuclei in the Bo static magnetic field. Spin-spin relaxation results in a loss of 

coherence among a spin population. Both of these processes occur simultaneously but at 

different rates after the populations have been perturbed by an rf pulse (B1).40 For spin ½ 

nuclei, a contributor to T1 relaxation is dipolar relaxation. Dipolar relaxation is induced 

by Brownian motion of nearby dipoles which create fluctuations in the local magnetic 

field experienced by a dipole. The rate of dipolar relaxation is inversely proportional to 
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the square of the correlation time (τc), as shown in Eq. 1.9. The correlation time is the 

time it takes for a molecule to rotate through 1o and/or diffuse through a length equivalent 

to its dimension.40 It can be reasoned that τc will vary with temperature, viscosity, and 

molecular size and shape. Because it depends on the molecular motion occurring, in turn 

so does T1.40 If the molecules are either very large, such as proteins, or very small, the 

spin-lattice relaxation processes occur more slowly than in molecules of intermediate size 

and motion.  

Very large molecules lose coherence more rapidly than small molecules because 

of their larger number of spins. When T1≈T2, this is called the “extreme narrowing 

region” because T1 is about the same as T2.40 The T2 rates are also important to consider 

because resonance linewidths are inversely proportional to the T2 of the nuclei which 

gives rise to the resonance. 

 

1.3.3 Relaxation Experiments to Detect Ligand-Protein Binding 

A ligand bound to a protein adopts the relaxation properties of the complex. In the 

case of fast exchange, free ligand molecules will take on an average of the relaxation 

rates of the free and bound states. If the ligand has a strong binding affinity, the 

relaxation rate of the bound ligand will dominate the average ligand relaxation rate. Line 

width and transverse relaxation can be used as criteria for ligand screening. Free ligands 

can be observed by using T2-filter experiments and by comparing spectra with and 

without protein. By moderating the line broadening of specific ligand resonances, 

relaxation methods can provide information on the regions of the ligand interacting with 
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the protein. For example, Hoyt and co-workers investigated the interaction of the 85 kDa 

extracellular domain of the epidermal growth factor (EGFR-ED) with the transforming 

growth factor (TGF-α).42 In this study the line widths and transverse relaxation rates of 

the methyl protons of TGF-α were measured at various ligand-growth factor 

concentration ratios. Through these experiments the binding kinetics and the parts of 

TGF-α that interact most with the growth factor receptor were obtained.42 

 

1.3.4 The Nuclear Overhauser Effect 

The nuclear Overhauser effect (NOE) arises from dipole-dipole interactions 

between nuclei in close spatial proximity and will affect resonance intensity differently 

depending on the size of the molecule. Because NOE can provide significant information 

regarding the spatial arrangement of nuclei, NOE-based experiments can provide helpful 

information for structural elucidation and conformational analysis. Since the NOE 

depends on the spatial relationship of nuclei, it is also a useful tool for characterizing 

intermolecular interactions.40, 41   

In 1955, Solomon discussed the quantum mechanics that lead to the NOE.35When 

one spin is saturated by an appropriate radiofrequency, this perturbs the other spins in 

close proximity. Since the central methods in this thesis are NOE-based experiments for 

characterizing ligand-protein interactions, it is important to understand the theory and 

background of the NOE.43-45 

 The classic NOE experiment can be described for a homonuclear spin system, I  

and S. These spins are close enough in space to be dipole-dipole coupled, but are not 
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coupled through bonds. Upon selective saturation of spin S, spin I is monitored. The 

NOE produced can be represented by Eq. 1.7: 

NOE =    
o

operturbed

I

II −
   (1.7) 

where Iperturbed and Io represent the spin states with and without irradiation, respectively.35, 

40, 41 The energy and transition states for the two-spin system are represented by the 

diagram in Figure 1.4.  

 

 

 

 

As shown in Figure 1.4, there are four possible energy levels for the system, and 

transitions, represented by W, can occur between all of the energy levels, each with its 

own transition probability. The transitions in which only one spin flips are single 

quantum transitions. The transition between the highest and lowest energy states 

(αα↔ββ) is a double quantum transition and the transition between the middle two 

Figure 1.4. Schematic of the energy level diagram for a homonuclear 
spin system and the transitions for two spin 1/2 nuclei, I and S, which are 
coupled by dipolar interactions. 
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energy levels (αβ↔βα) is a zero quantum transition. The zero and double quantum 

transitions are the relaxation pathways that are the basis for NOE.35,40,41 

In Figure 1.5, N represents the spin population and ∆ is the population difference.  

As shown in the Figure 1.5A, the same population difference exists across each of the 

single quantum transitions, so the equilibrium intensities of I and S are equal. When spin 

S is irradiated, the populations of αβ and αα as well as βα and ββ become equalized 

(Figure 1.5B). Thus the populations between αβ and αα become N+∆ and between βα and 

ββ become N-∆ (Figure 1.5B). In contrast, the double quantum transition, W21S , 

maintains a population difference of zero across the βα to ββ transition by reducing the 

population of ββ and increasing the population of the αα states (1.5C). This increases the 

signal intensity for the W1 transitions, resulting in a “positive NOE effect”. Similarly, the 

zero quantum transition,W01S , tries to reduce this population difference by increasing the 

population of  βα at the expense of αβ (1.5D). The population difference between the αα 

and αβ transitions is maintained at zero. As a consequence there is a reduced population 

difference for transitions of the observed spin αβ which results in a lower signal intensity 

or a “negative NOE effect”.  

The Solomon equation, Eq. 1.8, expresses the relationship between the NOE and 

the relaxation rates of the various transitions that can occur.34, 45 
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Figure 1.5. Schematic energy level diagram and population differences for two spins, I 
and S, coupled by dipole-dipole interactions. Also included are representative spectra. 
(A) Populations at equilibrium, (B) after saturation of the S spins, (C) after relaxation via 
double quantum processes, (D) after relaxation via zero-quantum processes. 
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Eq. 1.8 shows that the sign of the NOE for spin I in the presence of dipolar coupling with 

spin S depends on the cross-relaxation rate between the two spins, σIS. The denominator 

term, ( ISIIS WWW 20 2 ++ ), is represented by the symbol, ISρ , which is the  

dipolar longitudinal relaxation rate. If the double quantum transition represented by W2IS 

dominates, the NOE is positive, but the NOE is negative if the double quantum transition 

represented by W0IS dominates. The zero and double quantum relaxation rates are 

expressed by Eq. 1.9a and Eq. 1.9b, respectively.45 
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 These equations reveal the 1/r6 distance dependence of the NOE that limits its 

detection to nuclei that are within 5Å of each other. The frequency that will stimulate the 

zero quantum transition is |(ω1- ωs)| and the frequency that will stimulate the double 

quantum transition is |(ω1+ ωs)| as shown in Eq. 1.9a and Eq. 1.9b, respectively.  

 To induce spin transitions, a molecule must tumble at the appropriate frequency to 

provide a suitable fluctuating field. The power available within a molecular system to 

induce transitions through its molecular tumbling is referred to as the spectral density 

function J(ω) and this provides a measure of how the relaxation rates W0, W1, and W2 

vary as a function of tumbling rates. 

For a molecule with a short τc and fast tumbling, there exists a small chance of 

finding nuclei at both high and low frequencies, up to about 1/τc at which point the 
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spectral density decreases.40, 41 For molecules that tumble slowly, the spectral density will 

be concentrated in a smaller frequency window.  

Small molecules (<1000 Da) have short τc, tumble rapidly in solution, and can 

induce relatively large local field changes that cause the double quantum mechanism to 

dominate dipolar relaxation.40 For larger molecules, the zero quantum transition 

dominates.40,41 The sign of NOE depends on the frequency of the static magnetic field,  

ωo, and the correlation time, τc. There are three regimes: fast, intermediate, and slow 

motion. Small molecules which have a short τc, give rise to positive NOEs at a maximum 

of +0.5. This is known as the extreme narrowing limit and here the double quantum 

transition dominates dipolar relaxation. On the other extreme, large molecules give rise to 

negative NOE (at a maximum of -1) because of their longer τc and here the zero quantum 

dipolar relaxation mechanism dominates.  Between these two extremes is the 

intermediate region in which the NOE sign changes and passes through zero. 

 

 
 1.3.5 Two-Dimensional (2D) NMR Spectroscopy and the NOESY 

 Multidimensional NMR experiments play a significant part in characterizing 

intermolecular and intramolecular interactions, permitting detailed structural and 

dynamic analysis. Some examples of common 2D-NMR experiments used throughout 

this thesis are given in Table 1.1. Figure 1.6A and 1.6B show a schematic diagram of a 

2D-NMR pulse sequence and the resulting spectrum. During the preparation period, a 90o  

(rf) pulse is applied to generate transverse magnetization. The evolution period is an 

incremented delay during which chemical shift and spin-spin coupling evolve.40 In the 
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NOESY experiment, dipolar coupling develops between spins in close spatial proximity 

during the mixing time, which is typically 200-600 ms. The final 90o rf  pulse of the 

mixing period tips the magnetization back into the transverse plane where it is detected. 

During t2, the NMR signal is acquired in the same way as in a 1D experiment. Upon 

Fourier transformation of the time domain data, a frequency domain spectrum is 

obtained. 

 

Table 1.1: 2D-NMR experiments and the information provided40,41 

Experiment Basis Information Provided 
COSY (correlated 
spectroscopy) 

Homonuclear scalar coupling Correlated adjacent spin-
coupled functional groups 

TOCSY (totally correlated 
spectroscopy) 

Homonuclear scalar coupling Correlates functional groups 
in the same spin system that 
may or may not be coupled 

HSQC (heteronuclear single 
quantum coherence) 

Heteronuclear scalar coupling Correlates chemical shifts of 
1H and 13C. 

NOESY (nuclear Overhauser 
effect spectroscopy) 
  

Homonuclear dipolar 
coupling, chemical exchange 

Correlates functional groups 
that are in close spatial 
proximity 

ROESY (rotating frame 
nuclear Overhauser effect 
spectroscopy) 

Homonuclear dipolar 
coupling, chemical exchange 
in the rotating frame 

Correlates functional groups 
that are in close spatial 
proximity 

 

In 2D experiments, a series of essentially 1D spectra are acquired as a function of 

the incremented delay, t1. Thus it follows that a double Fourier transformation of 2D-

NMR data with respect to t1 and t2 will yield a 2D spectrum with frequency on both axes 

(Figure 1.6B). The 2D experiment is constructed so that the coupled nuclei will evolve 

according to two unique frequencies during the t1 and t2 periods.40,41 
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Figure 1.6. (A) Schematic of a 2D pulse sequence and (B) its NMR 
spectrum. 

 

1.3.6 NOESY 

One NOE-based experiment that can be used to probe ligand-protein interactions 

important for lead generation and optimization is the 2D NOESY experiment. First 

reported in 1980 by Macura and Ernst,47-50 the NOESY pulse sequence is shown in 

Figure 1.7. The pulse sequence consists of three 90o pulses. The first 90o pulse creates 

transverse magnetization. An incremented delay follows the first 90o pulse to introduce 

chemical shift evolution. During the second 90o pulse, the magnetization is stored on the 

longitudinal axis. During the mixing time, tm, dipole-dipole interactions induce cross-

relaxation and NOE develops. The final 90o pulse sends the magnetization into the 

transverse plane for detection.  Fourier transformation in the direct (t2) and indirect (t1) 

dimensions create the two-dimensional NOESY spectrum. Ligand-ligand cross peaks in 

the 2D spectrum reflect the interactions between nuclei giving rise to NOE. Nonbinding 

ligands give rise to positive cross peaks. Binding ligands will have negative cross peaks 

due to their interactions with the protein.  
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To generate an epitope map, NOESY spectra are acquired as a function of the 

mixing time. The NOE build-up rate is determined by measuring the cross peak volumes 

in the NOESY spectra. The cross peaks with the fastest build-up rates reveal the ligand 

functional groups that interact more closely with the protein. 

 

 

Figure 1.7. NOESY pulse sequence. The t1 is the incremented  
delay and tm is the mixing time.   

 

Although this method is used for determining epitope maps, it is time and labor 

intensive. The differences in NOE due to specific interactions with the protein become 

difficult to distinguish for individual ligand protons because of spin diffusion. Since the 

2D NOESY experiment generates epitope maps as a function of mixing time, T1 

relaxation effects may skew the results according to the individual relaxation rates of 

each ligand proton. Also because the experiment relies on detection of free ligand, a large 

excess of the ligand is typically used to facilitate NOE detection, which may cause 

nonspecific binding effects. 

Another limitation of NOESY is that ligand resonances, especially at low ligand 

to protein ratios, can be difficult to detect and quantify without reducing the broad 

spectral background contributed by the protein. This can hinder acquisition of quality 

data for epitope mapping and binding experiments. Hence a T1ρ-filtered NOESY pulse 
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sequence (Figure 1.8) was used in Chapters 3 and 4 of this thesis instead of the standard 

NOESY experiment to suppress protein intramolecular cross peaks and allow easier 

identification of intermolecular cross peaks between the ligand and the protein.49 This 

pulse sequence incorporates a spin-lock before the evolution period to selectively 

attenuate protein magnetization by T1ρ relaxation and suppress intramolecular protein-

protein cross peaks.49 A typical T1ρ-filtered NOESY spectrum contains intermolecular 

ligand-protein cross peaks in the F2 dimension that can be helpful in characterizing the 

ligand binding epitope. This experiment can also indicate which types of protein protons 

interact with the bound ligand,49 information that is not normally gained from other 

ligand-detected NMR experiments.  

 

 

Figure 1.8. T1ρ-filtered NOESY pulse sequence. The delay, t1, is the incremented  
delay and tm is the mixing time. 
 
 
1.3.7 Saturation Transfer Difference (STD) 

 
 Another NOE-based method that can be useful for epitope mapping is the 

saturation transfer difference (STD) experiment. The pulse sequence, shown in Figure 

1.9, consists of a long, low power pulse for selective saturation followed by a 90o read 

pulse. Typically, STD experiments have an appended spin-lock to attenuate protein 
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resonances by T1ρ-relaxation. A STD spectrum is obtained by subtracting spectra 

measured with off-resonance and on-resonance saturation acquired in alternating scans.51 

In the on-resonance spectrum, the edge of the protein spectral envelope is selectively 

irradiated and saturation spreads throughout the protein by spin diffusion. Saturation is 

transferred to binding ligands through cross-relaxation.51 The bound ligand dissociates 

from the protein and resonance intensities altered by saturation transfer are detected in 

the free ligand. 

 

Figure 1.9. Saturation Transfer Difference (STD) pulse sequence. δ is the length of the 
Gaussian shaped pulse, n is the total number of cycles used for selective saturation, and 
the T1ρ-filter is used to attenuate protein resonances.51 

 
 
Due to cross-relaxation when the ligand is bound to the protein, the intensity detected in 

the STD experiment reflects the proximity of ligand protons to the protein protons.  

The ratio of the STD resonance intensity and the corresponding off-resonance  

intensity is calculated for each proton. These ratios are expressed as relative percentages, 

called STD Factors, as shown in Eq. 1.10. In Eq. 1.10, Ioff and Ion are the integrals of a 

ligand resonance in the off- and on-resonance spectra, respectively.58 

STD Factor = 
off

onoff

I

II )( −
x 100         (1.10) 
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Ioff is the intensity of the ligand resonances in the off-resonance spectrum and Ion is the 

intensity in the on-resonance spectrum. STD epitope maps are created by setting the 

proton with the greatest STD factor to 100% and ordering the rest of the protons 

according to the highest STD factor.52 In the epitope map, the protons with the higher 

percentages indicate greater saturation from the protein thus presumably closer contact 

with the protein binding pocket. Although the STD experiment has reported to be 

successful in providing binding information, the length of the saturation time and 

saturation frequencies must be carefully chosen to obtain accurate results.  

 

1.3.8 Water-Ligand Observation with Gradient Spectroscopy (WaterLOGSY) 

A variant of STD which utilizes the bound water molecules often located at the 

ligand-receptor interface is WaterLOGSY. If the residence time of the water molecules is 

long enough to allow for efficient intermolecular transfer of magnetization during the 

NOE mixing time, negative NOE effects are observed between water and ligand 

protons.33 In the related NOE-PHOGSY experiment, bulk water magnetization is either 

selectively saturated or inverted. This magnetization is transferred to the bound water 

molecules of the complex through exchange, which causes a negative NOE enhancement 

of the bound ligand protons. The WaterLOGSY method is a promising approach to the 

detection of ligand binding for NMR screening applications. In this experiment, the bulk 

water peak is selectively saturated and magnetization transferred from water through the 

protein to the bound ligand is detected.33 Binding epitopes can be determined similarly to 

the STD experiment, that is, by subtracting the off- and on-resonance spectra. To obtain 
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the best sensitivity, these experiments should be performed in water containing only 

small amounts of D2O, added to provide the spectrometer lock. A disadvantage in this 

experiment is that ligand resonances which reside near the water resonance may also be 

saturated, skewing the true epitope map. 

 

1.3.9 NOE-Pumping 

In the NOE-pumping experiment, the signals of the non-binding ligand molecules 

are suppressed using a diffusion filter followed by a mixing time (similar to that used in 

NOESY) to make NOE transferred from the protein to the ligand visible in the NMR 

spectrum.33 This is achieved by subtracting the NOE spectrum from a reference spectrum, 

which measures the signal loss by relaxation. To improve the sensitivity and reduce 

experiment time, Chen and Shapiro developed the reverse NOE-pumping experiment.54 

In this pulse sequence, a T2-filter is appended after excitation followed by a mixing time.  

In effect, the intermolecular NOEs between the ligand and protein protons are suppressed 

in this experiment.  In a second reference experiment, the T2-filter is applied after the 

mixing time to allow intermolecular NOEs to build up, leading to a decrease in signal 

intensities. The difference between the spectra contain the signals of the ligand that bind 

to the protein. This technique has been applied to detect complex formation between 

human serum albumin (HSA) and several fatty acids.54 This experiment is especially 

useful for very small proteins (<10 kDa), where selective irradiation of the protein is not 

possible. This experiment requires long ligand T2 relaxation times and therefore is only 

useful for low affinity ligands.  
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1.4 Introduction to Diffusion NMR 

 At infinite dilution, the diffusion coefficient, D, is given by the Stokes-Einstein 

expression shown in Eq. 1.1144: 

 
f

Tk
D B=    (1.11) 

where T is temperature in Kelvin, kB is Boltzmann’s constant, and f is the friction factor.  

In the case of spherical particles moving in a continuous medium of viscosity η, the 

friction factor is given by Eq. 1-1244: 

hRf πη6=    (1.12) 

where Rh is the hydrodynamic radius of the diffusing molecule.   

 The relationship given in Eq. 1.12 between the friction factor and molecular 

radius is often not applicable to protein-containing solutions because proteins seldom 

have a strictly spherical shape and the size and shape of solvent molecules must also be 

taken into account. 44 Friction factors have been reported to more realistically describe the 

diffusion of proteins by taking into account solvent molecules along with crowding and 

excluded volume effects.44 

In NMR diffusion studies of proteins and other analytes, molecular motion is 

probed by applying a linear magnetic field gradient to the sample for a short period of 

time, creating a spatial pattern of nuclear magnetization.44 The magnetic gradient pulses 

are generated by passing current through a special pair of coils in the NMR probe.31,44 

This linearly varying magnetic field or magnetic field gradient is much smaller than the 
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static magnetic field, Bo, and is often applied parallel to the static magnetic field.  When a 

magnetic field gradient of amplitude G is applied along the z-axis for a time δ, each 

magnetic moment in the sample acquires a phase angle, Φ, given by Eq. 1.1331: 

zGδγ=Φ                                                 (1.13) 

where γ is the magnetogyric ratio and z is the position along the z-axis. While the 

precession frequencies of the spins depends on local static magnetic fields, the position 

from which precession proceeds from the rotating frame of reference depends on the 

strength of the magnetic field gradient. As a result, the gradient pulses allow the net 

displacement of the nuclei with respect to the gradient axis. The use of magnetic field 

gradients to study molecular translational motion offers the advantage that the positions 

of the spins are labeled in a way that does not perturb the sample.55, 56    

 The effects of diffusion in NMR were first recognized by Hahn57, and Carr58 et al. 

measured diffusion coefficients with NMR using continuous gradients. Many pulse 

sequences can be used for monitoring diffusion. Figure 1.10 highlights the progression of 

PFG-NMR diffusion pulse sequences. The pulse gradient spin-echo (PGSE), Figure  

1.10A, was the first experiment to incorporate pulsed-field gradients for diffusion 

measurements.58 The PGSE pulse sequence is based on the spin-echo experiment 

described by Hahn. In the PGSE pulse sequence, the gradient pulses act to wind the 

magnetization vectors into a helix along the z’ axis during encoding and then untwist 

them during decoding. Basically, the phase angle (Φ), shown is Eq. 1.13, is imparted to  
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Figure 1.10. Pulse sequences used for PFG-NMR diffusion measurements. (A) Pulse 
gradient spin echo (PGSE), (B) Pulsed-field gradient stimulated echo (PFG-STE), (C) 
Bipolar pulse paired stimulated echo experiment (BPPSTE). In this figure, δ is the 
gradient pulse length, g is the gradient amplitude, τr is the gradient delay, T is the 
longitudinal storage period, and ∆ is the diffusion time. 31 
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spins by the gradient pulse. The pitch of the helix is inversely proportional to the gradient 

amplitude; thus, as the gradient amplitude is increased the magnetization is wound into 

tighter and tighter helices.17 At higher gradient amplitudes, the sample regions 

experiencing the same gradient strength become smaller and smaller, leading to an 

increased likelihood that the nuclei of the analyte will receive significantly different 

encoding and decoding phase angles.45  

Diffusion experiments are generally performed by collecting series of one-

dimensional NMR spectra where the gradient amplitude is increased for each spectrum. 

The signal intensities, I, will decay exponentially with the square of the gradient area as 

shown in Eq. 1.14. 54 Although the gradient duration can also be incremented, holding δ 

constant allows relaxation effects to be ignored, simplifying the analysis of the diffusion 

data. 

A major drawback of using the PGSE pulse sequence to study ligand-protein 

binding is that the magnetization remains transverse for the time period ∆ (typically tens 

to hundreds of milliseconds), and thus decays by spin-spin relaxation. T2 values are often 

very short for proteins and for bound ligands, leading to considerable signal loss in this 

experiment from spin relaxation.  Evolution of the magnetization vectors by scalar or J-

coupling is also not refocused by the PGSE experiment leading to additional signal loss 

and phase distortions for J-coupled nuclei.40,57  

In the pulsed field gradient stimulated echo (PFG-STE) diffusion experiment first 

reported by Tanner, two magnetic field gradient pulses are incorporated into a stimulated 

echo pulse sequence as shown in Figure 1.10B.17,45  After the first 90o pulse rotates the 
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magnetic moment vectors onto the y’ axis of the rotating frame, application of a magnetic 

field gradient pulse of duration δ causes each vector to acquire a phase angle of 

zGδγ=Φ , resulting in a helix of magnetization with a pitch 2π/γGδ.  The second 90o 

pulse stores this spatial pattern of magnetization along the z’-axis.  Magnetization 

remaining in the x’y’-plane is destroyed by homospoil gradient pulses or through phase 

cycling.  During the longitudinal storage period, T, molecular diffusion leads to a 

decrease in the amplitude of the stored magnetization.  The third 90o pulse rotates the 

magnetization into the y’z’-plane. Application of a second gradient pulse refocuses the 

magnetization of the molecules that did not diffuse during the period, ∆, and leads to the 

formation of a stimulated echo. The final 90o pulse tips the magnetization onto the 

transverse plane where the magnetization is decoded and detected. In the stimulated echo 

experiment, the time during which the magnetization is transverse is typically much 

shorter than in the PGSE experiment.  As a result, signal loss occurs primarily by spin- 

lattice relaxation, which for proteins is much slower than spin-spin relaxation.  The 

diffusion coefficient in a PFG-STE experiment can be determined from Eq. 1.14: 

I = Ioexp[-D(δgγ)2(∆-δ/3)]                  (1.14) 

Because the time that the magnetization is held in the transverse plane is short in the 

PFG-STE experiment, as long as T<T1, diffusion dominates the measured signal decay.

 The longitudinal eddy current delay (LED) pulse sequence, which incorporates an 

additional period, Te, following the decoding gradient of the PFG-STE pulse sequence, 

set the foundation for future PFG diffusion experiments.44 The magnetic fields generated 

by the gradient pulses induce an electrical current in the NMR rf coil that opposes the 
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gradient magnetic field. These are termed “eddy currents” and can interfere with the 

detection of the free induction decay resulting in distorted line shapes and baselines in the 

NMR spectrum. By storing the magnetization along the z axis during an eddy current 

delay appended to the stimulated echo pulse sequence, residual eddy currents are allowed 

to dissipate prior to detection of the NMR signal. The chemical shift is preserved and sine 

modulation from spin-spin coupling is avoided. Unfortunately, the utility of this 

experiment is not robust for measuring ligand-protein binding due to the effects of 

chemical exchange.54 

 One of the most commonly used experiments for diffusion measurements is the 

bipolar pulse pair stimulated echo (BPPSTE) experiment.44 The BPPSTE pulse sequence, 

shown in Figure 1.10C, combines bipolar gradients separated by a 180o rf pulse such that 

the effects of the gradient pulses are additive but eddy currents are cancelled. Bipolar 

gradients are pairs of gradient pulses of equal, but opposite magnitude. The 180o rf pulse 

between the gradients refocuses static magnetic field gradients, making the effective 

magnetic field more uniform. Chemical shift evolution during the encode/decode periods 

is refocused, enabling the free and bound species to maintain their respective spatial 

labels imposed by the gradients.17,54 Thus any phase (or intensity) modulation resulting 

from chemical exchange during the diffusion delay is avoided. The advantages of bipolar 

gradients are that eddy currents are effectively cancelled, and larger amplitude gradients 

can be applied. Also, cosine modulation of the diffusion signal due to chemical exchange 

or cross-relaxation can be avoided with bipolar pulse pairs.17,54 The addition of rf pulses 

required for bipolar pulsed gradient pairs adds a layer of complexity due to extra 
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coherence pathways, however, proper phase cycling can be used to select the desired 

pathway. The resonance intensity in the BPPSTE experiment is described by Eq. 1.15: 

I = Ioexp[-D(δgγ)2(∆-δ/3-τr/2)]         (1.15) 

where term τr refers to the length of the short delay after each gradient pulse and δ is the 

sum of the duration of the gradient pulses comprising each pulse pair. The short τr delay 

allows for recovery after the pulse. A disadvantage of this approach is that T2 losses can 

be greater when bipolar gradient pulse pairs are used because the magnetization is held in 

the transverse plane longer than for the simple stimulated echo experiment.17,54 

The decay rates of the exponential curves measured for molecules in solution are 

proportional to their respective diffusion coefficients (D) as shown in Figure 1.11. By 

taking the natural log of both sides of Eq. 1.15, a linear equation results, where D is 

determined from the slope. Typical BPPSTE decay profiles are shown in Figure 1.11 for 

glycine in D2O. As shown in Figure 1.11A, the resonance intensities measured with the  

BPPSTE experiment decay exponentially according to Eq. 1.15. The intensities of each 

resonance can be measured and plotted either as an exponential decay or a linearized 

(semi-log plot) version of the equation as shown in Figure 1.11B. The diffusion plots can 

be fit to determine the diffusion coefficient. In the case of the linear plot, the slope is 

equal to –D. 
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Figure 1.11. (A) Decay of the signal intensity for glycine as a function of gradient 
amplitude. (B) Linearized Stjekstal-Tanner diffusion plot for glycine. This data was 
acquired with a BPPSTE pulse sequence. 

 
1.4.1 Diffusion Experiments for Characterizing Ligand-Protein Interactions 

In addition to measuring diffusion coefficients, diffusion experiments can also be 

used to measure the ligand binding epitope. In stimulated echo experiments, trNOE 

builds up during the diffusion delay as the free ligand magnetization is preferentially 

attenuated due to its faster diffusion relative to the magnetization of ligands that were 

bound to the protein during this time. This enables a more selective detection of the 

binding ligands and therefore enhances the specificity of the epitopes generated from the 

diffusion data. 17, 41 The NOE transfer during the diffusion delay is small relative to the 

observed ligand intensity when the gradient is weak, but for strong gradient pulses, the 

NOE can be a significant contribution.17, 41 Due to this perturbation, a curved line may be 

detected in the Stjekstal-Tanner diffusion plot. Large deviations in linearity are obtained 

with longer diffusion times, in contrast to the linear behavior observed for solutions of 

B A 



35 
 

the free ligand.17,41 The diffusion plot of 1.0 mM disopyramide with 0.025 mM AGP 

shown in Figure 1.12 is an example of a curved line due to cross-relaxation between 

disopyramide and AGP. Lucas and Larive also utilized this diffusion technique to 

characterize binary and ternary binding epitopes for the protein, human serum albumin 

(HSA).56 

To create an epitope map using the diffusion data the deviations from linearity are 

quantified by fitting the linearized diffusion decay to a second order polynomial fit of the 

form: 

y = α + βx + ĸx2          (1.16) 

where β is the apparent diffusion coefficient and ĸ is the deviation from linearity. The 

epitope map is made by dividing the ĸ value for each value by the greatest ĸ, representing 

the quotients as percentages.60 The higher the percentage, the closer the contact between 

the ligand and the protons of the protein binding pocket. 

 

Figure 1.12. A second order polynomial fit of the diffusion data for  
           1.0 mM disopyramide and 0.025 mM AGP. 
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1.4.2  Suppressing the Protein Spectral Background in Diffusion Experiments 

Suppression of the protein resonances is essential for obtaining quality diffusion 

data for epitope mapping. Ligand resonances, especially at low ligand concentrations, can 

be difficult to detect and quantify without reducing the broad spectral background 

contributed from the protein. The two methods used in this thesis to suppress protein 

background in ligand-protein systems are: (1) a T1ρ-filter and (2) spectral subtraction.17, 31 

Pulse sequence based methods to suppress protein background, such as a CPMG or T1ρ-

filter, are usually faster than the spectral subtraction method because the acquisition of 

two data sets is not required.17, 31 However, the suppression may not be as complete using 

relaxation editing-based methods. Since relaxation filtering relies on differences in 

relaxation times, the ligand must be in fast exchange so that sharp ligand resonances are 

obtained. Hence a high ligand-protein ratio is desirable. However, as discussed in 

Chapter 3, this can lead to skewing of the ligand epitope map due to nonspecific binding 

effects.  

 Another general solution to suppressing protein background is to employ spectral 

subtraction. This method can be used even when ligand resonances are broadened due to 

protein binding. This approach requires measurement of identical diffusion spectra of the 

free protein at the same concentration as in the ligand-protein solution for each gradient 

amplitude employed. Each protein spectrum is then subtracted from the corresponding 

spectrum measured for the solution containing both ligand and protein. However, it is 

typically the case with background subtraction, the S/N of the subtracted ligand spectrum 

is reduced because the noise components of the two spectra are effectively added. The 
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reduced S/N decreases the precision of ligand integrals, even though the improved 

suppression of the protein background in the subtracted spectrum results in greater 

accuracy. The premise behind subtraction of the protein signals is that the chemical shifts 

of the protein are unaffected by ligand binding. Changes in the spectrum of the protein  

induced by ligand binding produce spectral artifacts, which can interfere with the 

integration of ligand resonances. The comprehensive diffusion review by Brand et al. 

describes methods that have been applied to study ligand-protein systems.44       

 

1.5 NMR Spectroscopy for Studying Ligand-Protein Interactions in the Suspended State  

One of the advantages of NMR analysis is that it can be used to study a wide 

variety of sample matrices. Although high-resolution magic angle spinning (HR-MAS 

NMR) was originally intended for analyzing solid-phase synthesis resins 61,62, it was soon 

applied to the analysis of membrane proteins63,64, polymers65, mesoporous materials66, 

cells67,  tissues68, and chiral stationary phases69.  In Chapter 5, ligand-protein binding 

interactions are studied when the protein is bound to a solid support using a slurry 

suspension of the protein-bound particles and a solution containing the ligand. In 

HR/MAS, residual dipole-dipole interactions are reduced resulting in decreased line 

broadening. HR-MAS was derived from solid state NMR techniques as a means to 

analyze molecules attached to solid-phase synthesis resins. Due to the nature of the 

suspended state solid sample, broad signals arise from the heterogeneous sample matrix 

and the inability of the molecules to isotropically tumble. Chemical shift anisotropy 

arises in suspended state samples causing non-uniform dipole-dipole interactions between 
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protons and electrons affecting the local magnetic field environment in the sample. When 

chemical anisotropy effects do not average to zero, molecules cannot tumble 

isotropically. The dipolar coupling and the chemical shift anisotropy contain an angular 

dependence of the form 3cos2θ – 1. When θ is equal to 54.4o, the dipolar coupling and 

CSA effects cancel to zero (Figure 1.13).41 This 

angle is referred to as the “magic angle”. Magic-

angle spinning experiments require that the sample 

be rotated rapidly with a stable speed and angle.  

Recently, studies have been successfully 

reported using HR-MAS STD to probe interactions 

between different solid stationary phases and 

analytes in buffer. In this experiment, the stationary 

phase is selectively saturated by irradiation of a train of Gaussian shaped pulses and this 

saturation is spread to the analyte molecules, which dissociate. The free analyte retains 

the saturation for a short period of time, and thus the 1H NMR peak intensity of 

molecules that were in contact with the stationary phase is reduced. In Chapter 5, 

parameters for the ligand-detected methods, STD and diffusion NMR, are developed and 

their results are compared for the characterization of lidocaine binding to an AGP 

stationary phase. As far as we are aware, this is the first attempt of a measurement of 

ligand binding to a protein stationary phase.  

 

 

Figure 1.13. A sample spun at the 
magic angle, θ, relative to the 
applied magnetic field in HR-
MAS NMR spectroscopy. 
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1.6 Summary 

  NMR spectroscopy is a versatile and information rich technique that can be 

utilized to address several challenges faced in the study of ligand-protein binding. In the 

following chapters, NMR is applied to study different types of molecules, which 

demonstrate the value of NMR for these measurements. In Chapter 2, simple 1D and 2D 

NMR experiments are applied to examine the interaction of the antidepressant, doxepin, 

with β-cyclodextrin. In Chapters 3 and 4, ligand-detected epitope mapping experiments 

are used to probe and compare the interactions of an achiral drug, lidocaine, and a chiral 

drug, disopyramide with AGP. Critical issues such as nonspecific binding effects and 

proper experimental design are evaluated. Lastly, Chapter 5 applies the advanced NMR 

technique, HR-MAS to study the interaction of lidocaine and AGP in the suspended state. 
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Chapter Two 

NMR Characterization of the Host-Guest Inclusion Complex between  

β-Cyclodextrin and Doxepin 

 

Based on a research paper published in Journal of Magnetic Resonance in Chemistry 

Jennifer R.Cruz, Bridget A. Becker, Kevin F. Morris, Cynthia K. Larive 

 

 In this chapter, the interaction between doxepin, a member of the tricyclic 

antidepressant (TCA) class of drugs, with β-cyclodextrin (β-CD) was investigated using 

NMR. Several TCAs have been reported to form a complex with β-CD having 1:1 

stoichiometry. Previous results from UV-visible spectroscopy, fluorescence 

measurements, and molecular modeling indicated that for imipramine, desipramine, and 

amitriptyline, the TCA aliphatic tail is included in the cyclodextrin cavity with apparently 

no interaction of the tricyclic ring. An alternative view of the doxepin-β-CD complex is 

presented in this work using analysis of complexation induced NMR chemical shifts 

(CICS), the method of continuous variation (Job’s analysis), and analysis of rotating 

Overhauser effect spectroscopy (ROESY) spectra. 

 

2.1 Introduction: Background on Doxepin and β-Cyclodextrin 

  Doxepin (Figure 2.1) is a member of the class of drugs known as tricyclic 

antidepressants (TCAs). These drugs have been widely prescribed since their introduction 

in the 1950s.1-4 As a group, TCAs have several undesirable properties such as 

cardiovascular side effects including cardiac arrythmia.5 Compared with other TCA  
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Figure 2.1. Structures of E-doxepin, β-cyclodextrin, and the TCA drugs, imipramine, 
desipramine, amitriptyline. For clarity, doxepin protons are identified using a subscript 
while the β-CD protons are not subscripted. 
 

drugs, doxepin has reduced cardiac side effects.3 Formulating TCAs with cyclodextrins 

could potentially mitigate the negative side effects of these drugs.5 

Cyclodextrins are an important class of molecules used as drug excipients,9-11 and 

as mobile phase modifiers in separation techniques such as capillary electrophoresis and 

HPLC.7-8  These applications rely on the ability of cyclodextrins to form inclusion 

complexes.  Complexes between the cyclodextrins and guest molecules can be studied by 

a variety of techniques including, UV-visible spectroscopy, fluorescence measurements, 
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x-ray crystallography, calorimetry, NMR, electrochemistry, separation techniques, mass 

spectrometry, among others.5-6,8.24.26-27 Of these techniques, only x-ray crystallography 

and NMR can yield information about the inclusion complex on an atomic level. X-ray 

crystallography provides a static view of the complex and depends on the availability of 

high quality single crystals. Because NMR measurements can be performed in solution, 

this method offers the advantage of providing insights into dynamic processes as well as 

molecular level structural information.    

 

2.1.1 Previous Work Characterizing Tricyclic Antidepressant Complexes with  

Cyclodextrins 

 

Previous studies using conductivity and ion selective electrode measurements 

determined that the TCAs form inclusion complexes with cyclodextrins having 1:1 

stoichoimetry.5, 12 Based on UV-visible spectroscopy, fluorescence spectroscopy, 

conductivity measurements, and molecular modeling, Junquera and coworkers suggested 

that the inclusion complex formed by β-cyclodextrin (β-CD, Figure 2.1) and  imipramine, 

desipramine and amitriptyline involves insertion of only the aliphatic tail into the β-CD 

cavity.5 As shown in Figure 2.1, these TCAs have structures similar to doxepin, with 

differences primarily in the composition of the tricyclic bridge and in the nature of the 

aliphatic tail.  The lack of changes in the UV-visible and fluorescence spectra of the 

TCAs examined by Junquera et al. suggested that the cyclic portion of the TCAs is not 

affected by interaction with the cyclodextrin, and therefore is not involved to an 

appreciable extent in inclusion complex formation.5  
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Complexes between cyclodextrins and numerous guest molecules have been 

studied by a variety of NMR methods. Changes in chemical shifts can be used to identify 

interactions between cyclodextrins and drug molecules and to determine binding 

constants.12-15 However, for many complexes, the spectra are either too complex or the 

chemical shift changes too small to provide reliable estimates of binding affinity.16 

Because of the distance dependence of dipolar interactions, NOE-based experiments are 

frequently employed to evaluate the structural features of intermolecular complexes.17-18 

The ROESY pulse sequence is typically the NOE-based experiment of choice for 

cyclodextrin complexes due to their intermediate size.18-21 In this chapter, 1H NMR 

spectroscopy is used to provide molecular-level information about the structure of the 

complex formed between β-CD and doxepin.  

 

2.2 Experimental 

2.2.1 Chemicals 

 β-CD, doxepin hydrochloride (Aldrich, Dallas, TX) and D2O (Cambridge Isotope 

Labs, Andover, MA) were used as received. Sodium phosphate monobasic, sodium 

phosphate dibasic, and acetonitrile were from Fisher Scientific, Fair Lawn, NJ.  
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2.2.2 Sample Preparation 

 To reduce the HOD signal from the buffer, a solution of monobasic and dibasic 

phosphate was prepared in D2O, lyophilized and reconstituted in D2O to give a phosphate 

concentration of 100 mM. The pD of the reconstituted buffer solution was 7.25. This 

phosphate buffer was used to prepare two stock solutions, one containing 5 mM β-CD 

and one containing both 5 mM β-CD and 25 mM doxepin. Aliquots of these two stock 

solutions were mixed to make the CICS solutions examined, thereby maintaining a 

constant β-CD concentration (5 mM) as the doxepin concentration varied between 1 and 

25 mM. The solutions used for the Job’s plot measurements were prepared from separate 

stock solutions of 5 mM β-CD and 5 mM doxepin. The mole fraction of doxepin ranged 

from 0 to 1 while the total concentration of β-CD plus doxepin was maintained at 5 mM 

for each solution. 

 

2.2.3 Acetonitirile as a Chemical Shift Reference 

 The choice of a chemical shift reference standard for CICS analysis with 

cyclodextrins can be difficult. Many molecules ordinarily used as chemical shift 

standards are somewhat hydrophobic and will compete with the intended guest molecule 

for inclusion within the cyclodextrin cavity. In preliminary experiments with the β-CD-

doxepin system we chose formate as a chemical shift standard. Formate is not 

hydrophobic and is unlikely to form an inclusion complex with β-CD. Formate also has a 

very simple 1H NMR spectrum and its singlet resonance is well resolved from both the 

doxepin and β-CD resonances. However, in solutions of doxepin containing formate we 
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noted exchange broadening of the free doxepin methyl resonance (Figure 2.2A) 

presumably due to an ion pairing interaction between formate and doxepin. Upon 

addition of β-CD to the doxepin solution, the methyl resonances immediately sharpened 

suggesting that inclusion complexation does affect the disposition of the doxepin 

aliphatic tail. To avoid these complications, acetonitrile was used as the chemical shift 

reference since it does not interact with doxepin or overlap with any of the doxepin and 

β-CD resonances. A 1H NMR spectrum of 20 mM doxepin with acetonitrile is shown in 

Figure 2.2B.  

 

2.2.4 NMR Experiments 

2.2.4.1 One-Dimensional NMR Experiments 

 All NMR spectra were acquired at 298.0 ± 0.1 K using a Bruker Avance 600 MHz 

spectrometer (Bruker Biospin, Fremont, CA) with a broad band inverse probe equipped 

with x, y, and z gradients. The chemical shifts were referenced to an internal standard of 

5 mM acetonitrile (ACN) at 2.060 ppm.26 For each 1H NMR experiment, 16 transients 

were collected into 37126 data points over a 6010 Hz spectral window using a 1 s 

relaxation delay. Prior to Fourier transformation, the FIDs were zero-filled to 65536 

points and apodized by multiplication with an exponential decay equivalent to 1 Hz line 

broadening. 
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Figure 2.2 (A) 1H NMR spectrum of a solution containing 20 mM doxepin with 
formic acid showing broadened methyl resonances due to ion pair formation between 
the doxepin tail and formic acid. (B) 1H NMR spectrum of 20 mM doxepin with 
ACN. The asterisk marks resonances of the doxepin Z-isomer which appears to be 
unaffected by the presence of formic acid. 
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2.2.4.2 Two-Dimensional NMR Experiments 

 
1H NMR spectral assignments were made by analysis of chemical shifts, coupling 

constants and interpretation of the correlation spectroscopy (COSY), total correlation  

pectroscopy (TOCSY), and ROESY spectra measured for solutions of free doxepin and 

5:1 β-CD:doxepin. For all 2D spectra the time domain data was zero-filled to 2048 points 

in F2 and 2048 or 1024 points in F1 and apodized by multiplication by a cosine function 

in both F1 and F2. A COSY spectrum was acquired for the 20 mM doxepin solution by 

measuring 2048 complex data points over 256 increments. For each increment 16 FIDs 

were coadded using a relaxation delay of 1 s. A 6010 Hz spectral window was used in 

both dimensions. TOCSY and ROESY spectra were measured for solutions with a β-

CD:doxepin  ratio of 5:1, 1:1 and 1:5 by acquisition of 2048(F2) x 512(F1) complex data 

points with a 5000 Hz spectral window in both dimensions. TOCSY spectra were 

acquired with a 1.6 s relaxation delay, a mixing time of 0.080 s, and a spin lock power of 

10 dB. Each F1 increment was obtained by coaddition of 8 FIDs. The ROESY data was 

acquired with a spin lock power of 13 dB, a mixing time of 200 ms, and a relaxation 

delay of 2.30 s. ROESY spectra were measured by coaddition of 32 FIDs at each F1 

increment. 

 

2.3 
1
H NMR Results from Varying Concentrations of Doxepin:β-Cyclodextrin 

 The 1H NMR spectrum of doxepin is shown in Figure 2.3A. Resonance assignments, 

given in Table 2.1, are in good agreement with previous reports.27,28 The less intense 

resonances identified with an asterisk in Figure 2.3A belong to the biologically inactive 
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Z-isomer, present at 15-18 % in commercial doxepin preparations.2,27 The broad 

resonances at 5.60 and 4.92 ppm are due to the CH2O bridge protons, H6,H6', which 

exchange by ring inversion at an intermediate rate on the chemical shift time scale.3 

 Analysis of doxepin is complicated by its conformational flexibility.1-4 Motions 

involving the central seven membered ring are produced by flexing of the CH2O bridge 

or by ring inversion.3.4 Ring inversion involves global reorientation of the molecule and 

occurs on the millisecond time scale while the flexing of the bridge occurs on the 

nanosecond time scale.3 At higher concentrations, the dimethylamine groups at the end of 

the alkyl tails of two different doxepin molecules are thought to interact to form a dimer, 

placing the two methyl groups in different chemical environments, as evidenced by a 

concentration dependent broadening of the methyl 1H NMR resonances due to 

intermediate chemical exchange.1,2 The dimethylamine group can also interact 

electrostatically with negatively charged molecules to create conditions in which the 

methyl resonances slowly exchange between different chemical environments.1 

Several changes in the doxepin resonances can be observed in the 1H NMR spectrum of a 

solution containing a five-fold excess of β-CD, shown in Figure 2.3B. Because the 

binding constant of doxepin with β-CD is 13.21 (±0.07) x 103 M-1, in this solution most 

of the doxepin is complexed.12 As a result of inclusion complexation, several of the 

doxepin aromatic resonances in Figure 2.3B experience significant changes  

in chemical shift. The β-CD resonances occur between 3.4 and 5.4 ppm with the β-CD 

anomeric resonance overlapped with one of the doxepin H6,6' resonances. The H6,6'  

resonances in Figure 2.3B are much sharper relative to the spectrum in Figure 2.3A 
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reflecting a slower rate of exchange due to ring inversion for complexed doxepin. 

Interestingly, although only one set of resonances is observed for the β and γ protons of 

the free doxepin side chain, in the β-CD complex these protons are inequivalent. In 

Figure 2.3B, one of the doxepin β proton resonances is hidden by the intense N-methyl 

resonance. Despite resonance overlap for some signals, the doxepin H6,6'  Hβ,β' and Hγ,γ' 

resonances could all be unambiguously identified from positive exchange cross peaks in 

the ROESY spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.3. (A) 1H NMR spectrum of 20 mM doxepin in D2O. (B) 1H NMR spectrum 
of a solution containing 5 mM β-cyclodextrin and 1 mM doxepin. The asterisks mark 
the resolved resonances of the doxepin Z-isomer, present as an impurity. 
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 Table 2.1. Chemical shifts of free doxepin and a solution containing 5 mM β- 
 CD and 1 mM doxepin. Chemical shifts derived from 2D-NMR spectra are  
 reported as 3 significant figures because of the lower digital resolution of   
 these measurements. 

 

 

 

Proton Free doxepin 5:1 β-CD:doxepin 

Hα 6.049 ppm 5.999 ppm 

Hβ, Hβ’ 2.622 2.672, 2.79 

Hγ, Hγ’ 3.218 3.104, 3.292 

CH3 2.738 2.790 

H6, H6’ 5.599, 4.921 5.554, 5.01 

Ring A   

HA1, HA1’ 7.53 7.56, 7.60 

HA2 7.48 7.56 

HA3 7.46 7.54 

HA4, HA4’ 7.352 7.30, 7.41 

Ring B   

HB1 6.828 6.593 

HB2 7.256 7.223 

HB3 7.024 6.819 

HB4 7.414 7.322 
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2.4 Chemical Shift Analysis of the Doxepin-β-Cyclodextrin Complexation 
 

  Previous experiments to study inclusion complexation of the TCA compounds 

imipramine, desipramine and amitriptyline indicated that a 1:1 complex was formed.5  

For comparison, a Job’s plot analysis was performed to determine the stoichiometry of 

the β-CD-doxepin complex under the solution conditions used in this work.11,27-28 The 

chemical shift of the downfield H6 resonance of the CH2O bridge was monitored as the 

doxepin mole fraction was varied.  The resulting Job’s plot shown in Figure 2.4 has a 

maximum at 0.5 indicating the binding stoichiometry is 1:1.  

  The inclusion of aromatic compounds typically has a pronounced effect on the 

chemical shift of the protons of the cyclodextrin cavity due to ring current effects. This 

can be observed for the doxepin-β-CD system in Figure 2.5.  As the mole ratio of  

doxepin is increased, pronounced upfield changes in chemical shift are observed for the 

resonances of the β-CD H3 and H5, on the inside of the cavity. In the solution 

containing a 5 fold excess of β-CD, the H5 resonance is significantly broadened. 

Smaller upfield shifts are observed for the cyclodextrin H4 and H6 resonances, while H2 

appears to be slightly deshielded in the doxepin inclusion complex. As expected, no 

significant changes are observed for the β-CD anomeric proton, H1 (not shown). 

Inclusion of only the doxepin aliphatic tail would be expected to produce much smaller 

changes in chemical shift for the internal  β-CD protons, although one might still expect 

to see large ring current induced changes in chemical shift for the protons near the 

mouth of the cavity.  
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Figure 2.4. Job’s plot derived from the chemical shift of the downfield 
H6 resonance of the CH2O bridge for the β-CD/doxepin titration. 
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Figure 2.5. 
1H NMR spectra showing β-CD resonances as the solution is titrated with 

doxepin. The resonances are labeled according to the β-CD structure shown in Figure 
2.1. 
 

  The doxepin CICS experiments were performed at a constant β-CD concentration 

to allow changes in chemical shift to be monitored as a function of the doxepin mole 

fraction. Figure 2.6A shows the chemical shifts of the doxepin B ring aromatic protons 

as the doxepin concentration is varied. The HB1 and HB3 resonances show a pronounced 

upfield shift as the mole fraction doxepin decreases (increasing ratio of β-CD:doxepin). 

The curves have a sigmoidal shape consistent with a 1:1 binding equilibrium. The 

doxepin HB2 chemical shift echoes the behavior of the HB1 and HB3 resonances, although 
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the magnitude of the change is much smaller. The HB4 resonance is essentially 

unaffected by changes in the β-CD:doxepin mole ratio. Although the HB1 and HB3 

resonances are well resolved and can be measured with good accuracy, measuring 

chemical shifts for several of the other aromatic protons, including the HB4 resonance, 

was complicated by smaller changes than those observed in Figure 2.6A for the B ring 

HB1 and HB3 resonances. It is also very interesting that all four protons of the doxepin 

aromatic B ring do not experience a pronounced change in chemical shift upon complex 

formation. This suggests that the chemical shift changes observed in Figure 2.6A are 

due to ring current induced shifts resulting from reorientation of the doxepin rings 

relative to each other in the inclusion complex. Although the structure drawn in Figure 

2.1 gives the allusion of a planar molecule, this is not the case and there is a fair amount 

of flexibility in the seven membered ring connecting the two aromatic rings.  In free 

solution, the aromatic rings of free doxepin undergo rapid reorientation by ring 

inversion, but that motion appears to slow significantly when the inclusion complex is 

formed. Puckering of the 7 membered central ring in the complex must orient the A ring 

above and at an angle to the B ring to cause large ring current shifts for only the HB1 and 

HB3 resonances.29
 

  The chemical shifts of the protons of the aliphatic tail and the CH2O bridge are 

plotted as a function of the doxepin mole fraction in Figure 2.6B. Compared with the 

changes observed for the aromatic resonances, the chemical shifts of these protons are 

relatively unaffected by changes in the β-CD concentration, even though complexation 

appears to decrease the rates of bridge inversion and the motions of the aliphatic tail.  
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Figure 2.6. (A) Chemical shifts of the aromatic doxepin protons, ■ HB1, ● HB2, ▲ HB3,  
and ▼ HB4, plotted as a function of the doxepin mole fraction. (B) The chemical shifts 
of the aliphatic tail protons plotted as a function of doxepin mole fraction, ● Hβ, ♦ CH3, 
▲ Hγ, ▼Hγ’ ,◄H6’, ■ Hα. Only the chemical shift of the resolved resonances of the 
inequivalent H6H6’ and HβHβ’ protons were plotted  in this figure due to resonance 
overlap and broadening in some solutions. Because of these difficulties and because 
large changes in chemical shift were not observed, the chemical shifts of the doxepin A 
ring protons are not plotted in Figure 2.6A.  
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This change in doxepin dynamics can be discerned from the inequivalence of the Hβ,β' 

and Hγ,γ' protons as the β-CD:doxepin ratio increases.   

 

2.4.1 ROESY Results Confirming the Insertion of Aromatic Rings in the β-CD  

  The ROESY spectrum of doxepin with a five fold excess of β-CD is shown in 

Figure 2.7A. At this concentration ratio, most of the doxepin is bound to the 

cyclodextrin. There are positive exchange cross peaks between the H6,6' resonances at 

5.00 and 5.55 ppm and as well as between the Hβ,β' resonances at 2.67 and 2.79 ppm and 

the Hγ,γ' resonances at 3.10 and 3.29 ppm, confirming these resonance assignments even 

where a resonance may be obscured due to overlap with a more intense signal. The 

ROESY spectrum also allows unambiguous assignment of the doxepin A and B rings 

through ROE cross peaks between the HA4 and the doxepin α and β proton resonances 

and HA1 and the H6,H6' resonances of the CH2O bridge. Once these ring protons were 

conclusively identified, the assignment of the remainder of the doxepin aromatic protons 

could be completed using the information provided in the COSY and TOCSY spectra. 

  Although the CICS data provides important insights into interactions between 

doxepin and β-CD, additional information about the structure of the inclusion complex 

is provided by intermolecular cross peaks in the ROESY spectrum (Figure 2.7A). ROE 

cross peaks are typically observed between the β-CD H3 and H5 protons on the inside 

of the cavity and nearby protons of the included guest.  As shown in the expansion of 

the ROESY spectrum in Figure 2.7B, the protons of the doxepin ring B have strong  
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 Figure 2.7. (A) ROESY spectrum of a D2O solution containing 5 mM β-CD and  
 1 mM doxepin. (B) Expansion of the ROESY spectrum showing the aromatic ROE   
 cross peaks between the doxepin and β-CD protons. The cross peak with an asterisk  
 is an NOE cross peak between the Z-doxepin isomer and β-CD.  
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cross peaks to the cyclodextrin protons H5 and H6, while the A ring has cross peaks 

only to β-CD H3 near the mouth of the cavity. This suggests that the doxepin aromatic 

ring B is inserted further into the cyclodextrin cavity than the A ring probably due to the 

steric bulk of the aliphatic tail. Also noticeable in Figure 2.7B is a weak cross peak 

between the resonances of the doxepin HB4 and HA4 and the cyclodextrin H4 on the 

external surface of the β-CD molecule. Because cross peaks arising from spin diffusion 

or three spin effects are of opposite sign in the ROESY experiment, it seems likely that 

this cross peak results from a real dipolar interaction.30 This cross peak suggests that 

there may be a minor population of complexes in which doxepin inserts one ring into the 

narrow end of the β-CD cavity leaving the other ring to interact with the external β-CD 

H4. Similar ROESY cross peaks have been observed for the inclusion complexes 

formed between salbutamol and β-CD and for dexamthasone sodium phosphate and γ-

CD.31, 32  

  The doxepin H6,6' Hα Hβ,β' and Hγ,γ' resonances also have cross peaks only to the 

cyclodextrin H3 proton which is located near the mouth of the cyclodextrin cavity. The 

cross peak between cyclodextrin H3 and doxepin Hα is strongest of the non-aromatic 

protons followed by H6,6' and then Hβ,β' and Hγ,γ'. It is difficult to determine 

unequivocally that the doxepin methyl resonance does not have a cross peak to the 

cyclodextrin H3 because one of the Hβ resonances is overlapped with the N-methyl 

resonance. However, we would expect ROE cross peaks involving the N-methyl protons 

to be quite intense due to the larger numbers of protons comprising this peak. Therefore, 

we believe that it is most likely that the protonated N-methyl group is predominantly 
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outside the β-CD cavity and exposed to the solvent. The ROESY results presented in 

Figure 2.7B confirm that the aromatic rings of doxepin are included within the 

cyclodextrin cavity.9,25,27-29 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 Figure 2.8.(A) Expansion of the aromatic region of the ROESY spectrum 
 showing exchange cross peaks between the H6H6’ protons of the CH2O 
 bridgehead and the AH1 and AH4 resonances. (B) Dipolar ROE cross peaks 
 between the two HA4 resonances and the Hβ resonances of the doxepin tail. 
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Although inclusion complexation appears to slow the bridge flexing and ring inversion 

motions of doxepin, some reorientation of the doxepin still occurs within the β-CD 

complex on a timescale that is slow with respect to the NMR chemical shift timescale. 

Evidence for this motion comes from the observation of exchange cross peaks for the 

H6,H6’ resonances as well as the presence of two A ring HA1 and HA4 resonances 

connected by strong chemical exchange cross peaks in the expansion of the ROESY 

spectrum in Figure 2.8A. Figure 2.8B presents a portion of the ROESY spectrum 

showing dipolar ROE cross peaks of equal intensity between both HA4 resonances and 

the Hβ,Hβ' resonances of the doxepin tail. This suggests that there are two distinct 

doxepin conformations in the β-CD inclusion complex and that the exchange between 

these complexes is slow on the NMR time scale, however, further study will be required 

to fully elucidate the nature of this exchange.   

 
2.5 Summary 

 
  The results of both chemical shift and 2D ROESY analysis show that the aromatic 

rings of doxepin are included by the cyclodextrin, with the B ring inserted more deeply 

than the A ring.   The internal motions of doxepin slow when bound to cyclodextrin.  

Exchange cross peaks in the ROESY spectrum suggest possible interconversion of 

bound doxepin conformers. These results show the power of NMR for providing 

molecular level insights into the solution behavior of host-guest complexes. 

 In this chapter, chemical shift analysis and ROESY measurements allow a detailed 

characterization of the ligand-receptor interactions. For ligand-protein binding, the 
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complexity of the system usually makes such a detailed analysis difficult without 

isotope labeling. As described in Chapter 3, ligand-detected NMR experiments can be 

used to study ligand-protein binding without the use of labeled ligand or protein. 
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Chapter 3 

 

Determination of the Binding Epitope of Lidocaine with AGP: Minimizing the 

Effects of Nonspecific Binding in Saturation Transfer Difference 

Experiments for Epitope Mapping 

 
3.1 Introduction 

Studying the nature of ligand-protein interactions is crucial for a more complete 

understanding of biochemical processes such as enzyme-inhibitor, antigen-antibody and 

ligand-receptor binding, and for development of new pharmaceutical agents, many of 

which elicit a therapeutic response by binding specifically to a target protein. Several 

different strategies can be applied in the search for a clinical candidate and in the 

optimization of highly potent and bioavailable drug molecules, but they all begin with a 

lead compound.1 An important step in lead optimization is the characterization of ligand 

structure-activity relationships (SAR).2 Because synthesis of analogs for SAR studies 

can be labor intensive, time consuming, and expensive, NMR epitope mapping 

experiments are frequently employed to provide insights into the sites of interaction of 

the lead compound with the protein binding pocket.3,4 There are two general NMR-

based approaches to characterizing ligand-protein interactions. Protein-based 

approaches, for example SAR by NMR, follow the chemical shift changes of protein 

resonances upon titration with the ligand, requiring both isotopically-labeled protein and 

resonance assignments for the binding site.5-11 In contrast, the ligand-detected NMR 

experiments commonly used for epitope mapping can be performed using unlabeled 

protein, elucidating the nature of ligand-protein interactions without prior knowledge of 

the protein structure or function.12, 13 
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Ligand epitope maps are calculated using the results of ligand-detected NMR 

measurements using saturation-transfer difference (STD) or stimulated echo diffusion 

experiments. 4, 11, 14-16 Because these ligand-detected experiments rely on NOE transfer 

between the protein and ligand, they work well with high molecular weight proteins or 

protein complexes. Because they detect the resonances of free ligand molecules that 

were bound during the mixing period of the experiment, ligand-detected NMR 

experiments operate under the conditions of fast exchange and are applicable to low to 

medium affinity ligands. The protein-ligand system investigated in this chapter is AGP 

and lidocaine, an anesthetic and antiarrythymic drug (Figure 3.1) that binds relatively 

weakly with a Kd of 25 µM.17 AGP is a human serum protein that is a blood transporter 

of basic drugs.3,18,19  Understanding  the 

nature of drug interactions with plasma 

proteins such as human serum albumin 

(HSA) and AGP is important because 

protein binding may affect their in vivo 

pharmacokinetics.17, 20-22  

AGP also provides a useful model system 

for understanding the nature of ligand-

protein interactions and their effective   

Figure 3.1. (A) Structure of lidocaine, measurement using ligand-detected NMR   
numbered protons correspond to resonance    
assignments shown in Figure 3.2.   methods. 
(B) Proposed model of the AGP  
binding pocket.23,24 
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In addition to its role as a plasma protein, AGP is involved in the immune 

response. The AGP concentration increases during an acute phase reaction23 and it 

serves as a general protective agent in infection.24 Approximately 45% of the mass of 

AGP is comprised of carbohydrates including fucose, mannose, galactose, and tetra-

antennary as well as di- and tri-antennary N-linked glycans.25,26 As a result of its 

extensive glycosylation, no high resolution x-ray or NMR structure has been 

determined for native AGP. Therefore, much of what is known about ligand 

interactions with AGP has been derived from the retention behavior of analogs in 

chromatography experiments using immobilized AGP columns, which are popular for 

chiral separations of basic compounds.27,28 The currently accepted binding model is 

depicted schematically in Figure 3.1B. In this model, originally proposed by Kaliszan, 

AGP has a conically-shaped binding pocket with floppy, hydrophobic walls and a 

patch of anionic charges at the apex.19,29 

In addition to our interest in determining the ligand epitope map for lidocaine 

and AGP, lidocaine’s relatively weak binding affinity and hydrophobic character also 

make this a good system to probe the effects of nonspecific binding in ligand-detected 

NMR epitope mapping experiments. Overcoming the effects of nonspecific binding can 

be a major challenge in the characterization of ligand-protein interactions especially in 

ligand-based NMR experiments that commonly use a large ligand excess to ensure fast 

exchange.30 Murali et al. used dilution studies to expose nonspecific binding in 

TRNOESY studies to probe nucleoside conformations in creatine kinase complexes.31 

The results of these experiments demonstrated that using lower ligand concentrations, 
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while keeping the ligand-receptor molar ratio constant minimizes the effects of 

nonspecific binding at secondary binding sites. More recently, Ji et al. used STD to 

provide an epitope map for HSA interactions of the ligand L-tryptophan in the presence 

of an inhibitor, naproxen.32 Because naproxen has a 1000-fold higher binding affinity 

than tryptophan, subtracting STD spectra acquired with and without naproxen present 

could largely correct for interference from tryptophan nonspecific binding. In this study 

of lidocaine-AGP binding, we explored both the effect of the ligand-protein ratio, and 

the ligand concentration on nonspecific binding effects detected by STD.  

 

3.2 Experimental 

3.2.1 Materials  

 Lidocaine (MP Pharmaceuticals, Sunon, Ohio), human AGP (Sigma-Aldrich, 

Saint Louis, MO), and D2O (Cambridge Isotope Laboratories, Andover, MA) were used 

as received. Commercial AGP is prepared from pooled serum and is therefore a mixture 

of protein sequence variants and glycosylation isoforms. All of the NMR solutions were 

prepared in 50 mM phosphate buffer, pD 7.45 in D2O. Solid sodium phosphate 

monobasic and dibasic (Fisher Scientific, Fair Lawn, NJ) were dissolved in D2O, 

lyophilized, and reconstituted in D2O to reduce the HOD signal. Solutions containing 

different concentrations of lidocaine and AGP were prepared from 0.4 mM AGP and 10 

mM lidocaine stock solutions. The various concentration ratios, and lidocaine and AGP 

solution concentrations studied are shown in Table 3.1. To evaluate the effects of 

nonspecific binding in Section 3.4, two different experimental designs were tested. In 
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the first method, the lidocaine concentration was held constant at 1.0 mM as the AGP 

concentration was varied, while in the second method, the AGP concentration was held 

constant at 0.10 mM and the lidocaine concentration varied. 

 

Table 3.1. Ligand-protein ratios examined using two experimental designs.  
 

Lidocaine:AGP Ratio [Lidocaine] [AGP] 

10:1 1.0 mM  0.10 mM  

20:1 2.0 mM 0.050 mM 

40:1 4.0 mM 0.025 mM 

60:1 6.0 mM 0.017 mM 

80:1 8.0 mM 0.012 mM 

 

3.2.2 NMR Measurements 

 All NMR spectra were acquired with a Bruker Avance 600 MHz NMR 

spectrometer with a broadband inverse probe equipped with x, y, and z gradients. 

Shigemi tubes (Shigemi Co., Ltd., Allison Park, PA) susceptibility matched for D2O 

were used to restrict the volume of each sample to the active volume of the NMR probe.   

 

3.2.2.1 NOESY Experiments 

For the T1ρ-filtered NOESY experiment, 64 transients collected over 2048 

complex points were coadded for each of the 512 increments. A 2 s relaxation delay, 

mixing time of 600 ms and 20 ms T1ρ spin-lock at a power level of 13 dB were used.  

The NOESY spectrum was zero filled in F1 to 2048 points and both dimensions were 
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apodized by multiplication by a 90o shifted sine bell squared function prior to Fourier 

transformation. 

 

3.2.2.2 NMR Diffusion Experiments 

In this study, BPPSTE experiments were performed on solutions of the protein 

alone and the protein and ligand using the same parameters. The protein resonances 

were suppressed by subtraction of the two spectra measured for each gradient. The 

gradient amplitude was varied from 0.674 to 32.03 G/cm over 16 experiments and signal 

averaged with 1024 scans over 18024 complex points. The experiments were acquired 

using a gradient pulse length of 1.2 ms followed by a 100 µs delay. 

 

3.2.2.3 Saturation Transfer Difference Experiments 

To determine the optimum saturation time, STD buildup curves were examined 

with saturation times varying from 0.5 – 4 s for a solution of 10 mM lidocaine and 0.33 

mM AGP. As the saturation times were varied to examine the build-up of saturation, the 

repetition time was held constant at 3.64 s by increasing the relaxation delay as the 

saturation times decreased. Based on the analysis of the experiment to determine the 

optimum saturation time, in subsequent experiments, a saturation time of 2 s was 

selected because it gave the best S/N and minimal T1 effects. A train of 50 ms Gaussian 

shaped pulses were used to comprise the total saturation time at a power level of 62.28 

dB. On-resonance saturation was applied at either 0.33 or 2.64 ppm with off-resonance 
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saturation at 30 ppm. A 50 ms spin-lock at a power level of 13 dB was applied to 

suppress the  protein background.  

STD spectra were measured by coadding 1024 scans preceded by 16 dummy 

scans.  Baseline correction and apodization by multiplication with an exponential 

function equivalent to 2 Hz line broadening were applied to each of the off- and on-

resonance spectra prior to subtraction. To evaluate the reproducibility of the STD 

results, a least 3 experiments were acquired consecutively for the same sample. 

 

3.3 Results and Discussion 

3.3.1 Importance of Minimizing the Protein Spectral Background 

The spectrum of 10 mM lidocaine in deuterated buffer is shown in Figure 3.2A 

along with resonance assignments corresponding to the structure shown in Figure 3.1A. 

Lidocaine is present in a 10-fold molar excess in the spectrum shown in Figure 3.2B; 

even so AGP contributes a large spectral background to spectrum, especially in the 

aliphatic region. Broadening of the well-resolved lidocaine aromatic protons in Figure 

3.2B reflects the binding of lidocaine to AGP.  

Because epitope mapping relies on the integration of ligand resonances, the 

integration of ligand resonances overlapped with protein resonances can skew the ligand 

binding epitope.41 This problem is more prominent for solutions with low ligand to 

protein ratios, where it is more difficult to detect and quantify the ligand 

resonances.41,47,49 To overcome this problem, there are two methods that can be used to 

suppress protein background in ligand-protein systems: (1) use of a T1ρ–filter and (2) 
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spectral subtraction.20,47,50 Throughout this thesis, a T1ρ–filter is incorporated into the 

NOESY and STD pulse sequences to suppress the protein resonances and spectral 

subtraction is used for diffusion and STD experiments to minimize the protein 

background. In Chapter 1, each of these methods are discussed in greater detail.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. 1H NMR spectra of lidocaine in 50 mM phosphate  
buffered D2O, pD 7.45, (A)10 mM lidocaine and (B) 1.0 mM lidocaine  
in a solution containing 0.10 mM AGP. 
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3.3.2 T1p-filtered NOESY 

 
 Intermolecular interactions between the ligand and protein can be detected by 

NOESY experiments. The free ligand has a positive NOE due to its short correlation 

time while the protein has a negative NOE , as discussed in Chapter 1. However, few 

studies have employed NOESY experiments to investigate intermolecular ligand-protein 

NOEs due to the prevalence of intermolecular cross peaks from the protein, the time 

required to perform this experiment, and the low specificity of the experimental results. 

The T1ρ-filtered NOESY experiment can be used to enhance detection of 

intermolecular ligand-protein cross peaks. This pulse sequence incorporates a spin-lock 

before the evolution period to selectively attenuate protein magnetization by T1ρ 

relaxation and suppress intramolecular protein-protein cross peaks.35-37 A typical T1ρ-

filtered NOESY spectrum contains intermolecular ligand-protein cross peaks in the F2 

dimension that can be helpful in characterizing the ligand binding epitope. This 

experiment can also indicate which types of protein protons interact with the bound 

ligand,38 information that is not normally gained from other ligand-detected NMR 

experiments.  

The T1ρ-filtered NOESY spectrum shown in Figure 3.3 was acquired for a 

solution containing 4.0 mM lidocaine and 0.10 mM AGP, using a 600 ms mixing time 

and a 20 ms T1ρ-filter. Intermolecular cross peaks between lidocaine and AGP are 

observed in the F2 dimension of the spectrum and intramolecular lidocaine cross peaks 

are detected in the F1 and F2 dimension. Even with the T1p-filter, prominent 

intramolecular protein cross peaks are observed for the AGP carbohydrate proton 
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resonances in the region from 3.5 - 4 ppm of the spectrum due to their higher local 

mobility and slower rates of T1p relaxation.  

The strong positive ligand-ligand NOE cross peaks in Figure 3.3 indicate 

lidocaine-AGP binding. For solutions where ligand-protein binding occurs, the sign of 

the ligand NOE cross peaks will change because of the increase in rotational correlation 

time, as the bound ligand assumes the slow tumbling properties of the protein. 

Intermolecular cross peaks are also observed between the lidocaine H5/H6 methyl 

protons and the band of protein methyl resonances in the region from 0-1 ppm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. T1ρ-filtered NOESY spectrum for a solution containing 4.0 mM 
lidocaine and 0.10 mM AGP using a 20 ms spinlock and a mixing time of 600 
ms. Cross peaks between the lidocaine methyl resonances and AGP are indicated 
by an oval and cross peaks between the lidocaine aromatic resonances and AGP 
are indicated by a box.  
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Because it can be difficult to distinguish real intermolecular cross peaks from 

artifacts in the 2D NOESY contour plot, NOESY traces were taken through 1.35 ppm, 

for the lidocaine methyl resonance and through the lidocaine aromatic resonance at 7.22 

ppm (Figure 3.4A and B, respectively). The lidocaine-protein methyl cross peaks are 

more intense which is a reflection of the greater number of protons that give rise to these 

peaks and also to their longer T1 relaxation times. The lidocaine aromatic protons also 

showed intense cross peaks to the protein methyl resonances. In contrast, the lidocaine 

H2 proton has a weak cross peak to the protein methyl resonances in a trace taken 

through the H2 cross peak (3.31 ppm), which are not as visible in the NOESY spectrum 

(Figure 3.4C). It is difficult to ascertain whether this cross peak is real or is an artifact 

from the T1 noise of the methyl peaks. This suggests that H2 likely does not contact the 

aliphatic groups of the protein as closely, although the lower intensity and shorter 

relaxation times of these protons may also contribute to the weak NOE cross peak 

observed for this proton. The NOESY results indicate that lidocaine binds to AGP and 

identify which lidocaine protons interact with the hydrophobic parts of the protein, but it 

does not provide a specific epitope map.  
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Figure 3.4. T1ρ-filtered NOESY traces at (A) the lidocaine methyl cross peak (1.35 
ppm), (B) aromatic cross peak (7.22 ppm), and (C) H2 cross peak (3.31 ppm). 
 

3.3.3 Diffusion Epitope Mapping Experiments 

As described in Chapter 1, NOE build-up through cross-relaxation during 

diffusion experiments can be used to map the ligand protons interacting most strongly 

with the protein. The curvature introduced by the trNOE is most prominent at high 

gradient amplitudes because the spatial dependence of the encoding phase angles 

increases with the gradient amplitude. At higher gradient amplitudes there is an 
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increasingly selective detection of the fraction of the ligand experiencing trNOE because 

it was bound at some point during the diffusion period.20  Thus as the gradient amplitude 

is increased, a greater intensity offset of the measured ligand intensities from a linear 

diffusion plot is observed, giving a line that appears curved relative to the diffusion plot 

of the free ligand.20 Greater curvature is observed at longer diffusion delay times, 

because the difference between the encoding and decoding phase angles is time 

dependent and the trNOE builds up over time.20 This approach has been used 

successfully to characterize propranolol binding to AGP and will be discussed as well in 

Chapter 4 for disopyramide and AGP. 

Figure 3.5 shows the Stjekstal-Tanner diffusion plot for a solution of 4.0 mM 

lidocaine and 0.10 mM AGP.  The curved line from H3 is due to baseline anomalies 

caused by the nearby HOD resonance. This curvature is opposite to the concave plot 

observed for significant trNOE.  As the diffusion decays illustrate, there is no significant 

curvature for the other lidocaine resonances. The kappa values obtained from a second-

order polynomial fit of this data ranged between 1.55-2.42x10-11 and are small compared 

to those reported previously for propranolol.41 The lack of curvature in this Stjekstal-

Tanner plot is likely due to the weak binding affinity of lidocaine.  
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Figure 3.5. BPPSTE diffusion decay for a solution of 4.0 mM  lidocaine and 
0.10 mM AGP. 

 

3.3.4 Saturation Transfer Difference 

Although STD was originally developed to screen mixtures of compounds for 

binding, it has also been used to characterize a wide variety of ligand-protein systems 

and  plays an important role in studies of ligand binding. STD can be used to screen 

ligand-protein binding equilibria with dissociation constants ranging from 10-3–10-8 M.4 

Like NOESY, STD depends on dipolar cross-relaxation between the protein and bound 

ligand. STD is a very sensitive method that can be performed with less than 1 nmole of 

protein. In the STD pulse sequence (Figure 1.9), an on-resonance spectrum is acquired 

by saturating a portion of the protein spectrum without disturbing the resonances of the 

ligand. Subtraction of an identical spectrum acquired with off-resonance saturation 

yields a difference spectrum in which the relative intensity of the ligand resonances 

reflects the interactions between the protein and the bound ligand.4 In this subtracted 

spectrum, the signals from the nonbinding molecules are suppressed by spectral 
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subtraction. STD is carried out under conditions of fast exchange. Saturated resonances 

of ligands that were protein bound during the saturation period are detected in the free 

state.  

Normally spin diffusion is an efficient process in macromolecules and saturation 

rapidly spreads throughout the protein. On ligand binding, saturation is transferred from 

the protons of the protein binding pocket to those of the ligand through cross-relaxation. 

The amount of saturation transferred to the different ligand protons ideally depends on 

the extent of their interaction with the protein. 39, 40 The bound ligand dissociates and the 

spectrum of the free ligand is detected. The STD factor (Eq. 1.10) is calculated from the 

ratio of the resonance intensity in the STD spectrum and the corresponding reference 

spectrum acquired with off-resonance saturation for each proton. These ratios are 

typically expressed as relative percentages and normalized to the ligand proton with the 

largest STD factor. 

The saturation time used in an STD experiment should be optimized so that the 

measured epitope map accurately reflects cross-relaxation effects instead of differences 

in the T1 relaxation rates of the ligand protons. Therefore to optimize the experimental 

parameters, the effect of saturation time on the extent of STD build up was measured for 

a solution of 10 mM lidocaine and 0.33 mM AGP with a saturation at 0.33 ppm. The 

results of this experiment are plotted in Figure 3.6. At longer saturation times, T1 

relaxation of the ligand protons begins to dominate the relaxation mechanism, causing 

the curves to plateau. If T1 relaxation times vary greatly among ligand protons, these T1 

effects can cause incorrect epitope maps, as demonstrated by Yan et al.40  This can pose 
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as a problem because the ordering of the STD effects, used in the calculation of the 

epitope map, is assumed to reflect the relative interactions of the ligand protons with the 

protein binding pocket. As shown in Figure 3.6, H2 and H3 have the smallest STD 

factor and their intensity increases slowly with the increase in saturation time. The 

intensity of H4 and H5/H6 build up similarly and their STD factors begin to plateau 

around 3 s. The methyl protons, H1, showed the highest STD factor and also plateaus 

around 3 s. Based on the results of the saturation curve presented in Figure 3.6, a 

saturation time of 2 s was chosen because this value provided good S/N in the subtracted 

STD spectrum and minimized effects of different T1 relaxation times on the STD 

epitope maps. 

AGP is an interesting protein in that despite having a mass of 41-43 kDa, spin-

diffusion is not very efficient over the entire protein, probably because of its high degree 

of glycosylation.41 Becker and Larive demonstrated that on-resonance saturation of AGP 

at 0.33 ppm probed primarily hydrophobic interactions with the ligand, propranolol, and 

saturation at 2.64 ppm detected primarily charged-based interactions between the 

positively charged amine of the basic ligand and the anionic patch at the apex of the 

binding pocket.53 Figure 3.7 shows the STD spectrum (A), spectrum with on-resonance 

saturation at 0.33 ppm (B), and at an off-resonance irradiation at 30 ppm (C), obtained for 

a solution containing 1.0 mM lidocaine and 0.10 mM AGP.  
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Figure 3.6. STD build-up curves for a 10 mM lidocaine and  
0.33 mM AGP solution. 
 

 

Despite being the lowest concentration ratio measured, the lidocaine ligand 

resonances have a fairly good signal-to-noise (S/N) ratio compared with the protein 

background in both the STD  off-  and on-resonance NMR spectra shown in Figure 3.7B 

and C, respectively. The STD spectrum in Figure 3.7A shows  nearly complete 

suppression of the protein resonances. All of the lidocaine resonances exhibit sufficient 

S/N in the STD spectrum for quantitation, with the exception of the proton, H3, which is 

affected by baseline anomalies from the HOD resonance. A reliable STD factor could not 

be obtained for the resonance H3 so it is not reported in the results presented in Table 3.2. 
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Figure 3.7. STD results for solution containing 1.0 mM lidocaine and 0.10 mM AGP. 
(A) STD spectrum, (B) on-resonance irradiation at 0.33 ppm, and (C) off-resonance 
irradiation at 30 ppm. 
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Comparing the STD spectrum (Figure 3.7A) to the off-resonance spectrum (Figure 

3.7C), the relative intensities of H1 and H4 are dramatically different. In the off- 

resonance spectrum, H4 has a slightly larger intensity than H1, but in the subtracted 

spectrum, the H1 exhibits a greater intensity. This indicates that H1 receives more 

saturation presumably because it interacts more closely with the hydrophobic parts of 

AGP. 

 Figure 3.8 shows the STD, on-resonance, and off-resonance spectra for a 1.0 

mM lidocaine and 0.1 mM AGP solution when saturation is applied at 2.64 ppm. The 

H1, H4, and H5/H6, resonance intensities in the STD spectrum are not as high as their 

resonance intensities in Fig. 3.7A. Even though there are a few protein spectral artifacts 

present in the 2-4 ppm region, H2 and H3 are still detectable. The lower resonance 

intensities of H1, H4, and H5/H6 indicate that these protons receive less saturation when 

irradiating the protein at 2.64 ppm. Because this saturation frequency is in the center of 

the spectral region containing the aspartic acid β protons, saturation at 2.64 ppm largely 

probes the interactions of lidocaine with anionic and hydrophilic AGP functional 

groups. 
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Figure 3.8. STD results for solution containing 1.0 mM lidocaine and 0.10 mM AGP. 
(A) STD spectrum, (B) on-resonance irradiation at 2.64 ppm, and (C) off-resonance 
irradiation at 30 ppm. 

 

3.3.5 The Lidocaine AGP Binding Epitope  

The results of the NOESY and diffusion experiments did not reveal a specific 

binding epitope for this ligand-protein system. The NOESY data showed that lidocaine 

binds to AGP and that the lidocaine H1 and H5/H6 protons interact closely with the 

methyl AGP protons. The STD results for saturation at 0.33 ppm confirm that H1 and 

H5/H6 interact closely with the hydrophobic residues of AGP. The diffusion results did 

not show significant curvature due to the weak binding affinity of lidocaine for AGP. As 

a result, we relied on the STD results to obtain a specific epitope map.  

Saturating at two different frequencies in STD experiments revealed two 

different epitope maps of lidocaine for AGP. Table 3.2 is a summary of the STD epitope 

maps measured for a saturation at 0.33 ppm and 2.64 ppm for a solution containing 1.0 
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mM lidocaine and 0.1 mM AGP. Saturation at 0.33 ppm reflects primarily interactions 

of lidocaine with the hydrophobic residues of AGP, as supported by the NOESY cross 

peaks. The hydrophobic portions of lidocaine, H1 and H5/H6, show the greatest 

saturation at 0.33 ppm. Replicate STD results showed precision within about ± 5.0%. 

 

Table 3.2. Epitope map for a solution containing 1.0 mM lidocaine and 0.10 mM AGP 
with an on-resonance irradiation at 0.33 ppm or 2.64 ppm. The STD epitope maps were 
derived from the STD spectrum presented in Figure 3.7A and 3.8A. 
 

[Lidocaine]:[AGP]        1.0 mM:0.10 mM 
Proton H1 H2 H4 H5/H6 

0.33 ppm 100 ± 6.8% 27 ± 2.9% 46 ± 3.4% 66 ± 3.5% 
2.64 ppm 44 ± 1.2% 72 ± 3.0% 68 ± 2.3% 100 ± 3.1% 

 

As shown in Table 3.2, the STD results for saturation at 2.64 ppm gives a 

different epitope map than what was obtained when saturation was applied at 0.33 ppm. 

The lidocaine protons, H5/H6, H4, and H2 show the greatest degree of saturation. Based 

on the previous studies with propranolol and AGP, we expected saturation at 2.64 ppm 

to reflect primarily interactions with the negatively charged protein functional groups 

and the protonated lidocaine amine41 Therefore, it was unexpected that the H5/H6 and 

H4 resonances showed the most saturation. However, H2, the proton closest to the 

protonated amine, did indicate greater relative saturation compared to the results from 

on-resonance irradiation at 0.33 ppm.  
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3.3.6 Comparing the Epitope Maps of Lidocaine and Propranolol 

 In a similar study to that reported in this Chapter, the epitope maps for the binding 

of the (R)- and (S)-propranolol enantiomers with AGP were characterized by Becker and 

Larive using T1ρ-filtered NOESY, diffusion, and STD experiments.41 In contrast to 

lidocaine, propranolol is a chiral drug with a stronger binding affinity for AGP. The data 

from each of these experiments for both the (R)- and (S)-propranolol enantiomers were 

found to be consistent with the AGP binding model. The dissociation constants (Kd) for 

the propranolol enantiomers and AGP have been previously determined by ultrafiltration 

as 1.58 µM for (S)-propranolol and 2.65 µM for (R)-propranolol.21 As with lidocaine, 

more specific information regarding differences in the epitope maps for each enantiomer 

was obtained through STD experiments. Figure 3.8 shows a comparison of the binding 

epitopes for lidocaine and (S)-propranolol. Comparing the epitope maps of lidocaine and 

propranolol for AGP can give better insight into interactions of these drugs with the 

binding pocket of AGP. In the STD experiments, using a saturation at 0.33 ppm, 

lidocaine and propranolol show a similar trend in that the most hydrophobic functional 

groups receive the highest levels of saturation (Figure 3.8A and B). The structural 

differences between lidocaine and propranolol suggest that the AGP binding pocket is 

accommodating, flexible, and that the hydrophobic interactions can occur for molecules 

with a wide range of sizes.  

 



92 
 

 
 

 

Figure 3.8. Comparison of lidocaine and (R)-propranolol epitope maps calculated from 
STD spectra measured with on-resonance saturation at (A and B) 0.33 ppm, and  
(C and D) 2.64 ppm. 
 

In Figure 3.8C, lidocaine proportionally shows less saturation of the N-ethyl 

protons than seen for the propranolol N-isopropyl protons in Figure 3.8D. The anionic 

patch in the proposed AGP binding model is important for anchoring drug homologues 

to the AGP binding pocket. Steric hindrance due to the lidocaine N-ethyl groups may 

prevent close contact of the amine with the negative charges of the binding pocket. This 

may also explain the weaker binding affinity of lidocaine for AGP, as the Kd for 

propranolol is 15 times less than that of lidocaine. The C-N bond of the amine group is 

adjacent to a sp2 hybridized carbonyl functional group, which restricts its rotation. This 

restricted rotation may also prevent the lidocaine H2 and H3 from interacting closely 
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with the anionic patch of AGP. Because of the weaker interactions of lidocaine with the 

charged apex of the binding pocket, the binding affinity is much lower compared to 

propranolol. 

In addition to characterizing the binding epitopes of both propranolol 

enantiomers, Becker and Larive reported changes in the propranolol epitope maps as the 

ligand concentration increased.41 At higher ligand concentrations, the epitope maps of 

the two propranolol enantiomers become more similar and the protons of the 

propranolol naphthyl rings showed an increase in their STD factors.41 Naphthyl rings 

have been reported to bind nonspecifically to many proteins56 and Becker and Larive 

attributed the concentration dependent changes observed for propranolol to the influence 

of nonspecific binding. This raises several questions? How accurate are binding epitopes 

when the ligand is in large excess? Can nonspecific binding effects be detected? What is 

the best practice for setting the ligand-protein concentration ratio? The selection of 

appropriate ligand and protein concentrations is especially important in cases of 

relatively weak binding, as is observed for lidocaine, where excess ligand can favor 

nonspecific interactions. 

 

3.4 Probing Nonspecific Binding in STD Experiments 

Protons with a high STD value are interpreted to be in more intimate contact 

with the protein binding pocket than those with a lower STD value. However because 

high ligand:protein concentration ratios are typically used in STD experiments, the 

effects of nonspecific binding can affect the results and complicate data interpretation. 
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To test the effects of nonspecific binding on the lidocaine STD results, two experimental 

protocols were designed. In the first experimental approach, the protein concentration 

was held constant as the ligand concentration varied. In the second protocol, the ligand 

concentration was held constant while the protein concentration was varied. We 

hypothesized that by keeping the ligand concentration constant and decreasing the 

protein concentration, nonspecific binding effects could be minimized. 

Displaying the STD data in different ways can reveal insights into the chemical 

system under study. Qualitative analysis through the visual inspection of the STD 

spectra allows examination of the extent of line broadening of the ligand resonances and 

assessment of interferences produced by residual protein resonances or the solvent peak. 

Quantitative evaluation can be performed in two ways. First, the data can be normalized 

to the highest STD factor, which can be useful in making comparisons between 

experiments or between ligands. Second, plots of the normalized STD factors versus the 

ligand:protein ratio can reveal interesting trends within a single dataset. As 

demonstrated herein, using all three methods of data analysis can provide a more 

complete picture of the interactions between the ligand and the protein. 

The STD spectra were measured for lidocaine and AGP as a function of the 

ligand:protein ratio. In both sets of spectra shown in Figure 3.9, the lidocaine  

resonances sharpen as the fraction of free lidocaine increases. Overall, the resonances 

are broader and have a lower S/N in those solutions for which a constant protein 

concentration was maintained. For both methods, the weak intensity of the H3 resonance 

combined with baseline variations due to its close proximity to the HOD peak makes 
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integration unreliable, especially for low ligand:protein ratios. At higher lidocaine 

concentrations, the spectra have better S/N and baseline deviations are less of an issue, 

but these advantages must be balanced against the greater likelihood of nonspecific 

binding. In the spectra measured at the lowest ligand:protein ratio, the lidocaine H5/H6, 

H1, and H4 resonances show the most line broadening. Also, the resonance intensities of 

H1 and H4 differ in the spectra where the AGP concentration was held constant and the 

lidocaine concentration increased. As the lidocaine:AGP ratio increases in Figure 3.9B, 

the resonance of H4 increases and becomes a greater than H1. This trend is not observed 

in the STD spectra when the lidocaine concentration was kept constant and the AGP 

concentration decreased. Tables 3.3 and 3.4 present the STD epitope maps calculated for 

both experimental protocols for on-resonance saturation at 0.33 ppm and 2.64 ppm, 

respectively. For saturation at 0.33 ppm at constant protein concentrations, the only 

protons showing dramatic changes with increasing ligand concentration are protons H1 

and H5/H6.  The relative degree of saturation of H1 decreases, while H5/H6 increases in 

both experimental protocols, however, the concentration-dependent increase in H5/H6 

saturation is more pronounced when the protein concentration is held constant and the 

ligand concentration increased. The proton H4 also shows a slight increase in saturation 

as the ligand concentration increases. Nonspecific binding at high ligand concentrations 

gives an inaccurate epitope map. For example, at the lowest concentration ratio, where  

there is a 10-fold excess of lidocaine, H1 shows the highest saturation, but with a 80-

fold excess of lidocaine, H1 shows the second highest saturation and differs by 18%. 
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Figure 3.9. STD spectra measured as a function of increasing lidocaine:AGP ratios (top 
to bottom) as given in Table 3.1 for (A) a constant ligand concentration of 1.0 mM and 
(B) a constant protein concentration of 0.10 mM. 
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Table 3.3. Lidocaine epitope maps for saturation at 0.33 ppm for a constant 
lidocaine concentration of 1.0 mM. 

 
[P] 0.10 mM 0.050 mM 0.025 mM 0.017 mM 0.012 mM 

H1 100 ± 6.8% 100 ± 1.8% 100 ± 0.5% 100 ± 1.6 100 ± 3.2% 
H2 27 ± 2.9% 20 ± 2.2% 14 ± 0.3% 14 ± 1.5% 14 ± 1.1% 
H4 46 ± 3.4% 37 ± 1.3% 38 ± 0.6% 38 ± 1.3% 40 ± 1.6% 

H5/H6 66 ± 3.5% 68 ± 1.7% 73 ± 1.1% 82 ± 1.2% 86 ± 2.3% 
 

Table 3.4. Lidocaine epitope maps for saturation at 0.33 ppm for a constant AGP 
concentration of 0.10 mM. 

 
[L] 1.0 mM 2.0 mM 4.0 mM 6.0 mM 8.0 mM 

H1 100 ± 6.8% 100 ± 3.3% 100 ± 3.0% 95± 5.2 82 ± 1.7% 
H2 27 ± 2.9% 22 ± 0.7% 21 ± 0.6% 22 ± 4.5% 18 ± 0.6% 
H4 46 ± 3.4% 46 ± 2.8% 50 ± 1.5% 52 ± 4.8% 50 ± 1.3% 

H5/H6 66 ± 3.5% 77 ± 2.0% 95 ± 2.5% 100 ± 3.2% 100 ± 1.1% 
 

The percentage values for the H5/H6 protons increases with the ligand-protein ratio for 

both protocols, but the effect is more pronounced when the protein concentration is held 

constant and the ligand concentration increased. Saturation at 0.33 ppm probes mostly 

hydrophobic interactions which are relatively non-specific so it is not suprising that 

nonspecific binding effects interfere at higher ligand concentrations. 

Tables 3.5 and 3.6 summarize the epitope maps calculated for saturation at 2.64 

ppm at various concentration ratios for both protocols. Because saturation at this 

frequency mainly probes the hydrophillic interactions of AGP, the epitope maps should 

be less affected by nonspecific binding effects.41 The epitope maps for both protocols 

agree well. Protons H5/H5, H2, and H4 show the highest degree of saturation. As the 

ligand concentration increases, there is no evidence of nonspecific binding effects. This  
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Table 3.5. Lidocaine epitope maps  at 2.64 ppm for a constant 
         lidocaine concentration of 1.0 mM. 

 
[P] 0.010 mM 0.050 mM 0.025 mM 0.017 mM 0.012 mM 

H1 44 ± 1.2% 33 ± 0.9% 34 ± 0.4% 39 ± 2.0 42 ± 2.0% 
H2 72 ± 3.0% 58 ± 0.9% 65 ± 1.8% 63 ± 6.4% 68 ± 3.0% 
H4 68 ± 2.3% 58 ± 0.3% 62 ± 0.9% 60 ± 5.4% 64 ± 2.8% 

H5/H6 100 ± 3.1% 100 ± 0.8% 100 ± 1.5% 100 ± 6.8% 100 ± 4.7% 
 

 

Table 3.6. Lidocaine epitope maps  at 2.64 ppm for a constant 
        AGP concentration of 0.10 mM. 

 
[L] 1.0 mM 2.0 mM 4.0 mM 6.0 mM 8.0 mM 

H1 44 ± 1.2% 42 ± 1.4% 46 ± 7.7% 37 ± 2.9% 36 ± 2.8% 
H2 72 ± 3.0% 71 ± 3.4% 66 ± 3.6% 64 ± 3.3% 62 ± 1.6% 
H4 68 ± 2.3% 68 ± 2.8% 71 ± 6.5% 67 ± 2.4% 66 ± 2.1% 
H5/H6 100 ± 3.1% 100 ± 2.7% 100 ± 5.2% 100 ± 2.4% 100 ± 2.4% 

 

corroborates the idea that nonspecific binding is primarily due to hydrophobic 

interactions with the protein. The interpretation of the epitope maps summarized in 

Tables 3.5 and 3.6 is complicated by the expression of these results as a percentage of 

the largest STD factor for each experiment.  

The normalized STD percentage values can be misleading because they are 

calculated relative to the highest absolute integrals. The plots shown in Figure 3.10 of 

lidocaine for on-resonance saturation at 0.33 ppm reveal the effects of nonspecific 

binding on the ligand epitope maps. The STD plots shown in Figure 3.10 show how the 

normalized STD factors, calculated as (Ioff-Ion)/Ioff vary with the lidocaine:AGP 

concentration ratio. The error bars are standard deviations of at least 3 trials performed 

using the same sample. Overall, the STD experiments showed reproducibility within 

5%. 
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In both plots in Figure 3.10, at the lowest ligand:protein ratio studied, the ranking of the 

normalized STD factors are as follows H1>H5/H6>H4>H2. In the STD plot for a 

constant ligand concentration (Figure 3.10A), normalized STD factors are strongly 

affected by the lidocaine:AGP concentration ratio. The rankings of the STD factors for 

H5/H6 and H1 switch in Figure 3.10A as the ligand concentration is increased, 

reflecting greater nonspecific binding contributions to the hydrophobic aromatic protons 

at higher ligand:protein concentration ratios. In the absence of nonspecific binding 

interactions, both plots would exhibit the same trend and the same epitope would be 

determined regardless of the ligand-protein concentration ratio used. It is also important 

to note that this trend cannot be observed by simple visual examination of the STD 

spectra in Figure 3.9.  
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Figure 3.10. Plots of the normalized STD intensities for saturation at 0.33 ppm as a 
function of the lidocaine:AGP ratio for (A) solutions with a constant protein 
concentration and (B) solutions in which the ligand concentration is held constant.
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3.5 Conclusion 

 Ligand-detected NMR epitope mapping experiments can be used to characterize 

ligand-protein interactions and are robust, useful techniques that can identify the 

moieties of the ligand responsible for protein binding. Different epitope maps are 

obtained when AGP is saturated at 0.33 ppm versus 2.64 ppm, reflecting the low 

efficiency of spin-diffusion in AGP compared with other proteins. This is consistent 

with the results of a previous study by Becker and Larive, which determined the binding 

epitope for propranolol for AGP. The epitope maps determined in this study suggest that 

the lidocaine amine group does not contact the protein as closely as does the propranolol 

amine, consistent with the relative binding affinities of these ligands. In epitope 

mapping experiments, the experimental design should be carefully considered to reduce 

the impact of nonspecific binding. In this work we found that holding the ligand 

concentration constant and decreasing the protein concentration minimizes nonspecific 

binding. In Chapter 4, the ligand-detected NMR methods used in this chapter will be 

further applied to investigate the binding epitope for a chiral drug, disopyramide, with a 

greater affinity for AGP.  
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Chapter 4 

 

Characterizing the AGP Binding Epitopes of Disopyramide Enantiomers  

 

 

 

4.1 Introduction 

 

 In this chapter, the binding epitopes of the (R)- and (S)-enantiomers of 

disopyramide with alpha1-acid glycoprotein (AGP) was characterized using saturation 

transfer difference (STD) experiments. Since disopyramide is available commercially 

only as a racemic mixture, AGP affinity chromatography was used to separate and collect 

both enantiomers. The main objectives of this chapter are to compare the results from 

ligand-detected NMR experiments for this system and to determine if there are any 

measureable differences between the binding motifs of (R)- and (S)-disopyramide.   

 

4.1.1 Development and Characterization of Chiral Drugs 

  Chirality is an intrinsic property of amino acids and sugars, therefore, also 

peptides, proteins, and polysaccharides, which are the “building blocks” of life. As a 

result, biochemical and metabolic processes are sensitive to stereochemistry, and 

different responses can often be observed when comparing the biological activities of 

different enantiomers. Because of the high degree of chiral recognition inherent in most 

biological processes, it is not unusual for both enantiomers of a chiral drug to exhibit 

different physiological effects.1,2 

 Many basic drugs have one or more chiral centers. Some drugs show 

stereoselective pharmacokinetics and pharmacodynamics including differences in 
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metabolism, distribution, and excretion.2 Many of these stereospecific characteristics may 

be due to stereoselective protein binding in the plasma and tissues. The classic example 

of drugs for which one enantiomer is more beneficial than the other is thalidomide. 

Thalidomide is effective at reducing morning sickness, but it is also teratogenic, which 

means it disturbs the growth and development of a fetus or embryo. One enantiomer 

treats morning sickness, while the other enantiomer causes severe birth defects. During 

the mid-1960’s in Europe, approximately 8,000-12,000 babies born to mothers who took 

thalidomide exhibited severe development abnormalities.3  

Moreover, in some cases, the introduction of a new single enantiomer formulation 

often implies an improvement in the effectiveness of the drug.  A chiral drug could 

contain two non-toxic enantiomers with different levels of pharmaceutical efficacy. (R)-

threo-methylphenidate, Ritalin, which is used for the treatment of attention deficit order 

in children is 13-times more potent than (S)-threo-methylphenidate.  In the case of 

racemic albuterol, its enantiomer, levoalbuterol suppresses the side effects of an irregular 

heartbeat and asthma. If the patient is given the less effective enantiomer, more of the 

racemic would be required to treat the symptoms than a smaller dose of the active 

enantiomer.2  

 Spurred by a number of factors ranging from safety and efficacy to synthetic 

methodology and economics, the US Food and Drug Administration (FDA) has defined 

more strict requirements to patent new racemic drugs, demanding a full documentation of 

the separate pharmacological and pharmacokinetic profiles of individual enantiomers, as 

well as their combination.2  
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In this chapter, the chiral drug, disopyramide is investigated. Disopyramide is an 

antiarrhythmic drug that has a high binding affinity for AGP.3-6 It is commercially 

available only as a racemic mixture, and has a pKa of 10.4. The two enantiomers have 

different binding affinities for AGP with Kd values of 4.27 µM for (R)-disopyramide and 

1.51 µM for (S)-disopyramide.7 (S)-disopyramide has a more potent antiarrythmic effect 

than (R)-disopyramide. In 1999, Hanada et al. measured the AGP binding affinities of 

both (R)- and (S)-disopyramide using the ultrafiltration method.14 Each of the drugs was 

labeled with 3H and the amount of free and bound enantiomer was measured using a 

radioactive scintillation counter. Results from the Scatchard plot showed that the binding 

of each enantiomer was completely and competitively inhibited by the other enantiomer.7  

   As described in Chapter 3, the extensive glycosylation of AGP makes it difficult 

to obtain a high-resolution structure using x-ray crystallography. It is also not possible to 

express AGP in its active, glycosylated form with isotopic labels.14 Therefore, ligand-

detected NMR experiments are ideal for investigating the binding interactions between 

disopyramide and AGP. In this Chapter, the ligand-detected experiments T1ρ-filtered 

NOESY, diffusion, and STD were used to examine disopyramide-AGP binding and 

compare the binding of both disopyramide enantiomers. 

 

4.2 Experimental 

4.2.1 Materials 

Disopyramide (MP Biomedicals, LLC, Solon, OH), human AGP (Sigma, Saint 

Louis, MO), and D2O (Cambridge Isotope Labs, Andover, MA) were used as received. 
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Commercial AGP is prepared from pooled serum that has been reported to consist of 

approximately 44% of the F variant of AGP, 29% of the S variant, and 27% of the A 

variant.22 Solid sodium phosphate monobasic and sodium phosphate dibasic, HPLC-grade 

2-propanol, methanol, and HPLC-grade acetonitrile (ACN) were purchased from Fisher 

Scientific, Fair Lawn, NJ. HPLC-grade water (Burdick and Jackson) was purchased from 

VWR (West Chester, PA). Other basic drugs such as doxepin (Aldrich, Dallas, TX), 

lidocaine (MP Pharmaceuticals, Sunon, Ohio), and propranolol (Biomolecular Research 

Labs, Plymouth Meeting, PA) were also used for HPLC analysis. 

 

4.2.2 HPLC Method for Separation of Disopyramide Enantiomers 

(R)– and (S)-disopyramide were separated and isolated using a 5 cm x 4 mm 

chiral-AGP column from Regis Technologies (Morton Grove, IL). The mobile phases 

consisted of 20 mM phosphate buffer with 7%  HPLC grade 2-propanol and 5% HPLC 

grade acetonitrile. HPLC measurements were carried out at 25oC on an Agilent 1100 

equipped with a degasser, a pump, detector, and oven. The racemic disopyramide sample 

was introduced through an autosampler and the chromatograms obtained using Agilent 

ChemStation software. The separation of the disopyramide enantiomers was performed 

isocratically at a flow rate of 1 mL/min. The separation was monitored by UV absorbance 

at 254 nm. A solution containing 1.0 mM disopyramide was prepared in phosphate buffer 

and 20 µL of the solution was injected. A total of 250 fractions of each enantiomer were 

collected and pooled into 15 mL centrifuge tubes. The resulting enantiomer fractions 
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were approximately 95% pure. The collected fractions were lyophilized to yield sufficient 

quantities of each enantiomer for NMR binding studies.23,24  

 

4.2.3 Desalting by Solid Phase Extraction 

Due to the high salt content of the disopyramide fractions after lyophilization, 

solid phase extraction (SPE) was employed to desalt the compound. The SPE method was 

optimized using racemic disopyramide. Our initial experiments attempted to use C18 SPE 

cartridges (Isolute Sorbent Technology, Mid Glamorgan, UK) for desalting, however, 

these were not successful.  Because of the protonated amine group of disopyramide (pKa 

≈ 9.6) and the limited pH range of the C18 cartridge, disopyramide was poorly retained. 

Therefore retention on a hydrophilic, lipophilic balanced cartridge (Waters Oasis HLB 

Milford, MA) 6 cc with 200 mg sorbent bed was investigated. These cartridges have a 

wider pH range and mixed-mode interactions, and produced good retention of 

disopyramide allowing effective desalting of the isolated fractions. Each cartridge was 

conditioned with 5 mL methanol followed by 5 mL of deionized water using a Fisher 

PrepSep 24-port vacuum manifold and vacuum source. The pressure and flow rate were 

maintained at 10 psi and 1 mL/min, respectively.  The 1.0 mM disopyramide standard 

solution for the SPE recovery experiments was prepared from a 2.0 mM disopyramide 

stock solution in 20 mM phosphate buffer with 7% 2-propanol in a 100 mL volumetric 

flask.  A 10 mL aliquot of the 1.0 mM disopyramide was loaded onto the extraction 

cartridge and washed with 1 mL of water. After the adsorbent bed was thoroughly dried, 

the disopyramide was eluted into a 2 mL eppendorf tube using 1 mL of methanol. The 
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methanol was removed in about 1 hour using a Savant 1100 speed vacuum system 

(Cambridge Scientific Products, Cambridge, MA) equipped with a refrigerated vapor trap 

and gel pump. The residue was reconstituted in 10 mL of 10 mM ammonium acetate 

buffer and injected onto the HPLC column to determine recovery. The SPE recovery was 

determined to be 95-100% using reverse-phase chromatography with a 90% ACN and 

10% ammonium acetate buffer using a 100 mm x 5 mm Shandon ENV C18 column. All 

buffered mobile phases were filtered prior to use and 5 µL was injected at a flow rate of 1 

mL/min. A calibration plot was prepared using six disopyramide standard solutions 

ranging from 0.005 mM-2.5 mM, prepared from a 2.5 mM disopyramide stock solution 

buffered with ammonium acetate. The R2 for this calibration curve was 0.9999. 

 

4.2.4 Preparation of Disopyramide Enantiomer Solutions for NMR Analysis 

 The optimized SPE protocol described in detail in section 4.2.3 was used to 

prepare each of the disopyramide enantiomers for NMR analysis. After lyophilization, 

each enantiomer was reconstituted in 2 mL of water and loaded onto the SPE cartridge. 

After elution with methanol, each enantiomer sample was dried by speed vacuum, and 

reconstituted in 100 µL of deuterated phosphate buffer. To determine the concentrations, 

10 µL was injected into the HPLC. Each enantiomer sample was diluted with D2O to 

bring it to a roughly 1.0 mM concentration.  

The pD of all disopyramide/AGP solutions was maintained at 7.45 using a 50 mM 

sodium phosphate buffer. To reduce the HOD signal from the buffer, solutions of 

monobasic and dibasic phosphate dissolved in D2O were lyophilized and reconstituted in 
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D2O. Solutions of different concentration ratios of racemic disopyramide and AGP were 

made by combining stock solutions of buffered 1.0 mM disopyramide with solutions 

containing 1.0 mM disopyramide and buffered 0.10 mM AGP, thereby maintaining a 

constant concentration of disopyramide as the ratio of disopyramide to AGP was varied. 

As discussed in Chapter 3, keeping the ligand concentration constant when preparing 

solutions for STD epitope mapping experiments, is the preferred experimental design to 

minimize nonspecific binding effects. 

  

4.2.5 NMR Spectroscopy 

 All NMR spectra were acquired with a Bruker Avance 600 MHz NMR 

spectrometer with a broadband inverse probe equipped with x, y, and z gradients. 

Shigemi NMR tubes (Shigemi Co., Ltd., Allison Park, PA) susceptibility matched for 

D2O were used to restrict the volume of each sample to the active volume of the NMR 

probe.  

In all cases, spectra were manually phased and baseline corrected. Spectra were 

referenced to the residual HOD peak (4.75 ppm) detected in a 1H experiment acquired 

without solvent suppression.  

 

4.2.6 Two-Dimensional NMR Experiments for Disopyramide Resonance Assignments 

The 1H NMR disopyramide resonance assignments were made by analysis of 

chemical shifts and through the interpretation of the COSY, TOCSY, ROESY, and 

HSQC spectra measured for 2.0 mM disopyramide.  The COSY, TOCSY, and ROESY 
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spectra were acquired by measuring 1024 complex data points over 256 increments. For 

each increment, 16 FIDs were coadded using a relaxation delay of 1 s.  In the HSQC 

experiment, the spectral widths were 7184 Hz and 28,660 Hz for the 1H- and 13C- 

dimensions, respectively. The number of complex points was 6144 for the 1H-dimension 

with a relaxation delay of 2 s. The number of transients  was 64 and 512 time increments 

were recorded in the 13C dimension. The 1JCH used was 145 Hz.  

 

4.2.7 Ligand-Detected NMR Experiments for Epitope Mapping 

For the T1ρ-filtered NOESY experiments, each of 512 increments was signal 

averaged for 64 scans and collected over 2048 complex points with a 2 s relaxation delay. 

The T1ρ-filtered NOESY spectra were acquired with a mixing time of 600 ms with a 20 

ms spin-lock at a power level of 13 dB. The Fourier transformation was performed on 

2048 points in each dimension, with zero filling in F1 to 2048 points. Both dimensions 

were apodized by multiplication by a 90o shifted sine bell function.  

 BPPSTE experiments for both the protein-ligand and protein only solution were 

acquired with the same diffusion parameters to permit spectral subtraction. Each of 16 

experiments in which the gradient amplitude was varied from 6.75 to 16.48 G/cm was 

signal averaged for 1024 scans over 18,026 complex points. Gradient pulse lengths of 0.9 

ms duration were followed by a 100 µs recovery delay. The diffusion period, during 

which magnetization exchange occurs by NOE, was set to 600 ms. A 1 ms homospoil 

gradient applied during the diffusion period was used to eliminate transverse 

magnetization. Each spectrum was zero-filled to 65,536 points and 2 Hz line broadening 
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applied prior to subtraction of the protein spectrum from the spectrum of the ligand-

protein solution. For the analysis of the diffusion data, resonance integrals were measured 

in the subtracted diffusion spectrum containing ligand resonances. The normalized 

integrals were fit with a second-order polynomial function using Origin 7.5 (OriginLab 

Corporation, Northampton, MA). The best fits of the diffusion data were used to obtain ĸ 

values. 

 To optimize the saturation time and relaxation delay, T1 relaxation times were 

measured for a 30:1 mixture of racemic disopyramide and AGP using the inversion 

recovery pulse sequence. In this experiment, 32 scans were collected over 23362 complex 

points. The T1 recovery delay was arrayed over 25 different values from 0.01 s to 15 s. A 

delay of 60 s was used to allow complete relaxation of all of the disopyramide protons 

between scans. T1 relaxation times were calculated by fitting an exponential function to 

the intensities of each resonance using Origin 7.5. 

 In the optimization of the STD parameters, the total of the saturation time and 

relaxation delay was held at 4.5 s for all experiments, while the saturation time varied 

between 0.5 and 4.0 s. Based on this experiment, an optimum saturation time of 1 s was 

used for subsequent experiments. A 50 ms spin-lock at a power level of 13 dB was 

applied to suppress the protein background. A train of 50 ms Gaussian shaped pulses was 

used to make up the total saturation time, with 20 pulses per second at a power level of 

62.28 dB. A 3 ms homospoil gradient pulse was applied at the beginning of the 

experiment to eliminate unwanted transverse magnetization. Line broadening equivalent 
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to 2 Hz was applied to each spectrum to improve the signal-to-noise ratio of the 

subtracted spectra. 

 

4.3 Separation of Drug Ligands by AGP Affinity Chromatography 

 Separation by AGP affinity chromatography is based on the interaction of the 

drug ligand with the AGP binding pocket. The enantioselectivity and retention of drug on 

an AGP column is based on the composition and pH of the mobile phase.2,24 By changing 

the pH of the mobile phase, the degree of charge on the amino acids containing free 

acidic and basic groups is affected, which can influence the protein’s conformation and 

the way the analytes are bound to the protein. The conical binding pocket of AGP 

consists of hydrophobic walls and a patch of anionic residues at the apex. Since the 

isoelectronic point of AGP is 2.5, at a pH range between 4-7, AGP is negatively charge, 

so the cationic ligands may be retained by ion exchange as well as by specific binding. 

 Several AGP ligands were separated using an AGP column, including lidocaine, 

(E)- and (Z)-doxepin, (R)- and (S)-propranolol and (R)- and (S)-disopyramide. For 

comparison of the separation behavior of these analytes, the capacity factor, k, was 

calculated as shown in Eq. 4.1. As shown in the linear regression plot of capacity factor 

vs. 1/Kd (Figure 4.1), compounds with a higher binding affinity for AGP are retained 

longer on the column and will have a greater capacity factor. This confirms that the 

separation of analytes using an AGP column is based on the interaction of the analyte 

with the binding pocket of AGP. In HPLC, the capacity factor, k, is determined by28: 
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    k = (tr-to)/tr   (4.1) 

where tr represents the retention time of the analyte and to is the time of the column void. 
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Figure 4.1. Origin plot showing the relationship between the capacity factor and binding 
affinity for various AGP ligands. The ligands were separated isocratically with 95% 
phosphate buffer/7% 2-propanol and 5% CAN, detection was at 254 nm. 
 

Since the focus of this chapter is to compare the binding epitopes of disopyramide 

enantiomers, the separation method of the enantiomers was optimized. The separation of 

disopyramide enantiomers was based on a method developed by Hermannson et al.23 

Hermannson and Grahn demonstrated that adding an organic modifier such as 2-

propanol, reduces the amount of binding sites available on the AGP column, which 

decreases the interaction of disopyramide with the AGP stationary phase.  
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A chromatogram showing the separation of (R)- and (S)-disopyramide is shown in Figure 

4.2. 

 

Figure 4.2. HPLC chromatogram showing the separation of (R)- and (S)-
disopyramide.  

 

The assignments for each peak were confirmed by the literature and since the (R)- 

enantiomer has the weaker binding affinity, it will have a shorter retention time than the 

(S)-enantiomer. The resolution between the peaks was determined to be 4.4 using the 

following Eq. 4.2: 

Rs = 
)(
)(2

BA

BA

WW

TT

+

−   (4.2) 

where Rs is the resolution, TA and TB are the retention times of each enantiomer, WA and 

WB are the peak widths for each enantiomer. The peak for the (S)-enantiomer is broader 

than the (R)-enantiomer because of its greater interaction with the AGP stationary phase.  
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4.4 Results and Discussion 

4.4.1 Proton Chemical Shift Assignments for Disopyramide 

Figure 4.3 shows the structure of disopyramide and the 1H NMR spectrum of a 

solution containing 2.0 mM disopyramide.  The disopyramide 1H NMR chemical shifts in 

phosphate buffer at pD 7.45 are reported in Table 4.1. The pyridine proton assignments 

were identified through the COSY, TOCSY, and ROESY spectra. In the ROESY 

spectrum, H2’ showed a strong cross peak with H7’ and a weaker cross peak with H8’. 

Since it was difficult to conclusively assign the H1 and H2 protons, a HSQC experiment 

was used to conclusively identify these resonances. HSQC is a two-dimensional 

experiment that correlates 1H and 13C chemical shifts. The H2 protons are inequivalent 

due to the hindered rotation of the bulky amine group, and one of the H2 resonances was 

obscured by the overlap with the more intense peak from H1. 

 

4.4.2 T1 Relaxation Results 

Table 4.2 shows the T1 relaxation times measured for a 2.0 mM disopyramide 

solution and for a solution containing 1.0 mM disopyramide and 0.030 mM AGP.  The 

protons of the pyridine and the phenyl rings gave the longest relaxation times and these 

increased in the HPLC solution, which may be due to the increase in correlation time 

when disopyramide is bound to the protein. H1, H2, H3, and H4 had the shortest 

relaxation times.  
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Figure 4.3. Structure of disopyramide with its labeled proton assignments. The 
asterisk denotes the chiral center. The 1H NMR spectrum of 2.0 mM 
disopyramide includes the resonance assignments. 
 
 
Table 4.1: Disopyramide 1H NMR Chemical Shifts. 
 

Protons Chemical Shift (ppm) 
H4 1.25 

H1/H2 2.94 
H2 3.05 
H3 3.71 

H7΄, H9΄ 7.33 
H2΄, H3΄, H4΄, H5΄, H6΄ (Phenyl) 7.49 

H8΄ 7.94 
H10΄ 8.62 
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Table 4.2. T1 relaxation times of 2.0 mM disopyramide and for a solution 
containing 1.0 mM disopyramide and 0.030 mM AGP. No value was reported for 
H3 in the disopyramide:AGP solution due to its resonance overlap with AGP. 
 

Proton 
2.0 mM 

disopyramide 
1.0 mM:0.030 mM 
disopyramide:AGP 

  T1 (s) T1 (s) 
H4 (CH3) 0.84 1.11 

H1  0.52 0.69 
H2 0.52 0.71 
H3 1.01  ND 

H7´, H9´ 1.88   2.16 
 (Phenyl)* 2.60 2.63 

H8´ 2.61  2.89 
H10´ 3.09  3.61 

* Since resonance intensities are used to obtain T1 values, the phenyl protons are reported 
as a single value due to their overlapping resonances.  
 

4.4.3 T1ρ-Filtered NOESY Epitope Mapping Experiments 

 A T1ρ-filtered NOESY spectrum of 1.0 mM racemic disopyramide and 0.030 mM 

AGP is shown in Figure 4.4. A 600 ms mixing time was used, during which dipolar 

relaxation occurs. Because the protein resonances are suppressed by T1ρ relaxation during 

the spinlock, cross peaks between the broad protein resonances and ligand resonances are 

only present in the F2 dimension as shown in the NOESY spectrum in Figure 4.4. A 

strong cross peak between the disopyramide methyl resonance at 1.6 ppm and the broad 

AGP methyl resonances are highlighted with an oval in Figure 4.4. This suggests that the 

disopyramide methyl protons interact strongly with the hydrophobic residues of AGP; 

similar to what was observed for lidocaine in Chapter 3. An additional set of cross peaks 

are observed between the disopyramide phenyl resonances at 7.4 ppm and protein methyl 

resonances between 0 and 1 ppm, highlighted with a box.  
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A comparison of the traces through the regions of the NOESY spectrum is given 

in Figure 4.5. The trace through the disopyramide methyl peak, Figure 4.5A, shows cross 

peaks to the protein methyl and aromatic protons that are well-defined and significantly 

above the noise. In Figure 4.5B, the cross peaks to the aromatic protons are much weaker 

and therefore should be interpreted with caution.  

 

 
 

Figure 4.4 T1ρ-filtered NOESY spectrum of 1.0 mM disopyramide and 0.030 mM 
AGP. Cross peaks between the disopyramide methyl protons and the AGP 
methyls is circled. Cross peaks between AGP and the protons on the 
disopyramide aromatics ring are boxed.  
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Figure 4.5. NOESY traces through the disopyramide (A) methyl resonance (1.6 
ppm) and (B) aromatic resonance (7.4 ppm) confirming that these are true cross 
peaks to AGP. Intramolecular cross peaks to disopyramide are marked with a D. 
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The small peak at about 1.2 ppm may arise from interactions with the AGP methyl 

protons or may be T1 noise from the intense methyl peak. This suggests that the phenyl 

protons do not interact as closely with the aliphatic residues of AGP. NOESY 

experiments were not conducted for each disopyramide enantiomer because the mass 

isolated was too small to make a solution with a sufficiently high ligand and protein 

concentration to obtain a high quality NOESY spectrum. Overall, the T1ρ-filtered 

NOESY results show that disopyramide binds to AGP, but it does not provide a specific 

epitope map. 

  

4.4.4 Diffusion Measurements 

 In NMR diffusion experiments, an epitope map is obtained by plotting the 

logarithm of resonance intensity versus the square of the gradient area. Normally, the plot 

would give a straight line with a similar slope for each resonance of the molecule, but 

when dipolar cross-relaxation between the ligand and protein occurs, curvature is 

observed in the linearized diffusion decay.31  Figure 4.6 shows the diffusion decays for   

racemic disopyramide in a solution of 1.0 mM disopyramide and 0.030 mM AGP. In 

contrast to the diffusion results acquired for lidocaine in Chapter 3, significant curvature 

was observed for H1 and H2.  

Table 4.3 shows the values of ĸ measured for the disopyramide protons with 

values ranging between 1.04 – 4.02 x 10-11. Each ĸ value is obtained from the second 

polynomial fit of the diffusion plots as discussed in Chapter 1. The ĸ values reflect the 

extent of cross-relaxation between disopyramide protons and AGP.  
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Figure 4.6. Selected diffusion decays for a solution of 1.0 mM racemic disopyramide 
and 0.030 mM AGP. For clarity, only selected diffusion decays are shown in the figure. 
 

Table 4.3. The к values and epitope map of disopyramide protons obtained from 
diffusion measurements for a solution of 1.0 mM racemic disopyramide and 0.030 mM 
AGP. 

 
Proton κ (x 10-11) % 

H4 1.78 40 
H1 & H2 4.20 100 
H7’, H9’ 1.78 42 
Phenyl 2.62 62 

H8’ 1.63 29 
H10’ 1.04 35 

 

Epitope maps are generated by normalizing the ĸ values measured for each ligand 

1H resonance to the highest ĸ value for the ligand. Ligand protons with higher ĸ values 

exhibit greater curvature and hence have closer contacts with the protein. The epitopes 
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presented in Table 4.3 provide a general picture of how disopyramide interacts with the 

binding pocket of AGP. The H1 and H2 protons adjacent to the protonated amine show 

the strongest interactions with AGP, while the pyridine and methyl protons exhibit the 

least interaction. Subtraction artifacts from the protein in the region between 3 and 4 ppm 

of the diffusion spectra prevented the quantitation of H3. Overall, diffusion experiments 

provide a more specific binding epitope than T1ρ-filtered NOESY, and give an average 

binding epitope for racemic disopyramide. Due to the stronger binding affinity of 

disopyramide, more curvature is observed in the diffusion plot compared to what was 

seen for lidocaine in Chapter 3.  

 

4.5 Saturation Transfer Difference 

 Ideally, the degree of saturation of individual ligand protons in the STD spectrum 

reflects the proximity to the protons of the protein binding pocket. The STD factor 

calculated from the ratio of the STD intensity relative to the reference spectrum measured 

without irradiating the protein is used to create ligand epitope maps.  

The STD build-up curve (Figure 4.7) obtained by plotting the STD factor versus 

saturation time was used to determine the optimum saturation time for this system. As 

shown in Figure 4.7, the intensity of the different resonances plateau at different points in 

the build-up curve because of differences in T1 relaxation times, as given in Table 4.2. 

For example, H1 and H2 have the smallest STD factor and shortest T1 relaxation times of 

0.69 s and 0.71 s, while the aromatic protons, which have the longest T1 relaxation times, 

exhibit the highest STD factor. The build-up curve for H4 with a T1 relaxation time of 
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1.11 s is the most problematic. At saturation times of 0.5 and 1.0 s, it has the largest STD 

factor, but at 2.0 s is the fourth largest. A very different binding epitope would be 

obtained if a 2.0 s saturation time had been used. These results indicate that T1 has a 

strong effect on the STD build up rates for each proton and that the saturation time 

selected can result in a different epitope map.  

 

 

 

 

 

 

 

Figure 4.7. STD build-up curves for a solution containing 1.0 mM disopyramide 
and 0.030 mM AGP at an on-resonance frequency at 0.33 ppm. Saturation times 
were varied from 0.5 to 4.0 s. 
 

  For this ligand-protein binding system, when a saturation time of 1.0 s is used, 

AGP is sufficiently saturated and the STD factors reflect the proximity of the ligand 

protons to the AGP binding pocket. If a saturation time greater than 1.0 s is used, the 

STD epitope map of disopyramide will be ordered according to its T1 relaxation times 

instead of by the amount of saturation transferred to the ligand by cross-relaxation. As a 

result, a saturation time of 1.0 s was selected for STD experiments to minimize T1 effects 

and still have good signal-to-noise in the STD spectrum.  
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For the STD experiments, irradiation of the protein resonances was performed at 

two different frequencies of the protein, 0.33 ppm and 2.64 ppm, as was done for 

lidocaine in Chapter 3. Because of possible saturation of the disopyramide resonances in 

the region around 2.64 ppm, particularly H1 and H2, which are close in chemical shift, an 

STD experiment was performed using a solution of 2.0 mM racemic disopyramide with 

no protein present. Shown in Figures 4.8A-C is a STD, on-resonance, and off-resonance, 

spectra, respectively, for 2.0 mM disopyramide at an irradiation frequency of 2.64 ppm. 

If there was any saturation of the disopyramide protons during on-resonance irradiation, 

we would detect peaks of those disopyramide protons in Figure 4.8A. This experiment 

confirms that the saturation is sufficiently selective to avoid saturation of the 

disopyramide resonances. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. (A) STD spectrum, (B) on-resonance saturation at 2.64 ppm, and (C) 
off-resonance saturation spectra for 2.0 mM racemic disopyramide. 
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4.5.1 STD Epitope Map of Racemic Disopyramide with AGP 

 

 An overlay of the STD spectra measured for a solution of 1.0 mM racemic 

disopyramide and 0.030 mM AGP with on-resonance saturation at 0.33 ppm, and off-

resonance spectrum saturation at 200 ppm are shown in Figure 4.9A-C. The STD 

spectrum shows a good signal-to-noise ratio at this concentration ratio with signal 

averaging of 2048 scans. Higher ligand concentrations are typically used in STD 

experiments, but as shown in Chapter 3, this can affect the accuracy of the resulting STD 

epitope maps due to non-specific binding. As described in Chapter 3, irradiation of the 

AGP protein envelope at 0.33 ppm primarily reflects hydrophobic interactions between 

the protein and ligand. For racemic disopyramide, the methyl, phenyl, and pyridine 

protons show the greatest saturation, which suggests that these protons interact most with 

the hydrophobic regions of AGP. The H1, H2, and H3 protons exhibit a weak intensity 

because they did not receive as much saturation.  

In contrast to the STD spectrum shown in Figure 4.9, different results were 

observed when the protein was saturated at 2.64 ppm. Figure 4.10 shows an overlay of 

the STD spectrum (A) measured for a solution of 1.0 mM racemic disopyramide and 

0.030 mM AGP and the spectra measured with on-resonance (2.64 ppm) (B), and off-

resonance saturation (C). The racemic disopyramide protons H1, H2, and H3, the protons 

closest to the protonated amine, show the highest saturation and also show a greater  
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Figure 4.9. An overlay of the (A) STD spectrum (B) spectrum for on-resonance 
saturation at 0.33 ppm, and (C) spectrum for off-resonance saturation at 200 ppm 
measured for 1.0 mM racemic disopyramide and 0.030 mM AGP. 
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Figure 4.10. An overlay of the (A) STD spectrum (B) spectrum for on-resonance 
saturation at 2.64 ppm, and (C) spectrum for off-resonance saturation at 200 ppm, 
measured for 1.0 mM racemic disopyramide and 0.030 mM AGP. 
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degree of saturation compared to the STD results for on-resonance saturation at 0.33 

ppm. This indicates that the H1, H2, and H3 protons likely have a closer interaction with 

the anionic residues of the AGP binding pocket, which can be probed by saturation at 

2.64 ppm as described in Chapter 3, and reported previously by Becker and Larive.32 

 

4.5.2 Comparison of STD Epitope Map Results of Disopyramide Enantiomers with AGP 

STD epitope maps were obtained for each disopyramide enantiomer using the 

same parameters that were used to acquire the STD spectra for racemic disopyramide. 

Figure 4.11A and 4.11B show an overlay of the STD spectra measured  for (R)- and (S)-

disopyramide with on-resonance saturation at 0.33 ppm, respectively. Each of the 

enantiomer concentrations was approximately 1.0 mM and the AGP concentration was 

0.030 mM. As shown in both spectra, there are solvent peaks, denoted with as asterisk, 

from the HPLC mobile phase that were co-isolated during fraction collection. The 

resonance labeled with an asterisk at 1.9 ppm is from the methyl protons of 2-propanol 

and the resonance at 2.2 ppm is from acetonitrile. Also observed was a small, singlet 

resonance at 8.2 ppm, which may also be an impurity from the isolation of the 

enantiomer. The presence of peaks from the mobile phase in the STD spectra suggests 

that 2-propanol and acetonitrile nonspecifically bind to AGP. The disopyramide methyl, 

phenyl, and pyridine protons exhibit the highest saturation in the STD spectra of the (R)- 

and (S)-enantiomers of disopyramide measured with on-resonance saturation at 0.33 ppm. 

The H1, H2, and H3 protons are not detectable. As was observed in Figure 4.9 for the 

racemic mixture of disopyramide, the methyl, phenyl, and pyridine protons appear to 
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interact most the hydrophobic parts of the AGP binding pocket. Comparison of the STD 

spectra for the (R)-disopyramide and (S)-disopyramide should be made with caution since 

the exact concentrations of each enantiomer are not certain, however, both enantiomers 

show similar STD results in that the methyl, phenyl, and pyridine protons have the 

highest degree of saturation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. An overlay of the (A) STD spectra measured for 1.0 mM (R)- 
disopyramide and 0.030 mM AGP and (B) STD spectrum measured for 1.0 mM 
(S)-disopyramide and 0.030 mM AGP. The on-resonance irradiation frequency in 
both spectra was at 0.33 ppm. 
 

Figure 4.12A and 4.12B show the STD spectra for the (R)- and (S)-enantiomers 

for an on-resonance irradiation frequency of 2.64 ppm. In both spectra, the H1, H2, and 
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H2 disopyramide resonances, closest to the protonated amine, have the highest degree of 

saturation. However in the STD spectrum for (R)-disopyramide, the H2 resonance at 3.1 

ppm is more easily distinguished while the (S)-enantiomer shows a much more intense 

peak for the overlapped H1 and H2 resonances at 2.8 ppm. This may be due to the 

difference in the local chemical environment when the each enantiomer is bound to AGP. 

The methyl, phenyl, and pyridine protons for (S)-disopyramide show a higher saturation 

compared to (R)-disopyramide. This suggests that these resonances interact more closely 

with the hydrophillic residues of the AGP binding pocket. Similar to what was observed 

in the STD spectrum at 0.33 ppm, there are resonances from 2-propanol and acetonitirile. 

The intensities of these resonances do not appear as high as the intensities in the STD 

spectrum at 0.33 ppm, which means the 2-propanol and acetonitrile likely interact more 

with the hydrophobic residues of AGP than with the ionic AGP residues mostly affected 

by irradiation at 2.64 ppm. 
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Figure 4.12. An overlay of the STD spectra measured for  (A)1.0 mM (R)-

disopyramide and 0.030 mM AGP and (B)1.0 mM (S)-disopyramide and 0.030 
mM AGP. The on-resonance irradiation frequency in both spectra was at 2.64 
ppm. 

  

As it concluded in Chapter 3, in addition to visual examination of STD spectra 

and saturation percentages, it is also useful to compare the normalized STD integrals. 

Tables 4.4A and 4.4B show the STD factors for each disopyramide enantiomer and for 

racemic disopyramide. The STD factors for (S)-disopyramide are higher than those for 

(R)-disopyramide, but there is a greater difference in the STD results with an on-

resonance saturation at 2.64 ppm. For example, H2 has a STD factor of 20.3 x 10-3 for the 

(S)-enantiomer, while it is 9.3 x 10-3 for the (R)-enantiomer. The saturation of the H2 

proton of the (S)-enantiomer is greater than for the (R)-enantiomer.  

H4

H1 & H2

**
H3

HOD

H7’, H9’
H2

*

*

A

B

H4

H1 & H2

**
H3

HOD

H7’, H9’
H2

*

*

H4

H1 & H2

**
H3

HOD

H7’, H9’
H2

*

*

A

B



135 
 

For purposes of comparison, the normalized STD intensities for racemic 

disopyramide are given in Table 4.4C. For most of the disopyramide protons, the data 

reflects an average of the STD factors determined for each enantiomer. For example, in 

each of the enantiomer solutions with AGP, the proton H2 has a normalized integral 

value of 20.3 x 10-3 for the (S)-enantiomer, while it is 9.2 x 10-3 for the (R)-enantiomer, 

but it is 13.0 x 10-3 in the racemic mixture of disopyramide with AGP. The large 

difference in the STD factors for the resonance comprising H1/H2, the protons closest to 

the chiral center and the protonated amine indicates that these protons play a key role in 

reflecting the stereoselective interactions of disopyramide with AGP. According to the 

results in Table 4.4, the (S)-enantiomer has a stronger interaction with AGP compared to 

the (R)-enantiomer. It is more difficult to observe that the (S)-enantiomer has a higher 

saturation than the (R)-enantiomer by simply comparing the STD percentages, shown in 

Table 4.5, because for each enantiomer the STD factors have been normalized to the 

largest value. The results in the table show that when saturating at 0.33 ppm in both the 

racemic mixture and in each enantiomer solution, the methyl, pyridine, and phenyl 

protons have strong hydrophobic interactions with the AGP binding pocket. When 

saturating at 2.64, the H1, H2, and H3 protons of both enantiomers and the racemic 

mixture, show close anionic interactions with AGP. In summary, STD is a more sensitive 

ligand-detected  method compared to T1ρ-filtered NOESY and diffusion for determining 

the epitope maps of each enantiomer for AGP largely because the STD experiment 

provides better protein background suppression allowing ligand resonances to be 

detected. In addition, the longer saturation time used in the STD experiment (1 s) gives 



136 
 

more opportunity for build-up of saturation by cross-relaxation than NOESY (600 ms) or 

diffusion (600 ms) mixing times used.  

 

4.5.3 Disopyramide’s Binding Epitope for AGP 

 The STD binding epitopes determined for each disopyramide enantiomer 

is consistent with their binding affinities. (S)-disopyramide and (R)-disopyramide have 

AGP binding affinities of 1.51 µM and 4.27 µM, respectively. The STD data shows that 

H1, H2, and H3 of the (S)-enantiomer have a closer contact with the AGP ionic residues 

compared to (R)-enantiomer. The pyridine and phenyl rings of disopyramide show 

greater contact with the hydrophobic residues compared to the (S)-enantiomer. The alkyl 

groups of (S)-disopyramide  appear to have greater interactions with the ionic residues of 

the AGP binding pocket. There may be less steric hindrance from the bulky phenyl and 

pyridine ring and the free rotation of the sp3 hybridized CH2 group may allow the 

protonated amine to be in closer contact to the AGP ionic residues. For (R)-disopyramide, 

the free rotation of the CH2 group maybe hindered by the pyridine ring preventing closer 

contact of the protonated amine, with the anionic residues of the AGP binding pocket.  
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Table 4.4. Table of normalized STD integrals for solution of 1.0 mM (A) (S)-
disopyramide, (B) (R)-disopyramide, and (C) racemic-disopyramide and 0.030 
mM AGP for on-resonance saturation at 0.33 ppm and 2.64 ppm. 

 
(A) 
 

30:1 (S)-Disopyramide   
Proton Saturation at 0.33 ppm Saturation at 2.64 ppm 

H1 & H2 8.1 x 10-3 17.5 x 10-3 
H2 7.1 x 10-3 20.3 x 10-3 
H3 4.1 x 10-3 8.5 x 10-3 

H4 (-CH3) 5.9 x 10-3 3.8 x 10-3 
H7΄, H9΄ 10.5 x 10-3 15.4 x 10-3 

H8΄ 18.0 x 10-3 7.5 x 10-3 
H10΄ 9.7 x 10-3 7.4 x 10-3 

Phenyl 12.1 x 10-3 7.4 x 10-3 
 
(B) 
 

30:1 (R)-Disopyramide   
Proton Saturation at 0.33 ppm Saturation at 2.64 ppm 

H1 & H2 1.7 x 10-3 9.6 x 10-3 
H2 0.48 x 10-3 9.2 x 10-3 
H3 1.41 x 10-3 19.1 x 10-3 

H4 (-CH3) 8.0 x 10-3 1.2 x 10-3 
H7΄, H9΄ 6.5 x 10-3 2.0 x 10-3 

H8΄ 8.3 x 10-3 4.7 x 10-3 
H10΄ 6.1 x 10-3 2.3 x 10-3 

Phenyl 7.1 x 10-3 3.7 x 10-3 
 
(C) 
 

30:1 Racemic 

Disopyramide 

  

Proton Saturation at 0.33 ppm Saturation at 2.64 ppm 
H1 & H2 1.8 x 10-3 15.5 x 10-3 

H2 2.4 x 10-3 13.0 x 10-3 
H3 2.1 x 10-3 23.8 x 10-3 

H4 (-CH3) 14.4 x 10-3 2.1 x 10-3 
H7΄, H9΄ 6.5 x 10-3 5.2 x 10-3 

H8΄ 9.6 x 10-3 5.8 x 10-3 
H10΄ 9.8 x 10-3 4.9 x 10-3 

Phenyl 9.7 x 10-3 6.6 x 10-3 
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Table 4.5. Table of normalized STD percentages for a solution of 1.0 mM (A) (S)-
disopyramide, (B) (R)-disopyramide, and (C) racemic-disopyramide and 0.030 mM AGP 
at on-resonance saturation at 0.33 ppm and 2.64 ppm. 
 

(A) 
 

30:1 (S)-Disopyramide   
Proton Saturation at 0.33 ppm Saturation at 2.64 ppm 

H1 & H2 45% 86% 
H2 39% 100% 
H3 23% 42% 

H4 (-CH3) 33% 19% 
H7΄, H9΄ 58% 76% 

H8΄ 100% 37% 
H10΄ 54% 37% 

Phenyl 67% 37% 
 

(B) 
 

30:1(R)-Disopyramide   
Proton Saturation at 0.33 ppm Saturation at 2.64 ppm 

H1 & H2 21% 51% 
H2 6% 49% 
H3 17% 100% 

H4 (-CH3) 97% 6.4% 
H7΄, H9΄ 78% 10% 

H8΄ 100% 25% 
H10΄ 74% 12% 

Phenyl 86% 19% 
 

(C) 
30:1 Racemic 

Disopyramide 

  

Proton Saturation at 0.33 ppm Saturation at 2.64 ppm 
H1 & H2 12% 65% 

H2 17% 55% 
H3 14% 100% 

H4 (-CH3) 100% 9% 
H7΄, H9΄ 45% 22% 

H8΄ 67% 24% 
H10΄ 68% 21% 

Phenyl 68% 28% 
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4.5.4 A Comparison of the Epitope Maps for Disopyramide, Lidocaine and  Propranolol. 

 Disopyramide exhibits a similar binding motif to what has been reported for 

lidocaine in Chapter 3 and in Becker and Larive’s previous work on propranolol.32 For all 

drug ligands, the hydrophobic aromatic rings and methyl groups interact closely with the 

hydrophobic walls of the AGP binding site. This is shown in the STD epitope maps 

measured with on-resonance irradiation at 0.33 ppm for propranolol, disopyramide, and 

lidocaine (Figure 4.13). This suggests that AGP has an accommodating hydrophobic 

pocket for molecules of different sizes, which is in good agreement with the HPLC 

studies.23 The enantiomers  (R)- and (S)-propranolol (Kd~ 2.65 µM and 1.58 µM, 

respectively) and disopyramide exhibit the same trend in that the aromatic rings have a 

greater interaction with AGP than the methyl protons. In contrast, the smaller lidocaine 

shows more equal contact between both its methyl and aromatic protons.  
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Figure 4.13. STD epitope maps for (A) (R)-propranolol, (B) (S)-propranolol, (C) 
(R)-disopyramide, (D) (S)-disopyramide, and (E) lidocaine with on-resonance 
irradiation at 0.33 ppm. The asterisk indicates the chiral center. 
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The STD epitope maps measured with on-resonance saturation at 2.64 ppm 

(Figure 4.14), shows a stronger interaction between the protons adjacent to the protonated 

amine. As discussed in Chapter 3, the more rigid C-N bond in lidocaine may prevent the 

protonated amine from contacting the AGP binding pocket more closely. Although both 

STD epitope maps for the propranolol and disopyramide enantiomers are similar, the 

protons near the protonated amine show a closer interaction with the AGP binding 

pocket, which maybe due to more steric effects from propranolol. The degree of 

saturation of the disopyramide H2 proton also yields different results for (R)- and (S)-

disopyramide at both on-resonance saturation frequencies. The (S)-enantiomer shows a 

higher saturation compared to the (R)-enantiomer when saturation is at 0.33 ppm. The 

same trend is observed is observed for (S)-disopyramide, but the saturation is much 

greater. The Eassson-Stedman model of chiral recognition suggests that the contact of the 

functional groups around the stereocenter affect the binding of each enantiomer to the 

binding site, which in turn affects the physiological activity of the molecule.35 In the STD 

epitope maps for disopyramide, the saturation of the protons on the pyridine and phenyl 

ring also change significantly. Since the saturation is greater for the (R)-enantiomer, this 

may indicate that the π-π interactions between both aromatic rings and the aromatic 

residues of AGP are favored, while the (S)-enantiomer has a more favorable 

conformation for interacting with the anionic residues of the AGP binding pocket. The 

amide bond also allows more opportunity for hydrogen bonding with AGP, which may 

help (S)-disopyramide in having closer contact with the anionic residues of AGP. The 

more favorable stereoselectivity of the (S)-enantiomer for AGP is responsible for the 
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differences in binding affinity between both enantiomers of disopyramide. The greater 

affinity of (S)-disopyramide for AGP gives rise to its broader peak observed in the HPLC 

chromatogram (Figure 4.2) compared to the weaker interacing (R)-disopyramide, which 

is not as strongly retained by the AGP column. In contrast, for propranolol, the saturation 

of the protons of each functional group around the stereocenter are not significantly 

different between both the (R)- and (S)-enantiomers. This difference is consistent with the 

relative binding affinities between both enantiomers for both disopyramide and 

propranolol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. STD epitope maps for (A) (R)-propranolol, (B) (S)-propranolol, (C) 
(R)-disopyramide, (D) (S)-disopyramide, and (E) lidocaine with on-resonance 
irradiation at 2.64 ppm. 
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4.6 Conclusions 

 

 The binding motif of disopyramide is consistent with the established binding 

model of AGP and with the epitope maps obtained for lidocaine and propranolol. 

Although specific binding epitopes were not obtained with the NOESY and diffusion 

experiments, there is some agreement between the results of all the ligand-detected 

experiments utilized. The epitope maps all agree that there are hydrophobic interactions 

between the disopyramide methyl groups and the AGP methyl groups. The STD results 

show that the (S)- enantiomer has greater anionic interactions with AGP. The results for 

racemic disopyramide were intermediate between those obtained for the (R)- and (S)- 

enantiomers.  The results in this chapter show that ligand-detected NMR experiments 

have the potential to provide valuable insights in the characterization of the interactions 

of enantiomeric drugs with protein receptors.  Because AGP is capable of separating 

enantiomers and is utilized as a chromatographic solid support, the next chapter presents 

preliminary work on using high resolution-magic angle spinning (HR-MAS) to 

characterize drug-protein systems. 
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Chapter 5 

 

High Resolution-Magic Angle Spinning NMR Experiments for the Characterization 

of the Interactions between Lidocaine with  

AGP in the Suspended State 

 
5.1 Introduction 

 As the demand for chiral drugs in single-enantiomer dosage grows, the separation 

of racemic mixtures is of increasing interest.  Liquid chromatographic resolution of 

enantiomers on chiral stationary phases (CSPs) is one of the most accurate methods of 

determining the enantiomeric composition of chiral compounds. As a result of significant 

efforts devoted to the development of effective CSPs during the past decades, several 

types of CSPs are available.  Common chiral chromatographic stationary phases are 

comprised of proteins such human serum albumin (HSA) or AGP, polysaccharides 

(cellulose or amylose), and synthetic polymers (molecularly imprinted polymers).1 These 

phases have also been used for evaluating ligand-protein interactions and enantiomeric 

purity. Investigation of the intermolecular interactions at the interface between a 

chromatographic stationary phase and analytes is crucial for a better understanding of 

separation mechanisms and for the design of more specific stationary phases. The 

objectives of this chapter are two-fold: (1) to determine if ligand-detected NMR 

experiments can be used to characterize the interactions between a ligand and chiral 

stationary phase, such as AGP and (2) develop experimental parameters for future HR-

MAS studies.  

The mechanism by which enantiomers in a racemic mixture are resolved on a 

CSP is based on specific molecular interactions between the analyte and the stationary 
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phase and requires a specific fit of each enantiomer in the binding sites of the stationary 

phase. Methods such as FT-IR, molecular modeling, x-ray crystallography, circular 

dichroism, and solution state NMR have been used to characterize the separation 

mechanism of a few CSPs .1 Among these techniques, NMR is the most suitable method 

for characterizing intermolecular interactions because of the detailed structural 

information it can provide. Most of the NMR experiments to characterize the interactions 

between analytes and chiral selectors have been performed as solution state experiments 

without the chromatographic support and the spacer that links the selector to the support.2 

Because the support and spacer can play a role in molecular recognition of the analytes, 

solution state NMR characterization may be insufficient. In addition, immobilization may 

alter the conformation of the selector or limit its ability to bind to the analyte in the same 

way as when it is free in solution.  

 

5.1.1 Principles of HR-MAS 

The NMR analysis of ligands with CSPs is possible with a technique known as 

high-resolution magic angle spinning (HR-MAS). HR-MAS is a technique that was 

derived from solid state NMR. It was originally used to characterize molecules on solid-

phase resin supports as a way to optimize combinatorial synthesis methods.3  

Immobilized CSPs give rise to broad NMR signals due to sample heterogeneity 

and the inability of molecules to tumble isotropically. There are three fundamental 

principles that affect line broadening in NMR experiments with solid materials as 

discussed in Chapter 1: chemical shift anisotropy (CSA), dipole-dipole interactions, and 
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magnetic suceptibility.3,4 Chemical shifts arise from the shielding of the nucleus by 

surrounding electrons. In the absence of rapid reorientation due to tumbling, this 

shielding may depend on the orientation of the molecule in the magnetic field. In solids, 

the electron distribution will have a definite directional character and as a result, the 

chemical shift takes on directional properties as well. The local field (Blocal) describing 

the local magnetic field of a nucleus is expressed in terms of a shielding constant, σ3,4: 

         Blocal = B0 (1-σ)   (5.1) 

where B0 is the applied magnetic field. The shielding constant is determined by the 

electron density surrounding a nucleus. When the local field increases, the resonance 

frequency (ν) for that nucleus also increases, as shown in Eq. 5.23,4: 

    
π

γ
σ

π

γ
υ

2
)1(

2
localo BB

=−=   (5.2) 

where γ represents the magnetogyric ratio of the nucleus being studied.  

Dipole-dipole interaction is defined as the interaction of two nuclei by means of 

their electric or dipole moments. This interaction is dependent on the magnetic moments 

(γs , γI) of two coupled spins, the distance between them, and on the orientation of the 

vector connecting the two spins relative to the magnetic field. In a liquid solution, 

molecules tumble isotropically so CSA and dipole-dipole effects average to zero. When 

the effects of CSA and dipolar interactions are not averaged to zero, as in solid- and 

semi-solid materials that cannot tumble isotropically, the occurrences of these two effects 

result in significant line broadening. In the absence of tumbling, the local magnetic field 

has an angular dependence, given by Eq. 5.3: 
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   Blocal = ±µsr-3(3cos2θ-1)                (5.3) 

where µs is the nuclear magnetic moment and r is the internuclear distance between 

nucleus S and the nearby nuclei with which it interacts by dipolar coupling. Rapid 

spinning of the sample at an angle 54.7o with respect to the magnetic field averages the 

(3cos2θ-1) orientation dependence of CSA and dipolar coupling to zero, reducing line 

broadening.3  

 Magnetic susceptibility is defined as the degree of magnetism in a material in 

response to an applied magnetic field. In NMR, the solvent, sample container, and coils 

have specific magnetic susceptibilities. If a sample is not homogeneous or the sample 

container is not made of a uniform material this can lead to differences in magnetic 

susceptibility, and produce line broadening in the NMR spectrum. MAS cannot eliminate 

magnetic susceptibility broadening, but its effects can be reduced through probe design 

and sample preparation methods.3 The probe is constructed of a special alloy designed to 

have a uniform magnetic susceptibility. The samples are placed in cylindrical zirconium 

oxide (ZrO2) rotors, which are almost entirely contained within the active volume of the 

NMR probe. For smaller samples, a rotor insert can be used to confine the sample to the 

center of the rf coil. The insert also helps to improve the magnetic field inhomogeneity 

across the sample since a smaller sample is used.  

There have been a few reports of the use of HR-MAS to study the interactions 

between ligands and different chromatographic supports. For example, Skogsberg et al. 

used trNOE measurements to obtain qualitative insights into the role of hydrogen 

bonding, ionic, and hydrophobic interactions in chiral chromatographic separation 
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processes.2 In this study the interactions of two analytes with two different CSPs, N,N’-

diallyl-L-tartardiamide bis-(4-tert-butylbenzoate) (TBB) and N,N’-diallyl-L-tartardiamide 

bis-(3,5-methylbenzoate) (DMB), were compared using HR-MAS. Intermolecular cross 

peaks between the ligand and protons from the stationary phase confirmed binding. The 

results of 2D NOESY studies showed that hydrophobic interactions dominate the binding 

of each of the ligands to the immobilized selector. Skogsberg et al. also used HR-NOESY 

MAS to investigate the effects of different mobile phase compositions on the 

intermolecular interactions.2  

 Klein et al. used HR-MAS STD experiments  to screen the binding affinities of a 

mixture of 7 oligosaccharides to wheat germ agglutinin (WGA) coupled to a solid 

support.5 The 1H NMR survey spectrum appeared crowded and overlap of the broad 

resonances made it difficult to identify the individual oligosaccharides. With HR-MAS 

STD, only resonances of those ligands with high binding affinity were detected in the 

STD spectrum. HR-MAS STD was shown to be a fast and sensitive method for the 

detection and characterization of binding of a mixture of oligosaccharides to an 

immobilized protein.5  

 HR-MAS-NOESY has been used to characterize and differentiate the binding of 

two enantiomers to a quinine carbamate CSP.6 Friebolin et al. separated a racemic 

mixture of benzylmandelate enantiomers with a polysaccharide-based stationary phase 

consisting of amylose tris (3,5-dimethylphenylcarbamate) by HPLC and characterized 

each of their binding affinities by HR-MAS. A combination of T1 measurements, STD, 

and 2D-NOESY were used to achieve further insights into the separation process.7 The 
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experimental results showed that interactions between the phenyl protons of each of the 

enantiomers and the aromatic groups of the polysaccharide stationary phase strongly 

influenced the molecular recognition of (R)- and (S)-benzylmandelate.7 

In this chapter, ligand-detected NMR methods are used to characterize the 

interactions between lidocaine and an AGP stationary phase. The commercial AGP 

stationary phase is made by first oxidizing the carbohydrate residues of the protein with 

periodate to form aldehyde groups that can link AGP through Schiff base formation. AGP 

is then immobilized by reacting the resulting aldehyde groups with the silica support 

containing free amine or hydrazide groups. A schematic of the process of immobilizing 

AGP onto the hydrazine activated silica support is shown in Figure 5.1.8 

 

Figure 5.1. Immobilization of AGP onto the hydrazine activated silica support. 

 

5.1.1.1 STD HR-MAS 

 In STD, macromolecules such as stationary phases are selectively saturated by 

irradiation of a train of Gaussian shaped pulses. Usually, the macromolecule is 

completely saturated due to efficient spin diffusion.6 This saturation is spread to analyte 

molecules, closely interacting with the macromolecule after the ligand dissociates. The 

free analyte retains the saturation for a short period of time, and thus the intensity of the 

1H NMR resonance of molecules that were in contact with the receptor is reduced. Klein 
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et al. were the first to utilize STD HR-MAS to distinguish the binding of various ligands 

to an immobilized membrane protein, WGA.6 As a membrane protein, WGA is not really 

amenable to solution state NMR and HR-MAS NMR allowed this protein to be studied in 

a biological membrane.6 Recently, Strohschein and co-workers used 1H STD HR-MAS 

NMR to study the retention mechanism, interaction strength, and interaction sites of β 

and γ tocopherols upon separation on three different silica-based reversed-phase 

stationary phase. 9 Binding epitopes for each enantiomer were obtained through STD 

experiments. 

 

5.1.1.2 Diffusion MAS 

Another emerging technique is the measurement of diffusion on semisolid 

samples. This technique relies on pulse field gradients (PFG) to label the spatial position 

of the nuclear spins before and after a diffusion time. Diffusion can potentially 

characterize interactions between a ligand and the immobilized AGP of the CSP through 

NOE transferred from the protein to the ligand by cross-relaxation during the diffusion 

period. Quantifying the curvature in the diffusion plots could provide information about 

ligand binding to the CSP. PFG HR-MAS has been used mainly in the fields of 

combinatorial chemistry and in the investigation of intact biological tissues. 10-21 To our 

knowledge, PFG HR-MAS has not been used to characterize analyte interactions with 

CSPs. 
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5.2 Experimental Methods 

5.2.1. Materials 

 Lidocaine (MP Pharmaceuticals, Sunon, Ohio) was prepared in 25 mM sodium 

phosphate buffer dissolved in D2O, with a pD of 7.45. The buffer salts (Fisher Scientific, 

Fair Lawn, NJ) were lyophilized from D2O to exchange hydrogen for deuterium. The 

deuterated solvents, D2O, acetonitrile-d3, and 2-propanol-d8 used were purchased from 

Cambridge Isotope Laboratories, Inc. (Cambridge, MA).  

 The disposable HR-MAS insert consists of three parts: the sample insert , a plug 

to close the container, and a screw. Figure 5.1 (A-D) shows a picture of a sample insert 

and rotor, the rotor cap removal tool, and the two types of screwdrivers used to remove 

the plug and screw cap.  

 

 

Figure 5.2. Materials used for HR-MAS experiments: (A) Sample insert 
with plug and screw, (B) 4 mm zirconium rotor, (C) rotor cap removal 
tool, and (D) screwdrivers used to remove the sample insert plug and 
screw. 
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The insert is made of biologically inert Kel-F and can hold approximately 50 µL of 

liquid. The insert plug seals the sample inside the sample container. The assembled insert 

fits into a standard Bruker 4 mm zirconium rotor (Bruker BioSpin Corporation, Billerica, 

MA). 

The C18 stationary phase was obtained from two HPLC C18 guard columns (5 µm, 

3.9 x 20 mm from Waters Symmetry, Milford, MA) and was packed into an insert. Thirty 

microliters of ACN-d3 and phosphate buffer in D2O were added to the insert to provide 

an ACN-d3 lock signal in the NMR spectrometer. The insert was centrifuged at a rate of 

12 rpm for a duration of 30 s to draw the mobile phase containing the analyte into the 

packed insert and distribute it. The insert was placed inside the rotor and analyzed 

immediately. 

Three AGP guard columns (1 cm x 3 mm) from Regis Technologies were stored 

in D2O with 12% D-isopropanol prior to use. AGP is immobilized onto 5 µm spherical 

silica particles by a hydrazine linker. The AGP resin was released from each of the 

columns by removal of the endcaps, packed into an insert and the mobile phase 

containing the analyte added. As described above, centrifugation was used to draw the 

mobile phase into the rotor and wet the sample.  

 

5.2.2 NMR Spectroscopy 

 
All 1H spectra were acquired using a 600 MHz Bruker NMR spectrometer 

equipped with a g-HR-MAS 500 SB BL4 probe (Bruker BioSpin Corporation, Billerica, 

MA) in the UCR ACIF NMR facility. Prior to sample analysis, the magic angle was 
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calibrated by analyzing a potassium bromide sample in a 4 mm double bearing ZrO2 rotor 

spun at 6 kHz. The 90o pulse length was set to 9.0 µs. All of the samples were spun at 6 

kHz and 256 scans were acquired into 21,306 points across a spectral width of 12,019 Hz. 

An exponential line broadening function of 1 Hz was applied prior to Fourier 

transformation. Spectral processing was performed using Bruker Topsin 2.0 software.  

 

5.2.2.1 Inversion Recovery  

Spin-lattice relaxation times (T1) were measured with the inversion recovery 

experiment. The time interval between the 90o and 180o pulses was varied from 0.1 ms to 

5 s with a relaxation delay of 5 s between 15 experiments. 

 

5.2.2.2 Saturation Transfer Difference  

For all of the STD experiments, selective saturation of the stationary phase was 

achieved by a series of 50 ms Gaussian pulses separated each by a 30 ms delay yielding a 

total saturation time of 80 ms. Spectra were recorded at ambient temperature at a spin rate 

of 6 kHz. A total of 256 transients were acquired. For the lidocaine:C18 system, the on-

resonance irradiation was set at 0.94 ppm with a saturation time of 2 s. For the 

lidocaine:AGP system, the irradiation in the on-resonance spectrum was set at 0.33 or 

2.64 ppm with a saturation time of 80 ms. In both systems, the off-resonance irradiation 

was set at 200 ppm, away from any ligand resonances. STD experiments were conducted 

on a solution of lidocaine alone and the subtracted STD spectrum confirmed that 

saturation at 0.33 ppm or 2.64 ppm did not affect any of the lidocaine proton resonances. 
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A 15 ms spin lock was utilized to reduce the intensity of residual resonances from the C18 

and AGP stationary phase samples. A line broadening of 1 Hz was applied to each 

spectrum to improve the signal-to-noise ratio of the subtracted spectra. Off- and on-

resonance spectra were subtracted to yield an STD spectrum containing  analyte signals. 

 

5.2.2.3 Diffusion NMR 

In this study, BPPSTE experiments were performed on samples containing the 

stationary phase wet with mobile phase. The protein resonances were suppressed by 

subtraction of the spectrum measured with lidocaine in mobile phase and stationary phase 

and the stationary phase with mobile phase only for each gradient. The gradient 

amplitude was varied from 6.831 to 32.35 G/cm over 16 experiments and signal averaged 

with 256 scans over 21,306 complex points. The experiments were acquired using a 

gradient pulse length of 500 µs followed by a 100 µs delay. Diffusion delays of 50 and 

100 ms were used for the lidocaine:C18 system and lidocaine:AGP system, respectively.  

The lidocaine resonances in each subtracted BPPSTE spectrum were integrated. 

The natural logarithm of normalized resonance intensity was plotted as a function of the 

square of the gradient amplitude in Origin 7.5.22 To create an epitope map the deviation 

from linearity is quantified by fitting the linearized diffusion decay to a second order 

polynomial fit of the form: 

y = α + βx + ĸx2         (5.4) 

where β is the apparent diffusion coefficient and ĸ is the deviation from linearity. The 

epitope map is made by dividing the ĸ value for each value by the greatest ĸ, representing 
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the quotients as percentages. The higher the percentage, the closer the contact between 

the analyte and the protons of the stationary phase. 

 

5.3 Results and Discussion 

5.3.1. Characterizing the Interactions of Lidocaine with C18 Stationary Phase 

Preliminary HR-MAS experiments were conducted with lidocaine and the C18 

stationary phase to learn how to use HR-MAS system and to set parameters for HR-MAS 

studies with lidocaine and the more expensive AGP stationary phase. HR-MAS 1H NMR 

spectra of the C18 bonded phase material with 20 µL of phosphate buffer in D2O at 

different spinning frequencies are shown in Figure 5.3. All the spectra showed two well 

resolved peaks at 0.81 ppm and 1.25 ppm, which correspond to signals from the terminal 

methyl and methylene protons of the C18 alkyl chain, respectively. 

 

 

Figure 5.3. Comparison of 1H NMR spectra of C18 stationary phase acquired at 
different spin rates. (A) 4 kHz, (B) 5 kHz, and (C) 6 kHz. Using a spin rate of 6 
kHz moves the C18 side bands indicated by the asterisk, away from the region 
where the lidocaine resonances are observed. 
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There was also a broad peak of lower intensity centered at 0.08 ppm corresponding to 

signal from the endcapped –Si(CH3)3 groups.35-37 A broad peak is observed at 3.8 ppm, 

which may correspond to residual water introduced during the manufacturing process or 

it may correspond to water that adsorbed onto the C18 resin from atmospheric air. Brindle 

et al. observed this peak in their investigation of polyalkylvinyl ether stationary phases 

and attributed it to water physisorbed on to the silica gel particles.36-37 The width at half 

height of the signal assigned to the methyl protons is approximately 30 Hz. While, in 

comparison, the signal assigned to the methylene protons is 75 Hz due to the overlap of 

slightly different 1H chemical shifts along the alkyl side chain. 

An important parameter to consider when setting up HR-MAS experiments is the 

spinning rate. As shown in Figure 5.3, a spinning sideband from the C18 resin occurs at 8 

ppm when a spin rate of 4 kHz is used. As the spin rate is increased to 5 kHz, the side 

band shifts to 10 ppm. Using a spin rate of 6 kHz moves the side band out of the spectral 

window. The dependence of the spinning side band position on the spin rate allows us to 

move it to a position where it does not interfere with the lidocaine aromatic resonances. 

Figure 5.4 shows the structure of the antiarrhythmic drug, lidocaine, and its 1H NMR 

spectrum with its resonances assigned. Each of the lidocaine resonances is sharp and well 

resolved, with the exception of H1, which slightly overlaps with an artifact. Smaller 

artifacts are also present in the spectrum. These artifacts may have originated from the 

presence of a little lidocaine solution in the rotor outside of the insert.  
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Figure 5.4. Structure and 1H NMR spectrum of 25 mM lidocaine with its likely  
assigned resonances. The resonance marked with an asterisk are artifacts from the 
presence of lidocaine solution in the rotor outside the sample insert. 
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Figure 5.5. 
1H NMR spectrum of 0.050 g C18 stationary phase with 25 mM 

lidocaine.  
 

In the presence of C18 stationary phase, as shown in Figure 5.5, the lidocaine 

resonances broaden suggesting interactions with the stationary phase. When the lidocaine 

is bound to the stationary phase, it takes on the motional properties of the stationary 

phase giving rise to in an increase in line broadening. The mobile phase provides two 

objectives: it allow the effects of CSA and dipolar coupling to be reduced, reducing the 

line broadening from the stationary phase and it also helps in keeping lidocaine in fast 

exchange between the free and bound state. The H1 resonance overlaps with the C18 

methylene protons and H4 overlaps with the broad tail of the methylene protons 

resonance. The STD HR-MAS spectrum and on-resonance spectrum acquired with a  
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Figure 5.6. STD HR-MAS (A) spectrum of lidocaine and C18 and (B) on-
resonance spectrum. The on-resonance irradiation frequency was at 0.94 
ppm. 

 

saturation at 0.94 ppm are shown in Figures 5.6A and 5.6B, respectively. Visual 

examination of the STD spectrum shows distinct differences in the lidocaine  

proton intensities compared with the on-resonance spectrum. Since H4 and H5/H6 show 

the highest intensities, these protons interact most closely with the  

stationary phase. The resonance of the lidocaine methyl protons, H1, is overlapped with 

the C18 methylene protons, so its intensity cannot provide a reliable estimate of its 

interaction with the stationary phase. A plot of the diffusion decays for selected lidocaine 

protons are shown in Figure 5.7. Likely due to lidocaine’s weak interaction with the 



163 
 

stationary phase, no extensive curvature is observed in the diffusion decay plots. The 

deviations in the diffusion data shown in the plot indicate that the lidocaine protons were 

detectable, but the signal-to-noise is very low in the subtracted BPPSTE spectra.  

 

 

 

 

 

 

 

 
 

 
(gγδ)2(∆-δ/3-τ/2) (G/m)2 

 

Figure 5.7. Selected diffusion decays for lidocaine with C18 stationary phase. 
 
 

Because NOE is a time dependent process, using a longer diffusion time (>400 ms) 

would allow more time for NOE to build up and for curvature in the diffusion decays to 

be detected. In addition, using a higher lidocaine concentration would give a higher S/N 

in the diffusion spectra and would help to ensure fast exchange. 

In summary, it was possible to obtain an STD spectrum for lidocaine in the 

mobile phase in the presence of C18 stationary phase. A saturation time of 2 s was long 

enough for saturation to spread through the C18 chain by spin diffusion and to lidocaine. 

However, due to the overlap of the lidocaine resonance and the C18 resonances, a reliable 

epitope map could not be determined. No significant trNOE observed in the diffusion 
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decay plots for this system because the lidocaine has a weak interaction with the 

stationary phase. 

 

5.3.2 Characterizing the Interactions of Lidocaine with AGP Stationary Phase 
 
 The overall goal of this experiment was to examine the use of STD and diffusion 

NMR experiments for the characterization of the interactions between lidocaine and AGP 

stationary phase. A 1H HR-MAS NMR spectrum of AGP bound to the solid support is 

shown in Figure 5.8A. The spectrum is overlayed with a 1H NMR spectrum of 0.40 mM 

AGP in phosphate buffer (Figure 5.8B) measured in solution state NMR. There is a 

similar degree of overlap of resonances in both spectra, however AGP bound to the solid 

support has much broader resonances than in solution due to its restricted motion and 

magnetic susceptibility effects due to its proximity to the silica surface. 

 

 

 

 

 

 
 

 

 

Figure 5.8. Comparison of AGP spectra measured by HR-MAS (A) spun at 6 
kHz and (b) in liquid solution in a 5 mm NMR tube. 
 

 

A 

B 
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 Figure 5.9 shows the separation of 0.50 mM lidocaine on a commercial 5 cm x 4 

mm chiral-AGP column from Regis Technologies (Morton Grove, Illinois) using a 

mobile phase of 95% phosphate buffer with 7% 2-propanol and 5% acetonitrile. 

Lidocaine elutes after 2.5 minutes which was expected since lidocaine has a relatively 

weak binding affinity (Kd of ~25 µM). 

Prior to conducting STD and diffusion experiments, the T1s relaxation times of 

each of the lidocaine protons was measured in the presence of AGP stationary phase 

using the inversion recovery experiment. This data is summarized in Table 5.1. 

 

 
  

 

Figure 5.9. HPLC chromatogram of 0.50 mM lidocaine separated 
isocratically on a chiral AGP column with a mobile phase consisting of 
95% phosphate buffer with 6% 2-propanol and 5% acetonitrile at 1 
mL/min. 
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Table 5.1. T1 relaxation times for a solution of 25 mM lidocaine with AGP stationary 
phase. 

Lidocaine Proton T1 
H1 125 ms 
H2 85 ms 
H3 85 ms 
H4 125 ms 

H5/H6 110 ms 
 

The HR-MAS STD spectrum for lidocaine with the AGP stationary phase with 

on-resonance irradiation at 0.33 ppm is shown in Figure 5.10. The weak resonance from 

the methyl group of 2-propanol was detected at 1.34 ppm in the STD spectrum, 

suggesting nonspecific binding to the AGP stationary phase. The lidocaine resonances are 

broadened due interaction with the AGP stationary phase in the STD spectrum and no 

signals from any of the lidocaine resonances could be detected. The measured T1 

relaxation times point to the potential problem with using HR-MAS to characterize this 

sample. Both STD and NMR diffusion experiments have the potential to reveal trNOEs 

that can provide information about ligand-receptor interactions. However, both STD and 

diffusion experiments require fast exchange between the free and bound states, and 

ligand T1 relaxation times that are sufficiently long that cross-relaxation effects can 

develop during the mixing period and be detected through free ligand resonances. 
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Figure 5.10. 
1H HR-MAS spectrum measured with (A) off-resonance saturation 

at 200 ppm (B) an on-resonance saturation at 0.33 ppm, and (C) STD spectrum 
for 25 mM lidocaine with AGP stationary phase. 

 

This is a result of three contributing factors: (1) The saturation time may not have been 

not long enough to saturate the AGP and transfer NOE to the bound ligand. Using a 

longer saturation time could provide STD spectra with greater intensity, (2) the short T1 

relaxation times of the lidocaine protons likely prevented detection of saturation transfer 

with the saturation time used, negating the potential benefits of a longer saturation period, 

and (3) the concentration of the ligand may have been too low. If there was a transfer of 

NOE from the stationary phase to lidocaine, perhaps it was not detected in the STD 

spectrum due to the low concentration and because the ligand maybe in slow exchange on 

the NMR timescale. Because STD experiments require that the ligand be in fast 

exchange, using a higher lidocaine concentration or adding more mobile phase might 

improve this experiment. Moving further into the fast exchange regime could also 
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lengthen the T1 relaxation times which would be a significant overall benefit to STD 

detection. 

HR-MAS diffusion experiments were also attempted to measure the interactions 

of lidocaine and AGP stationary phase. Figure 5.11 shows a plot of the diffusion decays. 

Although the there is slight curvature observed for the decays of H1, H2, and H5/H6, it is 

difficult to discern if this is true curvature from cross-relaxation during the diffusion time 

or from slow chemical exchange because a very short diffusion time of 100 ms was used 

or because of the poor S/N in the BPPSTE spectra.  

 

 

(gγδ)2(∆-δ/3-τ/2) (G/m)2 

Figure 5.11. Selected diffusion decays of 25 mM lidocaine with AGP stationary 
phase. 
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The scattered points shown for H4 in Figure 5.11 likely arise from variations in the 

baseline between the each BPPSTE spectrum. Using a longer diffusion time would allow 

more time for NOE to build-up within the limits of the lidocaine T1 relaxation times. It is 

likely a higher lidocaine concentration or perhaps more mobile phase would improve the 

S/N in this diffusion experiment. 

 

5.4 Implications of HR-MAS Results for Chromatographic Processes 

 HR-MAS is an emerging technology for detecting and characterizing ligand-

receptor binding. Alhtough the results of the preliminary STD and diffusion experiments 

for lidocaine and AGP were not successful, they have the potential to provide information 

about ligand and stationary phase interactions. Clearly, there are some important 

considerations that must be taken into account for future experiments. Because the 

sample analyzed in NMR is static and NOE experiments for epitope mapping require that 

the ligand be in fast exchange between the free and bound state on the NMR timescale, 

factors such as analyte concentration and experimental parameters should be carefully 

considered. Also, as demonstrated, the concentration required will likely be different than 

that used for solution state ligand-receptor experiments. 

 The STD experiment for lidocaine with C18 stationary phase was more successful 

than the experiment with the AGP stationary phase. Lidocaine is retained on a C18 

stationary phase by nonpolar forces and is eluted by a more polar mobile phase in a 

reverse phase separation. As shown in Chapter 3, lidocaine has both hydrophobic and 

anionic interactions with AGP. Lidocaine’s interaction is stronger with the AGP 
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stationary phase is than that with the C18 stationary phase. A higher concentration and 

additional solvent for the study of lidocaine with the AGP stationary phase is required to 

to bring lidocaine within the fast exchange limit and increase T1 relaxation times. 

   

5.5 Conclusions 

 

 HR-MAS probes permit the analysis of heterogeneous systems such as 

chromatographic stationary phases. This study showed that 1H suspended state STD  and 

PFG HR-MAS NMR spectroscopy have potential to reveal information on the interaction 

strength and binding sites for analytes and chromatographic sorbents providing a model 

of the chromatographic process. However, the experimental parameters and the ligand 

concentration need to be considered carefully.  An important consideration is that in an 

actual chromatographic separation, the timescale of the dynamic equilibrium between the 

analyte molecules and the stationary phase, can depend on the mobile phase linear 

velocity, whereas a more static equilibrium is present in the NMR rotor.  

 Experiments with lidocaine and the C18 and AGP stationary phases both 

demonstrate the potential application of STD HR-MAS and diffusion NMR to 

characterize binding interactions important for separations. The STD experiments worked 

better for lidocaine with C18 stationary phase than with AGP stationary phase. This may 

be due to the types of intermolecular interactions. Lidocaine interacts with the C18 

stationary phase through nonpolar and dispersion forces, which are weaker than the ionic 

and hydrogen bonding forces between lidocaine and the AGP stationary phase. A 



171 
 

significant complication in these studies, compared with those reported in Chapters 3 and 

4, were the short T1 relaxation times which hindered detection. 
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Chapter 6 
 

Conclusions and Future Developments 

 

6.1 Conclusions 

 

 Nuclear Magnetic Resonance (NMR) is a powerful spectroscopic technique 

applicable to many analytical problems faced in science. The research in this dissertation 

has demonstrated that NMR can provide valuable information important for the 

elucidation of ligand-receptor interactions, facilitating the determination of structure 

activity relationships.  Some of the advantages of NMR evident in this thesis are its 

applicability to study a variety of ligand-target systems and wide range of sample 

matrices. The analytical value of the different NMR methods utilized for the investigation 

of different ligand-receptor systems was assessed in Chapters 2-5.  

 In Chapter 2, the complex between β-CD and doxepin was characterized by a 

variety of NMR methods. The use of simple one-dimensional 1H NMR and ROESY 

experiments allowed a detailed characterization of doxepin when it is complexed with β-

CD. The results of both chemical shift and ROESY analysis show that the aromatic rings 

of doxepin are included by the cyclodextrin, with one of the rings inserted more deeply 

than the other.  The internal motions of doxepin slow when bound to the cyclodextrin.  A 

Job’s plot analysis indicated a binding stoichiometry of 1:1. Exchange cross peaks in the 

ROESY spectrum suggest possible interconversion of bound doxepin conformers. These 

results show the power of NMR for providing molecular-level insights into the solution 

behavior of host-guest complexes. 
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Although 1H NMR and ROESY was successful in characterizing the complex 

between doxepin and β-CD, using these techniques to study the interactions between a 

ligand and a more complex receptor, such as a protein, would be difficult without isotopic 

labeling. In Chapter 3, the binding interactions of lidocaine with alpha1-acid glycoprotein 

(AGP), a plasma transporter of basic compounds was characterized. Due to the heavy 

glycosylation of AGP, the ligand-detected NMR methods: T1ρ-filtered NOESY, PFG 

diffusion, and STD NMR were the ideal techniques for investigating the lidocaine 

epitope map for AGP. The STD provided the most specific binding information 

compared with T1ρ-filtered NOESY and diffusion NMR because of its ability to probe 

different types of interactions with AGP. Different epitope maps are obtained when AGP 

is saturated at 0.33 versus 2.64 ppm, reflecting the low spin-diffusion efficiency of AGP. 

The binding epitope of lidocaine is consistent with the established binding model for 

AGP and with its relative binding affinity compared with the propranolol enantiomers. 

Lidocaine’s weak binding affinity may be attributed to the restricted rotation of the C-N 

bond and steric hindrance of the N-ethyl groups which prevent close contact of the 

protonated amine with the anionic residues of the protein.  

Lidocaine’s weak binding affinity and hydrophobic character made this a good 

model to study nonspecific binding effects in ligand-detected NOE experiments, which 

require a high ligand concentration to ensure fast exchange on the NMR timescale. Two 

experimental designs were critically compared and the effects of nonspecific binding on 

STD epitope maps was evaluated in Chapter 3. Keeping the ligand concentration 

constant, while decreasing the protein concentration was determined as the better method 
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to minimize nonspecific binding effects. Ligand epitope mapping by NMR has been 

demonstrated to be a robust and useful technique in identifying the moieties responsible 

for ligand-protein binding. 

In contrast to the achiral drug investigated in Chapter 3, ligand-detected NMR 

techniques were further applied to characterize the AGP epitope map for the chiral drug, 

disopyramide. In addition racemic disopyramide, the binding epitopes of the (R)- and (S)- 

enantiomers of disopyramide were characterized using STD. Although the mass isolated 

of each enantiomer through affinity chromatography was insufficient to analyze by 

NOESY and diffusion NMR, STD experiments were conducted. The STD results for 

each enantiomer were compared, and showed measureable differences between the 

binding modes of (R)- and (S)-disopyramide. The (R)-enantiomer appears to interact 

more with the hydrophobic parts of AGP, while the (S)-enantiomer has stronger charge-

based interactions with AGP. There were also distinct differences in the STD factor for 

the protons adjacent to disopyramide’s chiral center and near the protonated amine. This 

suggests that the relative binding affinities of (R)- and (S)-disopyramide are dependent on 

the orientation of the functional groups around the stereocenter and reflect the interaction 

of the protonated amine with the anionic residues of AGP. Comparison of the normalized 

STD integrals measured for each enantiomer to those results determined for the racemic 

disopyramide showed the results for racemic disopyramide to be roughly an average of 

the results for (R)- and (S)-enantiomers. STD is a highly sensitive method to distinguish 

the epitope maps of two enantiomers, and can be carried out with relatively small 

quantities of the ligand and protein compared with other NMR experiments. 
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 Because immobilized AGP is an important chiral stationary phase, the application 

of NMR to study ligand-protein systems was further investigated using suspended-state 

NMR measurements. In Chapter 5, preliminary HR-MAS NMR experiments were 

conducted to study the interactions between the drug ligand, lidocaine, with two different 

stationary phases. The STD results for lidocaine with the C18 stationary phase could not 

provide a detailed epitope map because of the overlap of lidocaine methyl resonance with 

the C18 methylene protons. In the STD results for lidocaine with AGP stationary phase, 

the short T1 relaxation times of the lidocaine protons prevented detection of saturation 

transfer with the saturation time used. The diffusion results for lidocaine with both 

stationary phases did not reveal any trNOE curvature in the diffusion decay plots because 

of the low ligand concentration, short T1 relaxation times, and the short diffusion delay 

used. Although the STD and diffusion experiments were not very successful, this 

technology shows the potential to be useful in future investigations of analyte-sorbent 

interactions and analyte partitioning within complex semi-solid chromatographic phases. 

Because the stationary phase is static and ligand-detected NOE experiments require the 

ligand to be in the fast exchange regime, high concentrations of ligand and a sufficient 

quantity of in mobile phase should be added to the sample insert to achieve this fast 

exchange. Future work to fine tune sample preparation is required. To prevent artifacts as 

those seen with the lidocaine solution, it is important to assure the insert plug is screwed 

on securely to prevent the liquid sample from spinning out of the insert. When optimizing 

the parameters for STD and diffusion experiments, it is important to make T1 relaxation 

time measurements for the proper choice of saturation time and diffusion delays. In 
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addition to the differences in T1 relaxation times of the ligand protons, a plot of STD 

factor as a function of saturation time should be made before setting the saturation time 

and relaxation delay in STD experiments. 

 The results from Chapters 3-5 collectively illustrate the advantages of ligand-

detected NMR techniques for characterizing different ligand-receptor interactions. STD is 

a complementary method to the NOESY and diffusion experiments for determining 

epitope maps. The ability to look at both hydrophobic and anionic interactions with AGP 

enables us to obtain a more complete epitope map with STD. The information provided 

by these experiments makes NMR a valuable tool for characterizing ligand-receptor 

systems, which is important for understanding biological processes and for the 

development of pharmaceutical compounds. 

   

6.2 Future Developments 

Novel NMR methods for detecting ligand binding have emerged in recent years 

and show great promise.  STD represents one of the most sensitive and versatile ligand-

detected methods. Other epitope mapping experiments complementary to STD are 

Solvent Accessibility and protein Ligand binding studied by NMR spectroscopy 

(SALMON) and Interligand NOEs for Pharmacophore mapping (INPHARMA).1-5 The 

SALMON experiment represents another variation of WaterLOGSY in which 

magnetization transfer between the ligand and protein is selected through water 

molecules bound to the protein. Solvent accessibility epitope maps can be derived in 

SALMON by using short mixing times. If the exchange rate is significantly fast, 
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magnetization is transferred from one ligand molecule to another through the protein.1, 6-8 

The magnetization transfer between two different ligands in the INPHARMA experiment 

can indicate if the both ligands are competing for the same binding site. Furthermore, to 

assess the advantages and limitations of each strategy for epitope mapping, the epitope 

maps obtained by SALMON and INPHARMA could also be assessed for lidocaine and 

disopyramide with AGP.1 

Literature studies have shown evidence that the binding affinities of various drugs 

for AGP depend on the relative concentrations of its genetic variants, which exhibit 

different specificity for binding for a particular drug.9-11 For example, a specific drug may 

bind to each of the two variants (A and F1*S) through a common binding site with  

different binding affinities. Differences in binding to these variants may have important 

pharmacokinetic and clinical implications. It would be interesting to extend this 

investigation to compare epitope maps of lidocaine, disopyramide, and other basic drugs 

for the different AGP genetic variants. In addition, it would be interesting to compare the 

binding epitopes for AGP in its native form and when it is deglycosylated. This would 

help determine if the polysaccharide units of AGP play a role in the binding of drugs. 

Significant advances in NMR instrumentation have led to improved sensitivity 

and limits of detection (LOD).12-13 One such advancement is the development of 

microcoil NMR probes, which have reduced the mass LOD to a few nanograms. This 

technology can be used to study ligand-protein systems minimizing the amount of 

precious ligand and protein required for these experiments. Utilizing microcoil probe 
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technology with the ligand-detected epitope mapping experiment presented in Chapters 

3-4 could be a valuable tool for mass limited samples.   

Parameters for ligand-detected HR-MAS NMR experiments have been better 

defined, but further experiments with lidocaine and AGP are needed. Other ligands that 

bind to AGP should also be studied as different parameters may be needed for different 

systems. Since it was not possible to obtain STD spectra of lidocaine with the AGP 

stationary phase due to the short T1 relaxation times, another future step could be to lower 

the temperature of HR-MAS probe.14-15 Temperature may affect factors relevant to STD 

intensity, such as the dissociation-rate constant of binding and the longitudinal relaxation 

rates of protons for both the ligand and target. The reduction in temperature may reduce 

the molecular tumbling of the protein and accelerate the spread of saturation over the 

entire protein.15 

Although many of the ligand-detected NMR methods presented in this thesis have 

been available for several years, gradual improvements and developments continue to be 

introduced. In the future, these methods will be applied to increasingly complex proteins 

such as membrane proteins, proteins with low solubility, and larger protein complexes. 

The application of ligand-detected NMR experiments used in this thesis show the power 

of NMR to help understand biochemical processes important for human life. 
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