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Abstract 

Protein-ligand interactions form the molecular basis of many biological processes.  The 

study of their interactions from a structural perspective can provide not only insights into 

the molecular recognition between the protein and the ligand but also clues to the design 

of better ligands that can serve to mediate the biological events.  This thesis investigates 

such interactions for four proteins that are (potential) therapeutic targets.  Techniques 

used in this thesis include molecular dynamics (MD) simulations, saturation transfer 

difference (STD) NMR spectroscopy, and complete relaxation and conformational 

exchange matrix (CORCEMA) analysis that calculates theoretical STD effects. 

MD simulations are employed to study the binding of two designed glycopeptides with 

SYA/J6, a monoclonal antibody specific for the O-polysaccharide of the Shigella flexneri 

Y bacterium, as well as the binding dynamics and strengths of a series of inhibitors 

against human lactate dehydrogenase A (LDHA), an enzyme implicated in the cell 

energy metabolism of various cancers.  The computational results from both cases are 

consistent with experimental data, predicting that neither glycopeptide would bind to 

SYA/J6, and clarifying ambiguities in the binding modes of two well-known LDHA 

inhibitors. 

Furthermore, binding models of two inhibitors against the enzyme UDP-galactopyranose 

mutase (UGM), a potential target for the treatment of tuberculosis, and two substrates of 

UDP-N-acetylgalactopyranose mutase (UNGM), a potential target against diarrheal 

disease, are constructed by a protocol that combines MD, STD NMR, and CORCEMA 

calculations.  The collective results indicate a unique binding mode for a UGM inhibitor 

and explain the bifunctionality of UNGM. 

 

Keywords:  interactions; molecular dynamics; STD NMR; CORCEMA; inhibitors; 
binding 
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NOE Nuclear Overhauser effect 

PDB Protein data bank 

Rha Rhamnose 

RESP Restrained electrostatic potential 

RMSD Root-mean-square deviation 

RMSF Root-mean-square fluctuation 

STD Saturation transfer difference 

UDP Uridine 5'-diphosphate 

UGM UDP-galactopyranose mutase 

UNGM UDP-N-acetylgalactopyranose mutase 

 

 

 



 

1 

Chapter 1. General Introduction 

1.1. Thesis overview 

This thesis is presented in a journal article style.  It showcases five scientific 

works that have been published, submitted for publication, or prepared for submission, 

together with an introductory chapter and a concluding chapter. 

Chapter 1 introduces the background of the scientific topics being studied as well 

as the research techniques being employed in this thesis. 

Chapter 2 presents the article "Molecular Dynamics Simulations of Carbohydrate-

Mimetic Haptens in Complex with a Complementary Anti-carbohydrate Antibody" (Y. Shi 

and B.M. Pinto, Carbohydr. Res. 2012, 358, 89), which probes the likelihood of the 

binding of two designed glycopeptides to their target antibody SYA/J6.  The thesis 

author performed molecular dynamics (MD) simulations to compare the binding of 

designed glycopeptides with their parent molecules, and the results indicated that 

neither glycopeptide could bind to the target antibody. 

Chapter 3 consists of the article “Human Lactate Dehydrogenase A Inhibitors: A 

Molecular Dynamics Investigation” (Y. Shi and B.M. Pinto, PLoS ONE 2014, 9, e86365).  

The thesis author conducted both conventional MD simulations and steered MD 

simulations to investigate the dynamics and strength of enzyme-ligand interactions.  The 

results have clarified the site of binding for two inhibitors against lactate dehydrogenase 

A, an emerging target for the treatment of various cancers. 

Chapter 4 contains the manuscript “Combined molecular dynamics, STD-NMR, 

and CORCEMA protocol yields structural model for a UDP-galactopyranose mutase ̶ 

inhibitor complex” (Y. Shi, A. Ardá, and B.M. Pinto, accepted by Bioorg. Med. Chem. 

Lett.).  The bioactive bound conformation of UDP-F4-Galf, a UDP-galactopyranose 
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mutase (UGM) inhibitor that mimics the structure of the native substrate, is elucidated by 

MD simulations and subsequently validated by complete relaxation and conformational 

exchange matrix (CORCEMA) analysis and NMR data.  The thesis author carried out all 

MD simulations and CORCEMA calculations, whereas Dr. Ana Ardá contributed the 

experimental saturation transfer difference (STD) NMR data for comparison with 

theoretical values. 

Chapter 5 consists of the manuscript “Binding models of a non-substrate-like 

inhibitor with UDP-galactopyranose mutase from M. tuberculosis” (Y. Shi, K.E. van 

Straaten, D.A.R. Sanders, and B.M. Pinto, prepared for submission).  A protocol that 

combines MD, STD NMR spectroscopy, and CORCEMA calculations is utilized to 

construct a structural model for the protein-ligand complex of mycobacterial UDP-

galactopyranose mutase and a non-substrate-like inhibitor.  The validated model 

suggests a unique binding mode of the inhibitor with M. tuberculosis UGM.  The thesis 

author performed the MD simulations, the NMR experiments, and the CORCEMA 

calculations.  Dr. Karin E. van Straaten cloned and produced the enzyme mycobacterial 

UGM. 

Chapter 6 presents the article “Specificity of a UDP-GalNAc Pyranose–Furanose 

Mutase: A Potential Therapeutic Target for Campylobacter jejuni Infections” (M.B. 

Poulin, Y. Shi, C. Protsko, S.A. Dalrymple, D.A.R. Sanders, B.M. Pinto, T.L. Lowary, 

ChemBioChem 2014, 15, 47).  The bifunctionality of a homologous enzyme of UGM, 

UDP-N-acetylgalactopyranose mutase (UNGM), is examined by a combination of UV-

visible spectroscopy, X-ray crystallography, STD NMR spectroscopy, MD simulations 

and CORCEMA calculations.  The interactions between UNGM and its two substrates 

are characterized and compared with those of E. coli UGM, which explains the 

bifunctionality of UNGM.  The thesis author conducted the MD simulations and the 

CORCEMA calculations.  Dr. Myles B. Poulin produced the E. coli UGM and C. 

jejuni UNGM enzymes, and performed UV/Vis spectroscopy and STD NMR 

experiments.  Ms. Carla Protsko and Dr. Sean A. Dalrymple conducted the X-ray 

crystallography study of C. jejuni UNGM. 

Chapter 7 summarizes the thesis work and provides suggestions for future work. 
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1.2. Protein-ligand interactions 

Protein-ligand interactions, such as those between enzyme and 

substrate/inhibitor, receptor and agonist/antagonist, as well as antibody and antigen, are 

essential to various biological processes.  The major types of protein-ligand interactions 

are of non-covalent nature, such as hydrogen bonds, hydrophobic effects, ionic 

interactions, cation-π interactions, and metal coordination (Figure 1-1).  Among them, 

the first three are frequently observed for the protein-ligand interactions investigated in 

this thesis. 

A hydrogen bond is formed by a dipole-dipole force between a hydrogen atom 

(from a donor X-H with X being more electronegative than hydrogen) and an 

electronegative atom (as the acceptor).  Hydroxyl groups and amines are common 

hydrogen bond donors, whereas oxygen and nitrogen are common acceptors.  A 

hydrogen bond is usually stronger than a nonpolar contact, and its existence can be 

identified by certain geometrical criteria, such as donor-acceptor distance and donor-

hydrogen-acceptor angle.1  Hydrophobic effects (or hydrophobic interactions) are also 

common in protein-ligand interactions.  They lead to contacts between nonpolar regions 

of the protein and the ligand in aqueous solutions, a phenomenon that improves water-

water interactions through desolvation of both surfaces.2  Ionic interactions form between 

oppositely charged groups.  They could play vital roles in the binding of ligands to their 

proteins, especially for many protein-ligand complexes studied in this thesis, as one or 

more charged groups are located within the binding site. 

 



 

4 

 

Figure 1-1:  Examples of typical protein-ligand interactions. 

 

In addition to steric complementarity, a combination of these different types of 

interactions forms an intricate network between the surface of the protein and that of the 

ligand (Figure 1-2), which is usually unique for a protein-ligand pair.  The resultant 

binding thus enables the recognition between the protein and its ligand, delivering 

ultimately the corresponding biological/ pathological/ therapeutic effects. 
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Figure 1-2:  An example of the network of interactions between human lactate 
dehydrogenase A and its inhibitor 88N.  Black dashed lines indicate polar 
interactions, whereas green solid lines represent hydrophobic effects.  
This diagram is generated by PoseView3 using PDB structure 4AJP:A.4 

 

The study of protein-ligand interactions is of importance to biomedical and 

pharmaceutical research and development, as most therapeutic agents rely on their 

favourable and reversible interactions with certain targets, such as enzymes and 

receptors, to function.  The development of novel and potent drug candidates would also 

benefit from an understanding of their bound geometries and interaction networks with 

target proteins, as modifications to the structure of hit or lead molecules could be made 

accordingly to yield better binders to target proteins.  Hence, this thesis investigates 

such interactions between certain ligands and the corresponding proteins that are 

(potential) therapeutic targets, which include an antibody specific for the O-

polysaccharide of the Shigella flexneri Y bacterium, a vital enzyme in the energy 

metabolism of cancer cells, and a key enzyme in the biosynthetic pathway of the cell 

wall of Mycobacterium tuberculosis.  



 

6 

1.3. Molecular dynamics 

1.3.1. General theory 

A handful of molecular modeling techniques can be used to study the interactions 

between protein and ligand in atomistic detail.5  Among these techniques, molecular 

docking and molecular dynamics are commonly combined, especially for the purpose of 

drug design.6  The former utilizes certain conformational search algorithms together with 

a scoring function to find “optimal” binding poses of a ligand with its receptor (protein).7  

Most molecular docking calculations are conducted with the receptor structure being 

rigid and in the absence of solvent, rendering it computationally cheap and therefore 

amenable to virtual screening.  Yet, it is relatively inaccurate and ignores the dynamic 

nature of interactions between many protein-ligand pairs. 

On the other hand, molecular dynamics (MD) simulates the physical movements 

of atoms and molecules with time.  The most common version of MD used in the study 

of protein-ligand interactions is atomistic MD, which moves atoms by numerically solving 

the Newton's equations of motion for a system of a number of interacting atoms (Figure 

1-3).8,9 The input initial conditions for any MD program include positions of all atoms in 

the system, most of which can be obtained from crystal/ NMR structures of proteins and 

docking poses of ligands onto these structures.  Initial velocities for all atoms are 

generated randomly according to the desired temperature of the simulation.  The 

temporal resolution (step size) is usually 2 fs, and all simulations in this thesis propagate 

for more than 25,000,000 steps (50 ns). 
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Figure 1-3:  Basic algorithm of MD simulations.  (Reproduced with permission from 
GROMACS user manual version 5.0.2 Copyright © 2001-2014 by The 
GROMACS development teams at the Royal Institute of Technology and 
Uppsala University, Sweden. All rights reserved) 
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The evolution of MD trajectories, consisting of positions (and sometimes 

velocities) of all atoms along the time axis, is dictated by force, which in turn is derived 

from the potential energy.  In conventional MD simulations, the potential energy is 

calculated by the molecular mechanics force field, a set of functions and parameters 

based on atomic geometries, such as distances, angles, and dihedrals (Figure 1-4).  

Most biomolecular force fields include parameters for standard amino acid residues,10–13 

whereas built-in parameter sets for nucleic acids,10,14 carbohydrates,15,16 lipids,17,18 and 

generic organic molecules19,20 are less common.  In this thesis, Amber ff99SB,10 a force 

field consisting of parameter sets for amino acid and nucleic acid residues, is employed 

in conjunction with GLYCAM,15 a force field for carbohydrate residues, and GAFF,19 a 

force field providing many parameters for generic organic molecules.  These three force 

fields have been designed and demonstrated to be compatible with each other, 

comprising a comprehensive parameter set for the MD simulations of various protein-

ligand complexes in this thesis. 

 

 

Figure 1-4:  An example of the equation used to calculate the potential energy in 
molecular mechanics.  Reproduced with appropriate permission from 
BMC Biology.21 

 

MD is essentially a sampling technique that can mimic the real sampling process 

of protein-ligand complexes under physiological conditions.  It complements other 

computational techniques, such as virtual screening and molecular docking, which do 

not take into account the effects of bulk solvent and protein flexibility properly.  In 

addition, it provides access to the dynamic aspects of protein-ligand interactions as an 



 

9 

ensemble of conformations are generated along MD trajectories, complementary to 

experimental structural models from X-ray diffraction and NMR spectroscopy.  This is 

critical for a protein with a mobile loop around the ligand-binding site, as illustrated in 

Chapters 3-6 of this thesis. 

1.3.2. Limitations 

Notwithstanding its ability to simulate biophysical systems in motion and mimic 

the physiological sampling process, there are two major limitations of MD as of today, 

namely insufficient sampling (along time) and inaccuracy of force field functions and 

parameters.22 

Most MD simulations of protein-ligand systems report a timescale in the range of 

10 ns to 1000 ns due to limited computational power.21  However, this timescale is much 

shorter than those of biomolecular motions, e.g. major movements of protein side 

chains, which could take microseconds or even milliseconds to occur.23  To overcome 

the resultant poor sampling of conformational space, techniques such as meta-

dynamics,24 replica-exchange MD,25 and coarse-grained MD26 could be used to 

accelerate conformational sampling.  Yet, such acceleration is at the cost of either time 

information (temporal resolution) of the trajectory or position information (spatial 

resolution) of individual atoms. 

The inaccuracy of force field functions and parameters is intrinsic for molecular 

mechanics.  They are developed (semi)-empirically based on quantum mechanics 

calculations and experimental data, and molecules and their constituting atoms do not 

always behave as classical objects of Newtonian physics.  Many force fields do not take 

into consideration the movement of electrons at all, as they treat a nucleus and its 

electrons as located at one single position, described by its atomic coordinate.  The 

effects of bonding electrons are evaluated by bond, angle, and dihedral functions, 

whereas those of non-bonding electrons are assessed by Columbic and Lennard-Jones 

functions (Figure1-4).  For protein-ligand systems with significant electron movements, 

such as those with extensive aromatic systems, cation-π interactions, and metal 

coordination, the force field without explicit electrons may not deliver a reasonable 
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simulation.  On the other hand, even though significant motions of electrons are absent, 

which is the case for many protein-ligand systems, the accuracy of force field 

parameters is still subject to question, since these parameters have not been validated 

at a timescale long enough to simulate biomolecular motions in the first place.  For 

example, the Amber ff99SB force field employed in this thesis was originally validated by 

30 ns-long simulations of lysozyme and ubiquitin,10 and a recent validation of 

CHARMM36 force field was performed with similar enzymes on a timescale of 100-200 

ns.27  Therefore, the quality of simulations with a length of sub-microseconds to 

milliseconds is uncertain, even if there is adequate computational power to perform such 

lengthy simulations. 

In order to better approximate the physics of protein-ligand interactions with 

currently available timescale and existing force fields, this thesis employs either 

comparative approaches in MD simulations or information from physical experiments to 

assess and/or complement these simulations.   

1.4. Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is one of the most commonly 

used tool sets for the identification and characterization of protein-ligand interactions.28,29  

According to the origin of NMR signals, these techniques can be classified into target 

(protein)-observed approaches and ligand-observed ones.30  The former take advantage 

of the chemical shift perturbation observed in 1H/15N or 1H/13C HSQC spectra, which 

occurs at a certain region of the protein structure when the ligand binds.31  While 

providing accurate information regarding the location of ligand binding, this usually 

requires large amount (milligrams) of isotopically labeled protein and long experimental 

time lasting several days on high field NMR spectrometers.  The ligand-observed 

approaches, however, only require small amounts (micrograms) of unlabeled protein and 

relatively short experimental times of several hours.  They include approaches 

measuring changes in relaxation rates, transferred nuclear Overhauser effects, 

saturation transfer difference NMR spectroscopy, and water-ligand observed via gradient 

spectroscopy (WaterLOGSY).30 
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1.4.1. Nuclear Overhauser effect 

The nuclear Overhauser effect (NOE)32,33 is the basis of some ligand-observed 

techniques such as transferred NOE and saturation transfer difference NMR.  Simply 

put, it is the transfer of spin polarization from one spin to another through space, 

allowing the identification of nuclei that are in close proximity. 

At thermal equilibrium, a perturbation of spin populations would be followed by a 

recovery to the equilibrium state.  For a two-spin system (Fig 1-5), such a recovery could 

happen via three relaxation pathways, namely zero-quantum transition (W0), single-

quantum transition (W1), and double-quantum transition (W2).  While W1 is the normal 

longitudinal relaxation that involves the change of spin states for only one of the two 

nuclear spins, W0 and W2 lead to NOE with the change of spin states for both nuclear 

spins.  The magnitude of NOE can be calculated as [(I − I0)/ I0] × 100%, where I0 is the 

equilibrium intensity of spin I (without perturbing spin S), and I is the intensity of spin I 

when spin S is saturated.  

Under steady state conditions, i.e. when the saturation time is much longer than 

the relaxation time, the magnitude of NOE for a homonuclear system can be 

approximated by (W2 - W0)/ (W0 + 2W1 + W2), the ratio between cross relaxation rate and 

auto-relaxation rate.  Under non-steady state conditions, in which the saturation time is 

roughly the same as or shorter than the relaxation time, the magnitude of NOE is time-

dependent, and is proportional to {exp[(− 2W0 − 2W1) × t ] − exp[(− 2W2 − 2W1) × t ]}, 

where t is the time after selective saturation of spin S.34 

For small molecules in low-viscosity solvents, such as a ligand free of protein, the 

tumbling rate is fast and favours W2, resulting in a positive NOE.  For large molecules or 

molecule complexes, such as a protein or a protein-bound ligand, the tumbling rate is 

slow and favours W0, giving rise to a negative NOE.   
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Figure 1-5:  Origin of NOE for two proton spins I and S.  In the presence of an 
external magnetic field, the two spins assume four energy states with a 
total of 4N molecules.  Note that the energy levels of I(β)S(α) and I(α)S(β) 
should be slightly different; single-quantum transitions (W1) are not 
labeled and should be slightly different between the two spins. 

A) At thermal equilibrium, the population difference between I(α) and I(β) 
is 2d. 

B) After the saturation of S, which removes the population difference 
between S(α) and S(β), relaxation (back to thermal equilibrium) tends to 
occur via different pathways. 

C) When zero-quantum transitions (W0) dominate the relaxation, the 
population difference between I(α) and I(β) becomes smaller than 2d.  
There would be a decrease of peak intensity for I in subsequent 1H 
spectrum acquisition. 

D) When double-quantum transitions (W2) dominate, the population 
difference between I(α) and I(β) becomes larger than 2d.  There would be 
an increase of peak intensity for I in subsequent 1H spectrum acquisition. 
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1.4.2. Saturation transfer difference NMR spectroscopy 

Saturation transfer difference (STD) NMR spectroscopy was first introduced in 

1999 as a ligand-observed NMR tool to profile protein-ligand interactions.35 It utilizes 

intermolecular NOE (Figure 1-5), the magnitude of which depends on the distance 

between two spins (nuclei), to detect protein-ligand interactions (Figure 1-6). 

 

 

Figure 1-6:  Schematic illustration of the mechanism of saturation transfer difference 
(STD) NMR spectroscopy. Adapted with permission from Mayer, M.; 
Meyer, B. J. Am. Chem. Soc. 2001, 123, 6108.36 Copyright 2014 
American Chemical Society. 

 

Upon selective saturation of the proton resonances on the protein (receptor), the 

saturation is transferred to protons on the bound ligand through spin diffusion and 

intermolecular NOE (Figure 1-6 right side).  The protons in close proximity to receptor 

protons would acquire large saturation transfer, whereas those further away receive little 

or no saturation transfer at all.  The bound ligand eventually exchange back to the bulk 

solvent at a rate of koff, maintaining part of the saturation transfer depending on the 

longitudinal relaxation time (T1) of specific protons.  Such effects are reflected in a 1H 
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spectrum acquired immediately after the saturation pulse (on-resonance spectrum), in 

which the ligand protons exhibit different degrees of saturation with reductions in peak 

intensities.  This spectrum is subtracted from a reference (off-resonance) spectrum 

obtained from repeating the same pulse sequence but with saturation pulse at a 

frequency far away from either the protein or ligand resonances, resulting in the 

difference (STD) spectrum.  Mathematically, STD is calculated as STD = Idiff / Iref, where 

Idiff and Iref indicate peak intensities of the resonance of interest in the difference and 

reference spectra, respectively.  Thus, the STD values for all ligand protons can be 

calculated, yielding the binding epitope of the ligand, in which a relatively large STD 

value implies closer distance to protein and vice versa. 

 

 

Figure 1-7: Construction of a STD build-up curve by fitting STD values at different 
saturation times to the equation STD = STDmax × [1 − exp(-ksat × t)].  
Empty triangles indicate data points.  The black dashed line represents 
the fitted curve, and the red dashed line indicates the initial slope of the 
fitted curve.  STDmax is the maximum STD effect; ksat is the saturation rate 
constant, and t is the saturation time. 

 

To remove the effect of different T1 relaxation times of ligand protons on the 

relative magnitude of STD effects, a build-up curve can be constructed by fitting STD 
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intensities at different saturation times (durations of saturation pulse) to a one-phase 

exponential association equation (Figure 1-7).  The initial growth rate of this curve, 

STDfit, can be used to compare STD enhancements (build-up rates) without T1 bias.37 

STD NMR spectroscopy is especially suitable for the study of ligands with fast 

binding kinetics (large dissociation rate constant koff).  These are usually moderate 

binders, with the binding constant (equilibrium dissociation constant of the protein-ligand 

complex KD) in the micromolar or sub-micromolar ranges, typical of many carbohydrate 

ligands and small-molecule fragments.  This technique requires fast dissociation from 

the ligand-bound state to the ligand-free state, so that the saturation transferred to the 

bound ligand could be partially maintained after it becomes free in the bulk solvent.  In 

other words, the residence time (reciprocal of koff) of the ligand in the receptor binding 

site should not be larger than its bound T1, which is usually less than 1 second and much 

smaller (relaxes faster) than its free T1. 

In addition to studying the binding epitope (topographical features) of a single 

ligand to its receptor, STD NMR spectroscopy can also be applied to the screening of 

small molecule groups as well as competition studies between two ligands (Figure 1-

8).28  The competition experiment can be used to compare an uncharacterized binder 

with a well-characterized one, so that insights can be gained into the binding location 

and strength of the former relative to the latter.  Besides, the dissociation constant KD 

could be directly measured by single-ligand titration STD NMR experiments, in which the 

STDfit amplification factor (STD-AFfit = STDfit × [L]/ [P], where [L] and [P] indicate total 

ligand concentration and total protein concentration) is used to construct the binding 

isotherm.38 
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Figure 1-8: Schematic illustration of the screening of a compound library by STD 
NMR spectroscopy. 

 

1.5. Calculation of theoretical STD effects 

Whereas MD simulations produce structural models for protein-ligand complexes 

with certain inaccuracies, STD NMR spectroscopy generates binding epitopes for 

ligands with indirect structural information.  Thus, these two techniques could be 

combined to validate or construct computational models that incorporate experimental 

results.  In this thesis, this is achieved via the calculation of theoretical STD effects by 

complete relaxation and conformational exchange matrix (CORCEMA) analysis,39 with 

structural models from MD simulations as part of the input.  Comparisons between 

calculated and experimental STD enhancements can therefore assess the validity of 

certain computational models and differentiate between potential binding models. 
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Figure 1-9: CORCEMA protocol for the calculation of STD intensities.  Reprinted from 
reference39, Copyright 2014, with permission from Elsevier. 

 

As its name implies, CORCEMA analysis takes into account both relaxation 

effects and conformational exchange (kinetics) effects.  Assuming selective protein 

protons are instantaneously saturated by the radio-frequency irradiation (saturation 

pulse), the intensities of ligand protons and protein protons that are not directly saturated 

can be calculated as I(t) = I0 + {1 − exp[−(R + K) × t]} × (R + K)-1 × Q.39  In this equation, 

I(t) is a matrix representing the intensities of protons not directly saturated at a saturation 
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time t, whereas I0 is the corresponding thermal equilibrium matrix.  Matrices R and K 

contain relaxation rates and exchange (kinetics) rates, respectively, while matrix Q 

accounts for cross relaxation between directly saturated protons and other protons.40  

Implemented in MATLAB (The Mathworks, Inc., Natick, MA, USA), the CORCEMA(-ST) 

program (sometimes referred to as CORCEMA-ST or CORCEMA-STD) computes these 

matrices and generates predicted STD intensities, which is subsequently evaluated by 

the NOE R-factor41 (see equation below).  The R-factor quantifies the discrepancy 

between calculated STD intensities (STDcal) and experimental ones (STDexpt) for all 

measurable protons, which puts more weight on those with larger differences (STDcal − 

STDexpt) as their squares are summed.  It can thus be used to optimize unknown input 

parameters and/ or evaluate the quality of a computational model.42,43 

 

In addition to structural models (atomic coordinates), CORCEMA calculations 

take other input parameters to compute the magnitude of STD intensities (Figure 1-9).  

The rotational correlation time, especially that of the receptor-bound ligand, has a large 

effect on the relaxation rate and amount of saturation transfer from the protein to the 

bound ligand.  The equilibrium constant (KD or KA) and kinetic exchange rate between 

bound and free ligand (koff or kon) play important roles in the population of bound ligand 

relative to free ligand and the amount of saturation transfer that a ligand molecule carries 

back into the bulk solvent.  Other parameters such as the duration of saturation pulse 

(saturation time), identity of saturated protein protons, and spectrometer frequencies 

also influence the magnitude of STD intensities. 

Previous works using CORCEMA calculations mostly employed a docking 

structure or an averaged structure from MD trajectories,44–48 which could bring in 

considerable inaccuracies due to the non-linear dependence of NOE on inter-nuclei 

distance.  This is especially the case for short saturation times, in which the cross 

relaxation rate that produces NOE is proportional to the inverse sixth power of inter-

nuclei distance (r-6).49  In other words, a conformation with the ligand proton closer to the 

protein would have a much larger contribution to the observed STD enhancement than a 
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conformation with the ligand proton a little further away from the protein, even if the two 

conformations are equally sampled.  To improve the quality of calculated STD effects, 

multiple conformations from the MD trajectory are used in this thesis, a practice that is 

also employed in some recent publications.50,51  Hence, theoretical STD effects are 

calculated for each conformer of the protein-ligand complex before being averaged.  

Comparisons between the averaged theoretical STD effects and experimental ones 

have been used in this thesis to validate the MD model (Chapters 4 and 6) and 

differentiate among several MD models (Chapter 5). 
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Chapter 2. Molecular Dynamics Simulations of 
Carbohydrate-mimetic Haptens in Complex with a 
Complementary Anti-carbohydrate Antibody 

This chapter consists of the manuscript “Molecular dynamics simulations of 

carbohydrate-mimetic haptens in complex with a complementary anti-

carbohydrate antibody”, which has been published in Carbohydrate Research (2012, 

358, 89-95).  

 

Yun Shi and B. Mario Pinto 

 

 

2.1. Abstract 

The monoclonal antibody SYA/J6 is specific for the O-polysaccharide of the 

Shigella flexneri Y bacterium. Two haptens, a pentasaccharide and a mimetic 

octapeptide, bind to SYA/J6 with moderate binding affinities. In a previous attempt to 

obtain improved binding affinity to SYA/J6, two glycopeptide chimeras (α-glycopeptide 

and β-glycopeptide) were designed based on the structures of the pentasaccharide and 

the octapeptide, as well as a molecular docking study. Despite the overall fit of the 

ligand, the α-glycopeptide showed no inhibition of the SYA/J6 antibody binding to the O-

polysaccharide. In this work, we conducted conventional molecular dynamics 

simulations of the SYA/J6 Fab in complex with these four related haptens. Several 

conformational differences between crystal structures and bioactive structures for the 
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pentasaccharide binding and the octapeptide binding were identified. More significantly, 

the MD simulations revealed that the Fab complexes of both α-glycopeptide and β-

glycopeptide were not stable, with the ligand dissociating from the combining site. This 

behavior provides a reasonable explanation for the lack of binding of the α-glycopeptide, 

and implies further that the β-glycopeptide would not be a hapten that binds the SYA/J6 

antibody. 

2.2. Highlights 

► All-atom, explicit-solvent MD simulations were conducted without constraints. 

► Binding features not observed in crystal structures were identified for the 

pentasaccharide 1 and the peptide 2.  

► The lack of binding of the α-glycopeptide 3 was explained. 

2.3. Keywords 

Molecular dynamics simulation; Glycopeptide; Hapten–antibody interaction; 

Shigella flexneri Y; O-Polysaccharide 

2.4. Introduction 

The Gram-negative bacteria Shigella flexneri cause shigellosis, and are endemic 

in some developing countries.1,2  The O-polysaccharide on the cell surface of Shigella 

flexneri Y, the simplest serotype, is constituted of a tetrasaccharide repeating unit [→2)-

α-L-Rhap-(1→2)-α-L-Rhap-(1→3)-α-L-Rhap-(1→3)-β-D-GlcpNAc-(1→2)-α-L-Rhap-(1→].3 

The SYA/J6 antibody, developed against the O-polysaccharide of S. flexneri Y,4 

recognizes both a pentasaccharide 1 (Figure 2-1a), representative of the polysaccharide 

repeating unit, and an octapeptide mimic 2 (Figure 2-1b), obtained from the screening of 

phage-displayed peptide libraries with the SYA/J6 antibody.5–7  In addition, conjugate 

vaccines employing the peptide 2 as the hapten were used to successfully develop an 
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effective prime-boost immune response against S. flexneri Y in mice.8 The system 

serves as a model system with which to explore mechanisms of molecular mimicry and 

their implications for eliciting cross-reactive immune responses. 

 

 
Figure 2-1: Structures of (a) the pentasaccharide ABCDA′ [α-L-Rhap-(1→2)-α-L-

Rhap-(1→3)-α-L-Rhap-(1→3)-β-D-GlcpNAc-(1→2)-α-L-Rhap-OMe] 1, (b) 
the octapeptide [Met-1 Asp-2 Trp-3 Asn-4 Met-5 His-6 Ala-7 Ala-8] 2, (c) 
the α-glycopeptide 3, and (d) the β-glycopeptide 4. 

 

Although both the pentasaccharide 1 and the peptide 2 possess moderate 

binding affinity (KA = 2.5 × 105 M−1, 5.7 × 105 M−1, respectively) with the SYA/J6 

antibody, crystal structures revealed that their binding modes are quite different.6,7 

Microcalorimetry data also showed that in the case of the octapeptide, a very favorable 

enthalpy of binding (ΔH = −16.9 kcal mol−1) was offset by an unfavorable entropy of 

binding (−TΔS = 9.1 kcal mol−1). In order to obtain better haptens for the development of 

conjugate vaccines via mimicking the natural antigen, two chimeric glycopeptides (the α-

glycopeptide 3 and the β-glycopeptide 4) (Figure 2-1c, d) were selected, which 

combined certain structural elements from each of the pentasaccharide 1 and the 

peptide 2: the MDW portion from the peptide 2 was retained due to the favorable 

hydrophobic interaction of the indole ring of Trp P3 (W) with a hydrophobic pocket 

formed by residues from CDR L3 (Val L94, Pro L95), CDR H2 (His H58), and a 

framework residue (Trp H47, FR2) of the antibody combining site; the trisaccharide 

portion ABC from the pentasaccharide 1 was chosen to ensure that Rha C penetrates 
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the deep cavity at the center of the binding groove, and to reduce the entropic penalty 

from the imposition of an α-turn within the NMHAA region; the thioglycosidic linkage was 

incorporated to increase the chemical stability of both glycopeptides.9 

Notwithstanding the promising design that was justified by the molecular docking 

study, no inhibition of the SYA/J6 antibody binding to the O-polysaccharide was 

observed for the α-glycopeptide 3 after its synthesis.9 This prompted us to question the 

design of both glycopeptides as viable hapten candidates as well as the binding mode of 

the β-glycopeptide 4, and we turned to molecular dynamics (MD) simulations for an 

explanation of the lack of inhibitory activity of the α-glycopeptide 3 and a re-examination 

of the choice of the β-glycopeptide 4. 

MD simulations of ligand–protein systems with molecular mechanics force fields 

in explicit solvents have been widely employed to study the dynamics of their 

interactions with atomic-level detail. It is a more robust computational technique than 

molecular docking, and has also been successfully applied to the modeling of 

oligosaccharide–antibody and peptide–antibody systems, analogous to our hapten–

SYA/J6 Fab complex.10,11 In addition to elucidating the binding dynamics of known 

haptens, MD simulations could also be utilized to probe the viability of candidate ligands. 

If the ligand does not have strong interactions with the antibody, it should dissociate from 

the binding site within appropriate simulation time, regardless of the initial bound 

geometry that is produced from docking studies, which could be the case for the α-

glycopeptide 3 and the β-glycopeptide 4. Therefore, we embarked on the atomistic, 

explicit-solvent MD simulations of each of these four related haptens in complex with the 

Fab moiety of the SYA/J6 antibody to explore the dynamics and stability of the binding of 

these four haptens, especially the two glycopeptides. 

2.5. Materials and methods 

2.5.1. File preparation and parameterization 

The LEaP module in AmberTools1.512 was used to add missing hydrogen atoms 

and set force field parameters. The Fab fragment of the SYA/J6 antibody was 
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parameterized with Amber ff99SB13 in all four cases. GLYCAM0614 parameters were 

applied to the pentasaccharide 1 as well as the three sugar rings within glycopeptides 3 

and 4. Parameters from ff99SB were utilized for the peptide 2 as well as the Met, Asp, 

and modified Trp residues in both glycopeptides. Since ff99SB does not provide atomic 

charge parameters for the modified Trp residue in both glycopeptides, they were derived 

according to the RESP model.15 R.E.D. Server16 was used for the RESP charge 

generation, taking into account multiple conformations and multiple orientations, which 

complies with the AMBER convention for charge derivation.17  

All resulting AMBER format topology files were converted to GROMACS format 

through ACPYPE.18 Coordinate files for the pentasaccharide 1–Fab complex and the 

peptide 2–Fab complex were retrieved from Worldwide Protein Data Bank (PDB 

IDs: 1M7I and 1PZ5), to serve as the starting structures for MD simulations, while those 

for the α-glycopeptide 3–Fab and the β-glycopeptide 4–Fab were obtained from our 

previous docking study.9  

2.5.2. Molecular dynamics simulations 

The MD simulations of all four ligand–Fab systems were performed with 

GROMACS 4.5.4.19 Each system was solvated in a dodecahedron periodic box with a 

TIP3P water model,20 and NaCl was added at a concentration of 0.15 M to neutralize the 

system. Energy minimizations were carried out with steepest descent integrator and 

conjugate gradient algorithm sequentially to achieve a maximum force of less than 

500 kJ mol−1 nm−1 on any atom. 

A twin-range cutoff scheme was used to evaluate short-range, non-bonded 

interactions, with van der Waals interactions truncated at 1.4 nm and electrostatic 

interactions truncated at 0.9 nm. Long-range electrostatic interactions were treated by 

the particle mesh Ewald (PME) method.21,22 The temperature was maintained at 300 K 

using a velocity rescaling thermostat23 with a coupling constant of 0.1 ps, while the 

pressure was maintained at 1.0 atm using a Berendsen barostat24 with a coupling 

constant of 1 ps. Simulations were performed with a time step of 2 fs, and all bonds 
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involving hydrogen atoms were constrained by a parallel linear constraint solver (P-

LINCS).25  

Each system was equilibrated under a constant volume (NVT) ensemble for 

50 ps and a constant pressure (NPT) ensemble for 50 ps. A harmonic position restraint 

with a force constant of 1000 kJ mol−1 nm−2 was applied to all the heavy atoms of the 

antibody and haptens during equilibration. Following this period, production MD 

simulations were conducted for 50 ns in the case of the pentasaccharide 1 and the 

peptide 2, and 100 ns in the case of the α-glycopeptide 3 and the β-glycopeptide 4, 

without any constraints. Coordinates of the entire solvated system were collected every 

20 ps, resulting in 2500 frames and 5000 frames, respectively, for their trajectories. The 

pico-second residual time does not prohibit the observation of water-mediated hydrogen 

bonding, although its changes in real time cannot be observed. The data from our 

previous study justify the approach.26 Following the same procedures, MD simulations of 

the free haptens without Fab were also performed for 100 ns. 

Analysis programs within GROMACS 4.5.4 were used for calculations of the root 

mean square deviation (RMSD), the center of mass (COM) distance, the root mean 

square fluctuation (RMSF), which are the RMSD with respect to the average structure, 

the solvent accessible surface area (SASA), and the number of contacts. Clusterings 

were also carried out by GROMACS 4.5.4. 

2.6. Results and discussion 

The MD simulations of Fab in complex with the pentasaccharide 1 and the 

peptide 2, both possessing micromolar binding affinities, provided excellent controls as a 

prelude to studying the binding of glycopeptides 3 and 4. Initial 3D structures of the α-

glycopeptide 3–Fab and the β-glycopeptide 4–Fab complexes, obtained as the best fits 

from the docking study instead of crystallography, revealed that most of the binding 

interactions of MDW from the peptide 2 and Rha A, Rha B, and Rha C from the 

pentasaccharide 1 in the antibody combining site were retained. Thus, their starting 

conformations were reasonable from the perspective of structure-based design. Identical 
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MD simulation procedures were implemented for all four systems except for the length of 

production runs, which rendered the four simulations comparable. 

2.6.1. Structural stabilities 

The RMSD values of both the Fab backbone atoms and hapten heavy atoms 

against the starting structure were calculated after least-square fit to Fab backbone 

atoms (Figure 2-2). As expected, the Fab RMSD showed good convergence in all four 

cases. With respect to ligands, the RMSD values of the pentasaccharide 1 and the 

octapeptide 2 were small, converging around 0.2 nm. But those for the α-glycopeptide 3 

and the β-glycopeptide 4 were considerable, rising above 1.0 nm after some simulation 

time. It should be noted that larger RMSD values are less meaningful in that extremely 

different conformations could have similar large RMSD values relative to the same 

reference structure. Thus, the α-glycopeptide 3 and the β-glycopeptide 4 must have 

undergone substantial positional changes compared to their starting structures. 
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Figure 2-2:  RMSDs of Fab backbone atoms (blue) and ligand heavy atoms (red) for 
(a) the pentasaccharide 1–Fab complex, (b) the peptide 2–Fab complex, 
(c) the α-glycopeptide 3–Fab complex, (d) the β-glycopeptide 4–Fab 
complex against corresponding starting structures. 

 

The COM distance between the Fab and the ligand offers direct evidence of how 

tightly the ligand and the antibody stay together, and production simulations were 

stopped only after the COM distance was more or less stabilized (Figure 2-3). The COM 

distances of the pentasaccharide 1 and the peptide 2 were fairly stable after 15 ns, with 

the pentasaccharide 1 fluctuating around 3.0 nm and the peptide 2 around 3.2 nm. This 

was in agreement with previous experimental results that the peptide 2 does not contact 

the deep cavity in the center of the binding groove, which is occupied by three resident 

water molecules, whereas the pentasaccharide 1 does, making 1 spatially closer to the 

antibody than 2.7,11,26 Of note, all simulations herein were initiated without bridging water 

molecules from the crystal structure. As solvent molecules were added randomly at the 

beginning, we did observe water molecules enter the deep cavity at the center of the 

binding groove after the MD simulation of the peptide 2–Fab complex, which may 

explain the initial increases in corresponding RMSD and COM distances. 
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Figure 2-3: COM (center of mass) distances between (a) the pentasaccharide 1 and 
the peptide 2, (b) the α-glycopeptide 3 and the β-glycopeptide 4, and the 
SYA/J6 Fab. 

 

In contrast, the COM distances of both the α-glycopeptide 3 and the β-

glycopeptide 4 experienced substantial increases, along with large fluctuations. In the 

case of the α-glycopeptide 3, the COM distance jumped above 3.6 nm after 50 ns, 

ending around 3.5 nm. The increment in COM distance was even more pronounced in 

the case of the beta glycopeptide 4, and remained around 3.7 nm during the second half 

of the trajectory. From our inspection of the trajectory of both glycopeptides, the MDW 

portion departed from the binding groove before the carbohydrate portion, which implies 

that the incorporation of MDW may be problematic. These phenomena suggest that 

neither glycopeptide binds to the antibody as tightly as their parent molecules, and could 

consequently be poor haptens that are not recognized by the SYA/J6 antibody. 

With relatively stable RMSDs and COM distances along the trajectory, the 

backbone conformations of the pentasaccharide 1 and the peptide 2 showed little 

deviations from the crystal structure, as demonstrated by their dihedral angles (see 

Figures 2-S4 and 2-S5). Interestingly, the conformation of the pentasaccharide 1 in the 

bound state is similar to that of the free state, while that for the peptide 2 is quite 

different. This to some extent explains the entropic penalty observed in peptide binding. 

The backbone conformations of both glycopeptides experienced large changes in the 

MDW portion as compared to their docking positions, while those of the carbohydrate 

portion underwent minor deviations and their distributions did resemble those of the 

pentasaccharide 1. 
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Analysis of root mean square fluctuation (RMSF), which is the RMSD with 

respect to the average structure, was performed on a per-residue basis for the last 20 ns 

of each simulation, and RMSF values for all hapten residues were compared (Table 2-

1). All residues within the pentasaccharide 1 exhibited RMSF values lower than 0.13 nm, 

implying good maintenance of their positions in the combining site. Likewise, most 

residues of the peptide 2 showed low RMSF, while only those of the N-terminal Met-1 

and the C-terminal NH2 cap were above 0.2 nm. Inspection of the trajectory shows that 

Met-1, especially its side chain, was constantly shuttling between the light chain side and 

the heavy chain side of the antibody. The NH2 cap of the terminal carboxamide did not 

establish any significant interactions with the antibody, and was oscillating above the 

combining site during the last 20 ns. In contrast, the RMSF values of Trp-3 and Asn-4 

were lower than 0.1 nm, indicating their strong interactions with the antibody, in 

agreement with interpretations from the crystal structure.7 However, large RMSF values 

were observed for almost all residues in both glycopeptides, all of which were larger than 

their counterparts in the pentasaccharide 1 and the peptide 2. Therefore, even if there is 

loose binding of the α-glycopeptide 3 and the β-glycopeptide 4, their complexes are 

unstable relative to their parent molecules in the same combining site. 

 

Table 2-1: RMSF values of hapten residues in the last 20 ns of each trajectory. 

The 
pentasaccharide 

1 

Residues    OMe 
Rha 
A’ 

GlcNA
cD 

Rha C Rha B Rha A 

RMSF 
(nm) 

   
0.12

4 
0.117 0.008 0.078 0.119 0.113 

The peptide 2 
Residues Met-1 

Asp-
2 

Trp-3 
Asn-

4 
Met-5 His-6 Ala-7 Ala-8 NH2-9 

RMSF 
(nm) 

0.256 0.156 0.094 
0.07

3 
0.116 0.121 0.101 0.141 0.208 

The α-
glycopeptide 3 

Residues Met Asp 
Modifie
d Trp 

   Rha C Rha B Rha A 

RMSF 
(nm) 

0.658 0.562 0.479    0.192 0.162 0.107 

The β-
glycopeptide 4 

 

Residues Met Asp 
Modifie
d Trp 

   Rha C Rha B Rha A 

RMSF 
(nm) 

0.357 0.249 0.169    0.157 0.166 0.177 
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2.6.2. Hapten-antibody interactions 

Analysis of hapten–antibody interactions was performed on the last 1000 frames 

(20 ns) of each trajectory, since the COM distances for all four hapten–antibody 

complexes were relatively stable during this period. The ratio of the solvent accessible 

area (SASA) of ligand in complex with the antibody over that of ligand only is a good 

indicator of the extent to which the ligand is exposed to solvents, as opposed to being 

buried in the combining site. Not unexpectedly, the averaged SASA ratios of the 

pentasaccharide 1 and the peptide 2 in the last 20 ns were larger than the corresponding 

values in the crystal structures, showing that they were more exposed to the solvent 

after MD simulations (Table 2-2). However, both the α-glycopeptide 3 and the β-

glycopeptide 4 were more than 70% exposed to the solvent in the last 20 ns, while their 

initial SASA ratios were close to that of 2. 

 

Table 2-2: Comparison of SASA (solvent accessible area) ratios and number of 
contacts. 

 SASA ratio (%) Number of contacts 

 Averaged Starting structure Averaged Starting structure 

1 49.1 32.6 87 74 

2 56.5 41.5 86 126 

3 70.1 42.8 57 141 

4 72.7 44.1 48 130 
a The value was averaged over the last 1000 frames of each trajectory. 
b The starting structures were the crystal structures for the pentasaccharide 1 and the peptide 2, and the 
docked structures for the α-glycopeptide 3 and the β-glycopeptide 4. 

 

On the other hand, the average number of contacts (defined as heavy atom pairs 

with distance no larger than 0.4 nm) between the hapten and the antibody can reflect the 

strength of the interaction. Interestingly, the pentasaccharide 1 showed more contacts 

(87) than present in the crystal structure (74), while those for the peptide 2 decreased to 
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86, almost the same as 1. Since water-mediated contacts were not counted in the 

calculation of direct contacts, this is presumably because of the fluidity of the interstitial 

water network that constrained the hapten, and thus provided additional contacts. 

Indeed, we observed more water molecules came in between the peptide 2 and the 

antibody after the MD simulation (see Figure 2-S10). However, the α-glycopeptide 3 and 

the β-glycopeptide 4 lost the majority of their initial contacts with the antibody, and most 

of the remaining contacts were actually not made within the combining site (see Figure 

2-5). Evidently, the increase of COM distances was accompanied by the decrease of the 

burying of haptens by the antibody combining site as well as number of interfacial 

contacts. These observations suggest once again that the glycopeptide haptens are 

bound loosely by the antibody, if at all. 

Clustering based on RMSD of heavy atoms was also carried out for the last 

20 ns of each trajectory, and the central structure of the major cluster (the member with 

the smallest average RMSD values to all other members of the major cluster) was 

extracted to serve as the representative structure of each MD simulation. An overview of 

these representative structures (Figure 2-4) showed that the pentasaccharide 1 and the 

peptide 2 occupied most space of the binding groove, while the α-glycopeptide 3 and the 

β-glycopeptide 4 did not, interacting with the antibody only on the periphery of the 

combining site. The left side and the center of the combining groove were completely 

exposed to the solvent for both glycopeptide–Fab complexes. Of note, complete egress 

of the α-glycopeptide 3 or the β-glycopeptide 4 from the antibody binding groove was not 

observed during the entire trajectory, as this presumably would require much longer 

simulation time. 
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Figure 2-4: The central structure of the major cluster (the member with the smallest 
average RMSD values to all other members of the major cluster) in the 
last 20 ns for (a) the pentasaccharide 1–Fab complex, (b) the peptide 2–
Fab complex, (c) the α-glycopeptide 3–Fab complex, (d) the β-
glycopeptide 4–Fab complex. Images were rendered by PyMOL 1.1, with 
all haptens in sticks and the antibody covered by a Connolly surface. 

 

Alignments of these clustered structures with the crystal structure, based on the 

position of backbone atoms of combining site residues (within 0.5 nm of the 

pentasaccharide 1 and the peptide 2 in their corresponding crystal structures), illustrated 

a few positional and conformational differences within the combining site for the 

pentasaccharide 1 and the peptide 2 after MD simulations (Figure 2-5a, b). For 1, there 
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was a systemic drift of all saccharide residues to the right side of the combining groove 

during the MD simulation, resulting in more contacts between the pentasaccharide 1 and 

the antibody, such as Rha A with Asn H31 and Trp H33, Rha B with Trp H33, and the 

acetyl group of Rha D with His L27D. Additionally, hydrogen bonds not existing in the 

crystal structure were observed, such as Trp H33 N donating hydrogen bonds to Rha A 

O4, Rha A O3 donating to Asn H31 O, and GlcNAc D O6 donating to Glu H50 OE1/ OE2 

(see Figure 2-S9). These changes were accompanied by noticeable conformational 

changes of the imidazole side chains from His H58 and His L93, with the former 

establishing some contacts with the OMe group at the ‘reducing end’ of the 

pentasaccharide. 
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Figure 2-5: Comparisons between the initial structure and the clustered structure of 
(a) the pentasaccharide 1–Fab complex, (b) the peptide 2–Fab complex, 
(c) the α-glycopeptide 3–Fab complex, (d) the β-glycopeptide 4–Fab 
complex. Thick lines represent haptens while thin lines represent 
combining site residues (within 0.5 nm of the pentasaccharide 1 and the 
peptide 2 in their corresponding crystal structures). Structures with 
purple-colored carbon atoms are initial structures, while those with green 
carbon atoms are the central structures of the major cluster (the member 
with the smallest average RMSD values to all other members of the major 
cluster) in the last 20 ns. Blue dashed lines indicate contacts as 
discussed in the text. 
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The imidazole side chain of His H58 experienced similar re-positioning in the 

case of 2, increasing its hydrophobic interactions with the indole moiety of Trp-3. As an 

acceptor, Met-1 O formed a hydrogen bond with His L27D NE2. Moreover, the 

negatively-charged Asp-2 carboxylate side chain moved to the heavy chain side of the 

Fab, strengthening its electrostatic interactions with the positively-charged guanidine 

moiety of Arg H52. This electrostatic interaction could be a major contributor to the 

binding affinity of 2, as the Coulombic interaction energy between the carboxylate of 

Asp-2 and the guanidine of Arg H52 calculated based on coordinates from the trajectory 

with the Amber 99sb force field used for MD simulations, had an average value of 

−75.0 kJ mol−1 during the entire trajectory. Furthermore, the imidazole ring of His-6 had 

deviated from the crystal structure, establishing contacts with Ala H97 while maintaining 

those with Lys L50. His-6 ND1 also accepted a hydrogen bond from Lys L50 NZ, and 

Ala-7 had also gained contacts with the side chain of Asp L28, which moved toward the 

peptide 2 during the simulation. 

The clustered structures of the α-glycopeptide 3 and the β-glycopeptide 4 were 

significantly different from their respective starting structures (Figure 2-5c, d). The Met, 

Asp, modified Trp, and Rha C in the α-glycopeptide 3 were completely out of the binding 

groove, and the interactions of the peptide region with Fab residues such as His L27D, 

Thr L91, and His H58 were lost. Rha B was somewhat buried in the combining site and 

maintained a comparable number of contacts in comparison with the starting structure. 

Rha A maintained some similar interactions as in its starting structure, and its hydrogen 

bonding with Trp H33 N and Asn H31 O were similar to those in the pentasaccharide 2. 

Likewise, only Rha A in the β-glycopeptide 4 maintained similar interactions as shown in 

the starting structure, while all other residues were completely displaced. It also showed 

hydrogen bonding with Trp H33 N and Asn H31 O, although to a lesser extent compared 

to those in the α-glycopeptide 3 (see Table 2-S4). An average of 19 contacts was 

counted for the modified Trp moiety in the β-glycopeptide 4, but these were not present 

with the original hydrophobic pocket centered at Val L94. Thus, the two key interactions 

we set out to retain when designing the glycopeptides, namely the interactions of Trp-3 

with the hydrophobic pocket around Val L94, and those of Rha C within the deep cavity 

at the center of the binding groove, were completely lost after MD simulations. 
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Collectively, these results demonstrate the instability of both glycopeptide–Fab 

complexes, which is probably caused by the incorporation of MDW to mimic the binding 

of the natural carbohydrate hapten. It is clear that neither glycopeptide will interact with 

the antibody in a fashion similar to their parent molecules, as shown by the initial 

docking results. This indeed leads to the implication that these two surrogate ligands will 

be poor mimics of the natural antigen. 

2.7. Conclusions 

We have conducted all-atom, explicit-solvent MD simulations of four haptens in 

complex with the SYA/J6 antibody without any constraints. Dynamic but stable hapten – 

Fab complexes were persistent during the entire course of the trajectories for the parent 

ligands, the pentasaccharide and the octapeptide. Several structural features that were 

not observed in the corresponding crystal structures have been identified, providing 

greater insights into the nature and origin of binding. More significantly, the lack of 

inhibition of the previously-synthesized α-glycopeptide 3 was well explained, as it was 

observed to dissociate from the combining site. Of note, the β-glycopeptide 4 was also 

observed to leave the antibody combining site without any external interventions, 

implying that it would not serve as a useful hapten for the SYA/J6 antibody. Finally, the 

collective observations have served to validate our MD simulation protocol, and make 

possible the design of future ligands that could serve as vaccine candidates. 
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Table 2-S1: Comparison of RMSF per residue between free and bound (in complex 
with SYA/J6 Fab) states of haptens in the last 20 ns of each trajectory. 

The penta-
saccharide 1 

Residues    OMe Rha  A’ 
GlcNAc 

D 
Rha C Rha B Rha A 

RMSF 
bound 

(nm) a 
   0.089 0.069 0.052 0.038 0.060 0.060 

RMSF free 
(nm)    0.187 0.198 0.180 0.115 0.139 0.208 

The peptide 2 

Residues Met-1 Asp-2 Trp-3 Asn-4 Met-5 His-6 Ala-7 Ala-8 NH2-9 

RMSF 
bound 

(nm) a 
0.173 0.146 0.064 0.039 0.080 0.081 0.057 0.110 0.166 

RMSF free 
(nm) 

0.430 0.310 0.364 0.349 0.347 0.338 0.320 0.448 0.516 

The α-
glycopeptide 3 

Residues Met Asp 
Modified 

Trp    Rha C Rha B Rha A 

RMSF 
bound 

(nm) a 
0.420 0.325 0.314    0.143 0.183 0.221 

RMSF free 
(nm) 

0.441 0.364 0.291    0.179 0.190 0.237 

The β-
glycopeptide 4 

Residues Met Asp 
Modified 

Trp 
   Rha C Rha B Rha A 

RMSF 
bound 

(nm) a 
0.457 0.291 0.295    0.154 0.326 0.241 

RMSF free 
(nm) 0.355 0.311 0.215    0.142 0.212 0.236 

a: the values here are different from those in Table 2-1 since RMSFs are calculated based on the hapten-
Fab complex in Table 2-1 while those reported here are based only on the hapten coordinates. 
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Table 2-S2: Number of contacts between SYA/J6 Fab and each residue of simulated 
haptens. 

The penta-
saccharide 1 

Residues    OMe Rha A’ GlcNAc D Rha C Rha B Rha A 

Initiala    4 8 17 25 8 13 

Averagedb    6 7 22 22 4 26 

The peptide 2 

Residues Met-1 Asp-2 Trp-3 Asn-4 Met-5 His-6 Ala-7 Ala-8 NH2-9 

Initiala 3 7 29 33 18 27 7 2 0 

Averagedb 3 4 18 19 20 16 5 1 0 

The α-
glycopeptide 

3 

Residues Met Asp 
Modified 

Trp    Rha C Rha B Rha A 

Initiala 3 21 32    35 10 40 

Averagedb 1 0 5    4 12 34 

The β-
glycopeptide 

4 

Residues Met Asp 
Modified 

Trp    Rha C Rha B Rha A 

Initiala 3 6 38    35 29 19 

Averagedb 3 0 19    0 5 20 

a the initial number of contacts were calculated from crystal structures for the saccharide 1 and the peptide 
2, and the docked structures for the α-glycopeptide 3 and the β-glycopeptide 4. 
b the value was averaged over the last 20 ns of each trajectory. 

 

 



 

45 

Ta
bl

e 
2-

S3
.  

In
te

rm
ol

ec
ul

ar
 h

yd
ro

ge
n 

bo
nd

in
g 

de
ta

ils
 o

f t
he

 p
en

ta
sa

cc
ha

rid
e 

1 
bi

nd
in

g 
an

d 
th

e 
pe

pt
id

e 
2 

bi
nd

in
g.

 

R
ha

 A
’ 

O
3 

Th
r L

92
 

O
 

  55
.4

 

     

a:
 “Y

” i
nd

ic
at

es
 th

e 
ex

is
te

nc
e 

of
 s

uc
h 

hy
dr

og
en

 b
on

d 
(d

on
or

-a
cc

ep
to

r d
is

ta
nc

e 
le

ss
 th

an
 0

.3
5 

nm
) i

n 
th

e 
cr

ys
ta

l s
tru

ct
ur

e.
 

b:
 “Y

” i
nd

ic
at

es
 th

e 
ex

is
te

nc
e 

of
 s

uc
h 

hy
dr

og
en

 b
on

d 
(d

on
or

-a
cc

ep
to

r d
is

ta
nc

e 
le

ss
 th

an
 0

.3
5 

nm
 w

ith
 a

cc
ep

to
r-d

on
or

-h
yd

ro
ge

n 
an

gl
e 

sm
al

le
r t

ha
n 

30
 d

eg
re

es
). 

c:
 th

is
 is

 c
al

cu
la

te
d 

as
 th

e 
pe

rc
en

ta
ge

 o
f o

cc
ur

re
nc

e 
in

 th
e 

la
st

 2
0 

ns
 o

f e
ac

h 
tra

je
ct

or
y,

 a
nd

 o
nl

y 
oc

cu
pa

nc
y 

hi
gh

er
 th

an
 1

0%
 a

re
 re

po
rte

d.
 

 

G
lc

N
Ac

 
D

 N
2 

Th
r L

91
 

O
 

Y Y 91
.4

 

     

G
lc

N
Ac

 
D

 O
4 

G
lu

 
H

50
 

O
E1

 

Y        

G
lc

N
Ac

 
D

 O
6 

G
lu

 
H

50
 

O
E2

 

  42
.9

 

     

G
lc

N
Ac

 
D

 O
6 

G
lu

 
H

50
 

O
E1

 

  40
.3

 

     

R
ha

 C
 

O
2 

G
ly

 H
99

 
O

 

Y Y       

R
ha

 B
 

O
3 

Al
a 

H
91

 
O

 

Y Y       

R
ha

 A
 

O
3 

As
n 

H
31

 O
 

  71
.4

 

As
n-

4 
N

D
2 

Th
r L

91
 

O
 

Y Y 85
.4

 

R
ha

 A
 

O
4 

Tr
p 

H
33

 
N

E1
 

 Y  Ar
g 

H
52

 
N

H
2 

As
p-

2 
O

D
2 

  12
.2

 

R
ha

 A
 

O
4 

As
n 

H
31

 O
 

  18
.2

 

Ar
g 

H
52

 
N

H
2 

As
p-

2 
O

D
1 

  12
.9

 

G
ly

 H
96

 
N

 

R
ha

 C
 

O
4 

  34
.0

 

Ar
g 

H
52

 
N

H
1 

As
p-

2 
O

 

Y Y 39
.1

 

Tr
p 

H
33

 
N

E1
 

R
ha

 A
 

O
4 

Y   Th
r L

91
 

O
G

1 

As
n-

4 
N

D
2 

Y   

Tr
p 

H
33

 
N

 

R
ha

  A
 

O
4 

  45
.6

 

Ly
s 

L5
0 

 
N

Z 

H
is

-6
 

N
E2

 

Y Y  

Th
r L

91
 

O
G

1 

R
ha

 C
 

O
2 

Y   Ly
s 

L5
0 

 
N

Z 

H
is

-6
 

N
D

1 

 Y 55
.4

 

Th
r  

L9
1 

O
G

1 

R
ha

 C
 

O
5 

  12
.1

 

Ty
r L

32
 

O
H

 

H
is

-6
 

N
D

1 

Y   

Ty
r L

32
 

O
H

 

R
ha

 B
 

O
4 

Y   H
is

  
L2

7 
D

 
N

E2
 

As
p-

2 
O

D
1 

Y Y 22
.1

 

H
is

 
L2

7D
 

N
E 

R
ha

 A
’ 

O
3 

Y Y 49
.5

 

H
is

  
L2

7 
D

 
N

E2
 

M
et

-1
 O

 

  61
.1

 

D
on

or
 

Ac
ce

pt
or

 

Po
te

nt
ia

la  

Af
te

r 
eq

ui
lib

ra
tio

nb  

La
st

-2
0 

ns
c  

oc
cu

pa
nc

y 
(%

) 

D
on

or
 

Ac
ce

pt
or

 

Po
te

nt
ia

la  

Af
te

r 
eq

ui
lib

ra
tio

nb  

La
st

-2
0 

ns
c  

oc
cu

pa
nc

y 
(%

) 

Th
e 

pe
nt

a-
sa

cc
ha

ri
de

 1 

Th
e 

pe
pt

id
e 

2 



 

46 

Ta
bl

e 
2-

S4
.  

In
te

rm
ol

ec
ul

ar
 h

yd
ro

ge
n 

bo
nd

in
g 

de
ta

ils
 o

f t
he

 α
-g

ly
co

pe
pt

id
e 

3 
bi

nd
in

g 
an

d 
th

e 
β-

gl
yc

op
ep

tid
e 

4 
bi

nd
in

g.
 

15
 

R
ha

 A
 O

2 

G
ly

 H
95

 O
 

Y 84
.2

 

13
 

R
ha

 A
 O

2 

As
n 

H
31

 O
 

 47
.2

 

a:
 th

e 
nu

m
be

r o
f  

hy
dr

og
en

 b
on

ds
 (d

on
or

-a
cc

ep
to

r d
is

ta
nc

e 
le

ss
 th

an
 0

.3
5 

nm
) i

n 
th

e 
do

ck
ed

 s
tru

ct
ur

e.
 

b:
 “Y

” i
nd

ic
at

es
 th

e 
ex

is
te

nc
e 

of
 s

uc
h 

hy
dr

og
en

 b
on

d 
(d

on
or

-a
cc

ep
to

r d
is

ta
nc

e 
le

ss
 th

an
 0

.3
5 

nm
 w

ith
 a

cc
ep

to
r-d

on
or

-h
yd

ro
ge

n 
an

gl
e 

sm
al

le
r t

ha
n 

30
 

de
gr

ee
s)

. 
c:

 th
is

 is
 c

al
cu

la
te

d 
as

 th
e 

pe
rc

en
ta

ge
 o

f o
cc

ur
re

nc
e 

in
 th

e 
la

st
 2

0 
ns

 o
f e

ac
h 

tra
je

ct
or

y,
 a

nd
 o

nl
y 

oc
cu

pa
nc

y 
hi

gh
er

 th
an

 1
0%

 a
re

 re
po

rte
d.

 
 

R
ha

 A
 O

3 

A
sn

 H
31

 
O

 

Y
 

12
.0

 

R
ha

 A
 O

3 

G
ly

 H
95

 
O

 

 24
.1

 

R
ha

 A
 O

4 

A
sn

 H
31

 O
 

 32
.8

 

M
od

ifi
ed

 
Tr

p 
N

E1
 

A
sp

 L
28

 
O

D
2 

 30
.0

 

R
ha

 B
 O

3 

G
ly

 H
96

 O
 

 19
.6

 

M
od

ifi
ed

 
Tr

p 
N

E1
 

A
sp

 L
28

 
O

D
1 

 23
.0

 

R
ha

 C
 O

4 

G
lu

 H
35

 
O

E1
 

Y
 

 R
ha

 C
 O

4 

G
ly

 H
96

 
O

 

Y
 

 

A
rg

 H
52

 
N

H
2 

M
et

-1
 O

 

Y
 

 A
rg

 H
52

 
N

H
2 

M
et

-1
 O

 

Y
 

 

A
rg

 H
52

 
N

H
1 

A
sp

-2
 O

 

Y
 

 A
rg

 H
52

 
N

H
1 

A
sp

-2
 O

 

Y
 

 

Tr
p 

H
33

 
N

 

R
ha

 A
 O

2 

Y
 

89
.7

 

Tr
p 

H
33

 
N

 

R
ha

 A
 O

3 

 27
.3

 

Se
r L

27
E 

O
G

 

A
sp

-2
 

O
D

1 

Y
 

 H
is

 L
27

D
 

N
E2

 

A
sp

-2
 

O
D

2 

Y
 

 

Po
te

nt
ia

l #
a  

D
on

or
 

A
cc

ep
to

r 

A
fte

r 
eq

ui
lib

ra
tio

nb  

La
st

-2
0 

ns
 c  

oc
cu

pa
nc

y 
(%

) 

Po
te

nt
ia

l #
 a

 

D
on

or
 

A
cc

ep
to

r 

A
fte

r 
eq

ui
lib

ra
tio

nb  

La
st

-2
0 

ns
 c  

oc
cu

pa
nc

y 
(%

) 

Th
e 
α-

gl
yc

op
ep

tid
e 

3 

Th
e 
β-

gl
yc

op
ep

tid
e 

4 



 

47 

 

 

Figure 2-S1: RMSDs of a) free pentasaccharide 1 (blue) and octapeptide 2 (red), b) 
free α-glycopeptide 3 (blue) and β-glycopeptide 4 (red) as a function of 
simulation time. 

 

 

Figure 2-S2: Radii of gyration of free haptens in the MD simulations of a) the 
pentasaccharide 1, b) the octapeptide 2, c) the α-glycopeptide 3, and d) 
the β-glycopeptide 4. 
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Figure 2-S3: Radii of gyration of the antibody Fab fragment (blue) and haptens (red) in 
the MD simulation of a) the pentasaccharide 1 – Fab complex, b) the 
peptide 2 – Fab complex, c) the α-glycopeptide 3 – Fab complex, d) the 
β-glycopeptide 4 – Fab complex. 
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Figure 2-S4: Comparisons of backbone dihedral angle distributions for the free and 

bound states of the pentasaccharide 1, showing phi and psi angles of a) 
Rha A-Rha B, b) Rha B-Rha C, c) Rha C-GlcNAc D, d) GlcNAc D-Rha A’.  
Phi angles are defined as O5-C1-Ox-Cx, while psi angles C1-Ox-Cx-C(x-1).  
Blue crosses indicate dihedral angles in the trajectory, and black 
diamonds show those of the initial structure (same for Figure 2-S5, 2-S6, 
and 2-S7). 
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Figure 2-S5: Comparisons of backbone dihedral angle distributions for the free and 
bound states of the octapeptide 2, showing phi and psi angles of a) Asp-
2, b) Trp-3, c) Asn-4, d) Met-5, e) His-6, f) Ala-7.  Phi angles are defined 
as C(x-1) -Nx-C α x-Cx, while psi angle Nx-C α x-Cx-N(x+1) . 
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Figure 2-S6: Comparisons of backbone dihedral angle distributions for the free and 
bound states of the α-glycopeptide 3, showing phi and psi angles of a) 
Asp, b) modified Trp, c) Rha C-modified Trp, d) Rha B-Rha C, e) Rha A-
Rha B.  Phi and psi angles are defined in the same way as the 
pentasaccharide 1 and the peptide 2, except psi angle of modified Trp (N-
Cα -C-S) and phi (O5-C1-S-CTrp) and psi (C1-S-CTrp- CαTrp) angles of Rha 
C-modified Trp. 
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Figure 2-S7: Comparisons of backbone dihedral angle distributions for the free and 
bound states of the β-glycopeptide 4, showing phi and psi angles of a) 
Asp, b) modified Trp, c) Rha C-modified Trp, d) Rha B-Rha C, e) Rha A-
Rha B.  Phi and psi angles are defined in the same way as the 
pentasaccharide 1 and the peptide 2, except psi angle of modified Trp (N-
Cα -C-S) and phi (O5-C1-S-CTrp) and psi (C1-S-CTrp- CαTrp) angles of Rha 
C-modified Trp. 
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Figure 2-S8: Energy of interaction as calculated from Amber 99SB force field 
parameters for a) the pentasaccharide 1 – Fab complex, b) the peptide 2 
– Fab complex, c) the α-glycopeptide 3 – Fab complex, d) the β-
glycopeptide 4 – Fab complex, and e) comparison of four haptens. 
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Figure 2-S9: Selected snapshots showing hydrogen bonds (occupancy larger than 
20% in the last 20 ns of MD simulations) for a) the pentasaccharide 1 – 
Fab complex, b) the peptide 2 – Fab complex, c) the α-glycopeptide 3 – 
Fab complex, and d) the β-glycopeptide 4 – Fab complex. Haptens are 
displayed by thick lines and binding site residues by thin lines. Blue 
dashed lines indicate the hydrogen bond. 
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Figure 2-S10: Overview of a) the initial structure (after random addition of water) and b) 
the clustered structure (same as in FIgure 2-4b), showing solvent atoms 
within 0.4 nm of both Fab and the octapeptide 2 heavy atoms.  The 
octapeptide 2 and waters within the deep cavity at the center of the 
binding groove (one water molecule for the initial structure and three for 
the clustered structure) are shown in thick lines/ spheres, and other 
waters are shown in thin lines.  The antibody is covered by a Connolly 
surface.  There are more water molecules in the clustered structure than 
in the initial state. 
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Chapter 3. Human Lactate Dehydrogenase A 
Inhibitors: A Molecular Dynamics Investigation 

This chapter consists of the manuscript “Human Lactate Dehydrogenase A 

Inhibitors: A Molecular Dynamics Investigation”, which has been published in PLoS 

ONE (2014, 9, e86365).  

 

Yun Shi and B. Mario Pinto 

 

 

3.1. Abstract 

Lactate dehydrogenase A (LDHA) is an important enzyme in fermentative 

glycolysis, generating most energy for cancer cells that rely on anaerobic respiration 

even under normal oxygen concentrations. This renders LDHA a promising molecular 

target for the treatment of various cancers. Several efforts have been made recently to 

develop LDHA inhibitors with nanomolar inhibition and cellular activity, some of which 

have been studied in complex with the enzyme by X-ray crystallography. In this work, we 

present a molecular dynamics (MD) study of the binding interactions of selected ligands 

with human LDHA. Conventional MD simulations demonstrate different binding 

dynamics of inhibitors with similar binding affinities, whereas steered MD simulations 

yield discrimination of selected LDHA inhibitors with qualitative correlation between the 

in silico unbinding difficulty and the experimental binding strength. Further, our results 
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have been used to clarify ambiguities in the binding modes of two well-known LDHA 

inhibitors. 

3.2. Introduction 

An emerging hallmark of cancer is its altered cell energy metabolism that favors 

anaerobic respiration over aerobic respiration.1,2 Unlike normal cells that utilize the Krebs 

cycle as the major energy-producing process in the presence of adequate oxygen, many 

cancer cells preferentially derive ATP through glycolysis, followed by fermentation that 

converts pyruvate to lactate. The preference towards fermentative glycolysis (anaerobic 

respiration), regardless of oxygen availability in the environment, is known as the 

Warburg effect.3 This effect confers a significant growth advantage for cancer cells within 

a hypoxic environment,4 and thus new cancer therapies can be developed by targeting 

the processes of glycolysis and fermentation used by cancer cells. 

Lactate dehydrogenase (LDH) is an enzyme that catalyzes the interconversion of 

pyruvate-NADH and lactate-NAD+, critical for anaerobic respiration as it can recycle 

NAD+ for the continuation of glycolysis.5,6 Two major isoforms of LDH, namely LDHA 

(LDHM or LDH5) and LDHB (LDHH or LDH1), exist in mammalian cells, with the A form 

favoring the transformation of pyruvate to lactate and the B form favoring the backward 

conversion.7 Hence, human LDHA could be a molecular target for the inhibition of 

fermentative glycolysis and thus the growth and proliferation of cancer cells. Indeed, it is 

required for the initiation, maintenance, and progression of tumors.8,9 In addition, up-

regulation of LDHA is characteristic of many cancer types,10–14 and inhibition of LDHA by 

small molecules has been found to confer antiproliferative activity.9,15 More importantly, 

complete deficiency of LDHA does not give rise to any symptoms in humans under 

normal circumstances,16 indicating that selective LDHA inhibitors should only present 

minimal side effects. Therefore, LDHA is considered an attractive molecular target for 

the development of novel anticancer agents. 

Human LDHA has a tetrameric structure with four identical monomers, each in 

possession of its own NADH cofactor binding site and substrate binding site (Figure 3-

1A).17 The cofactor binds to LDHA in an extended conformation, with its nicotinamide 
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group forming part of the substrate binding site (Figure 3-1B).17 The closure of a mobile 

loop (residues 96–107; residue numbering refers to human LDHA in PDB 1I10), in which 

the conserved Arg105 could stabilize the transition state in the hydride-transfer reaction, 

is indispensible for catalytic activity.17 Yet, the first human LDHA structure (PDB 1I10), in 

complex with a substrate mimic (oxamate) and the cofactor NADH, shows that the 

mobile loop of one of the four identical monomers, chain D, is in an open conformation, 

indicating certain probability of the loop being open. There have been several efforts to 

develop human LDHA inhibitors,15,18–21 and crystal structures are available for complexes 

of some inhibitors and LDHAs from human, rat, and rabbit.18–21 A fragment-based 

approach has been successfully employed to combine adenosine-site (A-site) binders 

and nicotinamide/substrate-site (S-site) binders, yielding dual-site binders with 

nanomolar binding affinities (Figure 3-2 and Table 3-1).18,19 

 

 

Figure 3-1: Structure of human LDHA (PDB 1I10).  Amino acid residues are shown in 
cartoons and NADH/oxamate are shown in sticks. A) Tetrameric structure 
of human LDHA. Chains A, B, C, and D are colored green, yellow, 
magenta, and cyan, respectively. B) Close-up view of the binding site 
from chain A. The active site mobile loop is colored red. 
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Figure 3-2: Structures of LDHA binders of interest.  A-site and S-site binding moieties 
are indicated by boxes with blue dashed lines and red dashed lines, 
respectively. 

 

Table 3-1: Binding constants and site of binding of LDHA binders. 

Ligand Kd (µM)15,18,19,22,23 Site of binding15,18,19,22,23 

PYRa 3.9 S 

NADH 0.62 dual 

0SN 0.093 dual 

2B4 210 S 

AJ1 770 A 

1E4 0.068 dual 

6P3 2300 S 

1E7 137 A 

NHI 9 unknown 

FX11 0.05 unknown 
aThe natural substrate pyruvate is referred to as PYR hereafter for simplicity. 

 

However, the binding dynamics of these LDHA binders have not been thoroughly 

studied. In addition, the binding location and geometry of two important inhibitors, NHI 

and FX11 (Table 3-1), proven to be NADH-competitive and have antiproliferative 
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activities against cancer cell lines,9,15,22 are not clear. The in silico discrimination of 

inhibitors in terms of binding strengths is also desirable. Therefore, we present a 

computational approach herein to examine the binding of a variety of human LDHA 

inhibitors (Figure 3-2) to complement previous experimental studies. This approach 

includes both conventional and steered molecular dynamics (MD) simulations with 

sufficient system size to probe the dynamics and strength of inhibitor binding. 

3.3. Results 

Conventional MD simulations were performed in triplicate for each system of 

human LDHA:ligand complex for 60 ns. Root mean squared deviations of both LDHA 

backbone atoms and binding site heavy atoms stabilized within 40 ns for most 

trajectories (Texts 3-S2 and 3-S3), indicating good convergence of our MD simulations. 

As a result, all analyses were conducted on the final 20 ns (40–60 ns) of each MD 

trajectory, unless otherwise indicated. For LDHA:PYR-NADH, LDHA:2B4, and 

LDHA:NHIS, only chains A, B, and C were analyzed since these systems were shown to 

prefer a loop-closed conformation (Table 3-2) while the loop in chain D stayed open (see 

below). For other LDHA:ligand systems, all four monomers from triplicate runs were 

subjected to analysis. 
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Table 3-2: Populations of different loop conformations. 

 Loop conformationsa 

Systemb Closed Intermediate Open 
 LDHA apo 50% 11% 39% 

Dual-site binding LDHA:PYR-NADH 49% 7% 44% 

 LDHA:0SN 89% 10% 1% 

 LDHA:1E4 18% 40% 42% 

A-site binding LDHA:AJ1 51% 14% 35% 

 LDHA:1E7 52% 16% 32% 

 LDHA:NHIA 12% 16% 72% 

 LDHA:FX11A 48% 16% 36% 

S-site binding LDHA:2B4 96% 4% 0 

 LDHA:6P3 41% 18% 41% 

 LDHA:NHIS 69% 6% 25% 

 LDHA:FX11S 13% 7% 80% 
aThe center-of-mass distance between alpha carbons of four loop residues (100-103) and those of Tyr238 
and Lys242, which reside on the opposite side of the binding groove, was used to define loop 
conformations: distance smaller than 0.9 nm, closed; larger than 1.05 nm, open; between 0.9 nm and 
1.05nm, intermediate. 
bOnly monomers with the mobile loop initially closed are considered. 

 

3.3.1. Monomer vs Tetramer 

It is tempting to model a monomeric enzyme-ligand complex or even a truncated 

enzyme-ligand complex in MD simulations, as this saves significant computational costs 

and may still generate reasonable enzyme-ligand interaction patterns. To assess the 

validity of such an approach, the native system LDHA:PYR-NADH was modeled in both 

the monomeric and tetrameric forms. During the MD simulations of the monomeric 

LDHA:PYR-NADH system, the N-terminal arm (residues 1–20), which interacts with the 

other two subunits in tetrameric LDHA, wrapped towards the main body (residues 21–

331). While some binding site residues showed slightly different orientations and 

positions, key interactions of substrate binding were significantly different between 

monomeric and tetrameric forms (Figure 3-3). The substrate in the monomeric form was 

unable to establish simultaneous contacts with Arg105 and Arg168 (Table 3-3), both of 



 

67 

which were known to provide important polar interactions for substrate binding (Figure 3-

3). Additionally, three hydrogen bonds donated to the substrate were mostly 

lost/replaced in the monomeric form (Table 3-3). In tetrameric LDHA, however, the 

substrate was relatively static, engaging in simultaneous contacts with both arginines 

and preserving the three hydrogen bonds donated to the substrate during most of the 

simulation (Table 3-3). The NADH binding did not show significant differences between 

monomeric and tetrameric forms within the simulation timescale. In light of the improper 

substrate binding patterns from modeling of monomeric LDHA:PYR-NADH, MD 

simulations of all other systems were performed in the tetrameric form. 

 

 

Figure 3-3: Comparison of monomeric and tetrameric MD models of LDHA:PYR-
NADH.  Representative structures of the monomeric (carbon atoms in 
magenta) and the tetrameric (carbon atoms in cyan) forms are overlaid 
with the crystal structure (PDB 1I10, carbon atoms in grey). Selected 
binding site residues are shown in thin lines, while pyruvate and NADH 
are shown in thick sticks. Other atoms are colored: oxygen, red; nitrogen, 
blue; phosphate, orange. 
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Table 3-3: Populations of important substrate binding interactions in simulations of 
monomeric vs tetrameric forms. 

Contactsa with Arg105 and Arg168 Both Either None 

Monomeric form 0 99% 1% 

Tetrameric form 77% 17% 6% 

Hydrogen bonding interaction Asn137 ND2 and 
PYR Ob 

His192 NE2 and 
PYR Ob 

Thr247 OG1 and 
PYR OX2b 

Monomeric form 8% 16% 0 

Tetrameric form 69% 70% 68% 
aContacts are defined as any heavy atom pair with distance ≤ 0.4 nm. 
bO refers to the carbonyl oxygen of PYR, while OX2 refers to a carboxylate oxygen (Text 3-S1). 

 

3.3.2. The mobile loop 

While the initial structures of LDHA:0SN and LDHA:1E4 systems were built with 

all mobile loops closed (from PDB 4AJP), all other LDHA:ligand systems had the mobile 

loop of chain D initially open (from PDB 1I10). Throughout our conventional MD 

simulations of all LDHA:ligand systems, no complete and stable closure of the mobile 

loop on chain D was observed, although transient loop closure lasting less than 1 ns was 

observed for apo LDHA and LDHA:FX11A systems. The loop closure is believed to be 

the rate-limiting step in the turnover of LDHA.24 In a pig LDHA:oxamate-NADH system, 

this process takes more than 1 ms to occur,25 a time scale currently inaccessible to 

regular all-atom, explicit solvent MD simulations of such a large system. Nevertheless, 

opening of the mobile loop that was initially in the closed conformation occurred in all 

systems to different extents (Table 3-2). This suggests that loop opening occurs within a 

shorter time scale and the open conformation is probably energetically favorable in the 

absence of strong interactions between the ligand and mobile loop residues. Of note, the 

closure of the mobile loop is not necessarily required for ligand binding within the S-site, 

and certain S-site binders may force the loop open when they bind.20 
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3.3.3. Dual-site binders 

The two dual-site binders selected for MD simulations have similar binding 

affinities, but the binding site dynamics of LDHA:1E4 and LDHA:0SN complexes turned 

out to be different (Figure 3-4, Tables 3-4 and 3-S2). The nicotinate moiety on the A-site 

end (A-end) of 1E4 extends outside the binding groove,19 and was constantly fluctuating 

during MD simulations when its carboxylate group was not involved in strong ionic 

interactions with Arg111 above the binding groove. This could be caused by the pointing 

away of the Arg111 side chain from the nicotinate in the initial structure, since 

trajectories with the establishment of such ionic interactions showed much smaller 

fluctuations of binding site residues than those without such interactions (Figure 3-4). 

The absence of this interaction also resulted in notably different bound conformations for 

1E4 (Text 3-S4). 

 

 

Figure 3-4: Root-mean-squared fluctuations (RMSF) of dual-site binding systems.  
“1E4-on” represents data from trajectories where 1E4 had strong ionic 
interactions with Arg111, while “1E4-off” indicates data from trajectories 
without such interactions. Contiguous residues are labeled by boxes with 
red dashed lines. 
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Table 3-4: Percentage existence of ionic interactions between LDHA and ligands. 

  Positively charged group (guanidinium or imidazolium) 

  Arg98 Arg105 Arg111 Arg168 His192 

Negatively 
charged group 
(phosphate or 
carboxylate) 

NADH αa 70.1     

NADH βb 97.3     

PYR  39.4  94.1 88.1 

0SN αc  96.4   98.0 

0SN βd  78.5  100 65.2 

1E4 αe   30.5   

1E4 βf    90.0 69.5 

1E7   19.3   

NHIA 22.6     

FX11A   21.8   

2B4 αc  99.9   97.3 

2B4 βd  69.9  100 37.7 

6P3  23.0  74.9 73.3 

NHIS  79.4  13.6 91.5 

FX11S    53.5 58.3 
aThe phosphate group linked to adenosine. 
bThe phosphate group linked to nicotinamide riboside. 
cThe carboxylate group adjacent to Arg105 (mobile loop). 
dThe carboxylate group adjacent to Arg168. 
eThe carboxylate group within A-site. 
fThe carboxylate group within S-site. 

 

Analogous to the adenine ring of NADH, the benzothiazole ring of 0SN and the 2-

chloro-5-methoxyphenyl ring of 1E4 were stabilized by hydrophobic interactions with 

Val52, Ala95, and Ile115 within the A-site. Whereas the two hydroxyl groups on the 

adenosine ribose ring donated hydrogen bonds to Asp51, the amide nitrogen attached to 

the benzothiazole ring of 0SN also formed a hydrogen bond with Asp51 during most of 

the trajectory (Table 3-S2). Yet, the hydroxyl groups on 1E4 were unable to engage in 

direct hydrogen bonding interaction with Asp51 for most of the time, probably due to 

their exposure to the bulk solvent and the formation of water-mediated hydrogen 

bonds.19 Another hydrogen bond in the crystal structure of rabbit LDHA:1E4, between a 

hydroxyl group and Thr94 O, was also mostly absent during our MD simulations. 
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Nevertheless, Gly96 N donated a hydrogen bond to 1E4, mimicking the two hydrogen 

bonds between Gly96 and 0SN, which were well maintained throughout the simulation of 

LDHA:0SN system (Table 3-S2). 

Notably, Arg98 exhibited larger fluctuations in both LDHA:0SN and LDHA:1E4 

systems than in the native LDHA:PYR-NADH system (Figure 3-4). Apparently, no 

chemical moieties in either 0SN or 1E4 could mimic the negatively charged diphosphate 

group of NADH (Table 3-4), and thus neither 0SN nor 1E4 were able to hold the Arg98 

side chain in a relatively static orientation. 

Within the S-site, hydrophobic interactions with Val30 were well maintained in 

both LDHA:0SN and LDHA:1E4 by their phenyl rings. In addition to hydrogen bonding 

interactions with Asn137 ND2 and Thr247 OG1, 0SN also accepted a hydrogen bond 

from Gln99 NE2 (Figure 3-5 and Table 3-S2). In LDHA:1E4, however, these hydrogen 

bonds existed less frequently (Table 3-S2). Interestingly, the pyridine ring within the S-

site rotated almost 180 degrees during some of the MD simulations, leading to the 

formation of a hydrogen bond between the pyridine ring nitrogen and Asn137 ND2 

(Figure 3-5). 
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Figure 3-5: Comparison of the binding of dual-site inhibitors.  Representative MD 
snapshots of LDHA:0SN (carbon atoms in cyan) and LDHA:1E4 (carbon 
atoms in magenta) are superimposed. Selected binding site residues are 
labeled and shown in thin lines, while 0SN and 1E4 are shown in thick 
sticks. The mobile loop is represented by a ribbon, and the solvent-
accessible surface of LDHA is indicated by a grey transparent surface. 
Dashed lines represent polar interactions. Other atoms are colored: 
oxygen, red; nitrogen, blue; sulfur, yellow; chlorine, green; fluorine, pale 
cyan. 

 

Unlike the di-carboxylate of 0SN that maintained strong ionic interactions with 

Arg105, Arg168, and His192 throughout the simulation, the nicotinate of 1E4 within the 

S-site was not able to establish strong interactions with Arg105 on the mobile loop 

(Table 3-4). Even though the initial structure was built to have the mobile loop closed 

and the guanidinium group of Arg105 in close proximity with the nicotinate, it eventually 

moved away from 1E4. The absence of this interaction led to loop opening (Table 3-3) 

and larger fluctuations in the mobile loop region than those in LDHA:0SN and 

LDHA:PYR-NADH (Figure 3-4). These are consistent with the crystal structure of 1E4 in 

complex with rabbit LDHA, which has the mobile loop either missing (chains A, B, C, G, 

and H) or open (chains D, E, F),19 indicative of large mobility and a preference towards 

the open conformation. On the other hand, 0SN demonstrated marginally better ability to 
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stabilize the LDHA binding site than the native PYR-NADH (Figure 3-4), which is 

probably a result of its strong polar interactions with various binding site residues 

(Tables 3-4 and 3-S2). 

3.3.4. A-site binders 

The binding modes of AJ1 are very similar to the A-end of 0SN.18 The 

representative structure from MD simulations was almost identical to the crystal 

structure, with the only difference being that the phenyl ring of Phe118 moved towards 

the terminal methyl group of AJ1 to establish hydrophobic interactions (Figure 3-6A). 

The benzothiazole ring of AJ1 stayed firmly within the hydrophobic pocket formed by 

Val52, Ala95, and Ile115, whereas two hydrogen bonds with Asp51 and Gly96 were 

mostly maintained (Table 3-S2). Nonetheless, these two hydrogen bonds showed lower 

existence than those in LDHA:0SN, indicating larger mobility than 0SN, which is also in 

accordance with their relative RMSF values (Figure 3-7A). Likewise, the binding modes 

of 1E7 are similar to the A-end of 1E4,19 although its position and orientation deviated 

slightly from the corresponding crystal structure during MD simulations (Figure 3-6B). 

However, its ionic interactions with Arg111 were not as stable as those in the LDHA:1E4 

system (Table 3-4), and they were established and lost several times during the course 

of LDHA:1E7 MD simulations. Consequently, 1E7 demonstrated much larger mobility 

than AJ1 (Figure 3-7A). 

The initial structures of LDHA:NHIA and LDHA:FX11A were constructed by 

docking the ligand into the A-site of human LDHA, and docking poses with the best 

overlap between ligand aromatic portions and NADH adenine ring were selected. As 

expected, both systems evolved into conformations considerably different from docking 

poses after MD simulations (Text 3-S4). 
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Figure 3-6: Binding of AJ1 and 1E7.  Representative MD structures (cartoon and 
carbon atoms in cyan) and corresponding crystal structures (cartoon and 
carbon atoms in grey) are overlaid for A) LDHA:AJ1 and B) LDHA:1E7. 
Selected binding site residues are labeled and shown in thin lines, while 
ligands are shown in thick sticks. Dashed lines represent polar 
interactions. Other atoms are colored: oxygen, red; nitrogen, blue; sulfur, 
yellow; chlorine, green. 

 

 

Figure 3-7: Root-mean-squared fluctuations (RMSF) of A-site binding and S-site 
binding systems.  Contiguous residues are labeled by boxes with red 
dashed lines. 
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Similar to the aromatic ring of other ligands within the A-site, the indole ring of 

NHI was flanked by two hydrophobic side chains from Val52 and Ile115 (Figure 3-8A). 

Its trifluoromethyl moiety was also involved in hydrophobic interactions with Ile115 and 

Phe118, consistent with inhibition data which shows that the absence of a trifluoromethyl 

moiety leads to increased Ki value.15 The 6-phenyl group is also known to contribute to 

NHI binding,15 and it did establish hydrophobic interactions with Val50, Tyr82, and Ile119 

during MD simulations. In addition to occasional ionic contacts with Arg98 (Table 3-4), 

the carboxylate group of NHI could accept a hydrogen bond from Gly96 N, while its 

hydroxyl group donated a hydrogen bond to Asp51 (Figure 3-8A and Table 3-S2). 

Notably, NHI also exhibited the least mobility among A-site binders modeled (Figure 3-

7A). Hence, NHI might bind to the A-site, in agreement with preliminary crystallographic 

and NMR data.18 

 

 

Figure 3-8: Binding of NHI and FX11 at the A-site.  A) A representative MD snapshot 
of LDHA:NHIA, with coloring scheme identical to Figure 3-6. Black dashed 
lines represent polar interactions. B) Overlay of representative MD 
structures from four monomers of LDHA:FX11A (carbon atoms in cyan, 
magenta, yellow, and pink, respectively) and PDB 1I10 (carbon atoms in 
grey). Grey surface indicates the solvent-accessible surface of LDHA, 
showing that two of the FX11 structures are completely outside the 
binding groove. 
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Unlike NHI, FX11 showed much larger fluctuations in the LDHA:FX11A system, 

the largest among binders within the A-site (Figure 3-7A). The representative structures 

from different monomers displayed large variations, and they were mostly outside the 

binding groove (Figure 3-8B). In addition, there was little polar interaction between FX11 

and the enzyme (Tables 3-4 and 3-S2). The collective results suggest that FX11 does 

not bind within the A-site and behaves more like an unspecific inhibitor, binding near the 

A-site and not directly competing with NADH binding. 

3.3.5. S-site binders 

As revealed by relevant crystal structures, 2B4 shares the binding patterns of 

0SN while 6P3 shares those of 1E4 in the S-site.18,19 This was also the case in our MD 

simulations. Both 2B4 and 6P3 exhibited small fluctuations (Figure 3-7B) even though 

the loop opened in the LDHA:6P3 complex and their binding modes were somewhat 

different. Ionic interactions between the di-carboxylate of 2B4 and the three positively 

charged S-site residues, Arg105, Arg168, and His192, were persistent during MD 

simulations (Table 3-4). Hydrogen bonds donated by Asn137 ND2 and Thr247 OG1 also 

showed high percentages of existence in the MD trajectory of LDHA:2B4, although the 

hydrogen bond donated by Gln99 was less frequently present than that in LDHA:0SN 

(Table 3-S2). The ionic interactions in LDHA:6P3 were mostly between the carboxylate 

of 6P3 and Arg168 (Table 3-4), whereas Thr247 OG1 could donate a hydrogen bond to 

one of the carboxylate oxygens (Table 3-S2). In contrast to 1E4, however, the pyridine 

ring in 1E7 did not flip to form a hydrogen bond with Asn137 (Text 3-S4). 

The bound conformation of NHI within the S-site from the MD simulations (Figure 

3-9A) is similar to that previously modeled.15 The 6-phenyl group is involved in lipophilic 

interactions with the hydrophobic part of Arg98 and Tyr246, in accordance with its 

contribution to NHI binding.15 The trifluoromethyl group sat in a hydrophobic pocket 

formed by Val30, Val135, and Ser136, also in agreement with experimental data. 

However, our simulations showed that the carboxylate group was more likely to have 

ionic interactions with Arg105 than Arg168 (Table 3-4), and that hydrogen bonding 

interactions with Asn137 ND2 and Gln99 OE1/NE2 were more frequent than with Thr247 
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OG1 (Table 3-S2). These interactions led to retention of the closed conformation for the 

mobile loop, a key difference between our model and the previous one.15 

 

 

Figure 3-9: Binding of NHI and FX11 at the S-site.  Representative MD snapshots of 
A) LDHA:NHIS and B) LDHA:FX11S are shown. The color scheme is 
identical to Figure 3-6 with hydrogen atoms in white, while the mobile loop 
is in magenta. 

 

In the LDHA:FX11S complex, FX11 displayed smaller fluctuations than in the 

LDHA:FX11A complex and stayed mostly within the S-site (Figure 3-7). The 7-benzyl 

group showed some hydrophobic interactions with Val30, while the naphthalene 

backbone of FX11 exhibited some lipophilic interactions with Ile241 (Figure 3-9B). Ionic 

interactions between its carboxylate and Arg168 were mostly maintained (Table 3-4). 

Yet, the absence of strong interactions with Arg105 or any other mobile loop residues 

led to loop opening. Further, its aliphatic chain at C4 was not involved in any significant 

hydrophobic interactions, while the two hydroxyl groups were mostly involved in intra-

molecular hydrogen bonding, not contributing to FX11 binding at all (Figure 3-9B). Thus, 

our MD model for LDHA:FX11S is unlikely to represent a reasonable binding mode for 

the strongest inhibitor (Table 3-1). 
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3.3.6. Steered MD simulations 

It is difficult to discern inhibitors of different binding strengths by conventional MD 

simulations alone. One alternative approach to achieve discrimination is steered MD, i.e. 

pulling enzyme inhibitors from the binding site (bound state) to the bulk solvent (unbound 

state). This has been employed to investigate the relative binding strengths of various 

enzyme inhibitors.26,27 Hence, we performed steered MD simulations in an attempt to 

differentiate in silico the relative binding strengths of LDHA inhibitors at each site of 

binding. The initial structure for each system was generated from clustering of 

conventional MD trajectories, and 12 replicate steered MD runs were carried out for 

each system. Ideally, the difficulty in pulling inhibitors into the bulk solvent should 

correlate with their binding strengths. This should also help determine the binding 

location of NHI, as conventional MD simulations of both LDHA:NHIA and LDHA:NHIS 

systems have generated reasonable binding modes. Based on experimental binding 

constants (Table 3-1), it should be more difficult to unbind NHI, from either the A-site or 

the S-site, than other inhibitors known to bind to the same site. Likewise, it should be 

most difficult to unbind FX11 if the binding models from conventional MD simulations 

represent its experimental binding modes. 

The pulling force as a function of pulling distance was plotted (Figure 3-10), and 

the work required to pull the inhibitor out of the binding site was also calculated by 

integration (Table 3-5). Pulling A-site binders turned out to be much easier than S-site 

binders in spite of their comparable binding affinities. This is probably caused by the 

need to dissociate more interactions and overcome more steric clashes when pulling S-

site binders, especially 2B4 and NHI, whose binding kept the mobile loop closed. To 

demonstrate the influence of different initial loop conformations on the pulling of S-site 

binders, 6P3 was pulled from two different representative structures, one with the mobile 

loop open and the other closed (Table 3-5). As expected, starting from the open 

conformation required much smaller peak force and less work than starting from the 

closed conformation. Conversely, pulling 2B4 from two slightly different representative 

structures, both of which have the mobile loop closed, resulted in a similar peak force 

and almost identical amount of work (2B4 A and 2B4 B in Table 3-5). Thus, both the site 
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of binding and the initial conformation of the mobile loop can affect the difficulty of 

unbinding LDHA inhibitors. 

 

 

Figure 3-10: Examples of force-distance curves for the pulling simulation.  One of the 
12 replicate steered MD runs is shown for A) LDHA:1E7, B) LDHA:NHIA, 
C) LDHA:2B4, and D) LDHA:NHIS. 

 

Regardless of the loop conformation, it took less work and smaller peak force to 

dissociate 6P3 than 2B4, suggesting that 2B4 is indeed a stronger binder than 6P3. 

More importantly, the work performed to unbind NHI is much less than that of 2B4 and 

6P3 when pulling from the loop-closed conformation, contradicting their relative 

experimental binding affinities (Table 3-5). This suggests that the S-site is not the 

preferred binding site for NHI. The dissociation of FX11, whose binding kept the mobile 

loop open during conventional MD simulations, turned out to be more difficult than 6P3 

when starting from the loop-open conformation. Thus, it appeared that FX11 could bind 
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within the S-site and is indeed a stronger inhibitor than 6P3. Yet, it should be noted that 

their initial loop conformations are different. The mobile loop in LDHA:FX11S complex is 

“more closed” than that in LDHA:6P3 (Text 3-S7), and it should be more difficult to 

unbind FX11 than 6P3 even if they have similar binding affinities within the S-site. 

 

Table 3-5: Work and force involved in the pulling of LDHA binders from their binding 
sites. 

Ligand ΔGdissoc (kJ mol-1)a Work (kJ mol-1)b Peak Force (kJ mol-
1 nm-1)b 

A-site AJ1 17.8 97.0 ± 19.4 348 ± 29 

 1E7 22.0 94.4 ± 11.5 347 ± 26 

 NHI 28.8 126 ± 22 385 ± 65 

 FX11 41.7 124 ± 20 398 ± 49 

S-site 6P3, loop open 15.1 169 ± 28 392 ± 48 

 6P3, loop closed 15.1 575 ± 55 839 ± 86 

 2B4 A 21.0 679 ± 60 1026 ± 66 

 2B4 B 21.0 678 ± 91 903 ± 106 

 NHI 28.8 437 ± 40 778 ± 41 

 FX11 41.7 207 ± 27 454 ± 49 

Dual-site 0SN 40.1 806 ± 75 888 ± 66 

 1E4 40.9 613 ± 55 625 ± 59 
aCalculated according to ΔG = -RTln(Kd) from experimental Kd values. 
bReported as average ± standard deviation from 12 replicate steered MD runs. 

 

The initial loop conformation had a similar impact on the pulling of both dual-site 

inhibitors. With the mobile loop being initially closed, the pulling of 0SN required more 

work and larger peak force than that of 1E4, even though 0SN is a slightly weaker 

inhibitor (Table 3-5). Additionally, the work spent on pulling dual-site inhibitors is larger 

than the combined values of their single-site counterparts (0SN in comparison with 

AJ1+2B4; 1E4 in comparison with 1E7+6P3, loop open), indicating that the linker moiety 

in both dual-site inhibitors contributes to their binding. 
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Within the A-site, neither the pulling work nor the peak force was able to 

differentiate between the binding strengths of AJ1 and 1E7 (Table 3-5). Yet, this should 

be acceptable considering the small difference in their respective experimental ΔGdissoc 

values and the different experimental conditions under which their binding affinities are 

measured.18,19 In addition, it took statistically more work to pull out NHI than both AJ1 

and 1E7 (p<0.01), implying that NHI may indeed be an A-site binder. Further, the work 

and peak force for pulling FX11, which was mostly outside the A-site, are similar to those 

of NHI. This suggests that they have comparable binding strengths, contrary to the much 

larger experimental binding affinity of FX11 (Table 3-1). 

Since work is a path-dependent function, it does not necessarily correspond to 

ΔGdissoc, a state function. Thus, the difference in the potential of mean force (ΔPMF) was 

calculated using the Jarzynski equality.28,29 This equates the exponential average of the 

work performed during a non-equilibrium process, such as the pulling process of our 

steered MD simulations, to ΔPMF, which is a state function and equal to the free energy 

difference, if a sufficient number of replicates are used in the calculation: 

exp(−ΔPMF/kBT) = <exp(−W/kBT)> 

In the Jarzynski equality, W is the work performed, kB is the Boltzmann constant, 

and T is the temperature in Kelvin. The angled brackets indicate an average of the 

exponential over all replicate runs. With insufficient number of replicate steered MD runs, 

it is expected that the ΔPMF obtained will overestimate the corresponding ΔGdissoc 

values,30,31 which is indeed the case in our calculations (Table 3-6). Notwithstanding the 

significant overestimation, our ΔPMF values reproduced the experimental order of 

binding strengths for A-site binders AJ1, 1E7, and NHI as well as S-site binders 6P3 and 

2B4. Furthermore, the differences between ΔPMF values (ΔΔPMF) show qualitative 

correlation with the corresponding ΔGdissoc differences (ΔΔGdissoc) for A-site binders 

(except NHI vs FX11), the pulling of which were not complicated by different mobile loop 

conformations. Again, this suggests that NHI binds in the A-site. 
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Table 3-6: Comparison of experimental binding free energies and calculated ΔPMF. 

Ligand 
ΔGdissoc (kJ 

mol-1)a 
ΔPMF (kJ 

mol-1) 
ΔΔGdissoc (kJ 

mol-1)b 
ΔΔPMF (kJ 

mol-1)b 
A-site AJ1 17.8 72.7 0 0 

 1E7 22.0 76.5 4.2 3.8 

 NHI 28.8 95.0 11.0 22.3 

 FX11 41.7 92.4 23.9 19.7 

S-site 6P3, loop open 15.1 117.8   

 6P3, loop closed 15.1 449.7   

 2B4, A 21.0 564.1   

 2B4, B 21.0 546.5   

 NHI 28.8 372.2   

 FX11 41.7 181.7   

Dual-site 0SN 40.1 687.4   

 1E4 40.9 526.6   
aCalculated according to ΔG = -RTln(Kd) from experimental Kd values. 
bCalculated by subtracting the ΔGdissoc or ΔPMF of AJ1 for A-site binders. 

 

3.4. Discussion 

The use of a tetrameric model to study LDHA computationally has been 

attempted previously.32,33 However, those studies were based on evidence from either 

geometry optimization or short-term MD simulations with restraints to prevent large 

conformational changes.32,33 In contrast, the present study employed moderate-length 

MD simulations with sufficient system size (>150,000 atoms) and no restraints to 

approximate physiological conditions, further justifying the use of the tetrameric form in 

such computational studies. Of note, LDHAs from different species (Figure 3-S1) might 

show different dynamics. However, we restricted this study to human LDHA, which is 

most relevant to the development of anticancer agents; only 0SN has been co-

crystalized with human LDHA among the ligands studied (Table 3-1). 

We have shown that the mobile loop prefers to be in an open conformation for 

most of the LDHA:ligand systems investigated (Table 3-2), leaving the S-site exposed to 
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the bulk solvent. Three systems, LDHA:0SN, LDHA:2B4, and LDHA:NHIS, could hold 

the mobile loop in the closed conformation. Additionally, the mobile loop displayed larger 

fluctuations in the open conformation than in the closed conformation, which is probably 

caused by a much larger conformational space available for the loop open state. It 

follows that bringing the mobile loop to the closed conformation causes an entropic 

penalty. This could partially explain the comparable binding affinities of 0SN and 1E4, 

even though 0SN possesses more polar interactions. 

Similarly, the ionic interactions with Arg111 were shown to significantly reduce 

the mobility of 1E4 and surrounding A-site residues, including Arg111; the incurred 

entropic penalty may offset the enthalpy gain from such strong ionic interactions. Since 

Arg111 is largely exposed to bulk solvent, polar water molecules can also compete with 

the inhibitor in interacting with Arg111. Notably, similar ionic interactions in the 

LDHA:1E7 complex appeared to be unstable, suggesting little free energy gain from this 

interaction. 

No significant correlation between the dynamics of ligand binding, as revealed by 

RMSF values of binding site residues and ligands as well as the percentage existence of 

polar interactions, and experimental binding affinities was found. For example, the 

binding of 1E4 incurred much larger fluctuations with smaller percentage existence of 

polar interactions than that of 0SN (Figure 3-4, Tables 3-4 and 3-S3), but their 

experimental binding affinities are roughly the same, with 1E4 being slightly higher 

(Table 3-1). The same phenomenon was observed for A-site binders 1E7 and AJ1. 

Likewise, the number of strong polar interactions or contacts (Table 3-S1) does not 

predict the strength of binding. Hence, conventional MD simulations appear to be 

incapable of discriminating LDHA inhibitors of different binding strengths. To resolve this 

issue, we resorted to steered MD simulations, which can qualitatively discern inhibitors 

of largely different binding affinities.34 

Steered MD simulations have demonstrated the effects of different initial 

conformations of the mobile loop (6P3, loop open vs 6P3, loop closed) and different sites 

of binding (6P3, loop open vs AJ1/1E7) on the difficulty of pulling. Considering these 

effects, our pulling results correlated well with experimental binding affinities and were 
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able to distinguish inhibitors with a small 4 kJ mol−1 ΔGdissoc difference, despite their 

different dynamics and modes of binding (Table 3-6). Although ΔPMF values, calculated 

from exponential averages of non-equilibrium work, largely depend on rarely sampled 

trajectories with small dissipated work (Text 3-S6), the work and peak force were able to 

qualitatively discriminate inhibitors of the same binding site and initial loop conformation 

(for S-site binders). Other computational approaches such as umbrella sampling can 

yield a better estimate of free binding energy.35,36 Nevertheless, steered MD simulations 

provide a more convenient set-up with much less computational cost for ranking 

inhibitors with respect to relative binding affinities. 

Our steered MD simulations also suggest that NHI is more likely to bind in the A-

site by comparison of relative difficulties in pulling, even though NHI binding models in 

both the A-site and the S-site, generated from conventional MD simulations, can explain 

its experimental structure-activity relationships.15 After all, NHI behaved differently in the 

S-site from other inhibitors that have only one carboxylate group within the S-site, in that 

NHI could hold the mobile loop closed by interacting with Arg105 for most of the time 

while others could not (Tables 3-2 and 3-4). The binding of NHI at the A-site also agrees 

with preliminary NMR and crystallographic data.18 On the other hand, our attempts to 

obtain possible binding modes of FX11 were unsuccessful. In its A-site binding models 

(Figure 3-8B), only the propyl group is within the A-site while the naphthalene backbone 

is mostly outside. In addition, steered MD results suggest that FX11 would have a similar 

binding affinity to NHI if it binds around this site, which contradicts their experimental 

binding data (Table 3-1). Moreover, pulling results cannot be used to support FX11 

binding at the S-site due to the incomparability incurred by different loop conformations 

between FX11 and 6P3, loop open (Text 3-S7). Yet, the lack of important interactions 

(Figure 3-9 and Table 3-S2) does indicate weak binding of FX11 with the S-site. All 

these observations are consistent with recent literature that suggests the super-

stoichiometric and unspecific binding of FX11 due to its aggregation instead of binding at 

a specific site.19 

In light of the interaction dynamics of LDHA:ligand systems, the design of 

stronger LDHA inhibitors could benefit from introducing contacts with binding site 

residues that are intrinsically stable, which could be inferred from their RMSF values in 
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the simulation of apo LDHA (Figure 3-4). For A-site binders, hydrophobic contacts with 

Val50, Ala95, and Ile119, all of which are indicated in our NHI binding model, would be 

most recommended. Involving Arg98 and/or Arg111 in ionic interactions may not be 

optimal, as they showed large RMSF values in apo LDHA and even some LDHA:ligand 

simulations. Neither 0SN nor 1E4 has polar interactions with Arg98, but they are 

stronger binders than NADH (Table 3-1), whose binding greatly reduced the mobility of 

Arg98 (Figure 3-4) and presumably incurred a large entropic penalty. Yet, novel A-site 

inhibitors could be designed to exploit ionic interactions with Asp51, which serves as an 

important and stable hydrogen bond acceptor for most binders in this study (Table 3-S2). 

For example, introducing a positively charged group at the para-position of the phenyl 

ring in 1E7 could enhance its binding affinity. Additionally, polar interactions with Thr94 

and Gly96 could also be incorporated in the design of A-site inhibitors. For S-site 

binders, hydrophobic interactions with Val135 and Ile251, which are deep under the 

binding site and exhibited very small fluctuations, should be considered in addition to 

Val30. To this end, a methyl group could be attached to the aromatic rings of S-site 

inhibitors. Ionic contacts with Arg168 and His192 are apparently necessary, while 

hydrogen bonding interactions with Asn137 and Thr247 should also be maintained. 

Interactions with mobile loop residues would be less favorable as there would be 

considerable entropic costs in stabilizing these residues. 

3.5. Conclusions 

We have conducted conventional MD simulations to investigate several LDHA 

inhibitors with known sites of binding, which revealed different binding dynamics for 

inhibitors of similar binding affinities. In addition, the binding location and geometry of 

two inhibitors, NHI and FX11, whose binding sites were subject to question, were also 

probed. This resulted in two possible binding models for NHI and two unlikely ones for 

FX11, the latter of which agrees with recent literature showing the unspecific binding of 

FX11. To differentiate LDHA inhibitors in terms of binding strengths, steered MD 

simulations were performed to pull inhibitors out of the binding site. Good correlation 

between the difficulties of unbinding inhibitors, especially as measured by ΔPMF values 

calculated from the Jarzynski equality, and experimental ΔGdissoc values was achieved. 
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The pulling results also suggest the favorable binding of NHI within the A-site instead of 

the S-site, consistent with experimental data. 

The combined use of conventional and steered MD simulations as presented 

herein could be applied to newly-designed LDHA inhibitors, so that their binding modes 

and strengths relative to known inhibitors of the same binding site could be inferred prior 

to chemical synthesis and biological evaluation. This approach would assist in the 

design and development of better LDHA inhibitors, contributing to the growing efforts 

that target energy metabolism for cancer therapy. 

3.6. Materials and methods 

3.6.1. System preparation 

Two crystal structures of human LDHA17,18 (PDBs 1I10 and 4AJP) have been 

used in MD simulations, and their structures are very similar (Table 3-S3). Prior to MD 

simulations, they were submitted to MolProbity37 for the addition of hydrogen atoms and 

validation of structures. The LDHA:0SN system was constructed directly from the PDB 

4AJP complex after removal of glycerol and sulfate ions, and the initial structure of 

LDHA:1E4 was built by fitting 1E4 (from chain A of PDB 4I9H) analogously into the four 

binding sites of LDHA:0SN complex after removing 0SN. The starting structure of the 

LDHA:PYR-NADH system was built by altering the oxamate in PDB 1I10 to pyruvate. 

The initial structures of LDHA:1E7, LDHA:AJ1, LDHA:2B4, and LDHA:6P3 complexes 

were constructed by fitting the ligand structure (from chain A of PDBs 4I9U, 4AJ1, 4AJE, 

and 4I8X, respectively) analogously into the binding sites of human LDHA from PDB 

1I10 (chains A, B, C, and D). To build the starting structure for LDHA:FX11 and 

LDHA:NHI complexes, molecular docking was performed in both the adenine and the 

substrate/nicotinamide binding pockets by AutoDock Vina.38 After removing all non-

protein residues, chain A (loop closed) and chain D (loop open) of PDB 1I10 was used 

as the macromolecular model for the docking into the adenine pocket and 

substrate/nicotinamide pocket, respectively. The docking poses with the best overlap 

with NADH adenine (as in PDB 1I10 chain D) were selected for adenine pocket docking, 

while those having the best interaction between ligand carboxylate and Arg168 
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guanidinium group were chosen for substrate/nicotinamide pocket docking. For apo 

LDHA, the starting structure was directly extracted from PDB 1I10 (chains A, B, C, and 

D) after removal of non-protein residues. Hence, initial structures of 12 systems were 

built (Table 3-2). 

All complex and apo LDHA structures were processed by the LEaP module in 

AmberTools1.5,39 where Amber ff99SB40 and GAFF force field41 parameters were 

applied. Parameters for NADH were taken directly from R.E.D. Database Project F-90.42 

Missing atomic charges for ligands were derived by R.E.D. Server43 according to the 

RESP model,44 taking into account multiple conformations and multiple orientations as 

per AMBER convention (Text 3-S1).45 

3.6.2. Conventional MD Simulations 

MD simulations of all systems were conducted with GROMACS 4.5.4.46 Each 

system was placed in a dodecahedral box with a minimal 1.5 nm distance between 

solute and box edge, followed by solvation with TIP3P water molecules. Salt ions were 

then added at a concentration of 0.15 M to balance ionic charge in the system. Energy 

minimizations were carried out with steepest descent integrator and conjugate gradient 

algorithm sequentially to achieve a maximum force of less than 500 kJ mol-1 nm-1 on 

any atom. A twin-range cutoff scheme was used to evaluate short-range, non-bonded 

interactions, with van der Waals interactions truncated at 1.4 nm and electrostatic 

interactions truncated at 0.9 nm. Long-range electrostatic interactions were treated by 

the particle mesh Ewald (PME) method.47,48 The temperature was maintained at 298 K 

using a velocity rescaling thermostat49 with a coupling constant of 0.1 ps, while the 

pressure was maintained at 1.0 atm using a Berendsen barostat,50 with a coupling 

constant of 1 ps. Simulations were performed with a time step of 2 fs, and all bonds 

involving hydrogen atoms were constrained by a parallel linear constraint solver (P-

LINCS).51 Following equilibration under a constant volume (NVT) ensemble for 100 ps, 

three stages of equilibrations under a constant pressure (NPT) ensemble were carried 

out for 100 ps, 100 ps, and 300 ps, respectively, reducing the force constant of harmonic 

position restraint applied on system heavy atoms from 1000 kJ mol−1 nm−2, 300 kJ mol−1 

nm−2, to 100 kJ mol−1 nm−2, respectively. For LDHA:FX11 and LDHA:NHI systems, no 
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position restraints were applied on the ligand and enzyme atoms within 0.5 nm of the 

ligand. After equilibration, production MD simulations were conducted for 60 ns for each 

system without any constraints. Three replicate MD runs were performed for each 

system by varying the random seed for initial velocity generation, resulting in a total 

simulation time of 2.16 µs. 

3.6.3. Trajectory Analysis 

The last 20 ns of each triplicate trajectory was extracted and combined, yielding 

60 ns of equilibrated trajectory for each system. Clustering was then performed for each 

monomer based on RMSD values of heavy atoms from the ligand and selected binding 

site residues, the latter of which include LDHA residues within 0.5 nm of 0SN in chain A 

of PDB 4AJP (Text 3-S3). The gromos clustering method was employed with a certain 

RMSD cutoff so that the largest cluster represent more than half of the conformations of 

the 60 ns combined trajectory. For each system, the central structure of the largest 

cluster in the monomer was chosen as the representative structure. Except for RMSD, 

all other analyses were performed on the combined 60 ns trajectory. 

3.6.4. Steered MD Simulations 

The representative structure of the monomer with the least RMSF values was 

used as the starting point of the non-equilibrium pulling for each system (Text 3-S5). The 

corresponding tetramer was solvated with TIP3P water and 0.15 M salt ions in a 20 nm × 

11 nm × 11 nm rectangular box, whose dimension is more than sufficient for the pulling 

simulation. This resulted in a simulation system size of ~240,000 atoms. After 

equilibration under a NPT ensemble for 100 ps, the pressure and heat controls were 

switched to a Nose-Hoover thermostat52 and a Parrinello-Raham barostat53 and only the 

ligand in the representative monomer was pulled away. Harmonic position restraints with 

a force constant of 1000 kJ mol−1 nm−2 were applied on heavy atoms of the other three 

ligand residues and LDHA residues. In the case of pulling S-site binders, no position 

restraints were applied on the mobile loop region (residues 95–112) to allow for its 

movement and thus the egress of ligands. Constant-velocity steered MD simulations 

were implemented with a spring force constant of 1000 kJ mol−1 nm−2 at a relatively low 
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speed of 0.5 nm ns–1. The pulling force and distance were output every 1 ps to a total 

pulling time of 10 ns, and the force-distance curve consisting of 10,000 points were 

numerically integrated to yield work. As the work performed by non-equilibrium pulling 

processes is strongly path-dependent, the direction of the pulling force was dynamically 

defined for each individual system. Initially, at least three different pulling directions were 

selected manually to minimize steric clashes, and the one producing the least amount of 

work was used for subsequent duplicate pulling simulations. A total of 12 replicate 

pulling simulations were performed for each system, totaling a simulation time of 1.44 

µs. 

All simulations were performed on a parallel HP Xeon E5649 cluster provided by 

Compute Canada. Each conventional and steered MD job ran with 144 CPU cores and 

the total simulation time was estimated to be 100 core years. 
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Figure 3-11: Sequence alignment of lactate dehydrogenase A (LDHA) from different 
species. All sequences were retrieved from http://www.uniprot.org/. 
Residue numbering is one larger than that in the manuscript, as the 
initiator methionine was counted here. The symbol in the last row of each 
column indicates whether the residues are identical (*), strongly similar 
(:), or weakly similar (.). 
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Table 3-S1: Averaged number of contacts between LDHA and the ligand. 

Ligand Number of contacts Number of contacts per ligand heavy atom 

Dual site 

PYR-NADH 167.1 3.34 

0SN 100.4 2.87 

1E4 98.6 1.93 

A-site 

1E7 36.7 1.60 

AJ1 35.0 2.33 

NHI 50.9 2.21 

FX11 33.4 1.28 

S-site 

2B4 56.4 3.76 

6P3 39.3 2.62 

NHI 60.0 2.61 

FX11 52.0 2.00 
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Table 3-S2:  Hydrogen bond (excluding ionic interactions) occupancy. 

System Donor Acceptor Occupancyd 

LDHA:PYR-
NADH 

ALA29 N POPa OA2 82.06% 

VAL30 N POPa OB1 94.67% 

LYS56 NZ ADSb O3' 52.39% 

ASN137 N NRSc O3'/O2' 79.22% 

ASN137 ND2 PYR O 69% 

HIP192 NE2 PYR O 70.39% 

THR247 OG1 PYR OX2 67.94% 

ADSb O3' ASP51 OD2/OD1 100% 

ADSb O2' ASP51 OD1/OD2 99.56% 

NRSc O3' ALA97 O 63.44% 

NRSc N9 VAL135 O 84% 

LDHA:0SN 

GLY96 N 0SN O13 91.92% 

GLN99 NE2 0SN O31 71.21% 

ASN137 ND2 0SN O32/O31 96.37% 

THR247 OG1 0SN O34 83.96% 

0SN N11 ASP51 OD2 76.33% 

0SN N16 GLY96 O 96.04% 

LDHA:1E4 

GLY96 N 1E4 O17 33.75%* 

ASN137 ND2 1E4 N36 27.33%* 

THR247 OG1 1E4 OY2 25.75% 

1E4 O19 ASP51 OD2 15.17% 

1E4 O20 THR94 O 24.29% 

LDHA:AJ1 
GLY96 N AJ1 O 63.45% 

AJ1 N ASP51 OD2/ OD1 71.15% 

LDHA:NHIA 

GLY96 N NHI OY2/OY1 25.38%* 

NHI O1 ASP51 OD1/OD2 41.75%* 

NHI O1 GLY96 O 19.63%* 

LDHA:2B4 

GLN99 NE2 2B4 OY1 36% 

ASN137 ND2 2B4 OY2/OY1 96.61% 

THR247 OG1 2B4 OX1 78.56% 

LDHA:6P3 THR247 OG1 6P3 OY2/OY1 41.67% 

LDHA:NHIS 

ASN137 ND2 NHI OY1/OY2 38.89%* 

THR247 OG1 NHI O1 16.89%* 

NHI O1 GLN99 OE1 20.44%* 

LDHA:FX11S THR247 OG1 FXI OX1/OX2 45.62%* 
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aThe diphosphate moiety of NADH. 
bAdenosine. 
cNicotinamide riboside. 
dHydrogen bonds not present in crystal structures are indicated by stars (*). 
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Table 3-S3: Root mean squared deviations (RMSD) between PDB 1I10 and PDB 
4AJP. 

 Root mean squared deviations (nm) 
Chains All protein atoms Backbone atoms Binding site residues 

A 0.088 0.045 0.082 

B 0.085 0.046 0.075 

C 0.092 0.054 0.070 

D 0.190 0.157 0.353 
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Text 3-S1: Atom names, types, and RESP charges of LDHA ligands. 

PYRa Atom name/typeb RESP charge (e) 

 

C/C 0.5118 

O/O -0.5999 

CX/C 0.7279 

OX1/O2 -0.7782 

OX2/O2 -0.7782 

CT/CT -0.1518 

H1/HC 0.0228 

H2/HC 0.0228 

H3/HC 0.0228 

aRESP charges of NADH were taken directly from RESP ESP charge DDataBase, Project F-90.[1] 
bAtom types refer to those in either Amber ff99SB (upper case) or GAFF force field (lower case), the latter of 
which is an expansion to the former and they are thus compatible.[2] 

 

1. Dupradeau FY, Cezard C, Lelong R, Stanislawiak E, Pecher J, et al. (2008) 
R.E.DD.B.: a database for RESP and ESP atomic charges, and force field 
libraries. Nucleic Acids Res 36: D360-367. 

2. Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA (2004) Development and 
testing of a general amber force field. J Comput Chem 25: 1157-1174. 
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0SN Atom 
name/type 

RESP 
charge (e) 

Atom 
name/type 

RESP 
charge (e) 

 

C1/CT -0.0909 O34/O2 -0.8050 

C2/CC 0.3679 O35/O2 -0.8050 

N3/NB -0.5663 H5/HA 0.1523 

C4/CB 0.3426 H6/HA 0.1684 

C5/CA -0.1537 H8/HA 0.2406 

C6/CA -0.2620 H11/H 0.2844 

C7/C 0.0513 H141/HC 0.0364 

C8/CA -0.1189 H142/HC 0.0364 

C9/CB -0.0907 H151/H1 0.0628 

S10/S -0.1402 H152/H1 0.0628 

N11/N -0.3850 H16/H 0.3158 

C12/C 0.6184 H191//HC 0.0989 

O13/O -0.5748 H192/HC 0.0989 

C14/CT -0.0879 H201/HC -0.0004 

C15/CT 0.0512 H202/HC -0.0004 

N16/N -0.5023 H211/HC 0.0099 

C115/C 0.6712 H212/HC 0.0099 

O18/O -0.6262 H23/HA 0.1432 

C19/CT -0.3546 H24/HA 0.1074 

C20/CT 0.0799 H26/HA 0.1074 

C21/CT 0.0316 H27/HA 0.1432 

C22/CA -0.0109 H281/HC -0.0628 

C23/CA -0.3116 H282/HC -0.0628 

C24/CA -0.0753 H29/HC -0.1944 

C25/CA 0.0899 H1A/HC 0.0553 

C26/CA -0.0753 H1B/HC 0.0553 

C27/CA -0.3116 H1C/HC 0.0553 

C28/CT 0.0187   

C29/CT 0.3317   

C30/C 0.6900   

O31/O2 -0.8050   

O32/O2 -0.8050   

C33/C 0.6900   
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2B4 Atom name/type RESP charge (e) 

 

C4/ca -0.0745 

BR4/br -0.2384 

C3/ca -0.1105 

H3/ha 0.1338 

C2/ca -0.2691 

H2/ha 0.1458 

C1/ca 0.5431 

C6/ca -0.2691 

H6/ha 0.1458 

C5/ca -0.1105 

H5/ha 0.1338 

O7/os -0.5457 

C8/c3 0.3328 

H8/h1 -0.0955 

C8X/c 0.7727 

OX1/o -0.8168 

OX2/o -0.8168 

C8Y/c 0.7727 

OY1/o -0.8168 

OY2/o -0.8168 
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1E4 Atom 
name/type 

RESP 
charge (e) 

Atom 
name/type 

RESP 
charge (e) 

 

CL15/cl -0.0957 C30/cp -0.1622 

CME/c3 -0.0817 C31/ca 0.4005 

CX/c 0.7351 C32/ca -0.3069 

OX1/o -0.7607 C33/ca -0.0887 

OX2/o -0.7607 C34/ca -0.0498 

N1/nb -0.5190 C35/ca 0.1687 

C2/ca 0.1436 N36/nb -0.5444 

C3/ca -0.0214 CY/c 0.7581 

C4/ca -0.1431 OY1/o -0.7683 

C5/ca -0.2715 OY2/o -0.7683 

C6/ca 0.4507 F29/f -0.1906 

S7/ss -0.3197 H2/h4 0.0940 

C8/c3 -0.2161 H4/ha 0.1530 

C9/c 0.6093 H5/ha 0.1733 

O9/o -0.5923 H10/hn 0.1828 

N10/n -0.2360 H13/ha 0.1460 

C11/ca -0.0080 H16/ha 0.1585 

C12/ca 0.0671 H19/h1 0.1105 

O12/os -0.1875 H20/h1 0.0606 

C13/ca -0.1585 H21/h1 0.0606 

C14/ca 0.1972 H22/h1 0.1105 

C15/ca -0.0398 H26/ha 0.1523 

C16/ca -0.0837 H28/ha 0.1267 

O17/os -0.3504 H30/ha 0.1442 

C18/c3 0.0149 H32/ha 0.1285 

C19/c3 0.2806 H33/ha 0.1429 

O19/oh -0.6489 H35/h4 0.0879 

C20/c3 0.0834 H1M/h1 0.0873 

O20/oh -0.6900 H2M/h1 0.0873 

C21/c3 0.0834 H3M/h1 0.0873 

O21/oh -0.6900 H8a/h1 0.1297 

C22/c3 0.2806 H8b/h1 0.1297 

O22/oh -0.6489 H19O/ho 0.4178 

C23/c3 0.0149 H18A/h1 0.0673 

O24/os -0.3642 H18B/h1 0.0673 
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C25/ca 0.1291 H20O/ho 0.4504 

C26/ca -0.1546 H21O/ho 0.4504 

C27/cp -0.1198 H22O/ho 0.4178 

C28/ca -0.0859 H23A/h1 0.0673 

C29/ca 0.1509 H23B/h1 0.0673 

 

6P3 Atom name/type RESP charge (e) 

 

C11/ca -0.1689 

H11/ha 0.1255 

C12/ca -0.1021 

H12/ha 0.1107 

C7/cp -0.0105 

C8/ca -0.1021 

H8/ha 0.1107 

C9/ca -0.1689 

H9/ha 0.1255 

C10/ca -0.1440 

H10/ha 0.1192 

C6/cp 0.3521 

C5/ca -0.3171 

H5/ha 0.1181 

C4/ca -0.0625 

H4/ha 0.1324 

C3/ca -0.0516 

C2/ca 0.1581 

H2/h4 0.0805 

N1/nb -0.5167 

C3Y/c 0.7426 

OY1/o -0.7655 

OY2/o -0.7655 
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1E7 Atom name/type RESP charge (e) 

 

C2/ca 0.1382 

H2/h4 0.0939 

C3/ca -0.0201 

C4/ca -0.1496 

H4/ha 0.1525 

C5/ca -0.2493 

H5/ha 0.1688 

C6/ca 0.4212 

N1/nb -0.5055 

S7/ss -0.3175 

C8/c3 -0.2038 

H81/h1 0.1276 

H82/h1 0.1276 

C9/c 0.5966 

O9/o -0.5891 

C3Y/c 0.7437 

OY1/o -0.7634 

OY2/o -0.7634 

C11/ca -0.0196 

C12/ca 0.1457 

C13/ca -0.1709 

H13/ha 0.1399 

C14/ca -0.1294 

H14/ha 0.1554 

C15/ca -0.0611 

CL15/cl -0.1155 

C16/ca -0.0133 

H16/ha 0.1515 

O12/os -0.2279 

CME/c3 -0.0702 

HM1/h1 0.0852 

HM2/h1 0.0852 

HM3/h1 0.0852 

N10/n -0.2426 

H10/hn 0.1940 
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NHI Atom name/type RESP charge (e) 

 

C3X/ca 0.0256 

C7X/ca 0.0647 

C7/ca -0.1397 

H7/ha 0.1339 

C6/cp -0.0943 

C5/ca -0.1500 

H5/ha 0.1168 

C4/ca -0.0404 

C4F/c3 0.4717 

F1/f -0.1845 

F2/f -0.1845 

F3/f -0.1845 

C61/cp 0.0531 

C62/ca -0.0828 

H62/ha 0.1147 

C63/ca -0.2059 

H63/ha 0.1396 

C64/ca -0.1165 

H64/ha 0.1231 

C65/ca -0.2059 

H65/ha 0.1396 

C66/ca -0.0828 

H66/ha 0.1147 

N1/na 0.1382 

C2/cc 0.0260 

C3/cd -0.4338 

H3/ha 0.2198 

C2Y/c 0.8632 

OY1/o -0.7751 

OY2/o -0.7751 

O1/oh -0.5359 

H1O/ho 0.4470 
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FX11 
Atom 

name/typ
e 

RESP 
charge (e) 

Atom 
name/typ

e 
RESP 

charge (e) 

 

C8X/ca -0.1178 C5/ca -0.2087 

C4/ca -0.1468 H5/ha 0.1672 

C4X/ca -0.0574 C73/ca -0.1191 

C7/ca 0.0568 H73/ha 0.1197 

C72/ca 0.1110 C74/ca -0.2067 

C6/ca 0.0380 H74/ha 0.1418 

C1/ca -0.0387 C75/ca -0.1189 

C3/ca 0.2742 H75/ha 0.1197 

C2/ca 0.1397 C76/ca -0.2067 

CX/c 0.7865 H76/ha 0.1418 

H2O/ho 0.4133 C77/ca -0.1191 

H3O/ho 0.4113 H77/ha 0.1197 

O2/oh -0.5781   

O3/oh -0.6103   

OX1/o -0.7659   

OX2/o -0.7659   

C43/c3 -0.0994   

1H43/hc 0.0121   

2H43/hc 0.0121   

3H43/hc 0.0121   

C42/c3 0.0106   

1H42/hc 0.0180   

2H42/hc 0.0180   

C41/c3 0.0259   

1H41/hc 0.0201   

2H41/hc 0.0201   

C6M/c3 -0.2712   

1H6M/hc 0.0680   

2H6M/hc 0.0680   

3H6M/hc 0.0680   

C71/c3 -0.0974   

2H71/hc 0.0285   

2H72/hc 0.0285   

C8/ca -0.1215   

H8/ha 0.1989   
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Text 3-S2: Root mean squared deviation (RMSD) of LDHA backbone atoms. 
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Text 3-S3: Root mean squared deviation (RMSD) of heavy atoms of selected 

binding site residues and ligands. 

 

The following residues, within 0.5 nm of 0SN, were selected based on the human 

LDHA crystal structure 4AJP: Val25, Gly26, Val27, Gly28, Ala29, Val30, Gly31, Val50, 

Asp51, Val52, Tyr82, Thr94, Ala95, Gly96, Ala97, Arg98, Gln99, Gln100, Glu101, 

Gly102, Glu103, Ser104, Arg105, Ile115, Phe118, Ile119, Val135, Ser136, Asn137, 

Leu164, Arg168, His192, Ala237, Thr247, Ile251. 

 

  

 

 

 



 

110 
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Text 3-S4: Superimposition of cluster centroids. 

Initial structures of binding sites, from either crystal structures or docking structures, 

were also overlaid for comparison.  The carbon atom and cartoon are colored in green 

(chain A), cyan (chain B), magenta (chain C), yellow (chain D), and grey (initial 

structure).  Ligands are shown in thick sticks while selected binding site residues are 

shown in thin lines.  Other atoms are colored: oxygen, red; nitrogen, blue; phosphate, 

orange; sulfur, yellow; chlorine, green. 

LDHA:PYR-NADH   

LDHA:0SN   

LDHA:1E4   
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LDHA:AJ1             LDHA:1E7 

    

 

LDHA:NHIA             LDHA:FX11A 
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LDHA:2B4             LDHA:6P3 

    

 

LDHA:NHIS             LDHA:FX11S 
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Text 3-S5:  Initial structures for steered MD simulations. 

The inhibitor was pulled towards you (the viewer).  LDHA structure is labeled by green 

cartoon (backbone) and grey surface, whereas inhibitors are represented by thick sticks 

with atoms colored as: carbon, magenta; oxygen, red; nitrogen, blue; phosphate, 

orange; sulfur, yellow; chlorine, green; fluorine, pale cyan.  The mobile loop is also 

colored in magenta for S-site binders. 

AJ1              1E7 

    

NHIA               FX11A  
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6P3 (loop open)            6P3 (loop closed) 

    

 

2B4 (A)              2B4(B) 
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NHIS               FX11S 

    

 

0SN              1E4 

    

Apparently, the pulling of 6P3 (loop closed), 2B4 (A and B), and NHIS, FX11S, 

0SN, and 1E4 is complicated by steric clashes of different extents. 
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Text 3-S6: Original pulling work and peak force for steered MD runs. 

A-site 
binders 

AJ1 1E7 NHI FX11 
Wa Fb Wa Fb Wa Fb Wa Fb 

Run 1 88.83 386.8 90.56 331.2 147.9 385.5 137.2 439.3 

Run 2 137.9 302.8 103.5 335.3 149.6 419.7 131.5 380.4 

Run 3 72.28 353.8 100.2 399.9 134.0 416.7 113.4 420.1 

Run 4 108.9 352.9 84.50 324.4 136.8 455.2 132.1 408.6 

Run 5 89.60 375.0 91.21 369.0 112.4 381.8 113.3 460.3 

Run 6 96.44 366.7 108.1 350.4 92.05 233.9 111.3 347.3 

Run 7 109.0 394.1 81.54 336.9 134.3 375.4 149.6 357.9 

Run 8 92.39 342.7 70.37 317.5 121.4 387.4 137.3 488.3 

Run 9 66.79 319.1 106.2 392.2 109.2 352.6 122.6 388.7 

Run 10 91.99 340.8 106.4 332.3 135.4 442.4 153.4 385.9 

Run 11 118.1 317.4 96.15 336.9 153.8 460.8 86.28 312.9 

Run 12 92.06 329.3 94.12 339.6 89.62 309.0 98.93 383.7 

 

S-site 
binders 

6P3 
(loop closed) 

6P3 
(loop open) 2B4, A 2B4, B 

Wa Fb Wa Fb Wa Fb Wa Fb 

Run 1 601.9 815.0 140.3 327.3 708.0 1060 629.3 817.5 

Run 2 576.4 850.5 201.6 433.9 620.4 978.5 705.9 1083 

Run 3 649.4 965.4 111.6 334.3 780.1 1138 815.3 939.1 

Run 4 555.2 831.3 194.2 407.3 706.7 1055 707.5 931.8 

Run 5 610.7 801.3 192.0 465.8 745.4 1102 623.6 793.5 

Run 6 594.5 921.1 196.5 382.4 639.3 936.7 872.7 1104 

Run 7 628.8 988.1 172.7 411.3 628.7 981.0 656.1 887.1 

Run 8 612.4 834.3 131.4 305.9 695.2 1039 672.1 830.4 

Run 9 541.1 753.9 175.1 403.2 699.8 1082 630.5 962.9 

Run 10 539.8 763.1 174.9 380.0 674.2 1032 607.3 852.3 

Run 11 542.7 853.1 173.9 412.4 688.6 990.8 670.1 860.4 

Run 12 443.5 691.2 164.3 436.6 557.9 919.1 540.3 774.9 
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S-site 
binders 
(cont.) 

NHI FX11 

Wa Fb Wa Fb 

Run 1 485.2 798.9 175.9 491.8 

Run 2 453.5 797.5 197.7 506.7 

Run 3 443.4 809.3 209.3 467.0 

Run 4 404.2 745.3 253.0 449.6 

Run 5 441.6 841.0 229.9 425.1 

Run 6 398.3 787.8 186.5 409.2 

Run 7 447.6 702.4 183.0 418.9 

Run 8 408.6 803.5 253.4 563.1 

Run 9 516.9 803.7 219.3 453.2 

Run 10 437.4 765.1 182.8 380.0 

Run 11 366.0 712.1 196.5 426.9 

Run 12 442.6 763.9 201.3 459.4 

 

 

 

 

 

 

 

 

 

aWork, with the unit being kJ mol-1. 
bPeak force, with the unit being kJ mol-1 nm-1. 

Dual-site 
binders 

0SN 1E4 

Wa Fb Wa Fb 

Run 1 795.7 858.7 674.4 648.6 

Run 2 681.2 834.9 537.0 585.5 

Run 3 829.0 1016 575.0 609.3 

Run 4 735.4 824.6 619.4 581.1 

Run 5 796.9 892.1 707.6 685.4 

Run 6 792.6 875.8 649.0 646.1 

Run 7 916.4 931.8 598.6 556.0 

Run 8 934.0 985.9 649.3 748.2 

Run 9 860.2 916.6 520.4 543.7 

Run 10 798.2 830.3 574.1 611.3 

Run 11 821.4 889.3 631.5 674.6 

Run 12 712.9 802.6 625.1 612.7 
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Text 3-S7: Loop conformations for the pulling of S-site inhibitors. 

Protein backbones are shown in cartoon while S-site inhibitors are represented 

by thick sticks. 

 

Closed (2B4 A vs 6P3, loop closed vs NHIS)       Open (6P3, loop open vs FX11S) 

    

The closed loop conformations are similar among S-site inhibitors 2B4, 6P3, and NHIS.  

But the open loop conformations are very different between 6P3 and FX11S, which 

renders their steered MD results incomparable.   
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Chapter 4. Combined molecular dynamics, STD-
NMR, and CORCEMA protocol yields structural 
model for a UDP-galactopyranose mutase ̶ inhibitor 
complex 

This chapter contains the manuscript “Combined molecular dynamics, STD-

NMR, and CORCEMA protocol yields structural model for a UDP-galactopyranose 

mutase ̶ inhibitor complex”, which has been accepted by Bioorganic and Medicinal 

Chemistry Letters.  Headings (‘Introduction’, ‘Methods’, and ‘Results and discussion’) not 

present in the accepted manuscript are included herein for clarity. 
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4.1. Abstract 

UDP-galactopyranose mutase (UGM) is an enzyme involved in the biosynthesis 

of the Mycobacterium tuberculosis cell wall, and is essential for the growth and survival 

of the organism.  A micromolar inhibitor developed by tetrafluorination of the UGM 

substrate has been previously studied by saturation transfer difference (STD) NMR 

spectroscopy.  To elucidate the bioactive conformation of the inhibitor bound to UGM, 

we employ molecular dynamics (MD) simulations to construct a structural model.  The 

MD model is subsequently validated by a good fit between experimental and theoretical 

STD effects, the latter calculated by a complete relaxation and conformational exchange 

matrix (CORCEMA) analysis.  This structural model is used to explain the relative 

binding affinities of the inhibitor and the parent substrate. 

 

 

 

4.2. Keywords 

UGM-inhibitor complex; structural model; MD simulations; saturation transfer 

difference; CORCEMA 
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4.3. Introduction 

Mycobacterium tuberculosis is the causative pathogen of tuberculosis (TB), 

which remains a major global health threat that led to 1.5 million deaths in 2013.1 This 

threat has also been intensified by the emergence of multidrug resistant and even 

extensively drug resistant TB,2 as multidrug resistant TB accounts for 480,000 cases per 

year with a treatment success rate of only 48%.1  Thus, there is an urgent need for better 

TB therapeutics with novel targets. 

A newly validated anti-tuberculosis target is UDP-galactopyranose mutase 

(UGM), an enzyme that catalyzes the interconversion between UDP-galactopyranose 

(UDP-Galp) and UDP-galactofuranose (UDP-Galf) (Scheme 4-1).3 The latter provides 

galactofuranose (Galf) as the building block of the galactan chain in the M. tuberculosis 

cell wall,4 whose biosynthesis is essential for the growth and survival of M. tuberculosis.5 

In addition, Galf is absent in mammals,6–8 rendering UGM a promising target for the 

development of novel agents against tuberculosis. 

However, most of the UGM inhibitors developed to date have only moderate 

binding affinities in the micromolar range,9–18 unsuitable for clinical application.  Hence, 

understanding their bound geometries could be critical to improving the potency of UGM 

inhibitors.  One such micromolar inhibitor, UDP-(2,3-dideoxy)-2,2,3,3-tetrafluoro-D-

galactofuranose (UDP-F4-Galf) (Scheme 4-1), has been recently developed and shows  

a Kd of 53 µM against the model UGM enzyme from Klebsiella pneumoniae.18 In 

addition, its binding epitope in complex with UGM has been mapped by saturation 

transfer difference (STD) NMR spectroscopy.18 To reveal the bioactive bound 

conformation of this tetrafluorinated substrate analogue within the active site, we employ 

herein molecular dynamics (MD) simulations to construct its binding model with reduced 

(catalytically active) UGM.  This model is subsequently validated by quantitative 

comparisons between experimental STD effects and theoretical STD values calculated 

via complete relaxation and conformational exchange matrix (CORCEMA) analysis.19 

This work also sheds some insights into the future design of UGM inhibitors. 
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Scheme 4-1: The interconversion catalyzed by UGM and a substrate-mimicking 
inhibitor, UDP-F4-Galf. 

 

4.4. Methods 

MD simulations: Since STD competition experiments suggest that UDP-F4-Galf 

binds at the active site of UGM,18 the initial structure for MD simulations was built by 

replacing the galactopyranose moiety in the crystal structure of Klebsiella pneumoniae 

UGM (PDN 3INT)20 with the tetrafluorinated galactofuranose.  All MD simulations were 

conducted using GROMACS 4.6,21 using similar procedures and parameters as 

previously reported.22 The Verlet cutoff scheme23 was used to evaluate short-range, non-

bonded interactions, with both van der Waals and electrostatic interactions truncated at 

1.0 nm.  To model the catalytically active UGM, the cofactor FAD was modeled in its 

reduced state FADH-.  The UGM:inhibitor complex was first subjected to MD simulations 

of 100 ns in triplicate at 298 K.  After clustering conformations (at 0.5 ns intervals) from 

the last 60 ns of all three 100 ns-long trajectories, the central conformation of the largest 
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cluster was used to initiate subsequent MD simulations at 285 K so as to match the 

experimental temperature.  These MD simulations were performed in triplicate again for 

100 ns, and analyses of these trajectories were mostly done for the final 80 ns.  A 

representative snapshot was generated via clustering of the final 80 ns of triplicate MD 

trajectories for visualization. 

CORCEMA calculations:  Residues within 1.5 nm distance of the inhibitor were 

included for the calculation of theoretical STD effects.  A total of 240 snapshots were 

taken from the last 80 ns of three replicate trajectories (at 285 K) at 1 ns intervals, and 

STD intensities were calculated for each of the 240 structures before averaging to obtain 

the theoretical STD effects for the entire MD trajectories.  Concentrations of UGM and 

the inhibitor, their equilibrium constant KA, spectrometer frequency, and finite delays 

between scans were all set according to experimental values.  The association rate 

constant kon and the free ligand rotational correlation time were estimated to be 106 s-1 

M-1 and 0.5 ns, respectively.  The bound ligand rotational correlation time was optimized 

to be 74 ns.  Other parameters were set as previously reported.22  

4.5. Results and discussion 

MD simulations at 285 K showed good convergence as root-mean-square 

deviations of complex heavy atoms stabilized within 20 ns for all triplicate trajectories.  

The fluctuations of the bound inhibitor were extremely small, especially those of the 

uridine and pyrophosphate portions.  Only the F4-Galf moiety exhibited noticeable 

fluctuations with a root-mean-squared fluctuation value of 0.11 nm (Supplementary 

information).  As expected, the overall bound structure of UDP-F4-Galf from MD 

simulations was very similar to that of the native substrate, and the major difference was 

the conformation of the galactose moiety (Figure 4-1). 
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Figure 4-1: Overlay of the representative structure from MD simulations of 
UGM:UDP-F4-Galf (green carbon atoms) and the crystal structure of 
UGM:UDP-Galp (grey carbon atoms).  Bound ligands are shown in sticks, 
while the cofactor FAD is indicated by thin lines.  Other atoms are 
colored: oxygen, red; nitrogen, blue; fluorine, pale cyan. 

 

Before further analyzing the interactions between UGM and the inhibitor, the MD 

trajectories were subjected to validation by CORCEMA calculations.  The calculated 

STD enhancements demonstrated a reasonable match with experimental values (Figure 

4-2).  The NOE R-factor, the magnitude of which correlates with the discrepancy 

between experimental and calculated STD effects,24 was 0.28, indicative of a good 

match.  In addition, TRNOESY experiments have suggested a H1-H4 distance of less 

than 3 Å for the F4-Galf moiety when the inhibitor is bound.18 Although the initial 

structure of F4-Galf minimized in the active site showed a H1-H4 distance of  3.6 Å 

before MD simulations, the average H1-H4 distance in our MD trajectories was 2.8 Å, 

corroborating the TRNOESY results and indicating a 4E conformation for the furanose 

ring (Figure 4-3).  Therefore, our MD model of bound UDP-F4-Galf is validated by 

agreement with both STD and TRNOESY experiments. 
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Figure 4-2: Comparisons between experimental and theoretical STD effects for 
inhibitor protons. 
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Figure 4-3: The furanose conformation of the F4-Galf moiety in the bound inhibitor, 
evolving from (A) a 3E conformation (slightly twisted with the C4-O4-C1-
C2 dihedral angle being -8°) before MD simulations to (B) a 4E 
conformation after MD simulations.  Distance between H1 and H4 is 
labeled in Ångstroms. Atoms are colored as: carbon, green; oxygen, red; 
phosphate, orange; fluorine, pale cyan; hydrogen, white. 
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Figure 4-4: F4-Galf (sticks) and major interacting enzyme residues (lines).  Polar 
interactions are labeled by blue dashed lines, while non-polar interactions 
are indicated by orange dashed lines.  Atoms are colored as: carbon, 
green; oxygen, red; nitrogen, blue; fluorine, pale cyan; hydrogen, white. 

 

While the uridine and pyrophosphate portions of the inhibitor were shown to bind 

UGM in a similar fashion to that of UDP-Galp in the crystal structure (Figure 4-1), the F4-

Galf moiety interacted with UGM via different contacts (Figure 4-4 and Table 4-1).  The 

hydroxyl group at C6 is a hydrogen bond donor to the carbonyl oxygen of Pro59, while 

the other hydroxyl group at C5 accepts a hydrogen bond from Asn84 ND2.  In addition, 

the galactose moiety of the inhibitor formed several contacts with the guanidinium group 

of Arg174, whereas its number of contacts with the isoalloxazine ring was less than that 

of UDP-Galp.  This is likely caused by an unfavorable dipole-dipole interaction 

(repulsion) between -CF2- groups and the C4 carbonyl group of the isoalloxazine, which 

has been previously observed for the binding of the mono-fluorinated substrate analogue 

UDP-[3-F]Galf.25 The -CF2- group at Galf C3 made weak hydrophobic contacts with 

Pro59 (average F···CD distance of 3.9 Å), as well as a weak polar contact with the N5 

hydrogen of the flavin isoalloxazine ring (average F···H distance of 3.1 Å), similar to the 
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C–F···H–N (backbone amide) interaction observed in many PDB structures.26 On the 

other hand, the -CF2- group at C2 was not involved in any significant direct interactions 

with the enzyme.  These observations suggest that the introduction of two -CF2- groups 

contribute moderately to enzyme-inhibitor interactions, consistent with the similar binding 

strengths of UDP-F4-Galf and its parent molecule UDP-Galf (KM 16 µM).27 They also 

imply that fluorination of the Galf moiety may not be the best strategy to increase the 

potency of UGM inhibitors. 

 

Table 4-1: Comparison of interacting residues between F4-Galf  and Galp. 

Residue 
Number of contactsa 

MD simulations (average)b Crystal structurec 

Pro59 6.9 4 

Ile61 2.4 4 

Asn84 3.9 3 

Arg174 4.1 0 

Phe186 1.6 3 

Arg280 3.2 5 

Tyr314 1.7 0 

Tyr349 0.8 3 

Isoalloxazine 9.9 14 
a: contacts are defined as pairs of heavy atoms with a distance of no larger than 4 Å. 
b: averaged over the final 80 ns of three replicate MD trajectories. 
c: the crystal structure of UGM:UDP-Galp from PDB 3INT was used for analysis. 

 

In summary, we have obtained a binding model of UDP-F4-Galf that represents 

the bioactive conformation of the bound inhibitor.  This model suggests that the 

introduction of -CF2- groups brings both favorable but moderate interactions and 

unfavorable repulsions, explaining the lack of significant affinity gain upon 

tetrafluorination. 
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Text S1.  Experimental details 

MD simulations: To construct the initial complex structure for MD simulations, the 

galactopyranose moiety in the crystal structure of Klebsiella pneumoniae UGM (PDN 

3INT)1 was replaced by the tetrafluorinated galactofuranose.  All MD simulations were 

conducted using GROMACS 4.6.2 To model the catalytically active UGM, the cofactor 

FAD was modeled in its reduced state FADH-.  The enzyme-inhibitor complex was 

processed by the LEaP module in AmberTools1.53 for the addition of missing atoms and 

parameterization of force fields.  Residues were parameterized by Amber ff99SB4 force 

field.  Missing parameters for FADH– and UDP-F4-Galf were manually added, where 

R.E.D. Server5 was used to derive atomic charges according to the RESP model,6 taking 

into account multiple conformations and multiple orientations as per AMBER 

convention.7 Force field parameters (atom types and RESP charges) for the cofactor and 

the inhibitor are listed below. 

 

Adenosine in FADH- Atom name, atom 
type, RESP charge (e) 

Atom name, atom 
type, RESP charge (e) 

 
C5’ connects to OPA of pyrophosphate 

O3', OH, -0.6541 H2T, HO, 0.4186 

H3T, HO, 0.4376 N6, N2, -0.9019 

C1', CT, 0.0394 H61, H, 0.4115 

H1', H2, 0.2007 H62, H, 0.4115 

C2', CT, 0.067 C6, CA, 0.7009 

H2', H1, 0.0972 C5, CB, 0.0515 

C3', CT, 0.2022 N7, NB, -0.6073 

H3', H1, 0.0615 C8, CK, 0.2006 

C4', CT, 0.1065 H8, H5, 0.1553 

H4', H1, 0.1174 N9, N*, -0.0251 

C5', CT, 0.0558 C4, CB, 0.3053 

H5'1, H1, 0.0679 N3, NC, -0.6997 

H5'2, H1, 0.0679 C2, CQ, 0.5875 

O4', OS, -0.3548 H2, H5, 0.0473 

O2', OH, -0.6139 N1, NC, -0.7615 
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Pyrophosphate in FADH-/UDP-F4-Galf Atom name, atom type, RESP charge (e) 

 
OPB connects to C5 of ribitol/ C1 of F4-Galf 

OPA, OS, -0.4951 

PA, P, 1.197 

OA1, O2, -0.8212 

OA2, O2, -0.8212 

OP, OS, -0.5047 

PB, P, 1.2016 

OB1, O2, -0.8225 

OB2, O2, -0.8225 

OPB, OS, -0.4982 

 

 

 

 

Ribitol in FADH- Atom name, atom 
type, RESP charge (e) 

Atom name, atom 
type, RESP charge (e) 

 
C1 connects to N10 of flavin 

C1, CT, 0.0415 H4, H1, 0.1401 

H11, H1, 0.0106 O4, OH, -0.6129 

H12, H1, 0.0106 HO4, HO, 0.4121 

C2, CT, 0.2782 C5, CT, 0.0125 

H2, H1, 0.0141 H51, H1, 0.0681 

O2, OH, -0.6861 H52, H1, 0.0681 

HO2, HO, 0.4202  

C3, CT, 0.0367  

H3, H1, 0.1392  

O3, OH, -0.6362  

HO3, HO, 0.4143  

C4, CT, 0.1221  
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Flavin in FADH- 
Atom name, atom 
type, RESP charge 

(e) 

Atom name, atom 
type, RESP charge 

(e) 

 

N1, N*, -0.5671 C9, CA, -0.3128 

C2, C, 0.6744 H9, HA, 0.1627 

O2, O, -0.7017 C8, CA, 0.0475 

N3, NA, -0.4243 C7, CA, 0.0235 

H3, H, 0.2922 C6, CA, -0.3149 

C4, C, 0.4589 H6, HA, 0.1622 

O4, O, -0.6617 C7M, CT, -0.1576 

N10, NT, -0.004 1H7M, HC, 0.0471 

C10A, CM, 0.1878 2H7M, HC, 0.0471 

C4A, CM, 0.0161 3H7M, HC, 0.0471 

N5, NT, -0.6995 C8M, CT, -0.1373 

H5, H, 0.3898 1H8M, HC, 0.0389 

C5A, CA, 0.2621 2H8M, HC, 0.0389 

C9A, CA, -0.0135 3H8M, HC, 0.0389 
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Uridine in UDP-F4-Galf 
Atom name, atom 
type, RESP charge 

(e) 

Atom name, atom 
type, RESP charge 

(e) 

 
C5’ connects to OPA of pyrophosphate 

O3', OH, -0.6541 O2', OH, -0.6139 

H3T, HO, 0.4376 H2T, HO, 0.4186 

C1', CT, 0.0674 O4, O, -0.5761 

H1', H2, 0.1824 C4, C, 0.5952 

C2', CT, 0.067 N3, NA, -0.3549 

H2', H1, 0.0972 H3, H, 0.3154 

C3', CT, 0.2022 C2, C, 0.4687 

H3', H1, 0.0615 O2, O, -0.5477 

C4', CT, 0.1065 N1, N*, 0.0418 

H4', H1, 0.1174 C6, CM, -0.1126 

C5', CT, 0.0558 H6, H4, 0.2188 

H5'1, H1, 0.0679 C5, CM, -0.3635 

H5'2, H1, 0.0679 H5, HA, 0.1811 

O4', OS, -0.3548  
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F4-Galf in UDP-F4-Galf Atom name, atom 
type, RESP charge (e) 

Atom name, atom 
type, RESP charge (e) 

 

C1, CT, 0.437 O4, OS, -0.4375 

H1, H2, 0.0174 C5, CT, 0.2573 

C2, CT, 0.4267 H5, H1, 0.078 

F21, F, -0.2084 O5, OH, -0.6329 

F22, F, -0.2084 H5O, HO, 0.4174 

C3, CT, 0.3647 C6, CT, 0.0848 

F31, F, -0.2008 H61, H1, 0.0511 

F32, F, -0.2008 H62, H1, 0.0511 

C4, CT, 0.0066 O6, OH, -0.6764 

H4, H1, 0.1159 H6O, HO, 0.4512 

 

Each system was solvated in a dodecahedron periodic box with a TIP3P water 

model,8 and NaCl was added at a concentration of 0.15 M to balance ionic charge in the 

system.  Energy minimizations were carried out with steepest descent integrator and 

conjugate gradient algorithm sequentially to achieve a maximum force of less than 500 

kJ mol-1 nm-1 on any atom.  The Verlet cutoff scheme9 was used to evaluate short-range, 

non-bonded interactions, with both van der Waals and electrostatic interactions 

truncated at 1.0 nm. The temperature was maintained at 300 K using a velocity rescaling 

thermostat10 with a coupling constant of 0.1 ps, while the pressure was maintained at 1.0 

atm using a Berendsen barostat,11 with a coupling constant of 1 ps. Simulations were 

performed with a time step of 2 fs, and all bonds involving hydrogen atoms were 

constrained by a parallel linear constraint solver (P-LINCS).12 Each system was 

equilibrated under a constant volume (NVT) ensemble for 100 ps and a constant 

pressure (NPT) ensemble for 100 ps.  Following equilibration, the UGM:inhibitor complex 

was first subjected to MD simulations of 100 ns in triplicate at 298 K.  After clustering 

conformations (at 0.5 ns intervals) from the last 60 ns of all three 100 ns-long 
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trajectories, the central conformation of the largest cluster was used to initiate 

subsequent MD simulations at 285 K so as to match the experimental temperature.  

These MD simulations were performed in triplicate again for 100 ns, and analyses of 

these trajectories were mostly done for the final 80 ns.  A representative snapshot was 

generated via clustering of the final 80 ns of triplicate MD trajectories for visualization. 

CORCEMA calculations:  Residues within 1.5 nm distance of the inhibitor were 

included for the calculation of theoretical STD effects.  A total of 240 snapshots were 

taken from the last 80 ns of three replicate trajectories (at 285 K) at 1 ns intervals, and 

STD intensities were calculated for each of the 240 structures before averaging to obtain 

the theoretical STD effects for the entire MD trajectories.  Concentrations of UGM (10 

µM) and the inhibitor (1 mM), their equilibrium constant KA (1.9 × 104 M-1), spectrometer 

frequency (600 MHz), and the finite delay (3.36 s) between scans were all set according 

to experimental values.  The association rate constant kon and the free ligand rotational 

correlation time were estimated to be 106 s-1 M-1 and 0.5 ns, respectively.  The bound 

ligand rotational correlation time was optimized to be 74 ns.  The order parameter for 

intramethyl proton–proton interactions was set to 0.2513 while that for methyl-to-other 

proton interactions was set to 0.85.14 The leakage relaxation rate was set to 0.2 s-1.13 

Because protein signals at 0 ppm were selectively irradiated for the STD experiment, all 

methyl protons in the enzyme and its cofactor were assumed to be saturated. STD 

intensities of non-exchangeable protons on ligands were calculated only at a saturation 

time of 1 s.  Comparison between theoretical and experimental STD effects at this short 

saturation time minimizes the effect of different relaxation properties on different ligand 

protons.  To evaluate the fit between experimental and calculated STD enhancements, 

the NOE R-factor15 was calculated for normalized STD values. 
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Figure 4-S1: Root-mean-square deviations (RMSDs) of heavy atoms of UGM:UDP-F4-
Galf complex for three replicate MD trajectories (R1, R2, and R3) at 285 
K. 

 

 

 

Figure 4-S2: Distance between the H1 and H4 of F4-Galf during MD simulations.  The 
final 80 ns of triplicate MD trajectories at 285 K were combined to 
generate a 240 ns trajectory.   
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Table 4-S1: Root-mean-square fluctuations (RMSFs) of inhibitor residues averaged 
over the final 80 ns of triplicate MD trajectories at 285 K. 

Inhibitor residue 
RMSF (nm) 

R1 R2 R3 Average 

Uridine 0.0655 0.0553 0.0575 0.059 

Pyrophosphate 0.0552 0.0528 0.0568 0.055 

F4-Galf 0.1134 0.0908 0.1219 0.109 

 

Table 4-S2: STD enhancements from experiments at 285 K16 and CORCEMA 
calculations on triplicate MD trajectories at 285 K. 

Inhibitor Proton Experimentala Calculateda 

1R 17.4 14.26 

2R 7.8 8.52 

3R 7.8 8.52 

4R 7.8 10.76 

5R 4.1 8.00 

5R' 4.1 8.00 

6U 6.7 8.65 

5U 11.5 10.66 

1G 9 7.08 

4G 9 5.03 

5G 5.8 6.52 

6G 3.3 5.31 

6G' 3.3 5.31 
a: STD enhancements are measured for catalytically active UGM from K. pneumoniae (cofactor FAD in a 
reduced state of FADH-) and reported as ((I0- I)/I)×100%, with I0 being the intensity of the proton in the off-
resonance spectrum and I being the intensity of proton in the on-resonance spectrum.  
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Chapter 5. Binding models of a non-substrate-like 
inhibitor with UDP-galactopyranose mutase from M. 
tuberculosis 

This chapter contains the manuscript “Binding models of a non-substrate-like 

inhibitor with UDP-galactopyranose mutase from M. tuberculosis”, which has been 

prepared for submission. 
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5.1. Abstract 

UDP-galactopyranose mutase (UGM) is a key enzyme in the biosynthesis of the 

cell walls of mycobacteria and is a potential target for the compromise of Mycobacterium 

tuberculosis and the treatment of tuberculosis.  Although previous efforts have 

characterized structural features for the binding of the natural substrate and its mimics to 

UGM, there has been no structural study of the binding mode of a non-substrate-like 

inhibitor against Mycobacterium tuberculosis UGM (mtUGM).  In this work, we 

investigate binding models of a non-substrate-like UGM inhibitor, PRZ, employing an 

integrated approach that combines molecular modeling, saturation transfer difference 

NMR spectroscopy, and CORCEMA calculations.  The resulting model unveiled a novel 

binding mode: the inhibitor binds to mtUGM in a dynamic fashion, interacting mainly with 

the active-site mobile loop and several aromatic residues within the active site; it also 

appears to prevent the closure of the mobile loop, which is known to be important for the 

functioning of the enzyme. 
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5.2. Introduction 

Galactofuranose (Galf) is an essential building block of the galactan chains in the 

cell walls of mycobacteria,1,2 and the biosynthesis of this chain is essential for the growth 

and survival of Mycobacterium tuberculosis.3 Since Galf is absent in mammals,4,5 

targeting its biosynthetic pathway could offer novel therapeutics against tuberculosis, 

whose treatment is currently challenged by multidrug resistant and extensive drug 

resistant strains.6  One of the enzymes involved in this pathway is UDP-galactopyranose 

mutase (UGM).  It catalyzes the interconversion of UDP-Galp and UDP-Galf,7 the latter 

being the precursor for the construction of the galactan chains in the mycobacterial cell 

wall.  Therefore, inhibiting M. tuberculosis UGM (mtUGM) is a reasonable strategy to 

develop effective anti-tuberculosis pharmaceuticals. 

 

Chart 5-1: Structures of the natural substrate and a non-substrate-like inhibitor of 
UGM. 
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In recent years, there have been numerous efforts to develop UGM inhibitors 

with micromolar inhibition activities, and they can be generally categorized into 

substrate-like8–14 and non-substrate-like inhibitors.15–18 To further improve the potency of 

UGM inhibitors, it is critical to understand the interactions between the enzyme and the 

inhibitor, especially its exact binding geometry and topography.  Since crystal structures 

of bacterial UGM in complex with its substrate UDP-Galp and a substrate mimic UDP-

glucose are available,19,20 it is relatively straightforward to mentally envision or 

computationally calculate models for the binding of substrate-like inhibitors to UGM.  

However, construction of binding models for non-substrate-like inhibitors is not trivial, yet 

is critical for the design of improved inhibitors based on the lead compound.  We focus 

herein on a non-substrate-like UGM inhibitor, PRZ (Chart 5-1).  First reported as a 

fungicidal compound,21 it was later identified as an anti-tuberculosis agent with 

micromolar inhibition activity against UGM.16,18  In this work, we construct and validate its 

binding models with mtUGM by an integrated approach that combines molecular 

modeling, saturation transfer difference NMR spectroscopy, and complete relaxation and 

conformational exchange matrix (CORCEMA) calculations.22,23  This combined approach 

has been previously employed to study the binding of UGM substrates and inhibitors to 

homologues of mtUGM.24,25  To our knowledge, most of the structural studies on UGM 

inhibitors have been carried out with mtUGM homologues, such as Klebsiella 

pneumoniae UGM (kpUGM), probably due to their similarity to mtUGM in three-

dimensional structure and their better stability under experimental conditions.  However, 

we chose mtUGM for this study to provide results more relevant to the therapeutic target 

of treating tuberculosis. 

5.3. Materials and Methods 

5.3.1. Molecular modeling 

Possible sites of inhibitor binding were first probed by molecular docking using 

AutoDock Vina.26  The crystal structure of mtUGM (PDB 1V0J),27 after removal of solvent 

molecules and addition of missing protein atoms by the LEaP module in 

AmberTools1.5,28 was used as the macromolecule (receptor).  To take into account the 
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effect of a closed active-site mobile loop, which has been shown to be important for 

substrate binding,25,29 the crystal structure of kpUGM (PDB 3INT)(18) was also used as 

the receptor, and the resulting docked conformations were fitted analogously onto the 

crystal structure of mtUGM (PDB 1V0J).  A grid box centered on the receptor was set 

large enough to cover its entire surface, and an exhaustiveness of 512 was used for the 

docking calculations.  All docked conformations were visually inspected, after which four 

representative conformations were selected, resulting in four mtUGM:inhibitor 

complexes for subsequent molecular dynamics (MD) simulations. 

Each selected mtUGM:inhibitor complex was processed by the LEaP module in 

AmberTools1.5,28 where Amber ff99SB30 and GAFF force field31 parameters were 

applied.  Missing parameters for FADH- and PRZ were manually added.  Missing atomic 

charges for the cofactor and inhibitor were derived by R.E.D. Server32 according to the 

RESP model,33 taking into account multiple conformations and multiple orientations as 

per AMBER convention (Text S1).34 

MD simulations of all systems were conducted with GROMACS 4.6.5.35  Each 

system was placed in a dodecahedral box with a minimal distance of 1.6 nm between 

the solute and box edge, followed by solvation with TIP3P water molecules.  Salt ions 

were then added at a concentration of 0.15 M to balance ionic charge in the system.  

The final number of atoms in each system was around 191,000.  Energy minimizations 

were carried out with steepest descent integrator and conjugate gradient algorithm 

sequentially to achieve a maximum force of less than 500 kJ mol-1 nm-1 on any atom.  

The Verlet cutoff scheme36 was used to evaluate short-range, non-bonded interactions, 

with both van der Waals and electrostatic interactions truncated at 1.0 nm.  Long-range 

electrostatic interactions were treated by the particle mesh Ewald (PME) method.37,38  

The temperature was maintained at 298 K using a velocity rescaling thermostat39 with a 

coupling constant of 0.1 ps, while the pressure was maintained at 1.0 atm using a 

Berendsen barostat,40 with a coupling constant of 1 ps.  Simulations were performed 

with a time step of 2 fs, and all bonds involving hydrogen atoms were constrained by a 

parallel linear constraint solver (P-LINCS).41  Each system was equilibrated under a 

constant volume (NVT) ensemble for 100 ps and a constant pressure (NPT) ensemble 

for 100 ps.  A harmonic position restraint with a force constant of 1000 kJ mol-1 nm-2 was 
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applied to all the heavy atoms of non-solvent molecules.  After equilibration, production 

MD simulations were conducted for 80 ns for each system without any constraints.  

Three replicate MD runs were performed for each system by varying the random seed 

for initial velocity generation. 

5.3.2. NMR spectroscopy 

The enzyme mtUGM was expressed and purified as described previously.42  In 

brief, a His6-MBP-mtUGM protein construct was overexpressed in E. coli BL21(DE3) 

CodonPlus-RIL cells (Stratagene).  The protein was first purified by lysing the cell pellet 

by sonication and the supernatant was filtered through a 0.22 µM filter and applied to 

three tandem 5 mL MBPTrap HP columns (GE Healthcare).  The fusion protein was 

eluted in 5 column volumes of buffer containing 24 mM Tris-HCl, pH 7.4, 500 mM NaCl 

and 50 mM maltose).  The fusion protein was then cleaved with TEV protease to remove 

the His6-MBP dual tag and the cleaved protein was run over a 14 mL Ni-Sepharose HP 

column to remove the His6-MBP tag and uncleaved protein from the untagged mtUGM.  

The final protein was concentrated to 6.5 mg/mL in 25 mM Tris pH 7.5 and 500 mM 

NaCl, flash frozen in small aliquots and stored at -80 °C. 

NMR samples containing 5 µM mtUGM were prepared in phosphate buffered 

saline (50 mM K2HPO4/KH2PO4 and 150 mM NaCl at pH 7.6) with D2O.  To reduce the 

cofactor FAD, freshly prepared sodium dithionite was then added to a final concentration 

of 10 mM under N2 atmosphere.  The inhibitor in d6-DMSO stock solution was 

subsequently added to a final concentration of 0.2 mM, with a d6-DMSO/D2O volume 

ratio of 20/540.  The inhibitor resonances were assigned by 1H-13C HMBC and 1H-15N 

HMBC from a TCI cryoprobe-equipped Bruker Avance 850 MHz spectrometer.  STD 

spectra at different saturation times (0.5, 1, 2, and 4 s) were recorded at 298 K with 

selective saturation at 0.95 ppm (300 ppm for reference spectra), using a series of 50 

ms Gaussian shaped pulses.43 Reference experiments with ligand-only samples (no 

protein) showed no STD enhancements, indicating effects observed with protein present 

were due to true saturation transfer.  Duration of the 90-degree hard pulse following the 

selective saturation was calibrated for each NMR sample, with an acquisition time of 

4.54 s and a delay of 12 s.  A Bruker Avance 600 MHz spectrometer equipped with a 
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TCI cryoprobe was used for collection of STD spectra.  STD enhancement was 

calculated as ((I0- I)/I)×100%, with I0 being the intensity of the proton in the off-resonance 

spectrum and I being the intensity of proton in the on-resonance spectrum. 

5.3.3. CORCEMA calculations 

STD intensities were calculated from 120 snapshots, taken from the last 40 ns 

trajectory of each triplicate MD run at 1 ns intervals, and truncated structures including 

residues within 1.5 nm distance of the inhibitor were used.  Concentrations of mtUGM 

and PRZ, spectrometer frequency, temperature, and finite delays between scans were 

all set according to experimental values.  Based on the IC50 value of the inhibitor18 and 

KM of UDP-galactofuranose,44 the association equilibrium constant KA was set to 3.2×104 

M-1.  The association rate constant kon, and the rotational correlation time of bound 

ligand τ were optimized within the range 106 s-1 M-1 to 108 s-1 M-1 and 10 ns to 100 ns, 

respectively.  The order parameter for intramethyl proton–proton interactions was set to 

0.2522 while that for methyl-to-other proton interactions was set to 0.85.45  The rotational 

correlation time for free ligand was estimated to be 0.1 ns.  Because protein signals at 

0.95 ppm were selectively irradiated for the STD experiment, all methyl protons in the 

enzyme and its cofactor were assumed to be saturated upon irradiation.  STD intensities 

of non-exchangeable protons on the inhibitor were calculated at several saturation times, 

and the initial slope of the build-up curve (STDfit) for each resonance was calculated.  

The calculated STDfit values were subsequently optimized and evaluated by a NOE R-

factor23 that indicates the fit between experimental and calculated STDfit values. 

5.4. Results 

5.4.1. Computational models of PRZ binding 

Molecular docking was first conducted to probe the possible sites and 

conformations of PRZ binding.  Regardless of the UGM homologues used in docking 

calculations, most of the docked poses fell within two sites of UGM, the substrate-

binding site (S-site) and a potential allosteric site (A-site).  This putative A-site is formed 

mostly by two loops (Ala320 to Pro326, and Pro246 to Trp260 in mtUGM), defining a 
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smaller space than the S-site.  To further probe the binding location and conformations 

of the inhibitor, two docked poses from each site were selected for subsequent MD 

simulations.  For the A-site, the two best-ranking poses with opposite orientations in the 

mtUGM docking were chosen; for the S-site, those in the kpUGM docking were selected 

since the closed mobile loop appeared to engage more interactions with the inhibitor.  

These led to four binding models, namely A1, A2, S1, and S2 for conventional MD 

simulations (Figure 5-1). 

 

 

Figure 5-1: Docking poses of PRZ (A1: red; A2: blue; S1: green; S2: magenta) 
chosen for MD simulations.  Yellow cartoons represent mtUGM, and the 
cofactor FAD is shown in yellow thin lines. 

 

For each system of these four mtUGM:PRZ complexes, MD simulations of 80 ns 

were performed in triplicate.  Root mean square deviations (RMSDs) of backbone atoms 

and complex heavy atoms stabilized within 40 ns for most trajectories (Supporting 

Information), indicating good convergence of these MD simulations.  Yet, RMSDs of the 

inhibitor showed large differences.  While those in A-site models were relatively small 

during the trajectory, RMSDs of PRZ in S-site models were very large (Supporting 

Information), indicating considerable translational movement of PRZ from mtUGM.  

Indeed, the inhibitor moved away from its docked position (adjacent to the isoalloxazine 

of the cofactor FAD) towards the active-site mobile loop (residues 176-181) in most 
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trajectories of the S-site binding models (Figure 5-2).  Clustering of conformations in MD 

trajectories resulted in three major clusters for both S-site models, indicating significant 

variations, whereas only one cluster could represent each A-site model with the same 

clustering criteria (Supporting Information). 

 

 

Figure 5-2: Comparisons between docked structures (yellow) and corresponding MD 
structures for (A) model S1 and (B) model S2.  MD structures 
representing the three most populated MD clusters are colored red, 
green, and blue.  Transparent cartoons represent mtUGM; thick sticks 
indicate PRZ; thin lines represent the cofactor FAD. 

 

To compare the two binding models within each site, root mean square 

fluctuations (RMSFs) and number of contacts between the inhibitor and mtUGM were 

calculated for the last 40 ns of each trajectory.  Model A1 exhibited smaller fluctuations 
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with a larger number of contacts than A2, whereas model S2 showed more interactions 

with mtUGM than model S1 (Table 5-1).  Notably, S-site models showed much larger 

fluctuations than A-site models with much smaller numbers of contacts.  Thus, the A-site 

might be favored for PRZ binding according to these geometrical data from MD 

simulations. 

 

Table 5-1: RMSF and number of contacts for PRZ binding with mtUGM. 

Binding model RMSF (nm)a Number of contactsa 

A1 .086 68.7 

A2 .094 65.3 

S1 .186 41.3 

S2 .186 48.0 

a: values were calculated for the last 40 ns of each trajectory and averaged over three replicate trajectories. 

 

5.4.2. Saturation transfer difference NMR 

To explore the binding of PRZ with mtUGM, STD NMR experiments were 

performed at multiple saturation times.  The inhibitor showed significant STD intensities 

for all its proton resonances (Figure 5-3), much more pronounced than those observed 

for the native substrate and its mimics.25,46  In order to remove the effect of T1 relaxation 

times on STD intensities, a build-up curve was constructed by fitting STD enhancements 

at different saturation times to the equation: STD = STDmax × [1-exp(-ksatt)].  The initial 

growth rate of this curve, STDfit, was then calculated by STDmax × ksat.47  Yet, comparison 

of STDfit values among inhibitor proton resonances showed little variations, indicating a 

binding epitope that covers the entire inhibitor (Table 5-2). 
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Figure 5-3: STD enhancements of PRZ protons at different saturation times. 

 

Table 5-2: Calculation of the STD initial build-up rate (STDfit). 

Proton STDmax (%) ksat (s-1) R squarea STDfit (% s-1) STDfit epitopeb 

Ha 15.4 .548 .981 8.45 70.4% 

Hb 33.6 .307 .968 10.31 85.8% 

Hc 33.0 .364 .983 12.01 100% 

Hd/Hec 31.7 .29 .984 9.04 75.3% 
a: R square values indicate the goodness of the least squares fit. 
b: these are normalized against the maximum STDfit value of Hc. 
c: these two proton resonances overlapped in the spectrum. 

 

Furthermore, competition STD NMR studies between PRZ and UDP-Galp were 

performed to probe whether PRZ binds at/ near the active site.  STD spectra were taken 
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for samples with 5 uM mtUGM, 0.2 mM PRZ, and varying concentrations (0, 1 mM, and 

10 mM) of UDP-Galp.  While STD signals of all PRZ protons decreased with rising 

concentrations of UDP-Galp, those of UDP-Galp protons showed considerable increase 

(Figure 5-4).  This suggests that UDP-Galp can displace PRZ from its binding site and 

they probably share the same binding site, the S-site.  Analogous experiments with 

varying concentrations of PRZ led to similar results (Supporting Information). 

 

 

Figure 5-4: STD NMR spectra for the competitive binding of PRZ with UDP-Galp.  
PRZ resonances are labeled with ‘*’, whereas major UDP-Galp 
resonances are labeled with ‘+’.  From bottom to top, the three traces 
were taken from three samples with increasing concentrations of UDP-
Galp. 

 

5.4.3. Validation of MD models via CORCEMA calculations 

Since results from competition STD NMR experiments implied the binding of PRZ 

within the S-site, calculations of theoretical STD effects by CORCEMA22 were performed 

for both S-site models.  Instead of using a single geometry-averaged or energy-

minimized structure from the MD trajectory, we carried out CORCEMA calculations for 

multiple (120) snapshots that represent the entire MD trajectory and averaged these 
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multiple sets of predicted values for comparison with experimental results (Figure 5-5).  

This is expected to add rigor to CORCEMA predictions.  In addition, the initial growth 

rate, STDfit, rather than STD enhancements from a single saturation time was used for 

comparison, which should also contribute to more rigorous predictions since T1 bias is 

removed.  Comparisons between calculated and experimental STDfit values showed a 

notably better fit for model S1 than model S2 (Figure 5-5), with a lower NOE R-factor 

(0.17 vs 0.31).  This suggests that S1 is more representative of experimental binding 

modes.  Additionally, CORCEMA calculations of A-site models resulted in worse fit than 

both S-site models (Supporting Information), corroborating the results from competition 

STD NMR experiments. 

 

 

Figure 5-5: Comparisons between experimental and calculated STDfit values for (A) 
binding model S1 and (B) binding model S2. 
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5.5. Discussion 

Our investigation of PRZ binding to mtUGM started with “blind” molecular 

modeling that probed the entire surface of mtUGM rather than being limited to the 

enzyme active site.  This led to the discovery of a possible allosteric site (the A-site) for 

PRZ binding, although subsequent STD NMR studies and CORCEMA calculations 

proved that PRZ is unlikely to bind at the A-site.  Of note, geometrical criteria such as 

RMSF and number of contacts from MD simulations are not conclusive for the 

comparison of binding models within different sites, as illustrated in our previous 

investigation of an enzyme with two binding sites.48 

 

 

Figure 5-6: Comparisons between representative MD structures of model S1 (red, 
green, blue) and the crystal structure of kpUGM:UDP-Galp (grey).  The 
ligand is shown by thick sticks while the cofactor FAD is indicated by thin 
lines.  Arg180, in the middle of the mobile loop, is also shown by thin lines 
and is labeled. 

 

The magnitude of STD enhancements for PRZ protons was much larger than 

that of UDP-Galp (Supporting Information), which allows the quantitation of STD effects 

for PRZ at room temperature (298 K).  This is probably due to a faster dissociation rate 
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for the mtUGM:PRZ complex, which could result from the smaller size of PRZ that leads 

to faster diffusion rate and the binding modes of PRZ that leaves the mobile loop in an 

open state.  On the other hand, it has been shown previously that the quantitative study 

of STD effects for UDP-Galp and substrate mimics require lower temperature (285 K),25 

which increases the intensity of saturation transfer by slowing down the tumbling rate of 

the protein and increasing the rotational correlation time for bound ligands. 

 

Table 5-3: Major interacting residues in the binding of PRZ and the uridine moiety of 
UDP-Galp. 

PRZ Uridine a 

Residue (mtUGM)b Number of contactsc Residue (kpUGM)b Number of contactsc 

Phe102 3.03   

  Phe152 10 

Tyr161 5.20 Tyr155 31 

Trp166 6.90 Trp160 8 

Asn177 3.33   

Ile178 1.81 Leu172 9 

Arg180 4.78   

Leu181 3.60 Leu175 3 

  Asn270 3 

Tyr366 2.64   
a: the crystal structure (PDB ID 3INT) was used for analysis of the binding of the uridine moiety in UDP-
Galp.  
b: equivalent residues (from sequence alignment) are placed in the same row. 
c: for PRZ binding, residues with more than 1.5 contacts in MD simulations (calculated for the last 40 ns of 
each trajectory and averaged over three replicate trajectories) are shown; for the uridine moiety of UDP-
Galp, residues with more than 3 contacts in the crystal structure are shown. 

 

The validated model (S1) revealed an unprecedented binding mode, in which 

PRZ binds to mtUGM in a very dynamic manner, interacting around the mobile loop and 

partially occupying the binding paratopes of the uridine moiety in UDP-Galp (Figure 5-6 

and Table 5-3).  In addition, PRZ appeared to have prevented the mobile loop from 

closing (Supporting Information).  Analogous MD simulations of the apo enzyme 
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demonstrated that the mobile loop could be either open or closed without the presence 

of any ligand in the active site, while those of the native system (mtUGM:UDP-Galp) had 

the mobile loop mostly in a closed state via strong ionic interactions between the 

pyrophosphate moiety of UDP-Galp and the guanidinium group of Arg180, consistent 

with previous studies on kpUGM.19,25 However, the mobile loop was kept wide open 

when bound by PRZ, with concomitant increase in the fluctuations of mobile loop 

residues (Table 5-4). 

Without any stable hydrogen bonds, the major interactions between PRZ and 

mtUGM were hydrophobic effects, such as those with Trp166, Tyr161, and Phe102.  The 

mobile loop residues, especially Arg180, Leu181, and Asn177, also contributed 

significantly to the binding (Table 5-3).  Interestingly, PRZ interacted with Arg180 mostly 

via contacts with its backbone and hydrophobic effects with its non-polar region, rather 

than through cation-pi interactions with its guanidinium group. 

 

Table 5-4: RMSF for the mobile loop residues (177-181). 

Residue 
RMSF (nm)a 

Apo enzyme Native system PRZ binding 

Asn177 .164 .145 .253 

Ile178 .191 .160 .230 

Thr179 .175 .185 .205 

Arg180 .214 .212 .309 

Leu181 .141 .192 .142 
a: RMSF values were calculated for the last 40 ns of each trajectory and averaged over three replicate 
trajectories. 

 

In summary, a reliable binding model of PRZ with mtUGM was obtained through 

molecular modeling, STD NMR spectroscopy, and CORCEMA calculations.  This model 

demonstrated that PRZ is a competitive inhibitor that binds at the enzyme active site, 

inhibiting the binding of the substrate by partially occupying the uridine-binding region 

and preventing the mobile loop from closure.  Such a binding model marks the first of its 
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kind among existing mtUGM inhibitors, and could be used to design novel inhibitors of 

mtUGM. 
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Text S1.  Force field parameters for PRZ and FADH- 

Atom names, atom types based on GAFF force field (lower case letters) and 

Amber ff99SB force field (upper case letters), as well as RESP charges for PRZ and 

FADH- atoms are as follows: 

 

PRZ 
Atom name, atom 
type, RESP charge 

(e) 

Atom name, atom 
type, RESP charge 

(e) 

 

C2, ca, -0.0501 H3M, hc, 0.0571 

H2, ha, 0.1286 N10, nd, -0.4778 

C3, ca, -0.152 N11, na, 0.1207 

H3, ha, 0.1385 C12, cd, 0.2974 

C4, ca, -0.0539 O12, oh, -0.504 

C5, ca, -0.152 H12, ho, 0.3906 

H5, ha, 0.1385 C13, ca, 0.0932 

C6, ca, -0.0501 C14, ca, -0.1537 

H6, ha, 0.1286 H14, ha, 0.1522 

C1, ca, -0.0147 C15, ca, -0.0757 

Cl1, cl, -0.1139 H15, ha, 0.1457 

C7, c, 0.6113 C16, ca, -0.015 

O7, o, -0.5093 Cl2, cl, -0.0973 

C8, cc, -0.3325 C17, ca, -0.0757 

C9, cc, 0.2804 H17, ha, 0.1457 

C9M, c3, -0.1135 C18, ca, -0.1537 

H1M, hc, 0.0571 H18, ha, 0.1522 

H2M, hc, 0.0571  
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Adenosine in FADH- Atom name, atom 
type, RESP charge (e) 

Atom name, atom 
type, RESP charge (e) 

 
C5’ connects to OPA of pyrophosphate 

O3', OH, -0.6541 H2T, HO, 0.4186 

H3T, HO, 0.4376 N6, N2, -0.9019 

C1', CT, 0.0394 H61, H, 0.4115 

H1', H2, 0.2007 H62, H, 0.4115 

C2', CT, 0.067 C6, CA, 0.7009 

H2', H1, 0.0972 C5, CB, 0.0515 

C3', CT, 0.2022 N7, NB, -0.6073 

H3', H1, 0.0615 C8, CK, 0.2006 

C4', CT, 0.1065 H8, H5, 0.1553 

H4', H1, 0.1174 N9, N*, -0.0251 

C5', CT, 0.0558 C4, CB, 0.3053 

H5'1, H1, 0.0679 N3, NC, -0.6997 

H5'2, H1, 0.0679 C2, CQ, 0.5875 

O4', OS, -0.3548 H2, H5, 0.0473 

O2', OH, -0.6139 N1, NC, -0.7615 

 



 

169 

 

Pyrophosphate in FADH- Atom name, atom type, RESP charge (e) 

 
OPB connects to C5 of ribitol/ C1 of F4-Galf 

OPA, OS, -0.4951 

PA, P, 1.197 

OA1, O2, -0.8212 

OA2, O2, -0.8212 

OP, OS, -0.5047 

PB, P, 1.2016 

OB1, O2, -0.8225 

OB2, O2, -0.8225 

OPB, OS, -0.4982 

 

 

 

Ribitol in FADH- Atom name, atom type, 
RESP charge (e) 

Atom name, atom type, 
RESP charge (e) 

 
C1 connects to N10 of flavin 

C1, CT, 0.0415 C4, CT, 0.1221 

H11, H1, 0.0106 H4, H1, 0.1401 

H12, H1, 0.0106 O4, OH, -0.6129 

C2, CT, 0.2782 HO4, HO, 0.4121 

H2, H1, 0.0141 C5, CT, 0.0125 

O2, OH, -0.6861 H51, H1, 0.0681 

HO2, HO, 0.4202 H52, H1, 0.0681 

C3, CT, 0.0367  

H3, H1, 0.1392  

O3, OH, -0.6362  

HO3, HO, 0.4143  
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Flavin in FADH- Atom name, atom type, 
RESP charge (e) 

Atom name, atom type, 
RESP charge (e) 

 

N1, N*, -0.5671 C9, CA, -0.3128 

C2, C, 0.6744 H9, HA, 0.1627 

O2, O, -0.7017 C8, CA, 0.0475 

N3, NA, -0.4243 C7, CA, 0.0235 

H3, H, 0.2922 C6, CA, -0.3149 

C4, C, 0.4589 H6, HA, 0.1622 

O4, O, -0.6617 C7M, CT, -0.1576 

N10, NT, -0.004 1H7M, HC, 0.0471 

C10A, CM, 0.1878 2H7M, HC, 0.0471 

C4A, CM, 0.0161 3H7M, HC, 0.0471 

N5, NT, -0.6995 C8M, CT, -0.1373 

H5, H, 0.3898 1H8M, HC, 0.0389 

C5A, CA, 0.2621 2H8M, HC, 0.0389 

C9A, CA, -0.0135 3H8M, HC, 0.0389 
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Figure 5-S1: Root-mean-square deviations (RMSDs) of (A) enzyme backbone atoms 
and (B) complex heavy atoms for three replicate MD trajectories (R1, R2, 
and R3) of all four binding models. 
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Figure 5-S2: Root-mean-square deviations (RMSDs) of inhibitor PRZ heavy atoms for 
three replicate MD trajectories (R1, R2, and R3) of all four binding 
models.  To reflect the motion of PRZ relative to mtUGM, its RMSD was 
calculated after least-square fit on enzyme and cofactor heavy atoms. 



 

173 

 

Figure 5-S3: Representative MD structures from the clustering of MD trajectories for 
(A) model A1 and (B) model A2.  Carbon atoms of PRZ are indicated by 
cyan sticks; mtUGM is represented by yellow cartoons, with the carbon 
atoms of binding site residues in yellow lines.  Other atoms are colored: 
nitrogen, blue; oxygen, red; chlorine, green.  Note that these two models 
have opposite orientations.  For both A-site and S-site models, triplicate 
trajectories (last 40 ns) were combined prior to clustering.  RMSDs of 
heavy atoms of binding site residues, defined as residues within 0.5 nm of 
PRZ (including PRZ itself) in the first frame of the combined trajectory, 
were used as the criteria for clustering.  A cutoff of 0.2 nm was used for 
the gromos clustering method implemented in GROMACS.  This resulted 
in a single cluster for each A-site model and three major clusters for each 
S-site model.  The central structure of each cluster was used to represent 
the corresponding MD trajectory. 
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Figure 5-S4: Center-of-mass (COM) distance between the backbone of Arg180 and 
the isoalloxazine ring of FAD in three mtUGM:ligand systems.  R1, R2, 
and R3 represent three replicate MD trajectories.  A distance of 1.6 nm or 
smaller indicates the active-site mobile loop is in the “closed” state, 
whereas a distance of 1.8 nm or larger suggests the mobile loop is in an 
“open” state.  For the apo enzyme, the mobile loop could be either open 
or closed; for substrate-bound mtUGM, the mobile loop was mostly 
closed; the binding of PRZ led to a mostly open mobile loop. 
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Figure 5-S5: Results from competition STD NMR studies for (A) increasing 
concentrations of UDP-Galp in samples with 5 uM mtUGM and 200 uM 
PRZ and (B) increasing concentrations of PRZ in samples with 5 uM 
mtUGM and 400 uM UDP-Galp.  STD enhancements for selected proton 
resonances are shown, and errors bars indicate errors from NMR noise 
(some error bars overlapped with data points).  These results illustrated 
that UDP-Galp can displace PRZ from its binding site and vice versa, 
suggesting PRZ and UDP-Galp are competitive binders that occupy the 
same binding site on mtUGM. 

 

 

 

Figure 5-S6: Comparisons between experimental and calculated STDfit values for (A) 
binding model A1 and (B) binding model A2.  The NOE R-factors are 0.38 
and 0.36, respectively. 
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Chapter 6. Specificity of a UDP-GalNAc Pyranose–
Furanose Mutase: A Potential Therapeutic Target for 
Campylobacter jejuni Infections 

This chapter contains the manuscript “Specificity of a UDP-GalNAc Pyranose–

Furanose Mutase: A Potential Therapeutic Target for Campylobacter jejuni 

Infections”, which has been published in ChemBioChem (2014, 15, 47).  

 

Dr. Myles B. Poulin,a Yun Shi,b Carla Protsko,c Dr. Sean A. Dalrymple,c Prof. David A. R. 

Sanders,c Prof. B. Mario Pintob and Prof. Todd L. Lowarya 

 

1Alberta Glycomics Centre and Department of Chemistry, The University of Alberta, 

Gunning–Lemieux Chemistry Centre, 11227 Saskatchewan Drive, Edmonton, AB T6G 

2G2 Canada 

2Department of Chemistry, Simon Fraser University, 8888 University Drive, Burnaby, BC 

V5A 1S6 Canada 

3Department of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon, 

SK S7N 5C9 Canada 

 

Dr. Myles B. Poulin produced the E. coli UGM and C. jejuni UNGM enzymes, and 

performed UV/Vis spectroscopy and STD NMR experiments.  Ms. Carla Protsko and Dr. 

Sean A. Dalrymple conducted the X-ray crystallography study.  The thesis author 
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performed all the MD simulations and the CORCEMA calculations, and wrote the 

manuscript in collaboration with Drs. Todd L. Lowary and B. Mario Pinto. 

6.1. Keywords 

Carbohydrates; CORCEMA-ST calculations; molecular dynamics; NMR spectroscopy; 

pyranose–furanose mutase; X-ray crystallography 

6.2. Abstract 

Pyranose–furanose mutases are essential enzymes in the life cycle of a number 

of microorganisms, but are absent in mammalian systems, and hence represent novel 

targets for drug development. To date, all such mutases show preferential recognition of 

a single substrate (e.g., UDP-Gal). We report here the detailed structural 

characterization of the first bifunctional pyranose–furanose mutase, which recognizes 

both UDP-Gal and UDP-GalNAc. The enzyme under investigation (cjUNGM) is involved 

in the biosynthesis of capsular polysaccharides (CPSs) in Campylobacter jejuni 11168. 

These CPSs are known virulence factors that are required for adhesion and invasion of 

human epithelial cells. Using a combination of UV/visible spectroscopy, X-ray 

crystallography, saturation transfer difference NMR spectroscopy, molecular dynamics 

and CORCEMA-ST calculations, we have characterized the binding of the enzyme to 

both UDP-Galp and UDP-GalpNAc, and compared these interactions with those of a 

homologous monofunctional mutase enzyme from E. coli (ecUGM). These studies reveal 

that two arginines in cjUNGM, Arg59 and Arg168, play critical roles in the catalytic 

mechanism of the enzyme and in controlling its specificity to ultimately lead to a 

GalfNAc-containing CPS. In ecUGM, these arginines are replaced with histidine and 

lysine, respectively, and this results in an enzyme that is selective for UDP-Gal. We 

propose that these changes in amino acids allow C. jejuni 11168 to produce suitable 

quantities of the sugar nucleotide substrate required for the assembly of a CPS 

containing GalfNAc, which is essential for viability. 
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6.3. Introduction 

Campylobacter jejuni are commensal bacteria in many animals, but infections by 

these organisms are the most common cause of diarrheal disease worldwide in 

humans.1 Infection by C. jejuni is also regarded as a predetermining factor for the 

development of the neurological disorder Guillain–Barré syndrome (GBS).2,3 C. jejuni 

produces a high-molecular-weight capsular polysaccharide (CPS), which is a virulence 

factor of the organism.4 The CPS is required for chicken colonization,5 the adhesion and 

invasion of human epithelial cells, serum resistance, and the maintenance of cell-surface 

charge by the organism.6 C. jejuni CPSs are composed of structurally diverse 

carbohydrates, including unusual heptoses and sugars in the furanose ring form.4,7,8 

Given the importance of surface carbohydrates for these bacteria, there has been an 

interest in understanding biosynthesis of these structurally diverse glycans4 and the 

enzymes involved in furanose biosynthesis have received particular attention.9,10 

UDP-galactopyranose mutase (UGM) enzymes, encoded by glf genes,11 are 

responsible for the biosynthesis of the galactofuranose (Galf) sugars found in many 

microorganisms.12 These enzymes catalyze the isomerization of UDP-galactopyranose 

(UDP-Galp, 1, Scheme 6-1  A) to UDP-Galf (2), the precursor to the Galf residues found 

in glycoconjugates. In previous studies, we showed that the CPS biosynthetic gene 

cluster in C. jejuni 11168 possesses a homologue of the glf gene (cj1439c), which 

encodes for a UDP-N-acetylgalactopyranose mutase (cjUNGM, Scheme 6-1  B).9 The 

enzyme is involved in the biosynthesis of the N-acetylgalactofuranose (GalfNAc) residue 

found in the CPS tetrasaccharide repeating unit in this strain (5, Scheme 6-1  C).13 

cjUNGM is a bifunctional enzyme that can catalyze the isomerization of both UDP-Galp 

(1) and UDP-GalpNAc (3) to the corresponding furanose sugar nucleotides (2 and 4, 

respectively). Although no Galf residues have been found in glycoconjugates of C. jejuni 

11168, cjUNGM is able to complement UGM activity in an E. coli ΔUGM knockout strain 

to restore lipopolysaccharide (LPS) biosynthesis.9 Thus, cjUNGM can function in vivo as 

a UGM. 
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Scheme 6-1: A) UGM-catalyzed interconversion of UDP-Galp and UDP-Galf. B) 
UNGM-catalyzed interconversion of UDP-GalpNAc and UDP-GalfNAc. C) 
Structure of the C. jejuni serotype HS:2 CPS highlighting the GalfNAc 
residue. 

 

In this paper we characterize the structure and specificity of cjUNGM and 

compare its substrate-recognition patterns to those of a UGM from E. coli (ecUGM). 

These studies have allowed us to understand the specificity of this interesting protein, 

the first pyranose–furanose mutase demonstrated to efficiently turn over two different, 

albeit structurally similar, substrates. We conclude that the salient differences between 

the two enzymes are subtle changes in substrate recognition mediated by two active-site 

arginine residues in cjUNGM, which are replaced with lysine and histidine in ecUGM. 

These investigations provide the first insights into the dual specificity of this mutase, a 

new drug target for treating C. jejuni infections. 
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6.4. Results and discussion 

6.4.1. There is no covalent intermediate between ecUGM and UDP-
GalNAc 

Both ecUGM and cjUNGM are flavoenzymes. The N-5 of reduced FADH− reacts 

directly with the UDP-Gal(NAc) substrate (Scheme 6-2) to displace UDP and give 6. 

Next, the pyran ring opens to form a covalent iminium ion intermediate, 7, which 

proceeds through intermediate 8 on the way to the product.14,15 Despite the high 

sequence homology between cjUNGM and ecUGM, only the former turns over UDP-

GalNAc as a substrate. In our previous study9 we proposed that arginine residues in 

cjUNGM (R59 and R168) play a role in the recognition and turnover of UDP-GalNAc, 

and we hypothesized that an interaction between R59 and the acetamido group of UDP-

GalNAc is required to prevent the formation of unproductive oxazoline side products (9, 

Scheme 6-2). It is possible that the ecUGM, which contains instead a histidine at this 

position, could become trapped as the oxazoline (9) after formation of the iminium ion (7) 

from UDP-GalNAc. Alternatively, the ecUGM may not bind to UDP-GalNAc at all. To 

distinguish between these possibilities, we sought to directly observe the formation of 

any of these species. 
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Scheme 6-2: Proposed mechanism for cjUNGM based on that of UGM. The reduced 
form of the flavin cofactor is required for activity. In an earlier 
investigation, it was hypothesized that UGMs lacking R59 (i.e., as in 
ecUGM) form an unproductive oxazoline intermediate (9) with UDP-
GalpNAc (3), thus preventing turnover of this substrate.9 

 

Flavin derivatives often exhibit characteristic UV/visible absorbances that can be 

used to identify the species that are produced during an enzymatic reaction. For 

example, it was previously shown that the covalent iminium intermediate of the UGM 

reaction (7, R=OH) gives rise to an increased absorbance at 500 nm with an isosbestic 

point around 475 nm.14 We hypothesized that a similar covalent intermediate would exist 

en route to the proposed unproductive oxazoline intermediate 9 with ecUGM and UDP-

GalpNAc (3). Therefore, we sought to detect such an iminium ion intermediate from the 

absorbance spectrum of the ecUGM in the presence of UDP-GalpNAc. First, we 

examined the absorbance of ecUGM with increasing amounts of UDP-Galp (1). Similar 

to published results with Klebsiella pneumoniae UGM,14,16 an increase in the absorbance 

at 500 nm with increasing concentration of UDP-Galp (Figure 6-1 A) was observed. 

However, when UDP-GalpNAc (3) was added, there was no change in the absorbance 

of the sample. As seen in Figure 6-1 B, the constant FAD absorbance with increasing 

concentrations of UDP-GalpNAc suggests that no iminium ion species is formed 
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between the ecUGM FAD cofactor and this substrate. Consequently the formation of an 

unproductive oxazoline intermediate, as previously proposed is not supported. These 

absorbance measurements provide evidence that ecUGM does not employ UDP-

GalpNAc as a substrate; however, the origin for the specificity of this ecUGM vis-à-vis 

cjUNGM remained unclear.9 Therefore, we tried other approaches such as X-ray 

crystallography, saturated transfer difference NMR spectroscopy, molecular dynamics, 

and CORCEMA-ST calculations. 
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Figure 6-1: UV/visible spectrum for titrations of ecUGM with A) UDP-Galp (1) and B) 
UDP-GalpNAc (2). Concentrated UDP-Galp or -GalpNAc was titrated into 
reduced ecUGM. The formation of a covalent adduct between the FAD 
cofactor and the substrate can be seen by the increase in A500 with 
increasing [UDP-Galp] (inset), reaching a maximum at ∼3 mm. Titrating 
with UDP-GalpNAc revealed no ΔA500. 
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6.4.2. Crystal structure of cjUNGM 

The crystal structure of cjUNGM is very similar to that of the other members of 

UGM family (Figure 6-2). Superposition of cjUNGM on ecUGM (chain B) reveals that the 

two dimers superimpose with a root mean square deviation (RMSD) of 0.9 Å for all Cα's, 

a similar superposition with the monomer of kpUGM revealed an RMSD of 1.3 Å. The 

substrate cleft is located between domains 1 (FAD-binding) and 2 (5-helix bundle), and, 

in the cjUNGM structure, the mobile loop noted in other UGM structures is in the “open” 

conformation. This loop plays an important role in the binding of UDP-Gal, closing 

around the substrate in enzyme–ligand complexes.16–20 All of the conserved residues 

noted as important for enzyme activity19,20 are located in the same positions in cjUNGM 

as in the other structures, with the noted exception of the residues in the mobile loop. 

Given that we have been unsuccessful in obtaining a cocrystal of the enzyme bound to a 

substrate, we used STD-NMR spectroscopy in conjunction with molecular dynamics and 

CORCEMA-ST calculations21–26 to provide a model of the complex structures. 

 

 

Figure 6-2: Superposition of a monomer of UNGM (red) with monomer B of ecUGM 
(blue; PDB ID: 1I8T). The mobile loop that moves position when substrate 
binds is colored yellow in the UNGM monomer and green in the ecUGM 
monomer. FAD from UNGM is shown in a ball-and-stick representation. 
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6.4.3. Differentiating the binding epitopes for ecUGM and cjUNGM 
with UDP-Galp and UDP-GalpNAc by STD-NMR spectroscopy 

Binding epitopes of UDP-Galp and UDP-GalpNAc: STD-NMR experiments were 

performed to explore the binding of both ligands to cjUNGM or ecUGM in its reduced 

state. The largest STD effects were observed for H1R/H5U protons in all four cases; this 

is consistent with previous studies of the kpUGM–UDP-Galp complex.24 Thus, the STD 

intensity of this peak was set to 100  % as a reference, and relative STD intensities for 

other protons were normalized to this peak (Figure 6-3). STD effects were generally 

larger from the uridine moiety than those from the galactopyranose or N-

acetylgalactosamine, and only H1G and H4G showed comparable STD intensities with 

uridine protons. In addition, UDP-Galp exhibited similar STD enhancement profiles in 

both cjUNGM and ecUGM binding sites, with the exception of H2G; this suggests similar 

binding modes of UDP-Galp in the active sites of both enzymes. For UDP-GalpNAc, a 

few discrepancies such as H4G and H6G were observed for its enhancement profiles, 

thus implying somewhat different binding patterns for the GalpNAc portion. Yet, STD 

intensities alone cannot directly afford substrate binding modes, and therefore we 

resorted to MD simulations in conjunction with CORCEMA-ST calculations to develop a 

semiquantitative model of substrate recognition.21–26 

 



 

186 

O P
O

P
O

–O –O

O O
N

O

OHHO

NH

O

O

O

HO
HO

HO OH

100

22

100

6363

86

46

62
55

48

77
45

39

UDP-Galp (1) with cjUNGM

UDP-Galp (1) with ecUGM

UDP-GalpNAc (3) with cjUNGM

UDP-GalpNAc (3) with ecUGM

R

G

U

O P
O

P
O

–O –O

O O
N

O

OHHO

NH

O

O

O

HO
HO

HO OH

100

30

100

5656

92

48

61
38

54

76
41

46

R

G

U

O P
O

P
O

–O –O

O O
N

O

OHHO

NH

O

O

O

NH
HO

HO OH

100

24

100

6767

72

30

61
30

44

66
48

31

R

G

U

CH3

O

O P
O

P
O

–O –O

O O
N

O

OHHO

NH

O

O

O

NH
HO

HO OH

100

21

100

5151

78

27

58
29

35

48
26

26

R

G

U

CH3

O

25

25

 

Figure 6-3: Epitope mapping of UDP-Galp (1) and UDP-GalpNAc (3) in the active site 
of cjUNGM or ecUGM (U: uracil, R: ribose, G: galactopyranose or 2-
acetamido-2-deoxy-galactopyranose). All numbers shown are percentage 
STD values of non-exchangeable protons after normalization against that 
of H1R/H5U. 

 

6.4.4. Molecular dynamics studies of binding modes 

The active-site structures of bacterial UGMs and cjUNGM are highly 

conserved,9,16–18 and the binding conformations of UDP-Galp with Deinococcus 

radiodurans UGM (drUGM) and kpUGM are almost identical.16,19 Hence, the ligand 

binding modes for ecUGM and cjUNGM should be similar to those of other UGMs, and 

the bound structures of both UDP-Galp and UDP-GalpNAc to kpUGM, the latter of which 

was generated by molecular docking, were used as reasonable starting points for MD 

studies. Simulations of 50 ns were performed to allow sufficient time to probe ligand 

binding to both cjUNGM and ecUGM. It has been suggested that the movement of the 

mobile loop (residues 162–175 in ecUGM and 161–174 in cjUNGM) towards a closed 

conformation is essential for UGM substrate binding and catalytic activity.23,27 Indeed, 

this loop closure was observed for all four U(N)GM–ligand complexes during the course 
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of MD simulations. The last 20 ns trajectory of each system, all of which have the mobile 

loop closed and thus represent the “bound” structure, was chosen for further analysis. 

Unless otherwise noted, residue numbers refer to cjUNGM. Clustering was carried out 

based on the RMSD of active-site and ligand residues, and the central structure of the 

largest cluster was used for static structure comparisons (Figure 6-4). 

 

 

Figure 6-4: Binding-site interactions of A) cjUNGM–UDP-Galp, B) ecUGM–UDP-
Galp, C) cjUNGM–UDP-GalpNAc and D) ecUGM–UDP-GalpNAc. 
Ligands and flavin isoalloxazine rings are shown as sticks, and selected 
active-site residues are shown as thin lines (green: carbon, blue: nitrogen, 
red: oxygen, orange: phosphorus). Hydrogens and water molecules are 
omitted. Blue dots represent hydrogen bonds; red dots indicate ionic 
interactions. 
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Similar uridine binding patterns were observed across the four complexes. A 

strong hydrogen bond with a donor (uracil N3)–acceptor (Leu146 O) distance of 3.0 Å or 

less persisted during the MD simulation. The π-stacking interaction between uracil and 

the Tyr150 side chain was also maintained. These agreed with observations from related 

crystal structures.16,19 However, hydrogen bonds between ribose O2 and Gln154 OE1 as 

well as Gln154 NE2 and ribose O3 (except for the cjUNGM–UDP-Galp complex) were 

also present throughout the MD trajectories. This is different from related crystal 

structures, in which NE1 of Trp184 (drUGM) or Trp160 (kpUGM) forms a hydrogen bond 

with ribose O2 or O3, and the adjacent Gln has its side chain pointing away from the 

ligand.16,19 Yet, the interaction modes revealed by MD did provide one more stable 

hydrogen bond, and the Trp NE1 could still participate in water-mediated hydrogen 

bonding with the ligand. 

The diphosphate binding modes, dominated by ionic interactions with two 

flanking guanidinium groups, were different between cjUNGM and ecUGM, although 

they had similar ionic interactions, with the functionally critical Arg277 in the active 

site.20 The other interacting guanidinium group came from mobile loop Arg170 in the 

ecUGM–UDP-Galp complex, which corresponds to the Arg174 in kpUGM that was 

shown to be essential for UGM activity.20 In cjUNGM–UDP-Galp and cjUNGM–UDP-

GalpNAc, however, it was Arg168 that displayed strong ionic interactions with the 

diphosphate. Arg168 in cjUNGM corresponds to Lys169 in ecUGM and Lys173 in 

kpUGM, neither of which interacts with the substrate as they point away from the active 

site. Interestingly, Arg168 in cjUNGM is important for its bifunctionality as it favors the 

conversion of UDP-GalpNAc, which cannot be converted by ecUGM, to its furanose 

counterpart.9 The Coulombic interaction energy between the diphosphate and the 

guanidine moiety from the corresponding mobile loop arginine was calculated based on 

the force field used in MD simulations (Table 6-1). Because this interaction is key for 

catalysis, the much smaller interaction energy in ecUGM–UDP-GalpNAc, 105 

kJ  mol−1 smaller than that in ecUGM–UDP-Galp, accounts for the inability of ecUGM to 

catalyze the conversion of UDP-GalpNAc. Of note, this interaction energy in cjUNGM–

UDP-GalpNAc is 12.5 kJ  mol−1 larger than that in cjUNGM–UDP-Galp, thus suggesting 

its role in favoring UDP-GalpNAc over UDP-Galp. This is also consistent with a previous 

study of UNGM mutants that shows the role of Arg168 in substrate binding (Km) rather 
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than catalytic turnover (kcat).9 Hydrogen bonds donated from Tyr180 (as well as Tyr311 

in the case of ecUGM–UDP-Galp) further stabilized the diphosphate group, whereas 

hydrogen bonding from Tyr310 (except in ecUGM–UDP-Galp) and Tyr345 were mostly 

absent during the course of MD simulations. However, hydrogen bonding interactions 

from these active-site tyrosines are much less important, and their absence only results 

in a small decrease in the catalytic efficiency of kpUGM.20 

 

Table 6-1: Coulombic interaction energies between the ligand diphosphate and the 
mobile-loop guanidinium moiety. 

 cjUNGM:UDP-Galp ecUGM:UDP-Galp 
cjUNGM:UDP-

GalpNAc 
ecUGM:UDP-

GalpNAc 

E (kJ mol-1)a –138.9 –132.4 –151.4 –27.7 

ΔE (kJ mol-1)b –111.2 –104.7 –123.7 0 

a values are averaged over the final 20 ns of each trajectory. 
b after subtraction of E in ecUGM–UDP-GalpNAc, –27.7 kJ mol-1 

 

Binding of the Galp or GalpNAc moiety was characterized by a series of 

hydrogen bonding interactions. The flavin N5 donated a hydrogen bond to Galp or 

GalpNAc O4, which in turn donated a hydrogen bond to either Ala54 O or flavin O4 

during the course of MD simulations. The O3 of Galp or GalpNAc was also involved in 

strong hydrogen bonding with flavin O4, analogous to that observed in MD simulation of 

the kpUGM–UDP-Galf complex.23 With the exception of ecUGM–UDP-GalpNAc, the O6 

of Galp or GalpNAc donated a hydrogen bond to Glu297 OE1. This represents the 

largest discrepancy with the kpUGM crystal structure, in which Asn80 ND2 donates a 

hydrogen bond to Galp O6, as the C6 hydroxyl points in a completely different direction 

within the binding site (Figure 6-5). Nevertheless, this deviation resulted in a strong 

hydrogen bond (shorter donor–acceptor distance and Glu297 OE1 has a partial negative 

charge), and concomitant repositioning of the sugar ring did involve O3 in hydrogen 

bonding with flavin. Furthermore, Glu297 does have a role in substrate binding and 

catalytic turnover.23 The distance between the flavin N5 and sugar C1 also explains the 
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lack of catalytic activity in the ecUGM–UDP-GalpNAc complex, as its average value is 

approximately 1 Å greater than those in the other three complexes (Table 6-2). 

 

 

Figure 6-5: Major differences between UDP-Galp binding modes from MD 
simulations and the crystal structure. Green dots represent hydrogen 
bonds observed in the MD simulation of ecUGM–UDP-Galp, and gray 
dots indicate hydrogen bonds in the crystal structure of kpUGM–UDP-
Galp (PDB ID: 3INT:B). UDP-Galp is shown as sticks; selected active-site 
residues are shown as thin lines (blue: nitrogen, red: oxygen, orange: 
phosphorus, green: carbon in ecUGM–UDP-Galp, gray: carbon in 
kpUGM–UDP-Galp). Residues are labeled for ecUGM. 

 

Table 6-2: Averaged distances between ligand anomeric carbon and flavin N5. 

 
cjUNGM–UDP-

Galp 
ecUGM– 

UDP-Galp 
cjUNGM–UDP-

GalpNAc 
ecUGM– 

UDP-GalpNAc 

Distance (Å) 4.05 4.01 4.26 5.12 
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Arg59 of cjUNGM, corresponding to a histidine in ecUGM and kpUGM, has been 

proposed to interact directly with the NHAc group on GalpNAc because it favors the 

conversion of UDP-GalpNAc over that of UDP-Galp.9 However, the MD simulations do 

not support this hypothesis. Direct hydrogen bonds were observed between Arg59 NH2 

and Galp O2 as well as Arg59 NH1 and Galp O3 during the MD simulation of cjUNGM–

UDP-Galp, whereas only water-mediated hydrogen bonds were observed for cjUNGM–

UDP-GalpNAc. Thus, we speculate that Arg59 might not contribute significantly to 

the Km of UDP-GalpNAc (substrate binding) but instead might facilitate the catalytic 

reaction. Indeed, kinetic parameters of the R59H mutant and wild-type cjUNGM suggest 

a small role of Arg59 in substrate binding and a more important role in catalytic turnover 

that favors UDP-GalpNAc over UDP-Galp.9  

A clear test of the critical role of Arg59 and Arg168 in controlling the specificity of 

cjUNGM would be to mutate the corresponding residues in ecUGM. Unfortunately, all 

attempts to prepare mutant clones of the E. coli enzyme failed to express. 

6.4.5. Experimental validation of binding models 

To validate the binding models, 100 snapshots were generated from the final 20 

ns of MD simulations so as to perform CORCEMA-ST calculations.21,22 Calculated STD 

intensities of the 100 frames were averaged for each non-exchangeable ligand proton 

and normalized against that of H5U/H1R. Both ecUGM–UDP-Galp and cjUNGM–UDP-

Galp showed excellent correlations between experimental and calculated STD values 

(Figure 6-6), given the approximations in the experimental and theoretical treatments, 

thus indicating that the conformational ensemble generated from the MD simulation is 

representative of the corresponding bound structures in solution. For UDP-GalpNAc, the 

correlations were acceptable, thus suggesting reasonable MD models for cjUNGM–

UDP-GalpNAc and ecUGM–UDP-GalpNAc. Moreover, similar STD enhancement 

profiles for ecUGM–UDP-Galp and cjUNGM–UDP-Galp corroborated the corresponding 

MD models that demonstrated analogous binding modes of UDP-Galp (Figure 6-6 A and 

B), whereas discrepancies in STD values between cjUNGM–UDP-GalpNAc and 

ecUGM–UDP-GalpNAc in the GalpNAc portion were illustrated by different binding 
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conformations (Figure 6-6 C and D). Therefore, the binding models produced by MD 

simulations can be rationalized for all four U(N)GM–ligand complexes. 

 

 

Figure 6-6: Comparisons of experimental (▪) and calculated (▪) STD values from the 
CORCEMA-ST protocol for A) cjUNGM–UDP-Galp, B) ecUGM–UDP-
Galp, C) cjUNGM–UDP-GalpNAc, and D) ecUGM–UDP-GalpNAc. Both 
experimental and calculated STD values were normalized against the 
corresponding STD values of H1R/H5U. The NOE R factors, excluding 
contributions from H1R/H5U, are 0.25, 0.20, 0.35, and 0.33, respectively. 

 

6.5. Conclusions 

We have employed a series of experimental and theoretical techniques to 

investigate the origin of substrate specificity in cjUNGM, a bifunctional pyranose–

furanose mutase that converts both UDP-Galp and UDP-GalpNAc to their corresponding 

furanose derivatives. The binding modes of cjUNGM with UDP-Galp and UDP-GalpNAc 

were generated by MD simulations, which were validated by agreement between 
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theoretical STD effects from CORCEMA-ST calculations and experimental STD 

enhancements. The interactions of the substrates with ecUGM, which is highly 

homologous to cjUNGM, but which is monofunctional for UDP-Gal, were revealed by the 

same approach. Our results demonstrated the important role of cjUNGM Arg168 in 

substrate recognition, as it formed strong ionic interactions with both substrates and 

could stabilize the released UDP during catalysis. Such ionic interactions were more 

pronounced with UDP-GalpNAc than UDP-Galp, thus suggesting that Arg168 favors the 

binding and turnover of UDP-GalpNAc. In contrast, no residue from the mobile loop of 

ecUGM engages in ionic interactions with the diphosphate moiety of UDP-GalpNAc, and 

this leads to the absence of catalytic activity. Indeed, UV/visible spectroscopy 

demonstrated that the binding of UDP-GalpNAc with ecUGM is not followed by the 

formation of an iminium ion intermediate, a result that is corroborated by the relatively 

large distance between the pyranose C1 and flavin N5 atoms during the course of MD 

simulations. 

Arg59 (His in ecUGM) is the other active-site residue that differs between 

cjUNGM and ecUGM. Arg59 showed different hydrogen-bonding interactions with UDP-

Galp and UDP-GalpNAc, thus confirming its role in the substrate binding. Previous 

studies revealed that mutating Arg59 to His reduces the ability of cjUNGM to process 

UDP-GalfNAc more dramatically than does mutation of Arg168. However, the work 

reported here does not provide a clear explanation for the effect of Arg59 on catalysis, 

and further study is required. We can conclude, however, that our previous proposal that 

Arg59 engages in direct hydrogen bonding with the acetamido residue of the GalNAc is 

not supported. 

It is interesting to note that C. jejuni 11168 has not been reported to produce any 

Galf-containing glycoconjugates. Therefore the role of a bifunctional enzyme that is 

capable of producing a substrate (UDP-Galf) that is not further incorporated into 

glycoconjugates remains unclear. Certainly UDP-Galp, an essential biochemical 

intermediate, is produced by the organism. If one assumes that cjUNGM arose though 

evolution of a protein similar or identical to ecUGM, then it is possible to envision that the 

organism has been required to modify the enzyme to produce suitable quantities of the 

sugar nucleotide substrate required for the (yet unidentified) glycosyltransferase involved 
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in CPS biosynthesis. One can speculate that further evolution of the protein might lead 

to an enzyme that is more selective for UDP-GalNAc, although there might not be 

sufficient evolutionary pressure to effect such changes. 

6.6. Experimental section 

Enzyme preparation: The E. coli UGM and C. jejuni UNGM enzymes were 

prepared as reported in our earlier investigation,9 with slight modifications as follows. For 

UV/Vis spectroscopy studies, E. coli UGM was prepared from 3 L cultures and diluted to 

a final concentration of 162 µm. For crystallography, C. jejuni UNGM was prepared from 

4 L cultures and purified by Ni-NTA agarose chromatography eluting with imidazole (250 

mm) in Tris⋅HCl (40 mm, pH 7.4) with NaCl (150 mm). After dialysis in buffer (4 L, 40 

mm Tris⋅HCl, pH 7.4, with 150 mm NaCl), the protein was concentrated to ∼7 

mg  mL−1 by centrifugal filtration in a 30  000 molecular weight cut off centrifugal filter 

device (Amicon Ultra-15 Ultracel-30). Protein samples used for NMR analysis were 

lyophilized from D2O in 1 mg aliquots directly before use, and dissolved directly in D2O 

for use. Lyophilized proteins maintained >80  % activity as determined by using an HPLC 

assay described previously9 (data not shown). 

UV/Vis spectroscopy: FAD UV/Vis spectroscopy was performed on a Hewlett 

Packard 8453 UV/Vis spectrophotometer. Measurements were made in identical 50 µL 

cuvettes, with or without E. coli UGM (150 µm), in a 110 µL final volume of potassium 

phosphate buffer (100 mm, pH 7.4) containing freshly prepared sodium dithionite (20 

mm). UV/Vis spectra were recorded in wave-scan mode as concentrated UDP-Galp or 

UDP-GalpNAc solutions were titrated into each cuvette, as described previously.14 

Attempts to carry out this experiment with C. jejuni UNGM were unsuccessful. At the 

concentrations required to get a detectable signal, protein precipitation occurred. 

X-ray crystallography 

Crystallization: Purified C. jejuni UNGM was crystallized by using the microbatch 

method. Initial screen were performed by using commercially available screening kits 

(Qiagen and Hampton Research). The initial screens were set up with 0.6 µL protein and 
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0.6 µL screening solution, and the drops were subsequently covered with paraffin oil. 

Crystals were found under several conditions, and optimization trials resulted in good-

quality crystals being grown in ammonium acetate (0.2  m), trisodium citrate (0.1  m, pH 

5.6) poly(ethylene glycol) 4000 (25  %, w/v). 

Diffraction and data collection: Prior to data collection, crystals were soaked for 5 

min in a cryoprotectant mother liquor containing 30  % glycerol, mounted on a cryoloop 

and flash-cooled in liquid nitrogen. All crystals were diffracted by using synchrotron 

radiation at a wavelength of 0.9790 Å at the Canadian Macromolecular Crystallography 

Facility (CMCF-1) beamline (ID08ID-1) at Canadian Light Source (CLS, Saskatoon, SK, 

Canada). A total of 180 images were collected on a MAR300 CCD X-ray detector; each 

was exposed for 1 s with 1.0° oscillation at a crystal-to-detector distance of 250 mm. The 

diffraction images were processed and scaled by using the XDS software 

package.28 Autoindexing of the diffraction data showed that the crystal belonged to the 

space group P212121, with unit-cell parameters a=48.4, b=116.0, c=165.4 Å. The 

asymmetric unit appeared to contain one dimer, thus giving a Matthews coefficient29 of 

2.67 Å3  Da−1 and a solvent content of 54  %. The final data statistics are listed in Table 6-

3. 
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Table 6-3: Data collection and refinement statistics. Values in parentheses are for 
the highest-resolution shell. 

Beamline 08ID-1, CLS 

Wavelength (Å) 0.9790 

Temperature (K) 100 

Space Group P212121 

Unit-cell parameters (Å, °) a=48.42, b=116.15, c=165.24 

Resolution (Å) 50.00 - 2.00 (2.05-2.00) 

Observed reflections 454,777 

Unique reflections 63,966 

Completeness (%) 100.0 (100.0) 

Multiplicity 7.11 (6.73) 

Mean I/σ(I) 12.6 (2.5) 

Rmerge a 0.140 (0.830) 

Rmeas b 0.151 (0.899) 

CC1/2
c 99.7 (71.6) 

Monomers per ASU 2 

Resolution range (Å) 47.51-2.00 

Rwork/Rfree % 17.1/21.2 

Number of protein residues 1-365, 1-363 

Ligands 1*SO4/1*GOL/1*FDA, 1*SO4/1*GOL/2*NH4/1*FAD  

Number of solvent molecules 777 

Rmsd bond length (Å)/angles (°) 0.002/0.670 

Ramachandran favoured (%) 96.4 

Ramachandran allowed (%) 3.6 
aRmerge=∑hkl∑i|Ii(hkl)−�I(hkl)〉|/∑hkl∑iIi(hkl), where Ii(hkl) is the measured intensity and �I(hkl)� is the 
average intensity over symmetry-equivalent reflections. 
bRmeas=∑hkl(√(nh/(nh−1)))∑i|Ii(hkl)−�I(hkl)�|/∑hkl∑iIi(hkl). 
cCC*=√[(2CC1/2)/(1+CC1/2)], where CC* is an estimate of CCtrue based on a finite sample size. 

 

Structural solution and refinement: A molecular replacement solution for UNGM 

was found by using the atomic coordinates of ecUGM17 with the program MrBUMP 

implemented through the CCP4 program suite.30,31 Initial refinement was performed by 

using Refmac5,32 and model rebuilding was carried out in COOT.33 Addition of the FAD 

cofactors and water molecules, and the final rounds of refinement were performed in 
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PHENIX.34 Noncrystallographic symmetry (NCS) restraints were applied during the initial 

refinement step, but were removed during the final rounds of refinement. The final model 

was validated using MOLPROBITY.35 Final refinement statistics are shown in Table 6-3. 

The final structure coordinates were deposited in the PDB (PDB ID: 4MO2). 

STD-NMR spectroscopy: NMR samples containing ecUGM or cjUNGM (1.0 

mg) in potassium phosphate D2O buffer (50 mm, pH 7.4) were prepared, and freshly 

prepared sodium dithionite (20 mm) was added to a total volume of 0.7 mL under N2 to 

reduce the cofactor FAD.17 UDP-Galp or UDP-GalpNAc was then added to give a final 

ligand concentration of 1.8 mm at a ligand/protein ratio of 50:1. Ligand resonances were 

assigned by using 1H, 1H COSY and 1H, 13C HMQC NMR spectroscopy. Enzyme-only 

samples without the ligand were also prepared to correct for protein resonances in the 

STD-NMR spectra. STD-NMR spectra were recorded on a Varian/Agilent VNMRS four-

channel, dual receiver 700 MHz spectrometer equipped with an inverse detection, cryo-

cooled 1H{15N/13C} triple-resonance, Z-gradient probe at 300 K. Protein resonances at 

0.0 ppm (50 ppm for reference spectra) were selectively irradiated for a total saturation 

time of 2.04 s by using a series of Gaussian-shaped pulses.36 

Molecular dynamics simulations: The crystal structure of K. pneumoniae UGM 

(kpUGM) in complex with UDP-Galp (PDB ID: 3INT, chain B)16 was used as the 

reference bound structure of UDP-Galp because kpUGM is highly homologous with both 

cjUNGM and ecUGM.9 For the reference bound structure of UDP-GalpNAc, docking with 

AutoDock Vina37 was first performed. Water molecules and the ligand (UDP-Galp) were 

removed from the aforementioned kpUGM structure prior to the docking of UDP-

GalpNAc, and the docking pose with the best overlap with UDP-Galp was chosen as the 

reference bound structure for UDP-GalpNAc. These reference bound structures were 

subsequently fitted to analogous positions in both monomers A and B of the cjUNGM 

and ecUGM (PDB ID: 1I8T) crystal structures.17 The four resulting enzyme–ligand 

complexes in their dimeric forms were then processed by the LEaP module in 

AmberTools1.538 for the addition of missing atoms and parameterization of force fields. 

Residues were parameterized by either the Amber ff99SB39 or GLYCAM0640 force field 

wherever possible. Missing parameters for the cofactor FADH− and the diphosphate 

moiety in ligands were manually added; R.E.D. Server41 was used to derive atomic 
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charges according to the RESP model,42 taking into account multiple conformations and 

multiple orientations as per AMBER convention.43 

MD simulations of the four enzyme–ligand systems, cjUNGM–UDP-Galp, 

ecUGM–UDP-Galp, cjUNGM–UDP-GalpNAc, and ecUGM–UDP-GalpNAc, were 

conducted with GROMACS 4.5.4.44 Each system was solvated in a dodecahedron 

periodic box with a TIP3P water model,45 and NaCl (0.15  m) was added to balance ionic 

charge in the system. Energy minimizations were carried out with steepest-descent 

integrator and conjugate gradient algorithm sequentially to achieve a maximum force of 

< 500 kJ  mol−1  nm−1 on any atom. A twin-range cutoff scheme was used to evaluate 

short-range, nonbonded interactions, with van der Waals interactions truncated at 1.4 

nm and electrostatic interactions truncated at 0.9 nm. Long-range electrostatic 

interactions were treated by the particle mesh Ewald (PME) method.46,47 The 

temperature was maintained at 300 K by using a velocity rescaling thermostat48 with a 

coupling constant of 0.1 ps, and the pressure was maintained at 1.0 atm by using a 

Berendsen barostat,49 with a coupling constant of 1 ps. Simulations were performed with 

a time step of 2 fs, and all bonds involving hydrogen atoms were constrained by a 

parallel linear constraint solver (P-LINCS).50 Each system was equilibrated under a 

constant volume (NVT) ensemble for 200 ps and a constant pressure (NPT) ensemble 

for 300 ps. A harmonic position restraint with a force constant of 1000 kJ  mol−1  nm−2 was 

applied to all the heavy atoms of the enzyme and the UDP portion of the cofactor; 

position restraints were applied to maintain key interactions between the Galp or 

GalpNAc moiety and the enzyme. Following equilibration, production MD simulations 

were conducted for 50 ns for each system, without any constraints. For consistency, only 

monomer B of each dimeric system was considered for analysis and CORCEMA-ST 

calculations. 

CORCEMA-ST calculations: The theory of CORCEMA-ST and the details of 

executing the CORCEMA-ST protocol have been previously described.21–26 STD 

intensities were calculated on 100 snapshots from the last 20 ns of MD trajectories 

(every 200 ps), and truncated structures with only the residues within 1.3 nm of the 

ligand were considered. Based on experimental conditions, the concentration of ligand 

was 1.8 mm, and the ligand/enzyme ratio was kept at 50:1. The spectrometer frequency 
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was set at 700 MHz. kon was set in the range of 105–106 s−1  m−1, and the equilibrium 

constant, Keq, was set in the range of 104–105  m−1, both of which were subject to 

optimization. The effect of finite delays21,22,25 between scans was taken into account, and 

td was set to 2.1 s to account for an experimental acquisition time of 2 s and a delay of 

0.1 s. The order parameter for intramethyl proton–proton interactions was set to 

0.25,21 and that for interactions from methyl to other protons was set to 0.85.22 The 

rotational correlation times for bound and free ligand were estimated to be 40 and 0.2 

ns, respectively, from the corresponding solvent-accessible surface areas.51 Because 

protein signals at 0 ppm were selectively irradiated for the STD experiment, all methyl 

protons in the enzyme and its cofactor were assumed to be saturated. STD intensities of 

non-exchangeable protons on ligands were calculated only at a saturation time of 2 s. To 

evaluate the fit between experimental and calculated STD enhancements, the NOE R-

factor52 was calculated for normalized STD values. 
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Chapter 7. General conclusions 

7.1. The comparative approach in MD simulations 

To elucidate the bound geometries of certain ligands and their interaction 

networks with their complementary proteins, this thesis compares the results of MD 

simulations of ligand-protein pairs with those of other ligand-bound structures from 

experimental data, for example, X-ray crystallography.  Considering the limitations of MD 

simulations in its current state, as discussed in Chapter 1, it is important to utilize such a 

comparative approach in the absence of direct experimental input.  Simulations of 

reference protein-ligand complexes with certain experimentally known properties can 

serve as a baseline for assessing other ligands of interest, and should reduce the effects 

of insufficient sampling and/or inaccurate force field parameters.  

Indeed, such comparisons have led to reasonable predictions consistent with 

available experimental data.  In Chapter 2, MD simulations demonstrate that the α-

glycopeptide could not establish stable interactions with the SYA/J6 antibody, which is in 

agreement with the lack of inhibition of antibody binding to its natural polysaccharide 

ligand by the glycopeptide in immunochemical experiments.  In Chapter 3, the LDHA 

inhibitor NHI is predicted to be an A-site binder based on comparisons of its steered MD 

simulations with other A-site and S-site binders, which also corroborates preliminary 

NMR and crystallographic data.   

7.2. Validation of computational models with experimental 
data 

An important aspect of this thesis is the use of NMR data to validate models 

generated computationally.  NMR spectroscopy is a powerful tool that can offer 

geometrical information for various biological systems under physiological conditions.  It 
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is ideally suited to study the bioactive conformations of a protein-ligand system, 

especially one that involves significant dynamics.1 On the other hand, MD simulates the 

protein-ligand system in a dynamic fashion while imitating physiological conditions.  

Therefore, it is reasonable to combine NMR with MD, and this thesis achieves such a 

combination by comparing experimental STD effects with theoretical ones calculated 

from MD structures (CORCEMA calculations).  Of note, such comparisons are 

performed with multiple snapshots from the MD trajectory instead of a single average 

structure, as discussed in Chapter 1. 

Excellent correlations between experimental and theoretical STD enhancements 

have validated the MD-generated conformational ensembles of enzyme-ligand systems 

in both Chapter 4 and Chapter 6.  Additionally, the comparison between experimental 

and theoretical STD values has served to discriminate between binding models of the 

UGM-inhibitor system in Chapter 5.  In theory, this combined approach could be applied 

to the study of protein-ligand interactions for many other systems that have adequate 

signal-to-noise ratio in NMR spectra and fall in the appropriate exchange regime. 

7.3. Suggestions for future work 

In order to generate reliable structural models for several protein-ligand systems, 

this thesis utilizes either reference protein-ligand complexes with known structures or 

input from NMR experimental data.  While ensuring a reasonable quality for the resultant 

model, such practice renders a limitation on the variety of protein-ligand systems that 

could be investigated.  It is not uncommon for a protein-ligand pair to be without similar 

pairs that have known structures and can serve as references; it is also possible that the 

binding kinetics disallows convenient NMR study2 or even that purified proteins/ ligands 

are not readily available for quantitative experiments.  Hence, future work may have to 

rely solely on computer simulations to study interactions for a wider range of protein-

ligand pairs.  In such cases, insufficient sampling and force field inaccuracies should be 

properly accounted for.  The former could be addressed by increasing the timescale of 

MD simulations and/ or increasing the number of replicate simulations with different 

initial velocities, whereas the latter could be improved by employing polarizable force 

fields that take into account the movement of electrons.3–5 
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In addition to geometries, the combination of MD simulations and NMR 

spectroscopy could also be applied to the study of energetics in protein-ligand 

interactions.  Specifically, the absolute binding free energy of a ligand to its protein could 

be derived from both non-conventional MD simulations and binding isotherms 

constructed from NMR titration experiments. 

Methods such as umbrella sampling,6,7 meta-dynamics,8 and thermodynamic 

integration9 can offer in silico estimates of absolute binding free energies, provided that 

sufficient computational power is available in future.  However, these techniques require 

more careful and delicate setup than the steered MD approach used in Chapter 3.  For 

example, umbrella sampling involves at the beginning the generation of dozens of 

sampling windows along a certain pathway (similar to the one in steered MD), which 

have to be carefully chosen so that good overlap between adjacent windows could be 

achieved in subsequent simulations of these individual sampling windows. 

As noted in Chapter 1, the dissociation constant KD can be derived from a 

titration experiment, from which a binding isotherm is constructed with ligand 

concentration being the X axis and STDfit amplification factor being the Y axis.10 For 

systems without adequate STD effects, relaxation rates of ligand protons or chemical 

shift changes of protein protons could be used instead.11  Although this method has not 

been employed in this thesis due to poor solubility of the ligand (PRZ in Chapter 5), it 

should be conveniently applied to other protein-ligand systems of good stability.  The 

experimental KD values may also be used to validate the in silico absolute binding free 

energies. 

In summary, the geometric model and energetic information could be combined 

to provide a better understanding of the bioactive interactions between the protein and 

the ligand, offering more insights into the design and development of ligands with higher 

affinity for their complementary protein partners. 
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