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Abstract 

Molecular conformation plays an important role in many aspects of chemistry and 

at all scales.  Studying conformation dynamically typically requires considerable interplay 

between theoretical and experimental approaches.  This thesis presents two such 

studies.  The first examines a fundamental stereoelectronic effect in a series of 1,3-

diheterocyclohexane systems, which serve as efficient probes of orbital interactions at 

the atomic scale.  The results of spectroscopy and ab initio computational studies of 

these compounds reveal the nature of the conformational deuterium isotope effect and 

its underlying origins in terms of hyperconjugation.  The second study is of a vastly 

different scale, examining the dynamic conformations of influenza neuraminidases in 

complex with a new class of inhibitors, which are potential lead compounds for novel 

pharmaceuticals.  This work employs molecular dynamics simulations in conjunction with 

an improved analysis technique.  The results reveal the highly dynamic nature of this 

new class of inhibitors and the implications for rational drug design. 

Keywords:  conformational analysis; hyperconjugation; spectroscopy; influenza 
neuraminidase enzymes; enzyme-ligand interactions; molecular dynamics 
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Executive Summary 

This thesis deals with the conformational studies of two distinct groups of 

chemical systems, which differ significantly in terms of the scale and complexity of the 

systems probed, as well as the techniques employed for their study.   

At the atomic scale, 1,3-diheterocyclohexanes such as 1,3-dioxane, and its thia- 

and selena- congeners, are convenient probes of communication between atoms via 

orbital interactions that dictate conformational behavior. By singly deuterating the C2 

position of these analogues, anomeric-like hyperconjugative interactions can be probed 

with exquisite sensitivity using variable-temperature-NMR and IR spectroscopies.  The 

experimental results presented in this thesis, in conjunction with Density Functional 

Theory calculations and a Natural Bond Orbital analysis, reveal the magnitude of the 

conformational deuterium isotope effect, its nature, and its periodic dependence.  These 

results serve to unify a body of literature that contains apparently contradictory results 

regarding the existence of such effects with elements of the second- and third-row and 

hyperconjugation in general among these chalcogens. 

At the biomolecular scale, influenza neuraminidase enzymes are important drug-

targets and prototypical examples of dynamic enzymes, featuring a flexible amino acid-

loop structure known as the 150-loop.  This loop plays an important role in enzyme 

catalysis, and its behavior has gained prominence in the rational design of 

neuraminidase inhibitors.  Specifically, the conformational behavior of this loop is a key 

component of the proposed binding mechanism of inhibitors that are designed to form 

contacts in the cavity that is frequently blocked by the 150-loop.  This thesis presents the 

first high-level molecular dynamics study of this class of inhibitors and their complex 

relationship with neuraminidases.  The results demonstrate an even greater role for 

enzyme-ligand dynamics for these systems than seen with conventional inhibitors.  An 

improved analysis technique is further introduced that permits a more detailed analysis 

of enzyme and ligand conformations that scales in size and complexity more readily than 

previous techniques.  The results have important implications for drug design, as well as 

the study of dynamic enzymes in general. 
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CHAPTER 1.  General Introduction and Thesis 
Overview 

1.1 Thesis overview 

This journal-style thesis presents two scientific works as separate chapters, as 

well as an introductory chapter and a concluding chapter.  

Chapter 1 introduces conformational analysis and is organized into three 

sections.  The first section provides a historical overview of how molecular 

conformations gained recognition as a fundamentally important aspect of chemistry, and 

how quantitative studies began.  The second section discusses the specifics of bonding 

theories, stereoelectronic effects and their origins, as well as the tools employed in their 

study.  Of particular focus is how traditional chemical concepts can be reconciled with 

quantum mechanical perspectives.  The third introductory section then discusses the 

theory and tools for studying the structure and conformation of much larger systems, 

particularly enzymes.  

Chapter 2 consists of the article “Probing Hyperconjugation Experimentally with 

the Conformational Deuterium Isotope Effect” (K.T. Greenway, A.G. Bischoff, B.M. Pinto) 

which has been published in the Journal of Organic Chemistry.1  The contributions of the 

thesis author were in synthesizing two out of the three chemical systems studied, 

performing the spectroscopy, performing the quantum mechanical calculations, 

analyzing the results, and writing the manuscript with B.M. Pinto.  The third compound 

was synthesized by A.G. Bischoff and B.M. Pinto. 

Chapter 3 consists of the article “The Influence of 150-Cavity Binders on the 

Dynamics of Influenza A Neuraminidases as Revealed by Molecular Dynamics 

Simulations and Combined Clustering” (K.T. Greenway, E.B. LeGresley, B.M. Pinto) 

which has been submitted to the journal PLOS ONE.  The contributions of the thesis 
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author were in designing the computational studies, parameterizing and preparing the 

systems, performing the experiments with the assistance of E.B. LeGresley, analyzing 

the results, and preparing the manuscript with B.M. Pinto. 

Chapter 4 describes general conclusions and suggestions for future work. 

1.2 Historical overview of conformational analysis 

There are three basic attributes of molecular structures.  They are, in order of 

increasing specificity; constitution, configuration, and conformation.2  Constitution 

defines the elements and their proportions that compose the molecule in question.  

Configuration then defines the connectivity of those molecules, i.e. how the various 

elements are bonded together.  Finally, conformation describes the three-dimensional 

shape(s) that the particular configuration tends to adopt in a specific environment.  The 

history of chemistry traces the development of these three concepts, from the 

development of the first theories of molecular constitution nearly 2,500 years ago to the 

first definition of conformation less than one century ago. 

The first conception of matter being composed of atoms was proposed by the 

ancient Greek philosopher Leucippus, and later expanded by his pupil Democritus and 

others in the 5th century BC.3  Though crude in comparison to modern atomic theory, 

this early description includes many aspects reminiscent of our modern understanding, 

such as a postulated relationship between the shapes and motions of individual atoms 

and macroscopic properties.  For example, water’s liquidity was attributed to the 

slipperiness of its atoms.3 Significant improvement in theory would not occur until the 

18th century, when international scientific efforts lead to rapid advancement in the 

knowledge of chemical composition.  During this period, Antoine Lavoisier performed 

some of the first quantitative chemical experiments, which disproved phlogiston theory 

and resulted in the first clear statement of the law of conservation of mass.4  Near the 

beginning of the following century, John Dalton then provided the foundations of atomic 

theory, including the notion that chemical reactions consisted of atoms being 

rearranged.4  However, no significant theories of chemical configuration were known, as 

bonding itself remained a vague and disputed concept. 
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A clear description of molecules being composed of atoms connected by bonds 

was not given until 1857 and 1858 by Couper and Kekule.5,6  Their simultaneous works 

included chemical structures that resemble modern ones, giving the first descriptions of 

molecular shape and structure.  Kekule would then go on to determine the correct 

structure of benzene in 1865,7 including its planarity and alternating single and double 

bonds.  Its conjugation-derived stability was later alluded to by Henry Edward Armstrong 

in 1890,8 and its modern, delocalized structure was given by Johannes Thiele in 1899.9  

This marked a landmark connection between a molecule’s configuration and its 

macroscopic properties. 

Significant advancement in understanding of configurations would arrive soon 

after Couper and Kekule’s work when Jacobus Van’t Hoff, the first winner of a Nobel 

prize in chemistry in 1901, provided the first three-dimensional description of saturated 

carbon centres as tetrahedral.10  This insight demonstrated the importance of 

configuration by immediately providing an explanation of an 1848 observation of Louis 

Pasteur.  Pasteur had measured the optical activity of crystals from the sodium 

ammonium salt of tartaric acid, acting on the 3-decade old knowledge that minerals and 

organic compounds such as sugars altered the orientation of polarized light.11  He had 

then separated these crystals according to their physical appearances and further 

observed that crystals of opposite symmetry rotated the plane of polarized light in 

opposite manners.12  Pasteur then proposed a connection between molecular 

asymmetry and optical activity, but could not describe the details.  Van’t Hoff recognized 

that the tetrahedral shape of carbon would allow for unique configurations of molecules 

that possessed a common constitution, creating asymmetrical carbons that could be 

responsible for optical activity.10 

Jules Achille Le Bel used symmetry arguments to reach the same conclusion 

about carbon’s geometry – and nearly at the same time.13  Le Bel’s explanation 

described molecular symmetry more broadly, explaining how molecules are chiral or 

achiral as a whole.  This differed from van’t Hoff’s description of the same phenomenon, 

which was rather focused on chirality as an aspect of isomerism.14  Indeed, van’t Hoff’s 

follow-up 1875 book included detailed descriptions of geometric isomers of unsaturated 

compounds in combination with steroisomerism, providing useful information to organic 

chemists wishing to predict the total number of isomers a reaction would produce.15  In 
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general, the dichototomy between chirality as an aspect of isomerism and molecular 

symmetry, often accompanied by discussion of point groups, persist to date.2  Overall, 

Le Bel and van’t Hoff’s works can be considered the first descriptions of configurations 

and the origins of the field of stereochemistry, with the prefix “stereo-“ referring to the 

newly discovered three-dimensionality of molecules.16 

Now that chemists began to conceive of molecules as physical, three-

dimensional conglomerates of atoms in specific configurations, the challenge of 

determining their shapes began.  From 1890 to 1893, Hermann Sachse derived the two 

main conformations of cyclohexane by trigonometric and geometric arguments,17,18 

which are now referred to as the “chair” and “boat” conformations.  Sachse argued that 

the “strainless” nature of these conformations made them preferable to the planar 

arrangement that was then widely accepted.19  These results were correct, and in their 

logic anticipated conformational analysis by decades, but were unable to overturn the 

dogma of the day.  As of 1915, the consensus among chemists remained that 

cyclohexane was predominantly planar.20  The key experimental evidence contributing to 

this view was that isomers of mono-substituted derivatives were never found – because 

one conformation would dominate, as we now know – while di-substituted derivatives 

gave rise to two chemically-distinct isomers.  Unbeknownst to practitioners of the day, 

the matter was confused by conformational flexibility. 

Ernst Mohr was the next to expand upon conformational theory, in a series of 

papers from 1915 to 1918.21  Mohr recognized that interconversion between the two 

chair and boat conformations would be possible at ambient temperatures, not only under 

extreme heat as Sachse argued, thereby explaining why two distinct isomers could not 

be isolated for mono-substituted cyclohexanes.  Mohr also recognized that if the rings 

were locked as part of a larger ring system, such interconversion would be impossible 

and isolation of a stable conformation could thereby be made.   He soon confirmed the 

latter by demonstrating the presence of cyclohexane’s chair conformation within the 

repeating matrix of the recently obtained x-ray crystal structure of diamond – one of the 

first molecular structures ever obtained by crystallography.22,23  Mohr, however, did not 

predict that derivatives of cyclohexane would preferentially adopt non-planar 

conformations, a conclusion that required a greater understanding of chemical 

dynamics. 
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A central tenet of isomerism, dating at least as far back as van’t Hoff’s pioneering 

work, was the notion that double and triple bonds are rigid whereas single bonds freely 

rotate.15  This latter notion was not disproven until the discovery of restricted motion 

around single bonds, made by George Christie and James Kenner in 1922.24  Christie 

and Kenner resolved 6,6'-Dinitrodiphenic acid into optically active forms, indicating the 

lack of rotation around the central single bond due to the sidechain’s bulkiness (Figure 1-

1).  Evidence that free rotation does not even exist for ethane, the simplest hydrocarbon, 

came soon after in the mid-1930s, due to careful calorimetric measurements and 

theoretical analysis.25,26  This work quantified the barrier at approximately 3 kcal/mol, 

although it bears noting that the first suggestion that ethane favored a staggered 

conformation was given in 1890.27 

 

FIgure 1-1: Hindered rotation about single bonds. 6,6'-Dinitrodiphenic acid is 
conformationally locked and ethane prefers staggered 
conformations. 

These insights demonstrated that molecules, despite their rotations and 

oscillations, would preferentially adopt specific conformations.  The consequences would 

be fully realized in the 1940s when, with the aid of new experimental techniques such as 

electron diffraction, Odd Hassel gave the first detailed descriptions of the conformations 

and dynamics of six-membered rings, among many other molecules.28–30  These 

monumental works confirmed the general stability of chair conformations, the process of 

conformation-exchange via “ring flipping”, the preference of substituents for the 

equatorial orientations due to unfavorable diaxial interactions, the mechanism of SN2 

reactions at the anomeric carbon of sugars, and more.   

These results also provided the three-dimensional conformations corresponding 

to the configurations of various pyranoses and their polymers, the saccharides.  These 
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latter results complemented the fundamental investigations into carbohydrate 

compositions and configurations, begun by Emil Fischer and largely completed by Sir 

Walter N. Hayworth and associates.31  Fischer had determined the chirality and 

configurations of many sugars by the time of his Nobel prize in 1902, creating the 

eponymous Fischer projections along the way.32  Haworth extended this work to 

disaccharides, correctly describing the widespread preference of carbohydrates for six-

membered rings, and introduced Haworth projections. Haworth also gave the first 

chemical definition of “conformation”, among other achievements for which he would 

receive his own Nobel prize in 1937.32,33  Thus, with Hassel’s results of the 1940s, the 

complete configurations and conformations of the majority of simple carbohydrates was 

known.31   

The burgeoning study of molecular conformations would soon after come of age 

with a landmark 1950 paper, and several subsequent works, by Sir Derek Barton on the 

conformations of steroids.34,35  Barton’s work integrated a large body of literature to show 

that conformations of even large molecules could be reliably predicted based on steric 

hindrance and non-bonded repulsion.32  More importantly, he showed that the relative 

energies and populations of these conformations could be approximately quantified, and 

these results could then be used to predict the outcomes of complex chemical reactions.  

These works introduced the phrase “conformational analysis” and demonstrated to the 

chemical community that knowledge of the shapes of molecules is of vital importance for 

their reactivity and chemical properties.  For their development of conformational 

analysis, and subsequent development that continued for years beyond, Derek Barton 

and Odd Hassel received the Nobel Prize in 1969.36 

1.3 Stereoelectronic effects 

Following the introduction of conformational analysis, many investigators 

undertook systematic explorations of the conformations of various chemical systems, 

with the most common being six-membered rings.37 The main question that was 

explored was the strength of the preference of various substituents and ring structures 

for axial versus equatorial positions of chair conformations.  The methods employed 

included X-ray crystallography, infrared spectroscopy, and chemical methods such as 
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measuring heats of combustion.38  The most powerful and versatile technique, 

particularly in regards to conformational dynamics, was soon shown to be nuclear 

magnetic resonance (NMR) spectroscopy.  NMR spectroscopy was first applied to bulk 

matter in 1945 and yielded its first high-resolution proton spectra in 1956.39,40  Within the 

next several years it was well-established that the elements of its spectra – including line 

widths, coupling constants, chemical shifts, and signal integrations – offer a wealth of 

chemical and conformational information.37,41,42   

With these advancements in spectroscopy and a growing body of conformational 

studies, some unexpected results were encountered.  One of the most famous examples 

was the observation that certain substituents of pyranoses are more stable when axial, 

rather than equatorial.  This effect was first documented for α-D-glucopyranosides in 

1905,43 but was only fully characterized, by NMR, and named (“the anomeric effect”) in 

1958 by Raymond Lemieux.44  By 1969, the effect was being exploited to preferentially 

synthesize axial stereoisomers at anomeric-like centers (Figure 1-2).45 

 

Figure 1-2: Stereoselective synthesis of axial isomers, utilizing the anomeric 
effect. 

Given the well-established greater steric clash experienced by axially oriented 

groups,38 thought to be the dominant determinant of conformation, it was clear that there 

must be electronic basis for the effect.  It was accordingly described as a 

“stereoelectronic effect”,45,46 a term that is defined by IUPAC as describing the general 

phenomenon of orbital overlap being dependent on molecular geometry.47  Numerous 

steroelectronic effects have since been recognized and studied.46 
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However, this official definition is ambiguous – within the common molecular 

orbital (MO) theory framework, all chemical bonds, reactions, and conformations are 

entirely the product of orbital overlap.48,49  Indeed, from the perspective of any complete 

bonding theory, a definition of stereoelectronic effects is unnecessary.  For example, 

from the perspective of the quantum theory of atoms in molecules (QTAIM) theory, 

developed by Richard Bader, all chemical and physical properties of molecules are 

simply a product of their electronic charge density distribution.50  From either this or the 

MO perspective, or from variants such as valence bond theory (VB), molecules 

exhibiting stereoelectronic effects are not unusual or anomalous. 

In fact, the necessity of defining stereoelectronic effects arises only from 

attempts to reconcile chemical heuristics with more rigorous frameworks based on 

quantum mechanics (QM).51  The latter is more physically meaningful and therefore 

more quantitatively accurate than conventional models, but is often intuitively difficult to 

grasp – typically requiring resource-intensive computations.  In contrast, the traditional 

outlook, which includes intuitive concepts such as steric clash and valency, remains 

generally favored by organic chemists as it offers intuitive insights with rapid predictive 

power and generalizability.52  However, when the conventional outlook fails to predict 

observed phenomena – as is the case with systems exhibiting the anomeric effect – 

stereoelectronic effects have been proposed to bridge the gaps. 

To explain the origins and the scope of these effects, theories have been 

proposed that seek to combine the advantages of both traditional and QM perspectives.  

One such theory that has proven particularly successful is frontier molecular orbital 

(FMO) theory.  FMO theory is an application of MO theory that focuses on explaining the 

properties and reactions of molecules in terms of the electronic characteristics of a few 

select orbitals, rather than those of the entire chemical system.46  The original 

description of FMO, proposed by Fukui in 1952,53 explained the nucleophilicity of various 

aromatic compounds based entirely on their highest occupied molecular orbitals 

(HOMO).  The reactivity of electrophiles was similarly proposed to be determined by 

their lowest occupied molecular orbitals (LUMO).  Soon after, the theory was 

generalized, notably to reactions of pericyclic reactions, culminating in the theory of 

conservation of orbital symmetry that resulted in a Nobel Prize shared between Roald 

Hoffman and Fukui in 1981.36,54   
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However, FMO theory – or any other description of chemistry in terms of limited 

orbital interactions – has limitations.  One is that, for qualitative approaches, the 

explanatory and predictive power of its results is limited by the physicality of the orbitals 

that are constructed.51  If the selected orbitals are insufficient to approximate reality, the 

utility of this approach will be limited.  On the other hand, the results can only be as 

intuitive as the orbitals themselves regardless of the physicality of the orbitals.  

Unfortunately, the molecular orbitals that are obtained from standard MO theory do not 

typically correspond to the intuitions of chemists.55,56   

As discussed in the following section, one way to address both of these hurdles 

is to calculate molecular orbitals with a high level of accuracy, and then manipulate them 

into forms that are more aligned with chemical concepts.  This task falls into the domain 

of computational chemistry, the branch of chemistry that deals with solving problems of 

chemical theory using computers.57  As described in the next section, this approach is 

now computationally feasible for systems up to dozens of heavy atoms, and the result is 

a perspective that is both quantitatively correct and aligned with chemical intuition.58 

1.3.1 Orbitals and computational chemistry 

The first mathematical description of orbitals, as energy eigenfunctions, was 

provided in 1925 by Erwin Schrodinger.59  The eigenfunctions arose in his solution of the 

time-independent Schordinger equation for the hydrogen atom, following the first 

solution by Wolfgang Pauli using Heisenberg’s matrix mechanics some months earlier.60  

Max Born soon thereafter provided the now-accepted Copenhagen definition of the 

wavefunction as representing electron probability at a given energy level, giving the now-

common physical meaning to the concept.61  Finally, in 1932, Robert Mulliken gave the 

first MO theory-based definition of orbitals as now understood.62  In fact, this work largely 

provided the foundations of MO theory in combination with the work of Friedrich Hund.63 

The interplay between chemical and physical theorists of this time is worth 

noting.  The introduction of the concept of covalent bonding by Gilbert Lewis came years 

earlier, in 1916, along with the method of drawing structures that now bear his name.64  

These concepts were central to the first approximate solution to the Schrodinger wave 

equation for molecular hydrogen, which was given by  Walter Heitler and Fritz London's 
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Valence Bond (VB) theory in 1927.  VB theory and its concepts, such as resonance and 

orbital hybridization, would soon reach maturity with contributions from Linus Pauling 

and others – resulting in a Nobel prize to Pauling in 1954.32  A rivalry between VB and 

MO theories would continue for much of the 20th century, until coming to be seen as 

complementary theories that are fundamentally equivalent.65 

Though the approximate solutions to the hydrogen molecule given by early VB 

and MO theories have since been refined, to date there is no known analytical solution.51  

In fact, no system containing more than one electron can be solved analytically – the 

solutions for the hydrogen atom given by Schrodinger and Pauli are the only known.57  

Thus, computational chemistry is inevitably the study of how various approximations and 

approaches can optimize and balance computational cost with accuracy.  Among those 

approximates, a wide variety of common computational methods – such as Hartree-Fock 

theory (HFT), and Kohn-Sham Density Functional Theory (DFT) – still rely on the 

concept of orbitals as a key component.66 

Orbitals arise in Hartree-Fock theory from the orbital approximation, which 

separates an N-electron wavefunction into N one-electron orbitals, each with a spin and 

spatial component.  This is, in fact, one of the defining approximations behind MO theory 

in general.48  Similarly, Density Functional Theory typically represents electron density –

 albeit of a non-interacting system of particles in an external potential – as a combination 

of Kohn-Sham orbitals.66  Though these orbitals are conceptually distinct, their properties 

can be surprisingly similar.67,68 

In both cases, there is considerable approximation introduced.57,66  In the case of 

HFT, separating the wavefunction into individual one-electron orbitals largely neglects 

electron correlation.  This introduces a great deal of error – particularly in overestimated 

total electronic energies – and is the major correction introduced in the post-HF theories.  

In DFT, treating electron density as non-interacting electrons in an external field 

necessitates a correctional term for exchange and correlation energy – hence the 

exchange-correlation functionals at the heart of Kohn-Sham DFT methods. 

Modern quantum chemistry computer programs generally implement HF and 

DFT by first approximating their orbitals as linear combinations of atomic orbitals 
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(LCAO).66  These atomic orbitals are, in turn, typically composed of linear combinations 

of Gaussian functions.  These functions are non-physical but computationally 

convenient, and the set of these employed is known as the basis set.57  Once chosen, 

the exact combination of these atomic orbitals is optimized within the computer program 

variationally, until the lowest energy possible is reached.  The resulting orbitals are 

known as the canonical molecular orbitals, which are eigenfunctions of the Fock or 

Kohn-Sham operator.51 

As described above, these canonical molecular orbitals typically do not conform 

to chemical intuition.  Specifically, these orbitals are often delocalized over the entire 

molecule in question – however large – and do not clearly relate to the expected orbitals, 

such as those of lone pairs and chemical bonds.55  However, the canonical orbitals are 

not the only possible set.  In fact, the calculated molecular wavefunction or electron 

density can be represented by an infinite variety of sets of linear combinations of 

orbitals.51   

One category of more convenient orbitals are called localized molecular orbitals 

(LMO).  Though there are a variety of methods for defining and calculating these 

orbitals, their common feature is to recover orbitals that conform to chemical 

concepts.48,55  Often this confers added advantages, such as speeding up convergence 

in multi-configuration calculations and facilitating comparisons between molecules.69  Of 

the localization methods, the popular Natural Bond Orbital (NBO) approach has proven 

to be extremely successful in these regards.56,70 

NBOs are obtained as the maximally-occupied set of localized bond and lone 

pair orbitals over the entire molecule, corresponding to the ideal Lewis structure.70  

Typically, these orbitals represent over 99.9% of all electron density of organic 

molecules, directly supporting the classical, localized view that dates back to Lewis in 

1916.56,62,64  Further evidence in favor of this transformation of molecular orbitals is that it 

produces charges that are less variable with basis set than those based on canonical 

orbitals, and usually in good agreement with experimental relationships.71,72  But, most 

importantly, this basis set facilitates visualization of orbital overlap and quantitative 

estimation of delocalization – and therefore hyperconjugation. 
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1.3.2 Hyperconjugation and related phenomena 

Within the framework of MO theory, the mixing of N orbitals is equally 

constructive and deconstructive, resulting in the formation of N new orbitals.48,62  The 

constructive half of these orbitals are lower in energy than the original orbitals 

("bonding"), and the deconstructive half are higher in energy ("antibonding").  When 

these bonding orbitals are occupied by electrons, the net result is stabilization – a 

reduction in overall energy. 

Just as conjugation describes stabilization resulting from the mixing of p-type 

orbitals, hyperconjugation has been defined as the mixing of filled sigma-bonds with a p- 

or π- orbital(s), or filled p- or π- orbitals with adjacent antibonding orbitals.47  The latter, 

in particular is referred to as negative hyperconjugation.  In all cases, these descriptions 

share the feature of being deviant from the localized Lewis structure, otherwise referred 

to as delocalization.  Just as the NBO method is capable of recovering a localized Lewis-

like set of bonding and non-bonding orbitals, it is capable of quantitatively evaluating the 

delocalizing interactions, such as hyperconjugation.56   

The magnitude of the stabilization by hyperconjugation is proportional to the 

square of orbital overlap and inversely proportional to the energy difference between 

orbitals.73  The following are examples of hyperconjugation and its chemical 

consequences. 

Stabilization of alkenes.  The magnitude is generally less than normal conjugation.  For 

example, ethylene is stabilized by roughly 2.7 kcal/mol by a methyl substituent, based on 

the heats of hydrogenation and computational analysis of ethylene and 1-butene.74  This 

stabilization is twice as large for an alkyne, although conjugative stabilization is 

significantly greater; 8.5 kcal/mol for 1,3-butadiene.  These interactions are shown in 

Figure 1-3. 
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Figure 1-3: Hyperconjugative and conjugative stabilization of alkenes. 

Staggered conformation of ethane.  As described above, the discovery of 

ethane’s preference for the staggered conformation had significant implications for 

chemistry and conformation.25,26  The origin of this preference had been explained as the 

reduction of steric clash, which was generally accepted until 2001.75  Then, a detailed 

analysis including an NBO treatment of hyperconjugation showed that σC-H–σ*C-H 

interactions outweighed steric factors (Figure 1-4).  This sort of analysis, involving the 

balancing of competing factors such as electrostatic and steric interactions, has proven 

to be extremely contentious.76  A large component of this dispute, which extends to other 

stereoelectronic effects, is validity of the NBO assessment of hyperconjugation.73,77 
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Figure 1-4: Hyperconjugative interactions stabilize the staggered conformation 
of ethane.73 

The anomeric effect.  The original explanation for the anomeric effect was given 

in terms of dipole interactions, which were thought to be less repulsive for the axial 

conformation.78  Some years later, long exocyclic C-Cl and short endocyclic C-O bonds 

were observed in the crystal structures of 2,5-dichloro-1,4-dioxanes, leading to the first 

proposal of the hyperconjugation rationale (Figure 1-5).79  NBO analyses and 

computational investigations would later add support for this model,80 though the exact 

nature remains disputed.81–83 

 

Figure 1-5: Dipole and hyperconjugation rationales of the generalized anomeric 
effect.  The dipole rationale posits greater dipole-repulsion for the 
equatorial conformation, while the hyperconjugative rationale posits 
stronger stabilizing interactions for the axial conformation. 
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These three phenomena have widespread implications.  The hyperconjugation 

stabilization of alkenes is responsible for the well-known Saytseff rule, for example.84  

The hyperconjugative interaction responsible for the staggered conformation of ethane is 

also an important component in the rotational barriers of all single bonds.70  Similar 

interactions are also responsible for the gauche effect, where two electronegative vicinal 

groups are more stable in the gauche conformation than the anti conformation.46  

Further, the generalized anomeric effect is known to play a significant role in a wide 

variety of systems containing X-C-Y fragments, where X and Y are heteroatoms.85  From 

these examples and others, it is clear that within the framework of localized structures, 

hyperconjugation is a ubiquitous force for delocalization.70   

1.4 Conformations of biomolecularsystems 

While Barton’s 1950 work brought conformational analysis of molecules 

containing up to hundreds of atoms to maturity, the study of the structures of 

macromolecules was then just beginning.  In the following year, Linus Pauling made the 

first major step forward by predicting the stable α-helix conformation common in proteins 

– and thereby ending a two-decade long debate.86  This work was a triumph of 

conformational analysis, integrating a wide variety of theoretical and experimental 

results, such as key bond lengths obtained from crystallography and the planarity of 

amides due to the theory of resonance.  However, Pauling’s report was not entirely 

correct as the α-helix it contained was drawn left-handed, rather than right-handed as we 

now know to be correct.87  This error was partly due to the wrong assignment of absolute 

configuration of the amino acids chosen.  In fact, up until that year, the absolute 

configuration of any molecule was unknown.   

The configurations of a wide variety of molecules had been largely established by 

this time, as outline above, but only relative to an arbitrary assignment made by Emil 

Fischer in 1896 for tartaric acid.88  In 1951 however, Dutch crystallographers led by 

Bijvoet demonstrated that crystallography could give absolute configurations, and that 

Fischer’s assignment had fortunately been correct.89  By the time Watson and Crick 

gave the correct, right-handed double-helix structure of DNA in another landmark work 

two years later,90 absolute configurations of a wide variety of molecules were well-known 
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across the field of chemistry.87  And yet, the correct handedness of alpha-helices would 

not be established until another landmark achievement, the structure of myoglobin being 

solved by crystallography in 1960.91  Until that time, even with the absolute configuration 

correct, it was not clear that right-handed helices, which are the most prevalent and 

predictable secondary structure of proteins,92 would be more stable.87 

Why did the study of protein conformations lag behind other biomolecules, such 

as DNA?  The answer is that proteins are extremely challenging, dynamic systems.92,93  

While Watson and Crick’s crude model was sufficient to predict the preference of DNA 

for right-handedness,87 similar theoretical predictions for secondary structures of 

proteins would await significant leaps forward in theory – and computational power.93,94  

However, even today, the ability to study proteins without significant experimental input 

is extremely limited. 

This is in part because, like all large systems, proteins require a greater level of 

approximations for computational study than employed in the ab initio methods applied 

to smaller systems, as is discussed in the following section.66  However, more so than 

other biomolecules, proteins are extremely flexible.  While typical proteins possess a 

relatively small number of properly folded conformations,95 predicting these 

conformations for proteins larger than 150 residues remains extremely challenging even 

today.96  In contrast, even the very first crystal structure of a protein contained 155 

amino acids – and the average protein is more than twice that.91,97  

In general, there are two broad categories of computational simulations of 

proteins.  On one hand, there are studies that seek to determine how proteins fold (and 

misfold).98  These studies typically begin from the amino acid sequence, then employ 

techniques such as molecular mechanics-based optimizations, molecular dynamics 

simulations, Monte Carlo simulations, and database-based methods such as Basic Local 

Alignment Search Tool.95,99  Of particular note is the crowd-sourced Folding@home 

project,100 which has made significant progress in recent years.101,102  Protein folding is 

largely outside the scope of this thesis, however. 

In the other category, molecular dynamics simulations focusing on the dynamic 

properties of folded proteins are a major area of research.103  These simulations typically 
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begin from the experimentally determined protein structure, which is commonly obtained 

from X-ray crystallography or NMR spectroscopy.104  The theory of how conformational 

analysis can be scaled up for studies of these large systems is discussed in the next 

section. 

1.4.1 Molecular Mechanics 

Just as computational approaches to the structures of molecules require 

considerably more approximations than the hydrogen atom, biomolecules require more 

still.  Further, while the dynamics of most molecules can be understood in terms of only 

a handful of populated conformations, the dynamics of much larger systems are far more 

complex.  This requires a greater concentration on time-dependence, and a greatly 

simplified view of molecules and bonding.66  The change is largely one of simplifying 

quantum physics into classical physics. 

In the NBO framework outlined above,51 molecules are seen as being composed 

of atoms.  Each atom contains a positively charged and heavy nucleus, surrounded by 

electrons.  These electrons are delocalized and indistinguishable, but give rise to regions 

of higher probability densities known as atomic orbitals.  When atoms come together, 

atomic orbitals can combine to form an equal number of molecular orbitals, which are 

delocalized over the resultant molecule.  This set of MOs can be mathematically 

transformed into a set of NBOs, which describe the same overall wavefunction but 

demonstrate common chemical conventions, such as bonding orbitals, lone pair orbitals, 

etc.  For most molecules, these localized orbitals are sufficient to describe more than 

99% of the electron density of the molecule.56   

Generally, the overlap of these orbitals, in combination with Columbic forces, 

determines which conformations are favorable in energy and thus adopted by the 

molecule.75  The remaining electron density is delocalized due to other orbital 

interactions – a phenomenon variously referred to as conjugation and 

hyperconjugation.70  In general, delocalization and orbital mixing are energetically 

favorable processes.  Conversely, when filled orbitals interact, additional nodal features 

arise to preserve orbital orthogonality, avoiding violation of the Pauli exclusion 
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principle.105  This is extremely energetically unfavorable, and is responsible for the 

phenomenon of steric clash.73 

These features are represented in molecular mechanics (MM) theories for 

studying proteins and biomolecules, sometimes explicitly and sometimes implicitly.  For 

example, within these frameworks, the concept of orbitals is no longer present.  Instead, 

the interactions of atoms and the conformational preferences of various molecular 

constitutions are described (semi)empirically, by two classes of interactions: non-bonded 

and bonded.  For each set of interactions, a collection of terms containing numerous 

empirical parameters account for the attractive and repulsive forces described above –

 but with greatly reduced computational expense (Figure 1-6).106   

 

Figure 1-6: The standard molecular mechanics equation.  Reproduced with 
appropriate permission BMC Biology.106 

Non-bonded interactions are most directly analogous to those described above, 

and are generally treated by three terms.  The charged nature of atoms is largely treated 

with Coulomb’s law, which describes the interactions of two point charges and is similar 

to a term included in molecular Hamiltonians.66  Pauli repulsion is generally treated by an 

unfavorable potential proportional to the interatomic distance to the twelfth power, 

indicating its rapid fall-off with increasing distance.  Van der Waals forces, which 

generally describe dipolar interactions and are more important over medium and long 

ranges, are then treated with a favorable term proportional to interatomic radius to the 

sixth power.  The Pauli repulsion and Van der Waals forces terms are typically described 

together as a Lennard-Jones potential, in recognition of John Lennard-Jones who first 

proposed them based on experimental studies on argon atom interactions.107 
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Bonded-interactions and bond networks, in general, are held constant throughout 

the experiment.106  Bonds are not broken and new bonds are not formed, with the 

exception of hybrid methods such as QM/MM.108  These bonds are mathematically 

described as harmonic oscillators, and their tendencies to adopt specific conformations 

are largely controlled by two other functions.  The angles adopted by three consecutive, 

bonded atoms are constrained by a harmonic function.  Further, the energetic 

differences between eclipsed, gauche, and staggered conformations of dihedrals are 

similarly treated by a sinusoidal potential (directly corresponding to the gauche effect).   

The parameters in Figure 1-6 are typically determined by fitting to experimental 

data.103  The collections of parameters, and the specific details of the functions 

employed, are termed force fields.66  Many such force fields exist, including AMBER, 

CHARMM, and MMFF99, which generally offer different sets of advantages and 

disadvantages due to their different methods of derivation.  Overall, molecular 

mechanics calculations have achieved a great deal of success.  However, as described 

above, proteins are extremely flexible molecules, and molecular mechanics methods are 

insufficient.95  As discussed in the following section, static methods of conformation 

determinations are typically insufficient, particularly when studying proteins with ligands.  

Rather, simulations of their dynamics are required. 

1.4.2 Molecular dynamics and enzyme-substrate interactions 

Enzymes are proteins that catalyze specific reactions by lowering their energies 

of activation.  There have been three basic mechanisms proposed to explain this 

function.  The first is the lock-and-key model, originally proposed by Emil Fischer in 

1894,109 which describes rigid enzyme-ligand.  In a similar manner to molecular docking, 

this model postulates catalytic action taking place after substrates enter the static 

enzyme.  As the highly dynamic nature of enzymes became better understood, Daniel 

Koshland proposed a modified theory: the induced-fit model.110  This model postulated 

conformational changes of the active site arising after the substrate enters, and these 

changes are crucial for catalytic activity.  A final theory that refines this view is the 

conformational selection model,111 which postulates an active site conformational 

change that occurs concomitantly with ligand binding, rather than following ligand 

binding.   Of these last two models, there is evidence that either can be operative.112  
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However, enzyme dynamics are now widely accepted as vital to their catalytic activity, 

and therefore of great relevance to all design of inhibitors. 

From MM, the extension to dynamics is simple in principle.  A complete force 

field allows for the calculation of molecular forces acting on each atom,106 which are the 

negative derivatives of the potential energy expression outlined in Figure 1-6.  Newton’s 

equations of motion may then be solved to determine how the velocity of each atom will 

change after a small time interval, which is known as the time step.66  This process is 

outlined in Figure 1-7.  Typical time steps in MD simulations are on the order of 

femtosecond, as the frequency of the fastest motions (roughly 3000 cm-1) have periods 

of roughly 10 fs.66  By performing millions of sequential time steps, the time-evolution of 

MD systems can be simulated by modern computers for periods of up to milliseconds.113 

However, MD simulations are much more complex in practise than this process 

suggests, as they must accurately account for the system’s statistical properties.103  The 

temperature of the system, for example, plays an important role in its dynamics.  Thus, it 

is crucial to ensure that the atoms’ velocities average to the temperature desired with the 

correct distribution.  This is usually achieved by initiating MD simulations with a random 

Maxwell-Boltzmann distribution of velocities, which correspond to the desired 

temperature.  Then, that temperature is maintained by coupling the system to a virtual 

heat bath.  Similarly, maintaining the desired (average) pressure by coupling the system 

to a virtual pressure bath is a crucial consideration.  Additionally, both aspects are 

directly linked to periodic boundary conditions, which effectively surround the finite MD-

system with translated copies of itself – thereby allowing the finite system to approximate 

an infinite one.   

The exact details of how these aspects are variously implemented are covered 

elsewhere,66,103 though it is important to stress that the statistical nature of MD 

simulations must always be considered.  Conformations of enzymes and ligands, for 

example, must be thoroughly sampled before meaningful conclusions can be reached,106 

particularly in regards to bias introduced through the starting conformations. 
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Figure 1-7: Basic algorithm of MD simulations.  (Reproduced with permission 
from GROMACS user manual version 4.5. Copyright © 2001-2010 by 
The GROMACS development teams at the Royal Institute of 
Technology and Uppsala University, Sweden. All rights reserved) 
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CHAPTER 2.  Probing Hyperconjugation 
Experimentally with the 
Conformational Deuterium 
Isotope Effect 

This chapter contains the manuscript “Probing Hyperconjugation 

Experimentally with the Conformational Deuterium Isotope Effect” which has been 

published in the Journal of Organic Chemistry (2012, 77, 9221-9226, 

doi:10.1021/jo3017988). 

Kyle T. Greenway, Anthony G. Bischoff, and B. Mario Pinto 

2.1 Abstract 

Hyperconjugation underlies many chemical phenomena of fundamental and 

practical importance. Owing to a great deal of interest in the anomeric effect, anomeric-

like hyperconjugative effects have been thoroughly investigated in oxygen-containing 

systems. However, such interactions in the second- and third-row chalcogens are less 

well-understood and have generated some controversy. Here, we show that 

the conformational deuterium isotope effect, in combination with Saunders’ isotopic 

perturbation method, permits sensitive and direct experimental probing of the 

conformational equilibria in dioxane, dithiane, and diselenane analogues by variable-

 temperature, dynamic NMR spectroscopy. We find that the magnitude of the 

conformational deuterium isotope effect is 252.1, 28.3, and 7.1 J/mol (±10%) for the 

oxygen, sulfur, and selenium analogues, respectively. These results reveal the periodic 

trend for hyperconjugation in the chalcogens, which reflect a decreasing nx→σC−H(D) 

interaction throughout the period, as supported by IR spectroscopy and in agreement 

with DFT calculations and a natural bond order analysis. 
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Figure 2-1. Graphical abstract. 

2.2 Introduction 

Structural and conformational phenomena in organic molecules test theoretical 

frameworks and underpin many questions of chemical stability and reactivity. Frontier 

molecular orbital (FMO) theory has been largely successful in attributing these 

phenomena, such as the anomeric effect,1,2 to a limited set of critical molecular orbital 

interactions, including hyperconjugative interactions.3 The concept of hyperconjugation 

was originally introduced to explain the effects of alkyl substituents on electronic 

properties of unsaturated compounds in terms of σ−π orbital interactions.4,5 It was later 

extended to discuss various conformational, structural, and reactivity effects in terms of 

interactions between sigma-bonding orbitals σ or nonbonding (lone pair) orbitals n and 

sigma-antibonding orbitals σ*,6 such as the gauche effect,7,8 Saytzeff’s rule,9 and the 

anomeric effect.10−12 

Experimental evaluation is complicated by the difficulty of isolating 

hyperconjugation from other contributing factors, often resulting in controversy.13,14 Here 

we show both experimentally and computationally that the conformational deuterium 

isotope effect (CDIE) can serve as a minimal perturbation to directly probe the balance 
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of hyperconjugative interactions in the acetal unit of a series of 2-deuterio-5,5- dimethyl-

1,3-diheterocyclohexanes (X = O, S, Se, Figure 2-2). 

 

Figure 2-2: Compounds of interest and one key hyperconjugative interaction.  
Compounds are: 2-deuterio-5,5-dimethy-l,3-dioxane (1), 2-deuterio-
5,5-dimethy-l,3-dithiane (2), and 2-deuterio-5,5-dimethy-l,3-
diselenane (3). Depicted orbitals are the nX orbitals present on both 
chalcogens and the σ*C-H(D), in a simple representation (left) and as 
calculated by the NBO method (right). 

By incorporating a single deuterium at C2 in such cyclic systems, which undergo 

rapid ring inversion between otherwise degenerate conformations, the resultant 

difference in free energy ΔG° can be attributed entirely to the competition between 

deuterium and hydrogen for axial and equatorial positions. Within the 

Born−Oppenheimer approximation, hydrogen and deuterium are electronically identical. 

Therefore, the major determinant of this equilibrium is molecular vibration, in which the 

energy of the molecule is best minimized when deuterium occupies the stronger bond 

owing to its lower zero-point energy. Since hyperconjugation lengthens and weakens 

bonds in which antibonding orbital occupancy is increased or in which bonding orbital 

occupancy is decreased,6 a single deuterium atom at the anomeric position of these 

systems can translate the balance of the hyperconjugative interactions present into the 

ΔG° of the equilibrium. ΔG° can then be determined using low-temperature nuclear 

magnetic resonance (NMR) via the isotopic perturbation method of Saunders15 or, 

alternatively, by direct integration. Here, we report the values of ΔG° for 5,5-dimethyl- 2-

deuterio-1,3-dioxane (1), -dithiane (2), and -diselenane (3) using both methods, 

permitting evaluation of the balance of axial versus equatorial hyperconjugative 

interactions in these systems. 
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There is little dispute that hyperconjugation is partly responsible for the anomeric 

effect with first-row elements (e.g., O), though the exact magnitude of this contribution 

remains disputed.16 The dominant interaction is from the p- type lone pair on oxygen nO 

to the adjacent axial antibonding σ* orbital, although several interactions affecting 

equatorial and axial σ* orbitals contribute, and it is their balance that is most relevant.7,11 

Experimental support for the dominance of the axial effects over the equatorial effects 

includes the longer C- substituent axial bonds relative to C-substituent equatorial 

bonds,17 larger 1JC−H coupling constants for the stronger equatorial bonds (Perlin 

effect),18,19 and IR C−H(D) stretching frequencies (Bohlmann bands) that further 

suggest a weaker axial bond.20,21 

In the case of the heavier congener, sulfur, the picture is less clear. Numerous 

studies on conformational preferences in 2-heterosubstituted thiaheterocycles have 

demonstrated an anomeric effect,22 although some evidence in the parent heterocycles 

has led investigators to conclude that hyperconjugation plays little or no role,19 in 

contrast to the situation for oxygen. Specifically, early computational work employing the 

6-31G* basis set suggested that the anomeric-like equatorial C−H bond was longer than 

the axial bond in 1,3-dithiane.21 Experimental results with 1,3-dithiane further showed 

that the 1JC−H coupling constants were reversed in magnitude from those of 1,3-

dioxane,23 ΔG° for the equilibrium of 2 in Figure 2-2 was reported to be essentially 

zero;24 IR stretching frequencies for axial and equatorial C2−D bonds were reported to 

be identical,24 and it was concluded that no CDIE existed.24 However, more recent 

analyses at higher levels of computation with a variety of methods and with higher-level 

basis sets have found that the axial bond is in fact longer than the equatorial bond.11,25 

These differences in axial and equatorial bond lengths and non-equivalent 

hyperconjugative interactions should result in distinct axial and equatorial IR stretching 

frequencies and a CDIE (by way of comparison, for the oxygen analogue 1, stretching 

frequencies differed by 141 cm−1 and ΔG° was reported to be 205 J/mol).26 

It is now also clear that coupling constants are not straightforward measures of 

bond strengths since longer and weaker C−H bonds can exhibit larger 1JC−H coupling 
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constants (dubbed the “reverse Perlin effect”) as in dioxane, dithiane, and oxathiane.10 

Detailed natural bond order (NBO) analysis has further shown that sulfur exhibits many 

of the same hyperconjugative interactions that contribute to the anomeric effect in 

oxygen, albeit at a somewhat reduced level,11 and σC−H(D)→σ*S−C interactions are not 

dominant as previously postulated in our earlier work.18,21 

In the case of systems containing selenium, several studies have demonstrated 

anomeric effects in selenium coronands27 and diselenanes,28,29 and NBO analysis 

suggests that hyperconjugative interactions similar to sulfur exist.6 It is not known 

whether a CDIE or Bohlmann-type bands are present. 

In this work, we have re-evaluated the CDIE and IR spectra for systems 

containing oxygen (1) and sulfur (2) and extended the studies to the diselenane (3). We 

confirm that the CDIE is an effective probe of hyperconjugation and provide corrected 

data for the dithiane system (2), which confirms the presence of a CDIE. The collective 

data reveal a consistent periodic trend for anomeric-like hyperconjugation in the 

chalcogens, which reflects a nx→σ*C−H(D) interaction that decreases in the order X = O 

> S > Se, as supported by DFT calculations and a natural bond order analysis. 

2.3 Results and discussion 

The 13C NMR spectra at low temperature and at 298 K for 1−3 (Figure 2-3) 

exhibit separated signals due to the CDIE. These separations permitted the 

determination of ΔG° values, using Saunders isotopic perturbation method,15 which are 

listed in Table 2-1 along with theoretical results for compounds 1−3. ΔG° is largest for 

the dioxane 1, reduced for the dithiane 2, and reduced even further for the diselenane 3, 

with all systems exhibiting a preference for an equatorial deuterium atom. This 

preference was successfully established by assignment – utilizing the W effect,30,31 T1 

measurements, and predicted NMR spectra,32 all in agreement (see Supporting 

Information) – and subsequent integration of the H2 signals in the low-temperature 1H 

NMR spectra. 
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Figure 2-3: 13C room temperature spectra of compounds 1, 2, and 3, in d2-
dichloromethane at 298K.  Inset shows separated signals for methyl 
groups at room temperature due to the conformational isotope 
effect. 

Table 2-1: Experimental and computed values of ΔGº. 

 Δ  (Hz)a ω  (Hz)b ΔG°  (J/mol)c Computed ΔG°  (J/mol)d 
1 116.25 5.91 252.1 299.3 

2 1367.52 7.82 28.3 36.8 

3 1186.35 1.70 7.1 13.1 
aΔ was measured under conditions of slow exchange at 180K for 1 and 2, and 156K for 3 in the 125 MHz 

13C NMR spectra; Hz corrected to 150 MHz 13C for comparisons.   bω was measured under conditions of 
fast exchange at room temperature in the 150 MHz 13C NMR spectra. cΔG° was determined 
experimentally via equation 2 and the standard relationship ΔG° = −RTlnK for T = 298 K, with an 
estimated error of 10%.  dResults of DFT calculations. 
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Our result of 252 J/mol for the dioxane 1 is similar to the previously reported 

value of 205 J/mol. However, our result for the dithiane 2 of 28 J/mol differs considerably 

from the previous report of 0 J/mol. In both cases, we believe our results to be of greater 

precision due to our use of  13C rather than 1H chemical shifts, with Saunders’ isotopic 

perturbation method because of the greater spectral dispersion offered by 13C spectra. 

This is significant given that, except for the dioxane 1, no conformationally separated 

signals are visible in the 1H spectra (Supporting Information Figures S2, S4, and S6). 

For the diselenane 3, our results suggest a further reduction of ΔG° to 7 J/mol, which 

marks the lowest measurement of a ΔG° by NMR spectroscopy to our knowledge. These 

results (Table 2-1) suggest that the hyperconjugative interactions in dioxane 1 that 

lengthen the axial C2−H(D) bond are significantly greater than those lengthening the 

equatorial C2−H(D) bond. Moving down the period, the balance is shifted toward 

lengthening the equatorial C−H bond−either due to increasing strength of equatorial 

interactions, decreasing strength of axial interactions, or both−but parity is not reached. 

The results for C−D stretching frequencies, measured by infrared spectroscopy, 

offer further insight into hyperconjugation. As Table 2-2 shows, the axial C−D stretching 

frequency for dioxane 1 is 141 cm−1 less than the equatorial C−D stretching frequency. 

This suggests a longer (and weaker) bond, as would be expected from dominant axial 

interactions. In dithiane 2, however, the axial C−D stretching frequency has increased by 

64 cm−1 while the equatorial C−D stretch has decreased by 34 cm−1, narrowing the gap 

to 43 cm−1. This is consistent with the reduced ΔG° CDIE value being due to both an 

increase in the equatorial hyperconjugative interactions and a decrease in the axial 

hyperconjugative interactions. In diselenane 3, the gap between C−D stretching 

frequencies is further narrowed to just 17 cm−1, due to a further increase in the C−D 

axial stretching frequency. The last result corresponds well with the CDIE results, in 

which the equilibrium constant is only slightly above unity, owing to weaker axial 

hyperconjugative interactions. In all cases, computed IR stretching frequencies agree 

well with experimental values (Table 2-2), although the discrepancy from the previous 

report of equal axial and equatorial C−D IR stretching frequencies bears addressing. As 

is evident in our experimental spectra (Supporting Information Figures 2-S8−10) and in 

our computed IR intensities (Supporting Information Table 2-S5), the intensities of these 
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stretches are quite low. Further, they are far lower for the dithiane 2 (and the diselenane 

3) than they are for the dioxane 1. Indeed, the intensity of the C−Dequatorial stretch for the 

dithiane 2 is calculated to be only 4% of that for the dioxane 1 and 2% of the C−Daxial 

stretch intensity for 1. We therefore suggest that the second IR stretch peak for the 

dithiane 2 was missed by the previous study due to its surprisingly low intensity.24 

Table 2-2: IR C2-D stretching frequencies and computed bond lengths. 

 Exp. IR Freq. (cm-1) Comp. IR Freq. (cm-1)a Comp. Bond Length (Å)a 

1 Axial 2089 2086 1.1036 

Equatorial 2230 2238 1.0864 

2 Axial 2153 2182 1.0903 

Equatorial 2196 2224 1.0874 

3 Axial 2185 2213 1.0865 

Equatorial 2202 2233 1.0860 
aResults of DFT calculations at the B3LYP 6-311G++(3df,3pd) level, with a scaling factor of 0.9673.33 

 

Figure 2-4: Comparison of calculated axial and equatorial C-D bond lengths with 
observed IR stretching frequencies. 

 

Finally, our NBO analysis suggests that these observed trends are consistent 

with a decreasing nX→σ*C-H interaction in the order X=O>S>Se, as summarized in 
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Table3.  The magnitude of the hyperconjugation effect can be evaluated within the 

framework of standard second-order perturbation theory.3  It is directly proportional to 

the square of the Fock matrix element Fij (or to the square of orbital overlap Sij) between 

interacting orbitals i and j and is inversely proportional to the energy gap εj−εi between 

these orbitals, as in eq 1. 

More accurately, this energy can be assessed using NBO deletion analysis by 

setting Fij = 0 and rediagonalization of the Fock matrix,34 although some have 

questioned the NBO framework’s validity.35 Our NBO results indicate that the axial 

nx→σC−H(D) interaction decreases down the period, much like the experimental trends, 

suggesting that a decreasing anomeric-like interaction contributes to the observed trend. 

Of the two factors that contribute to the strength of this interaction,6 namely, the overlap 

and the energy difference of the interacting orbitals, orbital overlap is the major factor, as 

determined from examination of the relevant Fock matrix elements. Orbital overlap is 

reduced by approximately 15% from dioxane 1 to dithiane 2 and a further 10% to 

diselenane 3, corresponding to a decrease in the energy of the hyperconjugative 

interactions of 6 and 4 kJ/mol, respectively. The decrease in orbital overlap is due to the 

lengthening of carbon−chalcogen bonds moving down the period (Table 2-3), which 

distorts the ring significantly for compounds 2 and 3. More thorough NBO analyses in 

first- and second-row systems that more closely examine the balance of the multiple 

interactions presented have been performed elsewhere,11 and factors such as other 

vibrational modes and rehybridization may contribute to CDIE magnitudes and the 

qualitative agreement between experimental values and NBO results. However, we note 

that the experimental trend is well described by the key nx→σ*C−H interaction. This 

conclusion is supported by the results in Figure 2-4, which demonstrate that the 

equatorial C2−H(D) bond remains roughly constant throughout compounds 1−3 while 

the axial bond length changes significantly. 

Table 2-3: Calculated chalcogen-carbon bond lengths and results of the NBO 
analysis. 

System X-C2 Bond 
Length (Å) 

X-C4 Bond 
Length (Å) 

Deletion Energy 
(kJ/mol)a 

Fi,j (a.u.)a ε j−  ε i (a.u.)b 

1 1.4030 1.4240 23.9 0.054 0.64 
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2 1.8150 1.8235 17.9 0.046 0.62 

3 1.9609 1.9761 13.8 0.041 0.64 
aOff-diagonal Fock matrix elements, corresponding to orbital resonance integral.  bDifference in orbital 

energies. 

2.4 Conclusions 

We have shown that the CDIE in combination with IR spectroscopic studies of 

mono-deuterated dioxane (1), dithiane (2), and diselenane (3) analogues reveal a simple 

trend that is reflective of a decreasing anomeric-like hyperconjugation in the top three 

chalcogens.  Sulfur exhibits a CDIE that is reduced by roughly an order of magnitude 

from oxygen, while the interaction is reduced by nearly 75% further for selenium.  NBO 

analysis suggests that a source of this decrease is a reduction in the anomeric-like 

nxàσ*C-H(D) interaction due to the lengthened carbon-chalcogen bond, which decreases 

the orbital overlap.  These results suggest that hyperconjugative interactions affecting 

axial C-H(D) bonds  are greater than those affecting equatorial C-H(D) bonds  in second- 

and third-row systems, similar to the first-row systems.   Finally, we confirm that modern 

theory and experiment are in agreement with respect to the importance of 

hyperconjugative interactions in this series of chalcogens. 

2.5 Experimental Section 

2.5.1 General 

Dioxane and its congeners are widely employed model systems for studying 

hyperconjugation and the anomeric effect.6,7,11,17−19,21,22,24,26,28,29 The choice of the 

specific analogues utilized in the present study is based on several considerations. The 

employment of a single deuterium at the anomeric C2 position is explained above. The 

use of two chalcogens in the systems increases the magnitude of the hyperconjugative 

effects of interest and symmetrizes the molecule, simplifying analysis. Finally, the 

inclusion of two methyl groups at the C5 position facilitates accurate measurement of the 

equilibria using Saunders’ isotopic perturbation method.15 
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The general retrosynthetic scheme is shown in Scheme 1. The [2H]- methylene 

unit for the synthesis of the diselenane 3 was derived from [2H]-paraformaldehyde, while 

the more convenient [2H]-diethoxy- methane (Scheme 2) was employed for the synthesis 

of dioxane 1 and dithiane 2. Combination of the [2H]-methylene unit with the diol 

equivalents, as shown in Scheme 3, yielded the compounds of interest in satisfactory 

yields. 

Scheme 2-1. Retrosynthetic analysis. 

X

X D
H XH

XH
+ [2H]-Methylene

Source

X = O, S, Se  

Scheme 2-2 Synthesis of [2H]-methylene units: [2H]-paraformaldehyde (above) 
and [2H]-diethoxymethane (below). 
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Scheme 2-3: Synthesis of the dioxane (1) (top), dithiane (2) (middle), and 
diselenane (3) (bottom). 

OHOH

O O

D
+

BF3·O(Et)2 
AcOH O O

DH(80% yield)

TsCl, Pyridine

OTsOTs

Na2S, S

LiAlH4

SHSH

O O

D

+

BF3·O(Et)2 
AcOH

(99% yield)

(78% combined yield)

(92% yield)

OHOH
SS

SS

DH

SeH

SeH

H3PO2 O
H

D
+

H3PO2

(26% combined yield)

SeSe

Se

Se

D
H

 

5,5-Dimethyl-[2H1]-1,3-dioxane (1). The synthesis 5,5-dimethyl- [2H1]-1,3-

dioxane (1) has been described previously.36 Low-temper- ature 1H NMR (500 MHz, 

CD2Cl2, 185 K): δ 4.92 (s, 1H, H2eq, fwhm = 4.5 Hz), 4.44 (s, 1H, H2ax, fwhm = 4.2 Hz), 

3.51 (d, J = 10.9 Hz, 2H, H4eq/H6eq), 3.32 (d, J = 10.9 Hz, 2H, H4ax/H6ax), 1.08 (s, 6H, 

Meax), 0.63 (s, 6H, Meeq). Room-temperature 1H NMR (500 MHz, CD2Cl2, 185 K): δ 4.72 

(s, 2H, H2), 3.46 (s, 4H, H4/H6), 0.94 (d, J = 11.7 Hz, 12H, Me). Low-temperature 13C 

NMR (125 MHz, CD2Cl2, 185 K): δ 93.26 (1:1:1 t, J = 24.5 Hz, C2), 76.45 (s, C4/C6), 

30.72 (s, C5), 22.28 (s, Meax), 21.63 (s, Meeq). Room-temperature 13C NMR (150 MHz, 

CD2Cl2, rt) δ 94.18 (1:1:1 triplet, J = 24.9 Hz, C2), 77.64 (s, C4/C6), 31.31 (s, C5), 22.84 

(d, J = 5.92 Hz). FTIR (ATR): 2230, 2089. 
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5,5-Dimethyl-[2H1]-1,3-dithiane (2). [2H]-diethoxymethane was synthesized by 

known proceedures,37 as was the 2,2-dimethyl-1,3- dithiol.38 In a 5 mL flask equipped 

with a micro stirrer and a condenser, the dithiol (160 mg, 1.17 mmol) was combined with 

[2H]- diethoxymethane (150 mg, 1.43 mmol), boron trifluoride etherate (0.18 mL, 1.4 

mmol), acetic acid (0.35 mL, 6.1 mmol), and chloroform (3 mL). The solution was 

refluxed overnight. The product was diluted to 10 mL with dichloromethane and washed 

alternately with water and 0.1 M NaOH, three times each. The resultant liquid was dried 

over sodium sulfate and chromatographed on a silica column in 99:1 pentane/ethyl 

acetate. The isolated product was condensed under rotary evaporation and distilled in a 

microdistillation apparatus to yield dithiane 2 as a pale yellow oil (160 mg, 92%). Low- 

temperature 1H NMR (500 MHz, CD2Cl2, 185 K): δ 3.82 (s, 1H, H2ax, fwhm = 4.1 Hz), 

3.29 (s, 1H, H2eq, fwhm = 5.7 Hz), 2.71 (d, J = 10.9 Hz, 2H, H4eq/H6eq), 2.27 (d, J = 10.9 

Hz, 2H, H4ax/H6ax), 1.15 (s, 6H, Meax), 0.96 (s, 6H, Meeq). Room-temperature 1H NMR 

(600 MHz, CD2Cl2, rt): δ 3.60 (s, 1H, H2), 2.55 (s, 4H, H4/H6), 1.15 (s, 6H, Me). Low-

temperature 13C NMR (125 MHz, CD2Cl2, 185 K): δ 40.95 (s, C4/C6), 31.34 (s, Meeq), 

30.89 (1:1:1 t, J = 23.5 Hz, C2), 26.61 (s, C5), 22.29 (s, Meax). Room-temperature 13C 

NMR (150 MHz, CD2Cl2, rt): δ 42.41 (s, C4/C6), 31.82 (1:1:1 t, J = 22.9 Hz, C2), 27.83 

(br s, Me), 27.34 (s, C5). HRMS (EI): m/z calcd for C6H11DS2 [M] 149.0443, found 

149.0469. FTIR (ATR): 2196, 2153. 

5,5-Dimethyl-[2H2]-1,3-diselenane (3). 4,4-Dimethyl-1,2-disele- nolane28 (150 

mg, 0.63 mmol) was added to hypophosphorous acid (7 mL) in a 50 mL round-bottom 

flask. A condenser fitted with a N2 bubbler was attached to a 25 mL two-necked flask 

containing [2H]- paraformaldehyde (78 mg, 1.25 mml), prepared by known proceedures3 

and several drops of both phosphoric acid and hypophosphorous acid. The two-necked 

flask served as the receiver on a distill-head which was purged with nitrogen and quickly 

attached to the 50 mL flask. The diselenide mixture was heated with stirring over 30 min, 

after which a 2,2-dimethyl-1,3-propanediselenol/water mixture was distilled over at 90 °C 

and collected in the receiver. Under a blast of nitrogen, the two-necked receiver was 

removed and stoppered. (Note: the diselenol is extremely sensitive to oxidation by air 

back to the diselenide.) The mixture was refluxed for 24 h, cooled, then extracted with 

ether (2 × 10 mL). The combined ether extracts were washed with water (10 mL) and 
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concentrated, leaving a dark-red liquid. The product was chromatographed on silica 

(hexane/ethyl acetate, 100:1) and distilled (bulb-to-bulb under vacuum at 80 °C) to yield 

the product as an oil (40 mg, 26%). Low-temperature 1H NMR (500 MHz, 95:5, 

CCl2F2/CD2Cl2, 158 K): δ 3.81 (s, 1H, H2ax, fwhm = 10.9 Hz, T1 = 706 ms), 3.25 (s, 1H, 

H2eq, fwhm = 12.7 Hz, T1 = 732 ms), 2.98 (d, J = 11.5 Hz, 4H, H4ax/H6ax), 2.37 (d, J = 

11.5 Hz, 4H, H4eq/H6eq), 1.31 (s, 6H, Meax), 1.27 (s, 6H, Meeq). Room- temperature 1H 

NMR (600 MHz, CD2Cl2, rt): δ 3.54 (1:1:1 triplet, 1H, H2,), 2.65 (s, 4H, H2/H4), 1.24 (s, 

6H, Me). Low-temperature 13C NMR (125 MHz, 95:5, CCl2F2/CD2Cl2, 168 K): δ 35.39 (s, 

C4/ C6), 32.54 (s, Meeq), 26.70 (s, C5), 24.70 (s, Meax), 6.34 (1:1:1 t, J = 22.2 Hz, C2). 

Room-temperature 13C NMR (CD2Cl2, 150 MHz, rt): δ 35.52 (s, C4/C6), 28.28 (d, J = 1.7 

Hz, Me), 26.46 (s, C5), 5.82 (1:1:1 t, J = 23.5 Hz, C2). HRMS (EI): m/z calcd for 

C6H12DSe2 [M − H]+ 245.9405, found 245.9424. FTIR (ATR): 2202, 2185. 

2.5.2 Spectroscopic Analysis.  

NMR room-temperature spectra were recorded on a 600 MHz spectrometer 

equipped with a QNP cryoprobe with deuteratred dichloromethane as the solvent. Low-

temperature spectra were recorded on a 500 MHz spectrometer in deuterated 

dichloromethane for 1 and 2 and with CCl2F2/CD2Cl2 (90:10) for 3. Axial and equatorial 

methyl 13C signals were measured at several temperatures and chemical shifts linearly 

extrapolated to room temperature for use in eq 2. Curve fitting, as implemented in the 

software program MestReNova 6.2.1, was used to accurately determine the separation 

of signals. Assignment of peaks is discussed in Supporting Information. Theoretical 

NMR shifts, used as further support of the spectral assignments, were computed with 

the gauge- independent atomic orbital (GIAO) method32 (Supporting Information Tables 

S1 and S3) as implemented in Gaussian 09. Infrared spectra were recorded at room 

temperature on an attenuated total reflectance Fourier transform IR spectrometer (ATR-

FTIR) and were assigned based on comparison to previous work and by computed IR 

stretching frequencies. 

The standard method of determining equilibrium constants is direct integration of 

the NMR spectra at sufficiently low temperatures at which conformational exchange is 
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slow on the NMR time scale, yielding the equilibrium populations at that temperature. 

However, the CDIE are small in magnitude, as hydrogen/deuterium are “weak” 

acceptors or donors of the hyperconjugative interactions of interest.10 Therefore, only 

small variations in bond lengths are being probed and a more sensitive measurement 

technique is required. 

The Saunders isotopic perturbation method is perfectly suited to this task. With 

this technique, the symmetrical methyl groups, which do not affect the equilibrium or the 

chemical shifts at C2, facilitate measurement of ΔG° as follows. Given a non-unity 

equilibrium, one of the methyl groups at C5 will spend slightly more time in the axial 

position and the other slightly more time in the equatorial position. Thus, the 1H and 13C 

NMR spectra will exhibit separated signals rather than an exchange-averaged signal 

even at temperatures at which exchange is fast on the NMR time scale. The magnitude 

of the separation will depend on two factors: the chemical shift difference between the 

environments and the equilibrium constant. In order to obtain the latter, the former must 

be measured at several temperatures sufficiently low for exchange to be slow on the 

NMR time scale and extrapolated to room temperature. 

The equilibrium constant can be obtained quantitatively from a simple expression 

as a function of the observed separation ω and the observed separation in the low-

temperature signals Δ (derivation in Supporting Information): 

K = (Δ − ω)/(Δ + ω) (2) 

2.5.3 Computational.  

Calculations were performed with the Gaussian 09 software package with B3LYP 

functional and the 6-311G+ +(3df,3pd) basis set.39,40 Justification for this choice is 

presented in the Supporting Information, section 4. Optimized structures were identified 

as minima with zero imaginary vibrational frequencies, and the coordinates and energies 

of each are given in the Supporting Information. Free energies were calculated at 298.15 

K, including zero- point energy and thermal contributions. Isotope substitution was 

performed for axial and equatorial deuterium orientations by setting the appropriate 

hydrogen’s mass to 2 amu for additional frequency calculations. Reported frequencies 
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were scaled by a factor of 0.9673,33 which is optimized for B3LYP at this basis set. The 

NBO analysis was performed with the NBO 5.0 package, run externally from output of 

G09.34 

2.6 Associated Content 

Supporting Information 

Derivation of eq 2, description of spectral assignments, 13C and 1H room-

temperature and low-temperature NMR spectra, IR spectra, computational details for 

basis selection choice and predicted NMR shifts, computed IR intensities, computed 

geometries, and energies. This material is available free of charge via the Internet at 

http://pubs.acs.org. 
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2.10 Supporting Information 

Derivation of Expression for Saunders’ Isotopic Perturbation Method1 

 

Figure 2-S1: Illustration of isotopically perturbed NMR spectra 

 

χ1 = ν1/(ν1 + ν2)         χ2 = ν2/(ν1 + ν2)         χ1 + χ2 = 1 

δMe1= χ1δeq + χ2δax        δMe2= χ1δax + χ2δeq 

ω  = δMe1− δMe2 = c1 (δeq − δax) − χ2 (δeq – δax) 

     = χ1Δ − χ2Δ  

     = Δ(χ1− χ2) 

 

Anticipating the result and working backwards: 

K = (Δ−ω)/(Δ+ω) 

    = [ Δ−Δ(χ1−χ2) ] / [ Δ+Δ(χ1−χ2) ] 

    = [ 1−χ1 + c2 ] / [ 1+c1 − χ2 ]         

    = χ2 / χ1
  = n2 / n1 

Where: 

δ is the chemical shift. 

χ1 and χ2 are mole fractions 

and n1 and n2 are the 

number of moles of Δax- and 

Δeq-conformers, respectively. 

ω is the observed room 

temperature separation, in 

Hz. 

Δ  is the observed low 

temperature separation, in 

Hz . 

K is the equilibrium constant. 
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Note that this method does not allow determination the sign of ΔG° and hence 

the direction the equilibrium favors .  That is, the sign of ΔG° must be assigned based on 

other knowledge.  In this work, the sign of ΔG° was determined by assigning and 

measuring the integrals of the H2 signals in the low temperature 1H NMR spectra.  The 

more intense signal was assigned to the preferred conformation with axial hydrogen.  

The spectra were assigned on the basis of three considerations, all in agreement: 

1.  Multidimensional NMR and Nuclear Overhauser Effect experiments. 

2.  Comparisons to known compounds. 

3.  The computed spectra, in supporting info section 3. 

Further, for axial versus equatorial H2 signals, the W effect was considered, 

wherein equatorial H2 signals are broadened by H4eq-H2eq coupling.2,3 Additionally, for 

the diselenane, T1 relaxation times were measured for H2 signals with the expectation 

that the shorter T1 value would correspond to the axial signal due to its greater diaxial 

relaxation.  Full-width at half maximal values are reported for H2 signals in section 2, as 

well as the H2 T1 times for the diselenane.  Both results are consistent with eachother, 

the computed spectra, and chemical expectations. 

  For all three systems, the axial signal was more intense, indicating deuterium’s 

preference for the equatorial bond.  This result supports the expected consequences of 

stronger hyperconjugative interactions acting on the axial C-H(D) bond, resulting in it 

becoming longer and weaker.  Thus, it is energetically favorable for deuterium to occupy 

the equatorial position, with its shorter and strong bond, due to its lower zero-point 

vibrational energy.  These observations are confirmed by the experimental and 

theoretical IR results, which support a shorter equatorial bond and a corresponding 

higher stretching frequency (section 3). 

Direct Integration 

The direct integration of the H2 signals at low temperature was also used to 

determine the equilibrium constants K and ΔG° directly.  For the dioxane 1, ΔG° was 

determined to be 224 J/mol by the average of three integrations in three separate 
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spectra.  For the dithiane 2, ΔG° was measured to be 46 J/mol by the average of three 

integrations in three separate spectra.  For diselenane 3, integrations were insufficiently 

accurate to determine a value for ΔG° but did indicate a slightly more intense axial 

hydrogen signal.  In all cases, results from the isotopic perturbation method are 

considered to be more precise than via direct integration. 

Spectra 
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Computational Results and Analysis 

 

Figure 2-S11: Calculated ΔG° for the conformational equilibrium for 2-deuterio-5,5-
dimethyl-1,3-diselenane (3) as the number of diffuse/polarization 
functions are increased.  Dunning’s correlation consistent basis 
sets and the Pople 6-31G and 6-311G split-valence basis sets are 
compared, showing that both 6-311G and the correlation consistent 
basis sets converge to the same value.  For this reason, the 6-
311G++(3df,3pd) basis set, which is the rightmost blue point, was 
chosen for all calculations. 

NMR coupling constants were determined by calculation of GIAO isotropic 

magnetic shielding tensors.4 Predicted low-temperature chemical shifts, in ppm, were 

then determined by a least-squares fit to the experimental low-temperature NMR shifts 

via the following relationship: 

Chemical Shift = (Intercept – Shielding Tensor)/(Slope).    (Equation 2-S1) 

Room temperature shifts were determined by averaging the calculated shielding 

tensors of exchanging equatorial and axial signals, and fitting to the experimental room-

temperature NMR shifts via the same relationship.  This process was repeated 
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separately for hydrogen and carbon, with the fitting parameters given in tables 2-S1 and 

2-S3, respectively. 

Table 2-S1: Tabulated experimental and predicted 1H NMR chemical shifts 
(ppm).   

System Atom 
Low Temperature Chemical 

Shift 
Room Temperature Chemical 

Shift  
Theoretical Experimental Theoretical Experimental 

Dioxane  
1 

H2 Axial 4.5 4.44 
4.8  4.72  

H2 Equatorial 4.9 4.92 

H4/H6 Axial 3.3 3.32 
3.5 3.46 H4/H6 

Equatorial 3.5 3.51 

H Me Axial 1.2 1.08 
1.0 0.94 

H Me Equatorial 0.7 0.63 

Dithiane  
2 

H2 Axial 4.0 3.82 
3.6 3.60 

H2 Equatorial 3.1 3.29 

H4/H6 Axial 2.7 2.71 
2.5 2.55 H4/H6 

Equatorial 2.1 2.27 

H Me Axial 1.3 1.15 
1.2 1.15 

H Me Equatorial 1.0 0.96 

Diselenane 
3 

H2 Axial 4.0 3.81 
3.5 3.54 

H2 Equatorial 2.8 3.25 
H4/H6 Axial 2.8 2.98 

2.5 2.65 H4/H6 
Equatorial 2.0 2.37 

H Me Axial 1.3 1.31 
1.2 1.24 

H Me Equatorial 1.1 1.27 
 

Table 2-S2: Parameters to relate calculated isotropy to scaled 1H NMR chemical 
shift, obtained from minimizing RMSD for the entire set. 

Fit Parameter Room Temp Low Temp 

Slope 31.806 31.758 
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Intercept 1.0487 1.0590 
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Figure 2-S12: Comparison of experimental and predicted 1H NMR chemical shifts.  
The dashed line indicates perfect agreement. 

Table 2-S3: Tabulated experimental and predicted 13C NMR chemical shifts.  

System Atom 
Low Temperature 

Chemical Shift 
Room Temperature 

Chemical Shift 
Theoretical Experimental Theoretical Experimental 

Dioxane 1 

C2 90.1 93.26 94.2 94.18 
C4/C6 71.8 76.45 77.0 77.64 

C5 22.7 30.72 30.7 31.31 
Axial Me 12.4 22.28 

20.9 22.84 
Equatorial Me 12.3 21.63 

Dithiane 2 
C2 32.1 30.89 39.5 31.82 

C4/C6 37.5 40.95 44.6 42.41 
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C5 19.2 26.61 27.3 27.34 

Axial Me 11.6 22.29 
25.5 27.83 

Equatorial Me 22.8 31.34 

Diselenane 3 

C2 26.3 6.34 34.1 5.82 
C4/C6 35.9 35.39 43.1 35.52 

C5 19.4 26.70 27.6 26.46 
Axial Me 13.0 24.70 

27.0 28.28 
Equatorial Me 24.7 32.54 

 

Table 2-S4: Parameters to relate calculated isotropy to scaled 13C NMR chemical 
shift, obtained from minimizing RMSD for the entire set. 

Fit Parameter Room Temp Low Temp 

Slope 179.2294934 169.8414441 
Intercept 1.015550106 0.957780195 
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Figure 2-S13.  Comparison of experimental and predicted 13C NMR chemical shifts.  
The dashed line indicates perfect agreement.  The major outlier is 
C2 of the diselenane 3, which experimentally exhibits a remarkably 
shielded chemical shift of 5.82 ppm at room temperature 

Table 2-S5.  Computed IR C-D stretching frequencies and intensities.  Low 
intensities for dithiane 2 and diselenane 3 are evident in the 
experimental spectra and explain the misinterpretation for 2 in a 
previous report.5  

 

 

 

 

System Stretch Frequency (cm-1) Intensity 

Dioxane 1 
Axial 2073 63.2 

Equatorial 2225 29.3 

Dithiane 2 
Axial 2168 8.9 
Equatorial 2210 1.3 

Diselenane 3 
Axial 2199 3.4 

Equatorial 2219 1.1 
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CHAPTER 3.  The Influence of 150-Cavity 
Binders on the Dynamics of 
Influenza A Neuraminidases as 
Revealed by Molecular Dynamics 
Simulations and Combined 
Clustering 

This chapter contains the manuscript “The Influence of 150-Cavity Binders on 

the Dynamics of Influenza A Neuraminidases as Revealed by Molecular Dynamics 

Simulations and Combined Clustering” which has been submitted to the Journal 

PLOS ONE. 

Kyle T. Greenway, Eric B. LeGresley, and B. Mario Pinto 

Short title: Dynamics of Viral Neuraminidase 150-Cavity Binders 

3.1 Abstract 

Neuraminidase inhibitors are the main pharmaceutical agents employed for 

treatments of influenza infections.  The neuraminidase structures typically exhibit a 150-

cavity, adjacent to the catalytic site, which offers promising additional contact points for 

improving potency of existing pharmaceuticals, as well as generating entirely new 

candidate inhibitors.  Several inhibitors based on known compounds and designed to 

interact with 150-cavitiy residues have been reported. However, the dynamics of any of 

these inhibitors remains unstudied and their viability remains unknown.  This work 

reports the outcome of long-term, all-atom molecular dynamics simulations of four such 

inhibitors, along with three standard inhibitors for comparison.  Each is studied in 

complex with four representative neuraminidase structures, which are also simulated in 

the absence of ligands for comparison, resulting in a total simulation time of 9.6µs.  Our 
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results demonstrate that these novel inhibitors characteristically increase the mobility of 

these already dynamic proteins, whereas standard inhibitors exert the opposite effect, 

giving rise to many unique conformations.   We further describe an improved RMSD-

based clustering technique that isolates these conformations – the structures of which 

are provided to facilitate future molecular docking studies – and reveals their 

interdependence.  We find that this approach confers many advantages over previously 

described techniques, and the implications for rational drug design are discussed. 

3.2 Introduction 

Influenza A and B viruses are responsible for the respiratory disease commonly 

referred to as ‘the flu’, with infections ranging from epidemics to pandemics and 

symptoms ranging from mild to life-threatening.  Inhibitors of viral neuraminidase (NA) 

have been the mainstays of pharmaceutical treatment of influenza since their initial 

introduction in 1999.1  Influenza NA is a tetrameric exoglycohydrolase affixed to the viral 

membrane, which facilitates viral proliferation by cleaving terminal sialic acid linkages on 

the host cell to effect release of viral progeny.  There are nine known serotypes of NA 

(N1-N9) found in influenza A. These types are further categorized into two groups based 

on phylogenetic analysis; group-1: N1, N4, N5, N8, and group-2: N2, N3, N6, N7, N9.2 

All known NA possess highly conserved active site residues and conformations, 

although crystallography has demonstrated that group-1 NA generally exhibit a cavity 

adjacent to the main sialic-acid-binding site that is not apparent in group-2 NA crystal 

structures (CS).  This cavity is known as the 150-cavity as its accessibility is limited by a 

mobile loop composed of residues 147-152, similarly known as the 150-loop.  The 150-

loop has been crystallized in ‘open’ and ‘closed’ conformations,2,3 which provide 

snapshots along a conformational itinerary. 

The successful design of the two FDA-approved NA inhibitors, zanamivir 

(Relenza) and oseltamivir (Tamiflu), can be attributed in part to the conserved active site 

residues, the relative stability of group-2 NA, and the lack of significant changes to the 

active site upon ligand binding.1  This is evidenced by the fact that the rational structure-

based design of these inhibitors was based exclusively on the group-2 NA active site,1 
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predating discovery of the 150-cavity in group-1 NA by some years.2  Despite their 

success, these inhibitors have limitations.  Specifically, zanamivir suffers from high 

polarity,1 oseltamivir is highly vulnerable to inactivation due to viral mutation,4 and both 

exhibit mixed clinical efficacy.5   

One recent strategy for simultaneously improving the potency, lipophilicity, and 

capacity to resist mutations of these compounds has been to attach groups, usually 

hydrophobic, to a similar ring framework in order to form additional points of contact 

within the 150-cavity.2  Several such compounds, known as 150-binders in this work, 

have been synthesized 6–9 and many more have been proposed (see ref 10 for a recent 

review). Some of these inhibitors have been shown by X-ray crystallography to 

successfully enter the 150-cavity and affect the orientation of the 150-loop,6 and others 

have demonstrated powerful inhibitory activity in cellular assays and,8,9 recently, in vivo.9  

In contrast to zanamivir and oseltamivir, 150-binders are designed to interact primarily 

with the loop-open NA conformations.  This binding mode is promising in that the group-

1 loop-open NA conformation is thought to be lower in energy than the loop-closed 

conformation,11 at least in group-1 NA, but it necessitates targeting portions of 

neuraminidase that are far more dynamic than the active site, requiring a more 

sophisticated understanding of NA-ligand dynamics. 

Crystallography is likely to be less informative in this process as multiple pieces 

of evidence have demonstrated the ambiguity of the static structures of these dynamic 

systems.  Specifically, adjusting crystallization conditions can result in different 

structures for identical systems,2 and it has been shown recently that even strong 

binders can adopt distinct conformations in different CS.12   Further, MD simulations 

have revealed features previously unobserved by crystallography, such as populated 

conformations in which the 150-loop is open more widely than seen in any CS,13 and 

that the 150-loop is predominantly open in 2009 pandemic N1 and occasionally open in 

N2 simulations,11 despite their CS exhibiting only loop-closed conformations.2  

Moreover, as we demonstrate in this work, oseltamivir and zanamivir generally reduce 

the mobility of various viral neuraminidases, while 150-binders typically exert the 

opposite effect, giving rise to conformations that are not seen in simulations or CS of 
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neuraminidase in complex with standard binders.  These factors necessitate a more 

complex approach that examines the interdependency of enzyme and ligand dynamics. 

In this work, we seek to study such dynamics, utilizing long-term MD simulations 

of a variety of NA, uncomplexed (apo) and in complex with seven different inhibitors 

(holo), shown in Figure 3-1.  The ligands selected include the two commercial inhibitors, 

zanamivir 1 and oseltamivir carboxylate 2, as well as a similar inhibitor currently 

undergoing further study: the double-bond isomer and guanidine derivative of oseltamivir 

3.7  These compounds, which we collectively refer to as “standard inhibitors”, serve both 

as controls and points of comparison to previous computational and experimental 

studies.  Additionally, four 150-binders have been selected: two (4 and 5) featuring an 

alkene-linked sidechain attached at C3,6 and two (6 and 7) featuring a triazole-linked 

sidechain attached at C4.7   

 

Figure 3-1: Compounds of interest.   

Figure 3-2 shows the CS conformations of these ligands, with 1, 2, 4, and 5 from 

the PDB structures 2HTQ, 2HT8, 309J, and 309K respectively, and 3, 6, and 7 from 

preliminary data.  Inhibitors 4-7 have been studied experimentally, and other proposed 

150-binders have been studied by molecular docking,14–16 and brief MD simulations.17,18  

However, there have been no reports on the complex ligand-enzyme dynamics exhibited 

during long-term MD simulations of 150-binders. 
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Figure 3-2: Neuraminidase active site, N8closed and N8open.  Active site of N8closed 
(left) with standard binders 1-3 and N8open with 150-binders 4-7.  
Compound 1 is shown in beige, 2 in yellow, 3 in purple, 4 in light 
blue, 5 in teal, 6 in grey, and 7 in brown.   Key residues are labeled. 

Four NA CS that represent the diversity of known NA structures were chosen for 

this work.  These are an N2 structure (PDB code 2AEP and referred to as N2), the 2009 

pandemic H1N1 structure (PDB code 3NSS and referred to as N109), and the loop-

closed and loop-open CS of N8 as crystallized with 2 (PDB codes 2HT7 and 2HT8, and 

referred to as N8closed and N8open, respectively.)   N2 was selected as representative of 

group-2 NA, which is known to be relatively static and exhibit a high tendency towards 

loop-closed conformations.19  N109 was chosen as an atypical group-1 NA that is less 

dynamic and more prone to a loop-closed orientation than is expected for this group.3  

N8 was selected as a typical group-1 neuraminidase with CS available for both the 

closed and open conformations.  These structures are useful as the N8closed structure 

highly resembles both N2 and N109 in conformation, facilitating comparison between 

their dynamics, while comparisons between N8open and N8closed offer insights into the 

effects of loop-closed versus loop-open conformations and the importance of starting-

structures in MD simulations.2 

Simulations of all four NA structures were conducted with all seven ligands, as 

well as without any ligand, for three separately equilibrated runs of 100 ns in length, 

resulting in a total simulation time of 9.6 µs.  The questions we set out to investigate in 
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this study are numerous.  We sought to explore 1) the most populated conformations of 

each ligand and each neuraminidase, as well as their interdependency, 2) the active site 

residues’ stability or flexibility in response to the various 150-binders, and the 

implications for drug design, and 3) the commonalties among and between the various 

ligands, specifically in regards to 3, which shares features with each 1 and 2, i.e. the 

pentyloxy chain of 2 and the guanidine moiety of 1. 

We further demonstrate an improvement on the RMSD-based clustering 

techniques that have proven valuable in numerous MD studies, including multiple 

studies of influenza NA.11,16  Standard clustering techniques were unsuitable for this 

study due to the extensive simulation time, the flexibility of NA and ligands observed, 

and the variety of NA and ligands included.  Standard clustering of each ligand-enzyme 

combination would result in 28 separate groups of clusters, with each structure in each 

group specific to that particular NA-ligand combination and therefore not necessarily 

comparable to any other cluster structure.  Instead, we have extracted and concatenated 

the enzyme coordinates from each run prior to clustering (see Materials and Methods) in 

a process we refer to as “combined clustering".  The result is just four separate groups of 

clusters that are common within all simulations of a given enzyme, thereby facilitating 

comparisons.  The ligands are then separately clustered, separating the dynamics of the 

ligands from those of the enzyme. 

Owing to our primary interest in the important interactions, this clustering was 

performed on the key residues of the active site as shown in Figure 3-2, which are 

conserved across all NA.  We excluded the 150-loop residues 147-150 as these have 

been shown to be energetically unimportant for standard inhibitors and fluctuate 

significantly.4  We have additionally employed a technique described in previous studies 

of measuring the cavity-width in each simulation.4,11  The width measurements were 

correlated with the distances between ligand and enzyme’s center of mass (COM) and 

their utility is compared to RMSD-based clustering. 
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3.3 Results 

3.3.1 Cavity-width and loop dynamics 

Measurements of 150-cavity-widths, given in Table 3-1, generally reflect 

conclusions from previous reports.4,11   Specifically, N2 is consistently in a closed-cavity 

state and shows little influence from ligands.  N109 is more dynamic, although it exhibits 

a closed-cavity for 70% of all simulations and only slightly more in the apo simulation.  

As expected, this is less flexible than N8; the comparable N8closed remains closed for only 

43% of the simulations.  The same N8 systems starting from an open position 

consistently adopt more open conformations, spending an average of only 8% of the 

simulation with a closed 150-cavity.  This indicates that the 20 ns of simulation time that 

was removed from the start of each production run is insufficient to completely overcome 

the bias of the loop starting position. 

Table 3-1: Loop-closed populations based on cavity-width.  

  Loop-Closed Population 

Ligand N2 N109 N8closed N8open 

1 93% 75% 53% 29% 

2 100% 97% 21% 1% 

3 71% 76% 38% 12% 

4 77% 35% 17% 12% 

5 100% 87% 36% 1% 

6 100% 17% 67% 2% 

7 100% 100% 70% 0% 

None 100% 74% 42% 4% 

Average 93% 70% 43% 8% 

Figure 3-3 displays the relationship between the cavity-width and the ligand’s 

position by comparing the distance between the ligand and the enzyme’s respective 

center of masses to the cavity-width at that time.  The plot of compound 1 illustrates the 

potency and stability of the standard binders, which are extremely static within the 

enzyme’s active site and do not significantly alter the 150-loop’s position relative to the 

apo enzyme runs.  Compound 2 is similar (Supporting Information).  Notably, the cavity-
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open conformation that is not seen in the apo-N2 simulations is observed when N2 is 

complexed with 1, as well with ligands 3 and 4.  In all three cases, this takes place in 

one of the three triplicate runs where the D147-H150 interaction is lost, as previously 

reported,11 and only regained in the case of 1.  The inconsistent appearance of an open 

150-cavity for N2, never occurring in more than one of the triplicate runs for a given 

complex, is likely due to a lack of sampling.  There is no clear reason why ligands 5-7 

would not similarly induce the 150-cavity to open, or why apo-N2 is not observed with an 

open conformation, as has been previously reported.11 
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Figure 3-3: Comparison of cavity-width and ligand distance from active site.  
Compound numbers are indicated within the frame, and 
neuraminidases are as follows: N2 shown in black, N109 in blue, 
N8closed in green, and N8open in red.  Compound 2 shows a profile that 
is extremely similar to 1 and can be found in Supporting Information. 
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For the group-1 NA simulations, the results contradict the hypothesis that ligands 

facilitate loop-closure and 150-binders inhibit loop-closure.6  For example, ligands 6 and 

7 differ significantly from ligands 4 and 5 in N8closed simulations, in which 6 and 7 are 

better able to encourage loop-open conformations.  The simulations of the remaining 

N8closed complexes are similar to the enzyme-only state.  N8open simulations are similar 

between all systems (Table 3-1); only 1 is able to significantly induce loop closure 

throughout.   

Overall, there is no clear trend between ligand positions and cavity-widths and 

inconsistent relationships between cavity-widths of different NA and ligands.  This is at 

least partly due to the numerous and distinct loop conformations observed for the 150-

loop that nevertheless exhibit the same cavity-width, as shown in Figure 3-4, especially 

in simulations with 150-binders.  Determining which qualify as loop-closed versus loop-

open is accordingly ambiguous, as no single distance measurement adequately 

encapsulates the highly diverse variety of structures observed.  In contrast, the 

clustering analysis described in the following section offers a clearer picture. 
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Figure 3-4: Independence of cavity-width and key residue conformations.    
Superposition of four MD snapshots of N8open-6 that exhibit a cavity-
width of 1.25nm but differ significantly in conformations of key 
active site residues, shown as sticks. 

3.3.2 Active site and ligand combined clustering 

Combined clustering greatly facilitates comparisons between runs of the same 

enzyme with different ligands.  For example, with this method, cluster 1 (C1) for the apo-

H3N2 run is identical to C1 for all H3N2-ligand runs (though distinct from C1 of the H1N1 

runs).  Clusters are numbered sequentially in decreasing order of population over all 

simulations of that particular enzyme.  For all enzymes, the most populated cluster C1 

closely resembles the CS, with two minor observed differences.  E119 is somewhat 

twisted from its CS orientation in all enzymes, and R118 is somewhat more recessed in 

N109 and N8open than in the corresponding CS.  These features are evident in Figure 3-5, 

which depicts the clusters of the apo-NA simulations for all four enzymes along with the 

relevant CS for comparison.  This illustrates the conformation of each enzyme’s C1 

structure, its similarity to the original CS, as well as the populated alternative 

conformations.  Notably, apo-N8open does not spend a significant amount of time in C1, 

mostly due to R371’s frequent deviation from its CS conformation.  
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Figure 3-5: Superimposed active site clusters of all enzymes without ligands.  
Cluster conformations are depicted in yellow except for the C1 
conformations of each enzyme, which are depicted in orange, and 
the CS conformations, which are depicted in purple.  The 
transparency of each conformation is inversely proportional to its 
population. 

This approach necessitates clustering ligands separately, which confers the 

added benefit of separating ligand motions from enzyme motions and thereby facilitating 

evaluation of their interdependency.  By comparing cluster populations, for example, it is 

possible to determine how a ligand’s various poses are reflected in the conformation of 

the enzyme.  In the text, the results are summarized as follows: enzyme clusters are 

referred to as C# while ligand clusters are referred to as L#.  This analysis results in 

plots of the conformation of a given enzyme and the conformations of the complexed 

ligand over time.  To illustrate the utility of these results, an example of the resultant 
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plots for four N2 systems is shown in Figure 3-6 while the others are provided as 

Supporting Information. 

 

Figure 3-6: Cluster populations for selected N2 runs over time.  Enzyme cluster 
populations are shown in blue, aligned to the left ordinate scale, and 
ligand cluster populations are shown in red, aligned to the right 
ordinate scale. 

As can be seen from Figure 3-6, the stability of apo-N2 is immediately obvious: 

the enzyme does not significantly deviate from its CS-like conformation (C1).  In complex 

with 2, N2 demonstrates similar rigidity while the ligand remains consistently in its own 

CS-like pose (L1).  150-Binders 5 and 6, by contrast, exhibit multiple conformations and 

also induce N2 into adopting several alternative conformations.  Details of these clusters 

are given in the following sections, but several features bear noting as they exemplify the 

versatility of this approach.  For one, a particular conformation (C3) is not seen in the 

apo-N2 simulation or simulations in complex with standard ligands, but is common to 

both N2-5 and N2-7 simulations.  Further, there are several clear correlations between 

enzyme and ligand conformations; for example, N2-5 exhibits a ligand transition from L2 
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to L6 while the enzyme transitions from C1 to C3/C5.  Determining how ligand 

conformations interact with enzyme conformations is thus straightforward. 

For the sake of brevity, in the following results sections only the clustering results 

specific to ligands 1, 2, 3, 5, and 6 will be discussed, which were chosen as 

representative of all seven ligands.  The results for the remaining two ligands are 

included in Supporting Information.  Only images necessary to highlight important 

insights are presented below while images of all significant clusters are provided as 

Supporting Information.  In text, all descriptions of NA and ligand motions are 

accompanied by the relevant cluster label(s) and percentages in parentheses, which 

indicate the populations of the specific cluster(s).  While each cluster is unique by 

definition, some motions lead to an excess of clusters that do not differ significantly.  For 

example, when a 150-binder’s sidechain exits the active site and oscillates in solution, 

several clusters may arise that do not differ in terms of important conformations and 

interactions.  Such groups of clusters are typically described together within the same 

parentheses.  Similarly, when an important motion of an amino acid is common between 

several clusters, such as R371 withdrawing, these clusters are listed and their 

populations summed.   

3.3.3 Active Site Conformations in Apo-NA Simulations 

The following descriptions correspond to Figure 3-5.  Apo-N2 is extremely static 

in simulation, as expected, remaining almost entirely in its CS conformation (C1; 99%).  

By comparison, N109 is far more mobile with significant populations in five clusters and a 

low C1 population (C1; 34%).  These additional conformations stem primarily from 

changes in the two active site 150-loop residues; D151 can recede (C3; 8%) or advance 

(C14; 9%); R152 can advance (C5, C14; 39%), fold down onto itself (C18; 4%) or 

withdraw (C10; 12%). Additionally, Y406 fluctuates significantly and can swing down 

toward E119 for a stable conformation (C10; 12%). 

Apo-N8 is also quite dynamic, exhibiting nine populated conformations in 

simulations starting from loop-closed and loop-open conformations.  In both cases, the 

residues that contribute to distinct conformations are R118, D151, R152, R292, R371, 

and Y406.  For the N8closed simulations, the CS conformation is rarely adopted (C1; 
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15%).  Instead, R118 is often withdrawn (C4, C5, C9, C17; 42%) but occasionally swings 

toward D151 (C2; 24%). R371 swings down away from the active site (C4, C6, C15; 

14%).  R292 frequently moves toward E276 and interacts there (C5, C6, C9, C17; 34%).  

D151 occasionally recesses (C6, C9, C12, C17; 19%), mutually moves toward R118 

(C2; 24%), or extends toward the active site (C15; 3%).  R152 generally only fluctuates 

in place, rarely extending toward the active site (C17; 3%).  Y406 is relatively constant, 

though occasionally extends up toward R292 (10%) or down to R118 (C12; 5%).  In 

N8open simulations, the most populated clusters for the native enzyme differ significantly 

from the CS, as can be seen in Figure 3-5, with 0% population of C1.  R371 typically 

swings far from the active site (C12; 12%), D151 and R152 together swing far away from 

the active site due to backbone loop movements (C18, C23, C26; 15%), and E276 can 

swing toward R292 (C18, C21; 13%). 

3.3.4 Conformations of NA Active Site and Complexed Standard 
Binders 1 to 3 

The N2-1, N2-2, and the N2-3 simulations exhibit similar NA stability to the apo 

simulations; only C1 is highly populated for all three.  The ligands also do not stray 

significantly from the CS poses with 100% populations in L1 for 1 and 2, and 97% for 3.  

However, in one of the triplicate runs with 1, the ligand’s guanidinium moiety encourages 

R156 to withdraw, causing E119 to follow and bend away from the active site.  R118 

simultaneously withdraws somewhat as D151 bends toward the guanidinium as well, 

and R152 swings toward the ligand’s amide (C3, C8; 13%), as shown in Figure 3-7.  

Similar changes are evident in most simulations with the guanidinium-containing ligands, 

1 and 3.  
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Figure 3-7: N2-1 alternate enzyme poses.  Shown are the C1, C3, C8 of N2 with 
L1 of 3.  The color scheme is identical to Figure 3-5. 

With N109, the standard binders greatly reduce the mobility seen in the apo 

simulation, yielding C1 populations increased from 34% to 96%, 100%, and 93% for 1, 2, 

and 3, respectively.  The conformation of 2 is essentially static, exhibiting a crystal-

structure pose for 94% of the simulation (L1) with a slight twist of its isopentyl chain for 

4% of the simulation (L2).  Similarly, 1 occupies its L1 conformation for 84% of the 

simulation, with the glycerol chain twisting for 15% of the simulation (L2) toward R292 

rather than R224.  No other contacts are lost in this pose.  R152 also rarely swings out 

of the active site (C17; 3%). 

In contrast, 3 seldom occupies its most CS-like conformation in complex with 

N109 (L3; 8%).  In its dominant cluster (L1; 70%), the guanidinium group moves closer to 

the center of the active site, greatly reducing the distances to electronegative Y406, 

E277, and the alpha-carbonyl of W178.  This pose, shown in Figure 3-8, does not 

significantly alter the carboxylate-arginine interactions and the enzyme typical remains in 

C1 (93%).  However, the enzyme and ligand frequently undergo a simultaneous 

transition where R371 withdraws (C15, C25, C28; 7%) and the ligand destabilizes 

somewhat (L2, L5; 9%), as shown in Figure 3-8.  This conformation is similar to L1 and 

L3 though the carboxylate is now outside the active site.  This behavior is likely not seen 
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in the N2-3 simulations due to the greater rigidity of R371 and is the only example of 

mobility of R371 in N109 simulations, suggesting that the ligand exerts a significant effect 

on R371. 

 

Figure 3-8: N109-3 dominant pose and its destabilization.  Shown is C1, C15, C25 
and C28 of N109 and L1 and L5 of 3.  The color scheme is identical to 
Figure 3-5. 

In simulations of N8 with the commercial ligands 1 and 2, enzyme motions are 

again dramatically reduced in comparison to the apo simulations.  This results in 

increased C1 populations from 15% of apo-N8closed to 100% for both N8closed-1 and 

N8closed-2, and from 0% in apo-N8open to 82% and 89% for N8open-1 and N8open-2 C1 

populations, respectively.  In all cases, the ligand rarely deviates from the CS-like pose 

L1, except for minor rotations of the isopentyl/glycerol groups.  The N8open-1 enzyme 

also occasionally occupies two similar clusters in which R118 and D151 are somewhat 

extended toward the ligand and E276 has withdrawn from R224 (C6, C24; 17%).  The 

N8open-2 runs exhibit one major enzyme motion, which is R118 swinging down toward 

D151, with the latter moving toward it as well (C8, C36; 10%). 

In contrast to 1 and 2, significant enzyme dynamics are again observed in the 

N8closed-3 simulations (C1; 66%) where motions in R118, R371, and R292 give rise to 

five populated enzyme clusters.  R118 frequently recedes to resemble a type-2 CS (C4, 
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C14, C18, 21%), twice as often as seen in the apo-N8closed simulation, while R371 

swings away from the ligand (Figure 3-9).  These swings also occur without further 

changes to the active site (C6; 11%) and are similar to the movements observed with 

N109-3 (Figure 3-8), further supporting the destabilizing effects of 3 on R371.  

Simultaneously, 3 fluctuates within the active site and its carboxylate group frequently 

drifts away from R371, encouraging R118 to recess and allowing R371 to swing freely 

(L1, L3, L4, L6, L8, L9; 72%).  Without the strong R371 interactions, the ligand’s 

carboxylate can then readily swing out of the active site (L2, L5, L7; 25%).  

Nevertheless, the enzyme is significantly more CS-like than the native enzyme overall, 

suggesting that 3 stabilizes C1 but to a lesser extent than 1 and 2. 

 

Figure 3-9: N8closed-3 ligand oscillations and R371 mobility.  Shown is C1, C4, 
C14 and C18 of N8closed and L1, L3, L4, L6, L8, and L9 of 3.  The color 
scheme is identical to Figure 3-5. 

N8open-3 exhibits similar patterns as N8closed-3, with R371 frequently swung far 

back (C4; 28%) or R292 and E277 swung toward E276 (C5; 28%).  This is likely due to 

the position of 3 which exhibits poses that are similarly sunken as those observed in 

N8closed simulations (L1, L2, L4, L5; 91%).  There is significant movement of the ligand’s 

carboxylate group, which occasionally exits the active site (L2; 17%).  Only during one 

triplicate does the ligand adopt the CS-like pose and only infrequently (L3; 6%), but 
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during this time the enzyme rarely has R371 withdrawn (C4; 10%), demonstrating a 

correlation between these changes. 

3.3.5 Conformations of NA Active Site and Complexed 150-
Binders 5 and 6 

The 150-binders are far more dynamic than the standard binders, especially in 

regards to their sidechains.  Core interactions such as carboxylate-arginine interactions 

are typically preserved, however.  As such, in complex with N2, 5 maintains a CS-like 

pose for one of the triplicate runs but with its phenyl-sidechain oscillating in (L7; 5%) and 

out (L2, L6; 29%) of the active site.  For the remaining two triplicates, only the ligand’s 

glycerol and carboxylate moieties remain in the active site (L1, L3, L4, L5; 41.5%).  

Without significant correlation to the ligand pose, the enzyme generally adopts either a 

CS-like pose (C1, 67%) or an alternative conformation (C5; 25%) in which R152 is 

swung down into the active site (Figure 3-10).  This movement is facilitated by contacts 

between the ligand’s hydroxyl and amide, and then stabilized by electronegative 

carboxylate and carbonyl moieties within the active site interior.  Once formed, it then 

supports the ejection of the ligand as is observed several times during the trajectory.  

One additional enzyme pose, arising for 18% of the time in which the ligand is CS-like is 

C3, where R118 and E119 move to interact with the ligand’s phenyl sidechain, and R152 

swings toward the ligand hydroxyl. 
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Figure 3-10: N2-5 facilitating R152 moving into the active site center.  Shown is 
C1 and C5 of N2 and L1, L3, and L4 of 5.  The color scheme is 
identical to Figure 3-5. 

In N2-6 runs, the ligand never adopts the expected pose though remains within 

the active site for roughly one third of the simulation time.  The most CS-like poses (L1, 

L3, L4, L6; 60%) differ in that the sidechain is angled directly under the D151 and R152 

residues, rather than adjacent to them. This binding mode is similar to the sunken poses 

of ligand 3.  While the ligand is alternating between these flexible poses, it frequently 

loses its carboxylate interactions (L3, L4, L6; 42%) while the enzyme mainly resides in 

C1 (40%).  Occasionally, D151 and R152 shift to either side of the ligand’s triazole (C3; 

19%), but more frequently, these residues swing back (C6; 37%), as shown in Figure 3-

11.  This ligand is thus able to force open the loop residues of the rigid N2 better than 

any other studied ligand, but is prone to alternative binding poses.  During the remaining 

40% of the simulation, the ligand is somewhat ejected from the confined enzyme active 

site; only its carboxylate and sidechain remain within the active site (L2, L5; 31%) and 

the enzyme is dominantly in C1 (98%). 
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Figure 3-11: N2-6 demonstrating a recessed D151-R152.  Shown is C1 and C6 of 
N2 and L1 of 6.  The color scheme is identical to Figure 3-5. 

During the N109-5 simulation, the enzyme is constantly in a C1 pose (98%).  The 

ligand is almost always in a CS-like pose (L1; 66%) with its sidechain directed into the 

150-cavity, suggesting these conformations are not incompatible. The remaining 

simulation time has the sidechain fluctuating in the solution without an apparent impact 

on the enzyme. 

In contrast, during simulations of N109-6 C1 is never occupied, mostly due to 

variation in 150-loop residue D151 and nearby amino acids (Figure 3-12).  6 adopts a 

CS-like pose for two of the triplicate runs (L1, L2; 62%).  In this pose, its electronegative 

triazole group pushes back the electronegative D151 into the solution, which thereafter 

interacts with the ligand’s sidechain hydroxyl group (C3, C7, C9; 90%).  This is similar to 

the conformations of N2-6 with one exception; the recessed 150-loop residues now 

adopt multiple distinct orientations.  E119 and occasionally R118 also interact with the 

ligand’s sidechain.  The ligand’s sidechain fluctuates outside of the active site during the 

remaining triplicate although the key interactions remain intact and the loop remains 

recessed (C3, C6, C9; 98%).   Frequently, Y406 moves forward to fill the gap (C6; 68%).  
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Figure 3-12: N109-6 shows a significant loop-opening effect.  Shown is C3, C7 and 
C9 of N109 and L1 and L2 of 6.  C1 is included for reference, though 
not occupied.  The color scheme is identical to Figure 3-5. 

In complex with N8closed, 5 adopts multiple poses, all with the key carboxylate 

interactions preserved.  Only residues R118, D151, and R152 exhibit different poses.  

While the ligand most resembles the CS-like pose (L2, L6, L7; 32%), the enzyme is 

typically in C1 (78%).  However, the ligand’s sidechain frequently clashes with D151, 

causing it to swing back, while R118 swings in and interacts with the aromatic sidechain 

and R152 either remains in its normal position (C3, 16%) or withdraws (C8, 10%).   In 

another populated pose, the glycerol chain contacts are lost and the sidechain enters the 

solution (L1; 30%) while D151 is periodically pushed away from the sidechain toward 

R152 (C7; 4%).  In a third pose (L3, 23%), all contacts are maintained although the side 

chain exits the active site and R118 again swings in toward D151 as is seen with apo-

N109 simulations (C2, C13; 70%).  This interaction (Figure 3-13) prevents the ligand from 

re-entering the 150-cavity, as is observable in the trajectory. 
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Figure 3-13: 5 is blocked from reentering the active site of N8closed.  Shown is C2 
and C13 of N8closed and L3 5.  C1 is included for reference.  The color 
scheme is identical to Figure 3-5. 

With N8closed, 6 often adopts a CS pose with its sidechain frequently entering the 

150-cavity (L1, L4, L7; 60%) while the enzyme fluctuates between several 

conformations.  Most interestingly, the enzyme adopts a C1 conformation for 91% of the 

time in which the ligand’s sidechain exits the active site, but only 44% otherwise, 

demonstrating the sidechain’s impact.  Instead, D151 is often pushed far back (C3, C8; 

41%) or turned toward R152 (C7; 13%), which occasionally swings in to interact with the 

ligand’s hydroxyl group along with E119 (C8; 6%).  

With N8open, 5 is considerably more dynamic, giving rise to 13 clusters with more 

than 1.0% occupation.  The trajectory can be divided into two groups; one in which the 

enzyme changes conformation to accommodate the ligand, and the other in which the 

reverse occurs.  The former is constant for one of the triplicates – the ligand adopts a 

CS-like pose (L1; 33%) during which time the enzyme is predominantly in C3 and C28 

(98%).  In these poses, D151 is swung toward R152 while R371, E276, and E277 are 

withdrawn, demonstrating successful blocking of the loop by the ligand.  In the remaining 

two triplicate runs, the ligand is largely outside of the active site (L2-L13; 94%) with only 

the carboxylate interaction intact.  The enzyme meanwhile adopts a CS-like pose (C1, 

C6, C22; 94%) with minor movement in R118.  Occasionally the loop recedes somewhat 

(C5; 4%). 
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In simulation with N8open, 6 adopts a CS-like pose for the beginning of all three 

triplicates (L1; 50%) while the enzyme’s 150-loop is forced open (C2, C3, C13, C14, 

C19; 91%).  Occasionally R118 swings in toward the ligand’s triazole moiety (C14; 4%), 

remaining as stable arrangement for one entire triplicate.  In another triplicate, the ligand 

exits into the solution while the loop continues to oscillate, and in the remaining triplicate 

the loop closes (C1; 8.3%) and thereby displaces the ligand’s sidechain (L5; 5%), shown 

in Figure 3-14.  These runs demonstrate that 6 can be stable within the active site, or 

with its sidechain directed into the solvent, while the loop fluctuates or rests in a closed 

conformation. 

 

Figure 3-14: Simultaneous 150-loop closure and ligand sidechain ejection for 
N8open-6.  Shown is C1 and C3 of N8open with L1 and L2 of 6.  The 
color scheme is identical to Figure 3-5. 

3.4 Discussion and Conclusions 

The above discussion detailed the motions and binding modes observed 

throughout the simulations, and several key results from the clustering analysis are 

summarized in Table 3-2.  This table lists the populations of the CS-like C1 populations, 

summed populations of every loop-closed conformation for each enzyme, the summed 

population of ligand conformations in which the ligand remains within the active site, as 
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well as the latter’s impact on loop closure.  Specifically, the total populations of loop-

closed conformations that occur while the cavity is fully occupied are given.  By 

comparing the propensity of an enzyme’s 150-loop to close in the apo state, versus 

when in complex with a specific ligand, and further when that ligand is fully within the 

active site, the ligand’s influence on the loop can be quantified.  For example, in complex 

with 4, N109 exhibits a reduced loop-closed population of 39% relative to 77% of the apo 

simulation.  However, during the 29% of the simulations in which 4 is entirely within the 

active site, the loop-closed population increases to 84%.  This reveals that the N109-4 

complex is far more likely to exhibit a closed 150-loop when the ligand is within the 

active site than when the ligand is partially exited, contradicting the expected effects of 

these 150-binders of forcing open the 150-loop by occupying the 150-cavity.6  Instead, it 

appears that ligand fluctuations encourage the 150-loop to open. 

Table 3-2: Clustering results summary. 

NA Ligand 
C1 

Pop. 

Loop Closed Pop. 

Ligand in 
Active Siteb 

Pop. Conformationsb 

Overall 
While Ligand is in 

Active Sitea Enzyme Ligand 
N2 Apo- 99% 99% – – 1 – 

 
1 86% 100% 100% 100% 3 1 

 
2 100% 100% 100% 100% 1 1 

 
3 98% 98% 98% 100% 1 2 

 
4 63% 93% 100% 0% 5 2 

 
5 67% 98% 100% 34% 3 11 

 
6 58% 77% 37% 36% 4 3 

 
7 42% 42% 42% 100% 3 8 

N109 Apo- 34% 77% – – 6 – 

 
1 96% 100% 100% 100% 2 2 

 
2 100% 100% 100% 100% 1 3 

 
3 93% 98% 98% 96% 2 7 

 
4 32% 39% 84% 29% 6 9 

 
5 98% 98% 100% 67% 1 5 

 
6 1% 1% 0% 72% 4 10 

 
7 5% 8% 7% 59% 5 16 
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N8closed Apo- 15% 37% – – 8  

 
1 100% 100% 100% 100% 1 1 

 
2 100% 100% 100% 100% 1 3 

 
3 66% 72% 74% 93% 5 9 

 
4 89% 91% 91% 66% 2 8 

 
5 55% 58% 75% 64% 6 8 

 
6 58% 58% 50% 75% 4 9 

 
7 59% 59% 50% 73% 4 9 

N8open Apo- 0% 18% – – 11 – 

 
1 82% 100% 100% 100% 3 2 

 
2 89% 100% 100% 100% 2 2 

 
3 41% 42% 42% 100% 3 2 

 
4 49% 82% 84% 57% 6 2 

 
5 45% 60% 7% 36% 6 11 

 
6 8% 10% 2% 65% 9 8 

 
7 0% 10% 0% 6% 8 3 

Avg. Apo- 37% 58% – – 7 – 

 
1 91% 100% 100% 100% 2 2 

 
2 97% 100% 100% 100% 1 2 

 
3 74% 77% 78% 97% 3 5 

 
4 58% 76% 90% 38% 5 5 

 
5 66% 78% 70% 50% 4 9 

 
6 31% 36% 22% 62% 5 8 

 
7 26% 30% 25% 59% 5 9 

aPercentage of time that a loop-closed cluster is occupied while the ligand remains in the active site.  bSee 
materials and methods for criteria.  

In the absence of any ligand, the enzymes vary significantly in mobility.  The C1 

population of N2 is nearly 100%, dropping to 34% for N109, and further to 15% and 0% 

for N8closed and N8open, respectively.  These conformational changes are not purely 

derived from loop mobility though; N109 adopts loop-closed conformations for 77% of the 

simulations, indicating that the majority of its mobility is due to fluctuations in amino 

acids that are not part of the 150-loop.  Similarly, N8closed and N8open remain loop-closed 
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for 37% and 18% of the apo simulations, respectively, suggesting that roughly half of 

their conformational flexibility is due to loop movement.  These closed-loop values are 

similar to those determined by cavity-width monitoring, supporting the validity of this 

measurement for apo systems.  However, there is little correlation between loop-closed 

conformation populations and cavity-width for the simulations without complexed 

ligands. 

Regarding ligand dynamics, the standard binders are almost entirely stable within 

the active site.  150-Binders, by contrast, remain within the active site less often, yielding 

averages from 38% for 4 to 62% for 6, likely due to their lower binding affinities.  In fact, 

the trend of these average active site populations matches the known potency of these 

compounds: 1 ≈ 2 ≈ 3 > 6 > 7 > 5 > 4.6,7  In general, measuring cavity-occupation by 

inspection of cluster structures yields better results than COM-distances, which are less 

able to discern ligand fluctuations and reorientations. 

In line with their stability, the conformations of standard binders 1 and 2 are 

extremely static, as has been reported previously.  Only twists of the isopentyl and 

glyercol chains are observed.  Ligand 3, despite its similar structure, potency, and active 

site occupancy to 1 and 2, is notably more dynamic.  It averages 5 populated 

conformations – several more than 1 or 2 – while stabilizing the closed-loop 

conformations less and inducing an unexpected mobility of R371.  It is surprising that, 

despite the frequent loss of the energetically important carboxylate-R371 interactions,4  

this inhibitor exhibits comparable potency to 1 and 2.7  This could be due to the viability 

of alternative poses for 3, which were observed in multiple simulations and are shown in 

Figures 8 and 9.  This flexibility may also be responsible for the unreduced potency of 3 

against oseltamivir-resistant influenza strains with the H274Y mutation,7 which 

reportedly target the isopentyl group of 2 that is common to 3.20  Given that the potency 

of 1 is similarly not reduced by the H274Y mutation,36 it is possible that the common 

gaunidinium moiety is a factor. 

Like the standard binders, all 150-binders similarly reduce the mobility of the 

enzyme, averaging two fewer populated enzyme conformations relative to apo 

simulations.  150-Binders 4 and 5 actually stabilize loop-closed conformations at a 

similar level as 3, while 6 and 7 instead increase the propensity of the 150-loop to open 
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on average and for all NA except N8closed, as expected for 150-binders.  In other words, 6 

and 7 decrease the mobility of the enzyme while also encouraging the 150-loop to open, 

indicating the formation of stable loop-open conformations as desired.    While the 

ligands are fully within the active site cavity, all 150-binders, except for 4, reduce loop-

closed populations further on average.  150-binder 4 instead encourages loop closure 

from within the active site, as described above.  Overall, compound 6 is most 

representative of a successful 150-binder, exhibiting a relatively high active site 

population (62%), an average decrease of loop-closed populations of 22% relative to 

apo simulations, and a greater reduction of loop-closed populations (36%) when fully 

within the active site.   

On the importance of starting conformations, it is clear that the position of the 

150-loop exerts a significant effect on the behavior of the NA and the ligands.  There is 

greater mobility observed for N8open, which exhibits 50% more significantly populated 

conformations on average than N8closed, as well as decreased C1 and loop-closed 

populations.  The starting conformation exerts little effect on the standard binders, which 

generally equilibrate quickly. The 150-binders, in contrast, are more likely to exit the 

active site during the N8open simulations – especially 7, which features a sidechain that is 

relatively stable in solution (Supporting Information).  Generally, the comparisons of 

N8closed and N8open for both analyses demonstrate that 300 ns is insufficient for 

overcoming starting-conformation bias for all simulations except those with standard 

binders.  Inspection of the graphs of cluster populations over time (Supporting 

Information) suggests that removing more than 20 ns from the start of the trajectories 

would not reduce the bias, but instead longer simulations are required. 

In comparison to cavity-width monitoring and COM measurements, combined 

clustering offers clearer trends between ligand positions, the 150-loop’s conformation, 

and NA fluctuations, which we attribute to several factors.  For one, the cavity-width 

appears to require more sampling overall.  This is evidenced by the consistency of the 

results for the apo systems, which equilibrate faster, in comparison to the holo systems, 

which lack clear trends.  Secondly, the variety of loop positions cannot be simplified to a 

single distance measurement as argued above (Figure 3-3).  Thirdly, COM 

measurements are ambiguous, being unable to distinguish between a variety of ligand 

positions that may share the same COM, for example.  Finally, combined clustering is far 
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better able to analyze shared conformations between diverse systems, which allows for 

straightforward tabulation of CS-like populations, loop-closed conformations, and 

enzyme mobility. 

Another common measurement of mobility, root mean squared fluctuation 

(RMSF), was also evaluated.  However, in general, these values offer less insight than 

the number of populated conformations available from clustering.  The average apo NA 

adopts seven significantly populated conformations, dropping to five when in complex 

with 150-binders, and two when in complex with standard inhibitors.  In contrast, RMSF 

values (included in Supporting Information) attest to the stability of N2 and the mobility of 

N8, relative to N109, but otherwise show few clear trends between the various 

complexes.  This is because RMSF values cannot distinguish between a residue that 

generally only oscillates rapidly in place, such as Y406, from a residue that adopts 

multiple conformations, such as D151. 

Overall, this work highlights the extremely complex and dynamic interactions of 

influenza neuraminidase with its inhibitors.  This is particularly true for the 150-binders 

studied, which are more prone to exiting the active site and are more dynamic than the 

standard binders.  None of these ligands demonstrated all of the desired characteristics 

of this class, though compound 6 is nearest.  In general, detailed analysis is required to 

discern the impact of ligand mobility, which is generally deleterious for the 150-binders 

but can be beneficial, as for compound 3.  Similarly, interesting phenomena occur 

frequently that are entirely dynamic in nature, such as partially exited ligands 

encouraging the NA to adopt unique poses that in turn prevent the ligand from reentering 

the active site (ligand 5 in particular).  Future design of 150-binders will require 

significant consideration of such dynamics, which are readily probed by MD simulations 

and clustering techniques.  The results of combined clustering in particular can be 

efficiently analyzed to determine the interdependency of given conformational changes, 

such as the relation between loop-closed populations and active site occupation.  Cavity-

width monitoring, in contrast, appears well suited for apo systems but does not give 

meaningful results for holo simulations.  Additionally, molecular docking approaches may 

better account for NA dynamics by including a greater variety of NA conformations, such 

as the cluster-centroid structures of this work (provided as Supporting Information). 



 

91 

One of the central challenges of improving the potency of 150-binders is that 

increased loop-open conformation populations are associated with ligands increasingly 

exiting the active site, as evidenced by decreased active site populations for compounds 

4-7 in complex with N8open versus N8closed.  This is likely related to a decrease in binding 

affinity.  Although our results confirm the relative stability of the loop-open state for the 

typical group-1 N8 systems, in the absence of binding ligands, loop closure is certainly 

an energetically favorable process in the presence of the strongest inhibitors, 1 and 2.  

Therefore, the ideal 150-binders may similarly induce loop closure by maintaining 

contacts with the 150-loop residues, while also forming additional contacts within the 

150-cavity.  Our results indicate that such conformations are possible. 

3.5 Materials and Methods 

3.5.1 System Preparation 

All systems were prepared in a standardized fashion to allow for convenient 

automation via scripting.  For each individual protein and ligand, properly aligned, 

parameterized, and processed structure files were first produced.  These structure files 

were then combined to produce all complexes, prior to simulation.  All protein structures 

(2AEP, 3NSS, 2HT7, 2HT8) were first validated and repaired with MolProbity.21  The ‘A’ 

chain of each was extracted and uploaded to the PDB2PQR server,22 in which histidine 

residues were protonated at pH 6.5 and verified manually.  Disulfide linkages were 

enforced with the proper AMBER notation and the resultant files were input into tleap of 

Amber 12.0,23 automatically renumbered, then exported as pdb files.  All structures were 

then imported into PyMOL and aligned.24  Crystallographic water molecules from all CS 

that did not clash with any of the ligand-enzyme complexes were combined and added 

to each structure, along with the key calcium ion if absent,25 and the structure was 

output.  Each ligand was constructed and subjected to at least one dozen optimization 

calculations, at the Hartree-Fock level using the 6-31G* basis set, from different 

conformations in Gaussian 09.26  RESP charges  for each unique conformation were 

then derived using multiple-orientations from single point calculations input to the R.E.D. 

server.27,28  Slight variations in atomic positions yielded charges that varied significantly, 
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and therefore the set of charges that were most consistent among and between the 

ligands was selected (Supporting Information).  All molecules were docked into 2HT7 

using AutoDock Vina.29  For each ligand, the most CS-like pose (Supporting Information) 

was combined with the atomic charges described above to produce Tripos mol2 files.  

Complexes of all ligands and enzymes were then produced via combination in tleap.  All 

proteins were then parameterized using Amber ff99SB, and all ligands were 

parameterized with the General Amber Force Field (GAFF)30 with the corresponding 

RESP charges, using tleap and antechamber.  AMBER files were then exported. 

3.5.2 Molecular Dynamics Simulations 

MD simulations of all systems were conducted with the GROMACS suite, version 

4.5.4,31 utilizing the Amber ff99SB force field.32  AMBER files for each complex were 

converted into GROMACS formats using ACPYPE with the “gmx45” option.33  Each 

system was placed in a dodecahedral box with a minimal 12 Å distance between solute 

and box edge and solvated with TIP3P water molecules.  Salt ions were then introduced 

to achieve a concentration of 0.15M and neutralize the overall charge.  Each system was 

then treated to at least two alternating rounds of 5000 steps of steepest descent and 

conjugate gradient minimization.  Following minimization, random velocities were 

generated in the first step of equilibration to yield unique triplicate runs of each system.  

Equilibration entailed first gradually heating the system from 0K to 300K in 60K 

increments with a Berendsen thermostat during simulations of 40 ps duration.  Position 

restraints on solute molecules began at 1000 kJ mol-1 nm-2 and were reduced by 200 kJ 

mol-1 nm-2 per incremental run.  Pressure was then equilibrated during three steps.  First, 

with 200 kJ mol-1 nm-2 solute restraints, a Berendsen barostat with a time constant of 2.0 

ps and a reference pressure of 1.0 atm, and a Berendsen thermostat with a time 

constant of 0.5 ps and a reference temperature of 298 K.  After 100 ps, position 

restraints were removed for an additional 100 ps simulation.  Finally, the pressure and 

heat controls were changed to a Nose-Hoover thermostat and a Parrinello-Raham 

barostat,34,35 and the system was equilibrated for a final 400 ps before beginning 

production runs with the same configuration.  Throughout, the LINCS algorithm was 

used to constrain bonds involving hydrogen atoms and the leapfrog integrator was 

employed with a 2 fs time step.    Short-range interactions were calculated with a cut-off 
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of 1.0 nm for columbic interactions and 1.3 nm for van der Waals interactions.  Long-

range electrostatic interactions were calculated with the particle mesh Ewald (PME) 

algorithm using a grid spacing of 0.12 nm and an interpolation order of 4.  Neighbor lists 

with a 1.0nm cutoff were updated every 5 steps.  

3.5.3 Trajectory Analysis 

After inspecting RMSD plots for all systems, the first 20 ns of all trajectories were 

discarded and the three triplicate runs were concatenated prior to analysis, yielding 240 

ns of fully equilibrated simulation time for each of the 28 systems.  All systems were 

aligned based on the alpha carbons of the 100 NA residues with the lowest RMSF 

values.  Cavity-width was measured using the GROMACS suite as the minimal distance 

between the alpha-carbon of residue 431 and the sidechain carbons of residue 149.4,11  

Centre of mass distances between ligands and enzymes were measured from all non-

hydrogen ligand and enzyme atoms.  Combined clustering was performed by extracting 

the enzyme trajectories from all systems, then renumbering residues and atoms to 

ensure that all numberings of apo and holo systems of the same enzyme matched.  All 

trajectories of the same enzyme were then concatenated.  A 38401 by 38401 RMSD 

matrix for the combined trajectories of each was then calculated from a time step of 50 

ps and based on the sidechain heavy atoms of key, conserved active site residues: 

R118, E119, D151, R152, W178, R224, E227, E276, E277, R292, R371 and Y406.  

Clustering was then performed on each combined enzyme trajectory using the Gromos 

algorithm as implemented in the GROMACS package,36 with a RMSD cut-off of 0.12 nm.  

This cut-off was chosen as the optimal balance between the number of clusters and their 

meaningfulness, after experimenting with values from 0.10 to 0.25 nm.  Comparison of 

the cluster centroids to the averaged cluster structures allowed for confirmation of that 

the centroid structure was representative of all clusters. Ligands were clustered 

separately by the same method, although based on all heavy atoms and a RMSD cut-off 

of 0.13 nm.  Results for the enzymes were separated and sorted via custom Python 

scripts and assembled along with the ligand clusters in spreadsheets to facilitate 

interpretation.  To assemble the information in Table 3-2, NA clusters were deemed to 

be “loop-open” if the 150-loop residues D151 and R152 were recessed.  Similarly, ligand 

poses were deemed to be within the active site if the majority of their atoms were within 
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the active site cavity, regardless of conformation.  However, if sidechains of the 150-

binders were directed into the solvent, the pose was deemed to not be within the active 

site. Detailed information of the clusters is provided as Supporting Information. 
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3.7 Supporting Information 

 

Figure 3-S1: Comparison of cavity-width and ligand distance from active site for 
compound 2. 

Conformations of NA Active Site and Complexed 150-Binder 4  

With N2, 4 remains in its crystal-structure like pose almost constantly (L1; 98%) 

with its alkene-sidechain pointing out of the active site. The enzyme is stable in C1 

(63%), and C4 (27%), where a cascade of shifts occur: Y406 swings toward E119 which 
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bends toward the ligand’s hydroxyl while R118 swings in to interact with D151 and the 

hydroxyl as well and D152 turns toward it. This suggests that the side group does not 

block open the loop, but nevertheless has an effect. Modest populations also exist where 

D151 and R152 are moved outwards somewhat (C2, C9; 6%) in comparison to enzyme-

only runs. 

With N109, the dynamics of the enzyme are completely altered as only the C1 

pose (32%) is common between apo-N109 and N109-4. 4 is highly mobile, with nine 

clusters of 1.0% or greater population. It is often modified from a CS-like pose, typically 

being somewhat dislodged from the active site (L1, L2, L4, L6, L7; 74%) or occasionally 

completely outside of the active site (L9, L14, L16; 1%). Due to lacking good interactions 

at its fourth and fifth ring carbons, and fluctuations in R371 and R292, the side of the ring 

near the fifth carbon is quite mobile. The ligand is often shifted toward the withdrawn 

triarginyl cluster with the sidechain pointing into solution (L1, L4, L6; 49%), the fourth 

and fifth carbons are often lifted out somewhat (L2, L7; 30%), or pivoted 

rotated toward R118 (L3; 8.2%). Occasionally the sidechain rotates into the 

active site (L2; 22%), presumably to avoid unfavorable interactions with solvent 

molecules, and this is often concomitant with the loop being open and D151 and R152 

being significantly withdrawn (C11, C12; 87%). R292 and R371 are typically withdrawn 

somewhat (C3, C4, C11, C12, C16; 59.5%) while R152 is frequently extended toward 

the ligand’s amide (C4, C16; 37%). 

In complex with N8closed, 4 mostly resembles the crystal structure pose (L1, L3, 

L8; 64%) though the side of the fourth and fifth carbons frequently lifts out of the active 

site (L2, L5, L7; 15%) and the ligand exhibits translational movement within the active 

site (L4, L6; 7%). The sidechain nearly always points into solution, with a brief time spent 

pointing into the active site (L7; 2%) and only when the ring is lifted up. Carboxylate- 

arginine interactions are extremely stable however, and the enzyme is quite static. It is 

typically in its crystal structure pose (C1; 90%) while R118 and D151 occasionally move 

back together (C2; 7%), likely due to a lack of interactions with the hydroxyl group. R371 

and R292 are static. 
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In the N8open-4 simulations, the loop is never fully open. Instead, during one of 

the triplicates, the ligand is unusually rotated in the active site (L2; 30%) while D151 is 

slightly withdrawn and R118 is bent toward it, being recessed only slightly (C7, C8; 

33%). In the remaining two triplicates, the ligand’s sidechain is CS-like (L1; 83%) or 

pointing into solution (L3, L4; 16%) while the enzyme is CS-like (C1; 73%). This 

indicates the strong stabilizing effects of 4, comparable to the standard binders, and that 

the sidechain typically does not affect the 150-loop while inside or outside of the active 

site. 

Conformations of NA Active Site and Complexed 150-Binder 7  

With N2, 7 is extremely stable and almost entirely in a crystal structure-like pose 

(L1, 97%). The NA meanwhile alternates between C1 (42%) and C2/C7 (56%), the latter 

exhibiting D151 and R152 simultaneously withdrawn due to clash between the ligand’s 
triazole and D151. In these conformations, R118 is further moved in somewhat to 

interact with the ligand’s sidechain, which periodically bends to bring the terminal 

hydroxyl closer (L2; 2%). These results show that 7 can extend into the 150-cavity 

without disturbing the D151 and R152 interactions significantly unlike compound 1. 

With N109, 7 is often in its CS-like pose in the active site (L1; 32%), which often 

has D151 and R152 moved back toward W178 and mutually interacting (C2; 62%) – 

much like C2 seen in the N2 simulations. The sidechain frequently exits the active site, 

giving rise to ligand clusters that are progressively further from the active site (L2-L10; 

46%), as does the isopentyl group to a lesser degree. When D151 returns to its crystal 

structure-like pose (C8; 13%), the ligand is unable to re-enter the active site. The ligand 

is extremely flexible, especially outside of the active site, which gives rise to numerous 

poses; 16 above 1.0 % population. The carboxylate interaction is extremely constant. C1 

and L1 are almost entirely incompatible, with only a 11% incidence of C1 when L1 

occurs. 

In complex with N8closed, 7 is typically rotated from an CS-like pose (L1; 61%), 

while the enzyme exhibits its crystal structure-like conformation (C1; 59%). D151 is 

frequently swung toward to interact with the side-chain hydroxyl and R118 interacting 

strongly with the ligand’s triazole and pushed back (C3, C10; 30.0%). The ligand 
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carboxylate often swings out, exiting the active site (L4; 4%), and the R371 contact is 

typically concomitantly lost (C11; 81%) allowing R118 to swing in and interact with the 

extended D151 in turn. When the central ring is in a CS-like pose, the sidechain is 

extremely mobile and more often exited (L2, L5, L6; 15%) than not (L3; 5%) while the 

enzyme adopts C1 (92%). 

For N8open in complex with 7, the loop never closes and there is zero population 

of C1. During two of the triplicates, C2 is the most populated (62%) featuring a widely 

open loop as seen in N8closed-6 while the ligand’s sidechain is fluctuating significantly 

outside of the active site (L1, L2, L3, L6, L7, L8, L9, L11; 88%). During the remaining 

triplicate, the ligand occasionally adopts a CS-like pose (L5; 15%) but otherwise 

demonstrates the same behavior as the remaining two triplicates. The enzyme, 

meanwhile, demonstrates more widely loop-open poses. This demonstrates that, in 

absence of the dynamic loop’s interactions, the ligand is generally unstable within the 

active site. In fact, the ligand lifts out of the active entirely, except for the carboxylate 

region, for the bulk of the total simulation (L1-L4, L6, L8-L12; 80%). 

Key Ligand Conformations 

Table 3-S1: Ligand 1 Populations of Top 14 Conformations 

 Neuraminidase 

Conformation N2 N109 N8closed N8open 

1 100% 84% 100% 95% 
2 0% 15% 0% 4% 
3 0% 0% 0% 0% 
4 0% 0% 0% 0% 
5 0% 0% 0% 0% 
6 0% 0% 0% 0% 
7 0% 0% 0% 0% 
8 0% 0% 0% 0% 
9 0% 0% 0% 0% 

10 0% 0% 0% 0% 
11 0% 0% 0% 0% 
12 0% 0% 0% 0% 
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13 0% 0% 0% 0% 
14 0% 0% 0% 0% 

Sum 100% 100% 100% 100% 

 

Figure 3-S2: Ligand 1 Key Cluster Structures 

Table 3-S2: Ligand 2 Populations of Top 14 Conformations 

 Neuraminidase 

Conformation N2 N109 N8closed N8open 

1 100% 94% 96% 97% 
2 0% 4% 2% 1% 
3 0% 1% 1% 1% 
4 0% 0% 0% 0% 
5 0% 0% 0% 0% 
6 0% 0% 0% 0% 
7 0% 0% 0% 0% 
8 0% 0% 0% 0% 
9 0% 0% 0% 0% 

10 0% 0% 0% 0% 
11 0% 0% 0% 0% 
12 0% 0% 0% 0% 
13 0% 0% 0% 0% 
14 0% 0% 0% 0% 

Sum 100% 100% 100% 100% 
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Figure 3-S3: Ligand 2 Key Cluster Structures 
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Table 3-S3: Ligand 3 Populations of Top 14 Conformations 

 Neuraminidase 

Conformation N2 N109 N8closed N8open 

1 97% 70% 55% 67% 
2 3% 9% 20% 17% 
3 0% 8% 9% 6% 
4 0% 4% 4% 4% 
5 0% 2% 4% 2% 
6 0% 2% 3% 1% 
7 0% 2% 1% 1% 
8 0% 1% 1% 0% 
9 0% 0% 1% 0% 

10 0% 0% 0% 0% 
11 0% 0% 0% 0% 
12 0% 0% 0% 0% 
13 0% 0% 0% 0% 
14 0% 0% 0% 0% 

Sum 100% 100% 100% 100% 



 

103 

 

Figure 3-S4: Ligand 3 Key Cluster Structures 
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Table 3-S4: Ligand 4 Populations of Top 14 Conformations 

 Neuraminidase 

Conformation N2 N109 N8closed N8open 

1 98% 38% 55% 55% 
2 2% 22% 18% 27% 
3 0% 17% 7% 8% 
4 0% 8% 5% 3% 
5 0% 4% 4% 2% 
6 0% 3% 2% 1% 
7 0% 3% 2% 1% 
8 0% 1% 1% 1% 
9 0% 1% 1% 0% 

10 0% 1% 1% 0% 
11 0% 1% 1% 0% 
12 0% 0% 1% 0% 
13 0% 0% 1% 0% 
14 0% 0% 0% 0% 

Sum 100% 100% 100% 100% 
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Figure 3-S5: Ligand 4 Key Cluster Structures 



 

106 

Table 3-S5: Ligand 5 Populations of Top 14 Conformations 

 Neuraminidase 

Conformation N2 N109 N8closed N8open 

1 27% 66% 30% 33% 
2 23% 20% 29% 30% 
3 10% 8% 23% 10% 
4 8% 3% 7% 7% 
5 7% 1% 4% 6% 
6 5% 1% 2% 2% 
7 5% 1% 1% 2% 
8 5% 0% 1% 2% 
9 3% 0% 1% 1% 

10 2% 0% 1% 1% 
11 1% 0% 0% 1% 
12 1% 0% 0% 1% 
13 1% 0% 0% 1% 
14 1% 0% 0% 0% 

Sum 99% 100% 100% 100% 
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Figure 3-S6: Ligand 5 Key Cluster Structures 
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Table 3-S6: Ligand 6 Populations of Top 14 Conformations 

 Neuraminidase 

Conformation N2 N109 N8closed N8open 

1 35% 52% 53% 50% 
2 25% 10% 9% 17% 
3 12% 9% 8% 10% 
4 10% 7% 5% 7% 
5 5% 3% 4% 5% 
6 3% 3% 3% 2% 
7 3% 2% 2% 2% 
8 1% 2% 2% 2% 
9 1% 1% 1% 1% 

10 1% 1% 1% 1% 
11 1% 1% 1% 1% 
12 1% 1% 1% 1% 
13 0% 1% 1% 1% 
14 0% 1% 1% 0% 

Sum 100% 94% 92% 100% 
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Figure 3-S7: Ligand 6 Key Cluster Structures 
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Table 3-S7: Ligand 7 Populations of Top 14 Conformations 

 Neuraminidase 

Conformation N2 N109 N8closed N8open 

1 97% 32% 61% 37% 
2 2% 16% 9% 9% 
3 1% 10% 5% 7% 
4 0% 5% 4% 7% 
5 0% 4% 3% 5% 
6 0% 3% 3% 5% 
7 0% 2% 2% 5% 
8 0% 2% 2% 3% 
9 0% 2% 2% 2% 

10 0% 2% 1% 2% 
11 0% 1% 1% 2% 
12 0% 1% 1% 1% 
13 0% 1% 0% 1% 
14 0% 1% 0% 1% 

Sum 100% 83% 100% 87% 
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Figure 3-S8: Ligand 7 Key Cluster Structures 



 

112 

Table 3-S8: N2 Populations of Top 18 Conformations 

 Ligand 
Conformation None 1 2 3 4 5 6 7 

1 99% 100% 98% 63% 67% 58% 42% 86% 
2 0% 0% 1% 3% 0% 0% 47% 0% 
3 0% 0% 0% 2% 6% 15% 0% 10% 
4 0% 0% 0% 27% 0% 0% 0% 1% 
5 0% 0% 0% 0% 25% 0% 0% 0% 
6 0% 0% 0% 0% 0% 22% 0% 0% 
7 0% 0% 0% 0% 0% 0% 9% 0% 
8 0% 0% 0% 0% 0% 3% 0% 3% 
9 0% 0% 1% 3% 0% 1% 0% 0% 

10 1% 0% 0% 0% 1% 0% 0% 0% 
11 0% 0% 0% 0% 0% 0% 1% 0% 
12 0% 0% 0% 0% 0% 0% 0% 1% 
13 0% 0% 0% 0% 0% 1% 0% 0% 
14 0% 0% 0% 0% 0% 0% 0% 0% 
15 0% 0% 0% 1% 0% 0% 0% 0% 
16 0% 0% 0% 0% 0% 0% 0% 0% 
17 0% 0% 0% 0% 0% 0% 0% 0% 
18 0% 0% 0% 0% 0% 0% 0% 0% 

Sum 100% 100% 100% 100% 100% 100% 100% 100% 
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Figure 3-S9: N2 Key Cluster Structures 
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Table 3-S9: N109 Populations of Top 18 Conformations 

 Ligand 
Conformation None 1 2 3 4 5 6 7 

1 34% 96% 100% 93% 32% 98% 1% 5% 
2 0% 0% 0% 0% 0% 0% 0% 62% 
3 7% 0% 0% 0% 2% 2% 40% 0% 
4 0% 0% 0% 0% 31% 0% 0% 0% 
5 31% 0% 0% 0% 0% 0% 0% 0% 
6 0% 0% 0% 0% 1% 0% 23% 0% 
7 0% 0% 0% 0% 0% 0% 17% 0% 
8 0% 0% 0% 0% 0% 0% 0% 13% 
9 0% 0% 0% 0% 0% 0% 13% 0% 

10 12% 0% 0% 0% 0% 0% 0% 0% 
11 0% 0% 0% 0% 12% 0% 0% 0% 
12 0% 0% 0% 0% 9% 0% 0% 0% 
13 0% 0% 0% 0% 0% 0% 0% 9% 
14 8% 0% 0% 0% 0% 0% 0% 0% 
15 0% 0% 0% 5% 0% 0% 0% 3% 
16 0% 0% 0% 0% 6% 0% 0% 0% 
17 0% 3% 0% 0% 2% 0% 0% 0% 
18 4% 0% 0% 0% 0% 0% 0% 0% 

Sum 97% 99% 100% 98% 95% 100% 93% 93% 
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Figure 3-S10: N109 Key Cluster Structures 

Table 3-S10: N8closed Populations of Top 18 Conformations 

 Ligand 
Conformation None 1 2 3 4 5 6 7 

1 15% 100% 100% 66% 89% 55% 58% 59% 
2 24% 0% 0% 0% 7% 22% 0% 0% 
3 0% 0% 0% 1% 0% 5% 24% 22% 
4 10% 0% 0% 15% 1% 2% 0% 0% 
5 19% 0% 0% 0% 0% 0% 0% 0% 
6 2% 0% 0% 12% 0% 0% 0% 0% 
7 0% 0% 0% 0% 0% 4% 8% 1% 
8 0% 0% 0% 0% 0% 3% 8% 0% 
9 10% 0% 0% 0% 0% 0% 0% 0% 

10 0% 0% 0% 0% 0% 2% 0% 8% 
11 0% 0% 0% 0% 0% 0% 0% 6% 
12 5% 0% 0% 0% 0% 0% 0% 0% 
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13 0% 0% 0% 0% 1% 3% 0% 0% 
14 0% 0% 0% 4% 0% 0% 0% 0% 
15 3% 0% 0% 0% 0% 0% 0% 0% 
16 0% 0% 0% 0% 0% 1% 1% 1% 
17 3% 0% 0% 0% 0% 0% 0% 0% 
18 0% 0% 0% 2% 0% 0% 0% 0% 

Sum 91% 100% 100% 99% 99% 98% 99% 97% 
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Figure 3-S11: N1closed Key Cluster Structures 

	  

Table 3S-11: N8open Populations of Top 28 Conformations 

 Ligand 
Conformation None 1 2 3 4 5 6 7 

1 0% 82% 82% 41% 49% 45% 8% 0% 
2 0% 0% 0% 0% 0% 0% 33% 40% 
3 0% 0% 0% 0% 1% 30% 19% 0% 
4 11% 0% 0% 28% 0% 0% 0% 0% 
5 0% 0% 0% 28% 2% 2% 0% 0% 
6 0% 14% 14% 1% 0% 15% 0% 0% 
7 0% 0% 0% 0% 25% 0% 0% 0% 
8 0% 0% 0% 0% 8% 0% 2% 0% 
9 16% 0% 0% 0% 0% 0% 0% 0% 

10 15% 0% 0% 0% 0% 0% 0% 0% 
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11 0% 0% 0% 0% 0% 0% 1% 13% 
12 12% 0% 0% 0% 0% 0% 0% 0% 
13 0% 0% 0% 0% 0% 0% 11% 1% 
14 0% 0% 0% 0% 0% 0% 4% 6% 
15 0% 0% 0% 0% 0% 0% 0% 9% 
16 0% 0% 0% 0% 8% 0% 0% 0% 
17 7% 0% 0% 0% 0% 0% 0% 0% 
18 7% 0% 0% 0% 0% 0% 0% 0% 
19 0% 0% 0% 0% 0% 0% 4% 3% 
20 0% 0% 0% 0% 0% 0% 0% 6% 
21 6% 0% 0% 0% 0% 0% 0% 0% 
22 0% 0% 0% 0% 2% 3% 0% 0% 
23 4% 0% 0% 0% 0% 0% 0% 0% 
24 0% 3% 3% 0% 0% 0% 0% 0% 
25 0% 0% 0% 0% 0% 0% 4% 0% 
26 4% 0% 0% 0% 0% 0% 0% 0% 
27 0% 0% 0% 0% 0% 3% 0% 0% 
28 0% 0% 0% 0% 0% 0% 1% 2% 

Sum 81% 100% 100% 98% 95% 99% 86% 80% 
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Figure 3-S12: N1open Key Cluster Structures 
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Figure 3-S13: Cluster population over time for N2. 
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Figure 3-S14: Cluster population over time for N109. 
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Figure 3-S15: Cluster population over time for N1closed. 
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Figure 3-S16: Cluster population over time for N1open. 
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Figure 3-S17: RMSF of key residues summary. 
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Figure 3-S18: Key residue RMSF values for N2 and N109 by residue. 
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Figure 3-S19: Key residue RMSF values for N8closed and N1open by residue. 
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Figure 3-S20: RESP charges and GAFF atom-types for Ligand 1. 
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Figure 3-S21: RESP charges and GAFF atom-types for Ligand 2. 
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Figure 3-S22: RESP charges and GAFF atom-types for Ligand 3. 
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Figure 3-S23: RESP charges and GAFF atom-types for Ligand 4. 
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Figure 3-S24: RESP charges and GAFF atom-types for Ligand 5. 
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Figure 3-S25: RESP charges and GAFF atom-types for Ligand 6. 
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Figure 3-S26: RESP charges and GAFF atom-types for Ligand 7. 
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CHAPTER 4.  Conclusions and Suggestions for 
Future Work 

4.1 Conformations of 1,3-diheterocylcohexane analogues 

The study presented in Chapter 2 does not suggest obvious areas for further 

research of 1,3-diheterocyclohoxane analogues.  However, several aspects of the 

approaches employed in this work merit further exploration. 

Specifically, the ability to routinely calculate the qualitative and quantitative 

properties of chemically-meaningful orbitals within the NBO-framework may be of great 

value to practising organic chemists.  These orbitals can be used to rationalize and 

predict reactivity with far greater accuracy than is possible with the standard orbital 

arguments of FMO theory,1 described in Chapter 1.  All that is required, beyond the 

know-how, is access to modern computational software and modest computational 

power. 

Secondly, the ability to closely predict spectroscopic characteristics with great 

detail may be of great day-to-day utility for practising chemists.  Chapter 2 demonstrated 

two important examples of this.  For one, the weak IR-stretch intensity of the key C-D 

bond for the dithiane system led the initial investigator to erroneous conclusions about 

the nature of these bonds.  These errors were only revealed when the weak intensities 

were serendipitously discovered in the computational results of this work.  Eventually, 

these results led to the synthesis of the dithiane and dioxane analogues, and the 

experimental validation of the computational predictions.  It is easy to imagine that, in the 

near future, calculations such as these could regularly be performed to analyze 

anomalous or even routine spectra, thereby preventing errors and offering new insights.  

Similarly, Chapter 2 featured 1H NMR spectra for the 1,3-diselenane analogues 

that were challenging to assign experimentally, despite repeated efforts.  Eventually, 
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they were conclusively assigned using several experimental indicators in conjunction 

with theoretically predicted chemical shifts.  As shown in the Appendix to that chapter, 

the theoretical shifts were generally in excellent agreement with the experimental values 

for both 1H and 13C spectra.  It is therefore suggested that future investigators may find 

great utility in using predicted shifts to assign and interpret difficult NMR spectra, such as 

those involving overlapping signals, exotic elements, or unusual features. 

In summary, there has been a quiet revolution in theoretical chemistry: modern 

computational techniques and resources allow for routine calculations of accurate 

wavefunctions for molecules containing dozens of heavy atoms.  Once calculated, these 

wavefunctions can yield a wealth of chemical information, which allow for interpreting 

and predicting reactivity based on accurate orbitals or assigning and deciphering 

spectra.  While these techniques are generally only employed by theorists at present, 

chemists of all backgrounds will benefit from taking advantage of their power, and their 

use may soon become routine. 

4.2 The dynamics of neuraminidases and 150-binders 

The study presented in Chapter 3 is largely a necessary step towards more 

rigorous and complete studies of neuraminidases and 150-binders.  An obvious and 

valuable next-step would be to perform quantitative analysis of the free energies of 

bindings of the studied systems, as has been done for traditional binders.2,3  Such 

measurements were an original aim of this work.  However, the highly dynamic nature of 

the 150-binders and complexed neuraminidases became rapidly evident and required 

evaluation as a precursor to quantitative analysis.  It is further unclear how well the 

approaches used for relatively static inhibitors may translate to the 150-binders. 

In general, measuring binding affinities of dynamic ligands is far from trivial.  For 

example, a recent work utilizing similar simulations as Chapter 3 reconstructed the 

binding of the protease trypsin with an inhibitor, thereby obtaining reasonable estimates 

of the free energy of binding as well as on- and off-rates.4  However, the computational 

cost for these results was immense, requiring 495 simulations of 100ns each – totalling 
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nearly 50µs – for just one complex.  Clearly this is not feasible for even the four 150-

binders employed in this study. 

A simpler alternative is ensemble-based molecular docking methods, an example 

of which has been recently applied for neuraminidase virtual screening.5  This approach 

entails docking flexible ligands with static enzymes, then rapidly assessing the 

energetics of the complex with or without a brief MD-based relaxation period.  The 

various cluster centroid structures obtained from this work may provide a reasonable 

proxy for the dynamic nature of the complexes. 

Additionally, further experimental investigations of the systems may provide 

valuable insights into the binding and solution-phase behavior of these systems.  For 

example, saturation-transfer difference NMR spectroscopy has proven useful for 

identifying binding modes of enzyme-inhibitor complexes.6,7  
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