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Abstract 

 

Dissertation Title: Molecular Modeling of Macrolide Antibiotic Conformational 

Sampling and Interactions in the 50S Ribosomal Subunit for the Development of Novel 

Antibiotics 

Meagan C. Small, Doctor of Philosophy, 2015 

Dissertation Directed By: Alexander D. MacKerell, Jr., Professor, Department of 

Pharmaceutical Sciences 

 

 Overcoming microbial resistance is a major challenge in the development of 

antibiotics.  Bacteria limit the effectiveness of antibiotics using three major mechanisms: 

extrusion of the drug via efflux pumps, metabolism to an inactive metabolite, or 

inhibition of binding by modification of the drug target. The macrolides are an important 

class of antibiotics that target the ribosome and recent generation macrolides have largely 

addressed resistance stemming from the first two mechanisms. However, they remain 

susceptible to resistance due to modification of the ribosome, mainly modification of 

base A2058 (E. coli numbering throughout) that resides within the heart of the macrolide 

binding pocket. While crystal structures are available for bacterial 70S ribosomes with 

macrolides bound, there are none available for A2058-modified ribosomes. Thus, the 

molecular details underlying A2058 modification-based resistance are unclear.  

 The motivation underlying the present work is to address the need for novel 

antibiotics, including those addressing A2058 modification-based resistance. To 

accomplish this, a three-pronged approach has been employed that incorporates both 



 

 

 

ligand- and structure-based drug design. First, utilizing a ligand-based strategy, the 

effects of macrolide desmethylation are investigated using molecular dynamics and a 

pharmacophore-based method known as Conformationally Sampled Pharmacophore 

(CSP). This will be the subject of Chapter 2. In Chapter 3, the focus shifts to the 

structure. Molecular dynamics simulations of the 50S subunit are used to understand the 

impact of A2058 modification on the binding of third generation macrolide antibiotic 

telithromycin. And, to complete the three-pronged approach, a fragment-based computer-

aided drug design method known as Site-Identification by Ligand Competitive Saturation 

(SILCS) is applied to the ribosome leading to macrolide antibiotics with novel 

functionality and the potential for enhanced activity against A2058-modified ribosomes. 

This is the subject of Chapter 4.  

The methodology underlying all of this work is the use of empirical force field-

based simulations, which will be the focus of Chapter 1. As an extension of force fields, 

Chapter 5 will deal with the optimization of small molecule aldehydes and ketones as 

well as acyclic sugars toward the development of a comprehensive CHARMM 

polarizable biomolecular force field based on the classical Drude oscillator.  
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Chapter 1 Introduction: Biomolecular Force Fields in Computer-Aided Drug 

Design 

 

Force field-based simulations have become an essential component of in silico 

drug design and hence will be a major focus of this introduction.  Simulations are used to 

generate an ensemble of protein and/or drug conformations that represent the accessible 

conformations of the molecules, from which various properties are calculated, as in 

determining ligand binding affinities or conformational properties that may be used to 

relate structure and physical features to activity. Such information allows for improved 

interpretation of experimental results, thereby facilitating qualitative ligand design, as 

well as making more quantitative predictions about changes in binding affinities and 

efficacies.  Accordingly, in silico methods save money, time, and resources.  

Ultimately, the accuracy of a simulation is based on the quality of the force field 

utilized with respect to the biomolecules and ligands of interest. Force fields vary in the 

form of the potential energy functions and the assumptions and methodologies used in the 

optimization of the parameters in those energy functions.  In addition, they are often 

designed for a specific purpose or subset of molecules. Though a detailed description of 

all available force fields is beyond the scope of this chapter, its aim is to present the 

foundations of force fields (FF) commonly used in computer-aided drug design (CADD), 

their representations of biomolecules, and their use in selected applications in drug 

design.  The chapter begins with an overview of the potential energy functions and 

summarizes extensions to potential energy functions that have been developed to increase 
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their accuracy.  Then, the different classes of biomolecular force fields will be discussed 

including a description of how force fields are optimized, with emphasis on the 

CHARMM additive force fields that have been used in all of the studies presented herein.  

Finally, the chapter will conclude with a discussion of a number of applications of 

biomolecular force fields to drug design that have been developed in our laboratory and 

applied here to the ribosome and several macrolide antibiotics: Site Identification by 

Ligand Competitive Saturation (SILCS) and Conformationally Sampled Pharmacophore 

(CSP).  

 

1.1 Potential Energy Function 

1.1.1 Functional Form of the Potential Energy Function 

 A force field is the potential energy function and the collection of parameters that 

have been optimized for use in that potential energy function. Together, the function and 

parameters are used to evaluate the potential energies and forces of molecules in a 

simulation.  In general, a potential energy function is comprised of bonded terms that 

describe the bond, valence angle, dihedral or torsion angle, and, in some cases, out-of-

plane torsion (or improper dihedral angle) contributions to the potential energy and 

forces, and non-bonded terms that describe the electrostatics and van der Waal's (VDW) 

contributions.  Force fields vary based on the form of the potential energy function that is 

employed, but the most widely used in CADD is shown in Equation 1.1.  This general 

form is used in AMBER
1
, CHARMM

2
, OPLS

3
, and GROMOS

4
, and is known as a Class 
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I force field. 

 

𝑈(𝑅⃗ ) =  ∑ 𝐾𝑏(𝑏 − 𝑏0)
2 + ∑ 𝐾𝜃(𝜃 − 𝜃0)

2
𝑎𝑛𝑔𝑙𝑒𝑠 + ∑ 𝐾𝜒 (1 +𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠𝑏𝑜𝑛𝑑𝑠

𝑐𝑜𝑠(𝜂𝜒 −  𝛿))  + ∑ 𝐾𝑖𝑚𝑝( 𝜑 − 𝜑0)
2

𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟𝑠 + ∑ (𝜀𝑖𝑗 [(
𝑅𝑚𝑖𝑛𝑖𝑗

𝑟𝑖𝑗
)
12

−𝑛𝑜𝑛𝑏𝑜𝑛𝑑

(
𝑅𝑚𝑖𝑛𝑖𝑗

𝑟𝑖𝑗
)
6

 ] + 
𝑞𝑖𝑞𝑗

𝜀𝑟𝑖𝑗
) Equation 1.1 

 

 Equation 1.1 may be broken down into terms describing the parameters in the 

model and the 3D structure, R, of the molecules.  For a generic molecule as schematically 

shown in Figure 1.1, the 3D structure may be considered in terms of the bond lengths, b; 

valence angles, θ; dihedral angles, χ; out-of-plane torsion angles, φ; and distances 

between atoms i and j, rij.  These terms may come from a crystal or NMR structure or 

from a molecular model. The remaining terms in Equation 1.1 are force field parameters, 

which may be separated into the bonded contributions (internal/intramolecular terms) or 

non-bonded (external/intermolecular/interaction terms).  The energy function and 

parameters combined with the 3D structure of the molecule allow determination of the 

potential energy and forces. 

Parameters are unique for different types of atoms so that the simple, 

computationally efficient function shown in Equation 1.1 can be used for a wide range 

of chemical entities. For example, parameters for the C-C bond in ethane differ from the 

C=C bond in ethene. Since the two types of carbons have their own parameters (namely 

equilibrium bond length and bond force constant), the energy and forces for the two 

molecules can be calculated using Equation 1.1.  The simplicity of the classical potential 
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energy function not only makes large-scale simulations computationally accessible, but 

exhibits a high degree of accuracy for biomolecules given an appropriately optimized 

collection of parameters.
5
  

 

 

Figure 1.1 Cartoon representation of a generic molecule, where b represents the bond 

length between two atoms,  represents the angle between three atoms,  is the dihedral 

angle between four atoms, and rij is the intermolecular distance between two atoms. 

 

 As seen in Equation 1.1, the bond and valence angle contributions to the 

potential energy are calculated using a harmonic functional form, which assumes values 

oscillating relatively close to equilibrium. For most simulations of biomolecules, 

harmonic treatment is appropriate because the simulations are performed at room 

temperature and do not include breaking or formation of bonds, thus their conformations 

remain close to their equilibrium values. The associated parameters include the bond 

force constant, Kb, and equilibrium bond length, b0, and the valence angle force constant, 

Kθ, and equilibrium valence angle, θ0. The potential energy due to rotation about bonds 

(or torsions), Figure 1.1, is computed through the dihedral angle term. Because rotation 

is through 360° and oscillates between a range of values, the mathematical form is a 
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cosine function, in which the dihedral force constant, Kχ,, is the amplitude indicating the 

barrier to rotation; the multiplicity, n, is the periodicity dictating the number of cycles of 

rotation per 360°; and the phase angle, δ, is the constant controlling the location of the 

maxima of the energy surface. In most force fields the phase angle is kept at 0 or 180 

degrees to maintain symmetry as required to apply the parameters to diastereomers. 

However, the option of using other values for the phase is available in most programs.
6
 

For rotation about the C-C bond in ethane from the aforementioned example, the 

multiplicity n equals 3 and the rotations generate two low energy staggered 

conformations and a high energy eclipsed conformation. The dihedral energy about an 

individual bond may be described by more than one dihedral term by summing the cosine 

functions into a Fourier series, Equation 1.1, that is useful in reproducing, for example, a 

target quantum mechanical (QM) dihedral potential energy surface. The potential energy 

associated with out-of-plane torsions (or improper angles) is also calculated harmonically 

and its parameters include an improper angle force constant, Kimp, and equilibrium 

improper angle, φo. The existence of the improper angle term is primarily to maintain 

planarity and prevent inversion of the molecule's chirality, especially in force fields that 

do not explicitly contain all hydrogen atoms (e.g. the CHARMM Param19 FF)
7
. 

 The non-bonded terms in Equation 1.1 represent the most important 

contributions to the potential energy and include the van der Waals (VDW) and 

electrostatic interaction energy. For both the VDW and electrostatic interaction energies, 

the interactions between atoms covalently bonded to each other or separated by two 

covalent bonds (i.e. 1,2 and 1,3 interactions, respectively) are ignored. In most force 

fields, the VDW contribution to the potential energy is calculated using a Lennard-Jones 
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6-12 function (LJ 6-12, Equation 1.1), though alternative terms have been used (see 

below).  In the LJ 6-12 function the repulsive term is a “hard” wall potential of 1/r
12

 

enforcing the Pauli exclusion principle that electron clouds cannot overlap and the 

attractive term is 1/r
6
, which approximates the London dispersion energy. The interaction 

parameters εij and Rmin,ij describe the Lennard-Jones well depth and the minimum 

interaction distance between two atoms i and j, respectively. The well depth is a measure 

of how favorable the London dispersion force is between the atoms, while the minimum 

interaction distance is dependent on the VDW radius of the atoms. Generally εi and Rmin,i 

are obtained for individual atom types (such as for the carbon and hydrogen atom types 

of ethane), then combined according to a set of combining rules to yield the pairwise εij  

and Rmin,ij. The combining rules vary among force fields as the arithmetic mean or the 

geometric mean.  These differences, along with other considerations (see below), make it 

inappropriate to mix parameters between force fields. For pairwise interactions that are 

not described well by use of the standard combination rules, atom-pair specific (NBFIX) 

LJ parameters can be applied.
8
 

 The electrostatic contribution to the potential energy is evaluated using Coulomb's 

law. In additive, pairwise force fields the electrostatic parameters include the partial 

atomic charges of the atoms, q. In force fields that explicitly treat electronic 

polarizability, additional terms to treat the atomic polarizability are included, as discussed 

below. When applying Coulomb’s law with an explicit solvent representation the 

dielectric constant ε is set equal to 1.  However, there are a wide range of approximations, 

referred to as implicit solvent models, to avoid the use of explicit solvent thereby offering 

significant savings in computational costs.  A number of recent reviews have addressed 
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these models.
9, 10

 

 

1.1.2 Extensions to the Classical Potential Energy Function 

 When selecting a force field to use, the system under study and the desired 

outcomes must be taken into consideration. In certain cases a more complex form of the 

potential energy function may be desired. These are known as Class II force fields. 

Historically, limited computer resources as well as increasing difficulty in optimization of 

the parameters in these force fields made expanded treatment of the potential energy 

function difficult. Extensions of the potential energy function can be made to either the 

bonded or non-bonded terms, which are described below. A recent review describes 

advances in potential energy models in more detail.
11

  

 

1.1.2.1 Bonded Terms 

 The harmonic form of the bond potential energy is less accurate for molecular 

geometries far from equilibrium, which can be accounted for using the Morse potential 

(Equation 1.2) that includes bond breaking and bond dissociation energy. Bond 

stretching asymmetry can be treated using cubic and quartic extension terms. Linear 

molecules such as hydrogen cyanide and carbon dioxide are better treated with a cosine 

functional form for the angular potential energy rather than the harmonic valence angle 

terms.
12, 13

  Cross terms that relate the interdependence of the bonds, angles, and dihedrals 

to each other can also be used. For instance, the conformational properties associated 
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with correlation of two adjacent dihedrals can be treated using a grid-based dihedral 

energy correction map (CMAP), used mostly to enhance the conformational properties of 

protein backbone dihedrals φ and ψ.
14-17

  Recently, CMAP in conjunction with 

Hamiltonian Replica Exchange has been used to improve conformational sampling of 

peptides and carbohydrates.
18-20

  While these enhancements more accurately treat the 

change in energy with intramolecular geometry, for the most part the Class I additive 

potential energy function is satisfactory for CADD.   

 

𝑈(𝑏𝑜𝑛𝑑) = 𝐷𝑒  (1 − 𝑒
−√

𝐾𝑏
2𝐷𝑒

(𝑏− 𝑏0)
)

2

 Equation 1.2 

 

 

1.1.2.2 Non-Bonded Terms 

Improvements to the accuracy of the potential energy function can also be 

achieved via higher order non-bonded functions. Non-bonded terms represent the most 

important contribution to the potential energy because electrostatics and van der Waal's 

terms dominate interactions dictating the structure and dynamics of biopolymers as well 

as ligand-protein interactions and related phenomena. They also are the most 

computationally expensive to calculate and non-bonded terms of a higher level of 

accuracy can quickly become cost-prohibitive due to the NxN/2 calculations required, 

where N is the number of particles in the system.  Concerning the VDW interactions, in 

most cases, the LJ 6-12 term is sufficient to treat biomolecules, but given interatomic 
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distances rij smaller than Rmin,ij the energy increase is over estimated as r decreases. 
21

 

Modified potentials have sought to “soften” the repulsive part of the VDW contribution 

using a 9th order repulsive term (LJ 6-9) or modifying the functional form as in the 

Buckingham potential (or Exp-6 potential),
22

 which treats the repulsion as an exponential 

that gives a more gradual increase in energy as r decreases.
23

  Additionally, the buffered 

14-7 potential
21

 uses buffering constants that modulate the repulsive and attractive terms 

of the LJ potential and is the functional form of the VDW potential energy employed in 

the Merck Molecular Force Field (MMFF),
24

  with a variation of that function used in the 

polarizable AMOEBA FF.
17, 25, 26

  

The inclusion of higher order terms for the electrostatic interactions warrants a 

more extensive discussion than the previous potential energy terms. A majority of force 

fields utilize Coulomb's law as in Equation 1.1. Partial atomic charges on each atom are 

static and the contribution of the electrostatic interactions to the potential is the sum of all 

of the pairwise Coulombic interactions (excluding 1,2 and 1,3 interactions). Hence, this is 

known as the additive model. Additive force fields do not capture the contributions of 

polarizability explicitly. This is a major drawback because the electron distribution of a 

molecule is influenced by the surrounding environment. Thus, models that include the 

explicit treatment of polarization have been the subject of ongoing work for over 30 

years. 
27

 To overcome the fixed charged approximation in additive force fields 

polarization is treated in a mean-field way by adjusting the partial atomic charges to 

overestimate the gas phase molecular dipoles and hence the electrostatic interactions of 

the molecule in aqueous systems are approximated. While including polarizability 

implicitly has fortuitously shown good agreement between condensed phase and 
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experimental molar volumes and heats of vaporization
28-32

 as well as solvation free 

energies
33-36

, there is room for improvement for biomolecules.
37

  Indeed, recent advances 

in polarizable force fields are now yielding improvements in a range of systems.
25, 38-45

  

Explicit treatment of polarizability introduces a new term into the potential energy 

function, Upolar.
46, 47

  The polarizability needed to determine Upolar may be calculated 

using induced dipoles,
48-52

 fluctuating charges,
53-59

 and the classical Drude oscillator.
46, 60, 

61
  In the induced dipole model, the functional form of Upolar is based on introducing an 

induced dipole onto each atom in addition to the partial atomic charge. This is performed 

in the AMOEBA polarizable FF, in addition to treatment of the static contribution to the 

electrostatics with a multipole expansion out to quadrapoles.
17, 25, 26

  Fluctuating charge 

models are based on allowing the partial atomic charges to fluctuate in response to the 

electric field. The polarization energy is related to the absolute (Mulliken) 

electronegativity
62, 63

 and the hardness of the atom
64

, which themselves are dependent on 

the electron affinity and ionization potential of an atom. Though their names imply a 

change in the number of electrons, in the context of chemical polarization these are 

measures of how likely the electronic distribution is polarized and are easier to 

understand in terms of two atoms.  

 Models based on the classical Drude oscillator
65-67

  (also known as Shell or 

charge-on-spring (COS) models) account for polarization by introducing a massless, 

partially charged Drude particle that is harmonically attached to the nucleus of the parent 

atom.  The atomic polarizability is simply the Drude charge squared divided by the force 

constant on the harmonic term between the Drude particle and the atomic core.  In 

practice, the charge on the atom and the Drude particle are corrected to account for the 
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partial atomic charge on the atom.  Thus, for a fixed set of atomic positions, the Drude 

particles can relax in the surrounding electric field yielding the polarization response.  

This relaxation can be performed via energy minimization which is equivalent to a self-

consistent field calculation, although computationally efficient methods are used to treat 

the Drude particles in MD simulations, as discussed in the next section.  

 

1.2 Force Field Parametrization 

 The usefulness of a force field (FF) in target-based drug design is based on the 

availability of parameters for the target molecule, typically a protein, and the ligands 

under study.  These aspects of the force field must be compatible with each other, which 

is based on their parameters being optimized using a consistent approach.  Such an 

approach has been taken with different components of the CHARMM additive force 

field.   In the remainder of this section we give an overview of the parameter optimization 

approach for model compounds representative of biomolecules and of the range of 

functional groups in drug-like molecules.  This will be followed by an overview of the 

additional optimization steps required for macromolecules focusing on the recent update 

of the CHARMM36 protein FF.
14-16

  

 

1.2.1 Parameter Optimization for Model Compounds 

Optimization of a force field follows the general steps in Figure 1.2; a more 

detailed overview of the parameter optimization process in the context of the CHARMM 
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additive model may be obtained elsewhere.
68

  To illustrate this procedure, we use 

histidine as an example. In Step 1, histidine, which is treated in its dipeptide form (i.e. N-

acetyl, C-methylamide), is broken down into two model compounds: N-methyl acetamide 

(NMA) for the backbone and 4-methylimidazole (MIMI) for the side chain, Figure 1.3A.  

 

 

Figure 1.2 Flow chart representing the steps in the optimization of a force field. 

 

To generate target data (Step 2), we utilize experimental data such as crystal structures 

and condensed phase properties, which we supplement with QM data. QM calculations 

include minimized NMA and MIMI structures and vibrational spectra, as well as 

supramolecular data for water or dimer interactions. In Step 3, the topology is created and 

initial parameters are assigned as illustrated in the example CHARMM topology in 

Figure 1.3B. The MIMI topology entry contains the atom names and types, partial 

atomic charges, connectivity information, and, in special cases, specific improper terms.  
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Figure 1.3 A) Model compounds for the parametrization of a histidine dipeptide. The 

dipeptide can be broken down into the backbone represented by N-methyl acetamide 

(NMA) and the side chain represented by 4-methylimidazole (MIMI).  The Cα hydrogen is 

omitted for clarity. After parametrization of the two models compounds, they are 

connected and the covalent linkage between Cα and Cβ as well as the φ, ψ dihedral 

angles are optimized.  B) An example CHARMM topology for the model compound 

MIMI. It contains the atom names and types, partial atomic charges, connectivity 

information, and specific improper terms acting on the hydrogens. C) Interactions 

between water and MIMI are used to obtain the supramolecular target data for 

optimization of the partial atomic charges.  Note that while four waters are shown in the 

figure, the water-MIMI interactions are each evaluated individually. 

 

Once the topology information is in place the appropriate parameters must be 

identified. There are a number of available algorithms that can assign initial guess 

parameters by analogy and are compatible with existing force fields.
69-78

 These include 

the ParamChem/CHARMM General Force Field engine
74, 75

 and MATCH
77

, both of 

which may be used with the CHARMM additive force fields.  When performing this task 

manually, the program CHARMM
79

 automatically identifies missing parameters during 
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the structure generation process. With the topology built and initial parameters assigned, 

the partial atomic charges and VDW parameters are then optimized as in Step 4a. Water 

interactions for NMA and MIMI (Figure 1.3C) provide interaction energies and 

geometries that are used to adjust the partial atomic charges until good agreement with 

the QM supramolecular distances and energies is observed. VDW parameters are 

optimized using gas and condensed phase simulations of NMA and MIMI to target molar 

volumes and heats of vaporization.
36

 Alternatively, crystal or hydration free energies as 

well as QM data may be used for VDW parameter optimization, which may be 

considered the most difficult aspect of the parameter optimization process.  However, in 

the majority of cases VDW parameters may be directly transferred from known 

molecules without additional optimization. 

 Once the external parameters have been optimized, the bonded parameters are 

adjusted (Step 4b). Bond and angle equilibrium values are adjusted until good agreement 

with geometries from QM calculations or surveys of the Cambridge crystallographic 

database
80

  is achieved. The bond and angle force constants are parametrized by 

comparing to experimental and QM vibrational spectra. Vibrational spectra in CHARMM 

may be analyzed using the MOLVIB module
81

, which creates a potential energy 

distribution (PED) matrix
82

 that breaks down each frequency into its contributing normal 

modes and allows straightforward analysis of the contribution of internal degrees of 

freedom to the spectra. Dihedral parameters are optimized against vibrational spectra and, 

for the “softer” degrees of freedom (e.g. rotation about single bonds), using potential 

energy surfaces (PES) for rotations around specific bonds. PES are typically determined 

for torsions involving only non-hydrogen atoms, with the dihedral parameters adjusted 
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until the molecular mechanical (MM) PES agrees with the QM surface.  In addition, 

dihedrals associated with terminal hydroxyl or sulfhydryl groups are also often 

optimized. Typically the phase for each dihedral angle is limited to either 0 or 180, with 

the focus of the optimization on the force constant and multiplicity, with additional 

dihedral terms added to the Fourier series as necessary.  For example, the dihedral 

Fourier series for the peptide bond typically includes the expected 2-fold term (n = 2) to 

treat the double-bond character of the amide bond, with a 1-fold term included to fine 

tune the relative energies of the cis versus trans states of the peptide bond. 

 At this point, the first round of parameter optimization is completed. To check 

whether the changes to the bonded terms have affected our external parameters, it is 

necessary to loop over Step 4 again and determine whether the deviations are within 

defined convergence criteria. For instance, in the CHARMM General Force Field 

(CGenFF) 
68

, deviations for the bond and valence angles of 0.03 Å and 3° from the QM 

target data, respectively, are acceptable while differences of 5% or less between the QM 

and MM vibrational frequencies is ideal. The final step in the parametrization of histidine 

is to connect the model compounds and optimize the parameters that are involved in the 

linkages, for instance the Cα – Cβ bond and φ, ψ dihedrals as noted in Figure 1.3A. For 

the latter, QM target data for dipeptides serves as a useful model for optimizing the 

backbone dihedrals.
15, 16

 

 As a final note on parametrization, it is important that parameters from different 

force fields not be combined due to the treatment of the VDW and electrostatic terms. For 

example, OPLS and CHARMM partial atomic charges are targeted to water interactions 

with the compound obtained at the HF/6-31G* level of theory while charges in AMBER 
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are fit to restrained electrostatic potentials (RESPs)
83

 of the same QM level. This leads to 

variations in the charge distributions between the force fields, which may impact the 

nature of the atomistic interactions of the molecule with its surroundings.
33

 Additionally, 

for the LJ combining rules CHARMM and AMBER use the geometric mean for epsilon 

and arithmetic mean for Rmin, while OPLS uses the geometric mean for both.
3
  OPLS also 

defines the radius, sigma, where the LJ energy between two atoms is zero, whereas the 

Rmin in CHARMM and AMBER is where the LJ energy is at its minimum. Force fields 

also use different scaling factors for 1,4 non-bonded interactions.
3, 84

 

  

1.2.2 Additional Optimization for Biomolecular Force Fields 

 Once the model compounds have been parametrized, they are compiled into a 

force field. Following our example of histidine, the dipeptides of all the amino and imino 

acids are combined to yield a protein force field. At this stage it is crucial to validate the 

quality of the protein force field using condensed phase simulations of peptide and 

proteins for which experimental data is available. When necessary, further optimization is 

performed to balance local and global macromolecular properties. For instance, 

additional optimization
14, 16

 of the CHARMM22 protein force field
2
  was undertaken to 

reduce the relative population of π helix that was observed in longer simulations.
85

 First, 

the alanine, glycine, and proline dipeptides were used as model systems to refine the 

parameters for the φ, ψ backbone dihedrals based on QM data. The φ, ψ backbone 

distributions were improved by introducing a new φ, ψ dihedral cross-term to the 

potential energy function that is a grid-based energy correction map (CMAP)
16

  that 



 

17 

 

allows for near ideal reproduction of dipeptide QM energy surfaces. Then, additional 

adjustments were performed to fine tune the conformational sampling, yielding the 

CHARMM22-CMAP protein force field in 2004.
15, 16

  Subsequently, additional 

optimization was undertaken to correct for the overstabilization of helices leading to 

CHARMM36.
14-16

  CHARMM36 refines the CMAP by further adjusting the Ala 

dipeptide CMAP surface targeting the conformational sampling of the (Ala)5, GB1, and  

CH3-(AAQAA)3-NH2 peptides in aqueous solution.  In addition, higher level QM 

calculations on the glycine and proline dipeptides were used to define their CMAP terms.  

Additional optimization of CHARMM36 involved the dihedral parameters associated 

with the χ1, χ2 side chain torsions.  This optimization targeted both QM data, NMR data 

and χ1, χ2 distributions from a survey of the protein databank.
86

  The parameters were 

then validated using simulations of test proteins in crystal, aqueous, and denaturing 

environments. This effort illustrated that longer simulations are required to guide 

refinements of force field parameters and that additional optimization leads to improved 

representation of biomolecules by a force field.  

 

1.3 Classes of Biomolecular Force Fields 

 Force fields (FF) vary in the numerical approximations and target data used in 

their development as discussed above. They are often designed targeting a subset of 

molecules. In this section, the major force fields available for biomolecular simulations 

will be briefly discussed with particular emphasis given to the CHARMM, AMBER, 

OPLS, and to a lesser extent the GROMOS force field. Additional force fields will be 
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presented as they relate to the biomolecules. This summary is not intended to be a 

thorough review on all of the available biomolecular force fields. For that, the reader is 

referred to additional articles.
5, 87-90

  

 

1.3.1 Protein Force Fields 

 The first molecular dynamics (MD) simulation of a biological macromolecule was 

a protein
91

  and proteins continue to be the most studied biological molecules to date for 

in silico drug design. The AMBER
1, 92-95

, CHARMM
2, 15, 16

, and OPLS
31, 96

 protein force 

fields are all-atom, while GROMOS
97-101

  incorporates the hydrogens into the parent 

heavy atoms (united atom), with the exception of polar hydrogens. These are discussed in 

great detail in a comprehensive protein force field review by Ponder and Case
90

. 

 In general, all the aforementioned force fields tend to reproduce experimental 3D 

structures of proteins.
102

  CHARMM and AMBER were optimized to reproduce QM data 

and experimental data based on surveys of crystallographic databases on model 

compounds representative of proteins.  OPLS uses the internal parameters from AMBER 

(ff94),
1
  from which select torsions are optimized using QM data.

31, 96
  For the LJ 

parameters, all of the force fields use condensed phase simulations. While CHARMM 

and AMBER use the TIP3P water model,
103

  OPLS was parametrized to work primarily 

with TIP3P,
103

  though it has been used with TIP4P
103

 and related models.
30, 103-106

 

GROMOS is typically used with the SPC model.
105

  

 One of the considerations in force field development is that the data used during 

the parametrization process can bias the results. Therefore, the user must critically 
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analyze the outcomes of force field simulations to determine whether particular 

interactions may be artifacts of force field bias. In a comparison of OPLS, AMBER, 

GROMOS, and CHARMM,
85

  it was found that the relative energy barrier between the α 

to π helix state was underestimated compared to high level QM calculations by 1 to 2 

kcal/mol. Thus, in many force field simulations of proteins, the relative population of the 

π helix was higher than expected. This observation led to the creation of the CMAP terms 

in CHARMM
16

  as discussed above. Similarly, force fields have been found to be either 

too helical or not helical enough.
107

  The CHARMM36 protein FF has addressed this 

targeting the aqueous phase conformational sampling of multiple peptides, as discussed 

above. With the AMBER FF a number of variants have been developed (e.g. ff96
94

, 

ff99
95

, AmberGS
108

, Amber03
92

, Amber03*
109

, ff99SB
93

, ff99SB*
109

, ff99SB-ildn
110

, 

ff99SBnmr1
111

) with the more recent force fields being better behaved with respect to 

polypeptides in solution, as with CHARMM36.  Limitations in all the protein force fields 

have become evident because of the growing computational resources and longer 

simulation times for biomolecules, observations that ultimately lead to improvements in 

the models over time.    

 

1.3.2 Nucleic Acid Force Fields 

 Early on, the charged nature of the nucleic acid backbone made optimization of 

nucleic acid force fields a challenge.
5, 112

  Simulations using the early nucleic acid force 

fields such as AMBER
113

, CHARMM
114

, and GROMOS
4
 achieved mediocre success due 

to the stability of oligonucleotides. The use of appropriate truncation methods
115

  and 
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particle mesh Ewald to treat long range electrostatics
116

 later allowed for longer, stable 

MD simulations to be performed.
117, 118

  Updates to the AMBER and CHARMM nucleic 

acid force fields yielded AMBER (ff94)
1
 and CHARMM22.

119
  These were subsequently 

updated to AMBER (ff99)
120

 and CHARMM27
121, 122

 that were developed to improve the 

sugar pucker and equilibrium between the A and B canonical forms, respectively. 

Notably, CHARMM27 was a full reoptimization of the CHARMM22 nucleic acid force 

field to balance the energetics of the model compounds based on QM data with the 

conformational properties of duplex DNA in solution, while AMBER (ff99) updated the 

torsion parameters pertaining to the sugar pucker. Most recently, updates have been made 

to CHARMM27 to better treat the 2'OH group on RNA and the equilibrium between the 

BI and BII DNA states, leading to CHARMM36.
123, 124

 At the present time, the most 

recommended AMBER nucleic acid force field is ff99bsc0
125

 for canonical DNA and 

RNA, which is a refinement of ff99 intended to correct overpopulation of the =trans 

state. For noncanonical RNA, the ff99bsc0χOL which involves adjustments of the 

glycosidic linkage parameters is recommended.
126

  

Another nucleic acid force field of note is the Bristol-Myers-Squibb (BMS) 

nucleic acid force field.
127

  BMS uses the internal parameters from CHARMM27 for the 

nucleobases and CHARMm/Quanta (a commercial CHARMM force field by Accelrys, 

Inc.) for the sugar and phosphate backbone internal parameters.  To date, the BMS force 

field has not seen wide use, in part due to it not being compatible with a wider range of 

biomolecules.  

 One caveat of force fields, as mentioned in the previous section, is that the target 

data can bias the results from a simulation. For instance, the extent to which the above 
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force fields utilize QM target data for the larger model compounds and experimental 

structures for DNA/RNA duplexes varies. The BMS nucleic acid force field uses mostly 

the experimental nucleic acid structures as obtained from the Nucleic Acid Database 

(NDB). 
128, 129

  For this reason, simulations done with the BMS force field tend to have a 

predominantly B form of DNA. CHARMM27/36 uses both the A and B form structures 

from the NDB and the QM conformational energies of larger model compounds. Hence, 

the model yields an improved equilibrium between A and B form DNA. The most recent 

CHARMM36, in fact, is optimized to yield an equilibrium between the BI and BII states 

of DNA as well as properly treating the equilibrium between A and B form DNA. 

AMBER (ff94) did not use experimental duplex DNA/RNA structures during 

parametrization, though AMBER (ff99) revision did incorporate this into the 

optimization of the final dihedrals. Still, it was found that AMBER (ff99) led ultimately 

to degradation of the B form, leading to the most recent variant of the AMBER force 

field (ff99bsc0) that addresses B form stabilization using high level QM calculations of 

larger model compounds that are more representative of nucleotides. For noncanonical 

structures ff99bsc0 has been noted to lead to incorrect loop geometries and other 

structural inconsistencies,
130

 which have led to  modifications introduced in the χOL 

variant
126

  and ff99
131

.  

 

1.3.3 Carbohydrate Force Fields 

 The parametrization of sugar FFs has been challenging for two reasons. First, 

there are many types of monosaccharides and, secondly, the chemical nature of sugars 
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makes it challenging to balance the inter- and intramolecular hydrogen bonding that 

occurs via the sugar hydroxyls in water. For polysaccharides, this effect is amplified by 

the different types of glycosidic linkages as well as the α and β anomers. The two most 

used force fields for sugars are the AMBER GLYCAM
132-135

 and CHARMM 

carbohydrate
136-140

 force fields. The original AMBER GLYCAM_93
135

 was optimized for 

model compounds derived from tetrahydrofuran. Partial atomic charges were fit to RESP 

maps. In the most recent GLYCAM06
132, 134

 problems with solvation and diffusion rates 

were overcome. The force field was optimized to generate a transferable set of 

parameters that were not specific to one type of monosaccharide using a large training 

and test set of molecules from a diverse group of chemical families. A recent update to 

the GLYCAM06 force field has been developed for lipopolysaccharide membranes. 
132

  

 Another complication in force field-based simulations of carbohydrates is that a 

carbohydrate force field must be compatible with existing protein and lipid force fields 

because carbohydrates involved in recognition are generally covalently attached to lipids 

or proteins. Therefore, simulations are done using combinations of carbohydrate and 

lipid/protein parameters. While GLYCAM06 is general enough to study a diverse set of 

biomolecules such as proteins, nucleic acids, lipids, and small molecules, there are some 

inconsistencies with the AMBER protein FF because the 1,4 scaling factor of 1/1.2 is 

excluded in GLYCAM06 potentially leading to altered conformational energies.  The 

CHARMM carbohydrate force fields are designed specifically to be compatible with the 

remainder of the additive CHARMM biomolecular force field. The advantage is that 

when heterogeneous systems are to be studied, glycoprotein or glycolipid simulations can 

be performed using parameters that have been specifically optimized for each 
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biomolecule, including 1-4 interactions between the different biomolecules, while 

maximizing the accuracy of the interactions between each class of biomolecule. 

Presently, the CHARMM carbohydrate force fields have been optimized for 

hexopyranose monosaccharides
136

, furanoses
139

, acyclic polyalcohols
138

, as well as 

glycosidic linkages between hexopyranoses
137

 and furanoses
140

. Other carbohydrate force 

fields include OPLS
141

 and GROMOS
142, 143

, though these are not discussed in detail here 

and the reader is referred to a comprehensive review.
87

 

 

1.3.4 Lipid Force Fields 

 Lipid FFs have been difficult to optimize because accurate treatment of the gel-

liquid phase properties of the bilayer is challenging. The most widely used force fields 

for membrane simulations are the all-atom CHARMM force field
36, 144-147

  and to a lesser 

extent the united-atom OPLS-UA
148

 and GROMOS96
101

 force fields, and the coarse-

grained MARTINI force field
149

. Among these, the CHARMM lipid force field is the 

most popular mainly because it was the only all-atom force field highly optimized 

specifically for lipid molecules. The General AMBER force field (GAFF)
150

 has also 

been used for lipid simulations. Though not specifically optimized for lipids, simulations 

on various membranes using GAFF have shown that it yields reasonable agreement with 

certain experimental values, namely membrane thickness, area per lipid, and deuterium 

order parameters.
151-153

   However, the level agreement was achieved only after 

application of a surface tension to the interface (e.g. to obtain the correct surface 

area/head group) and that agreement tended to be limited to a few properties.  A more 
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recent AMBER lipid force field named LIPID11 was developed using GAFF parameters 

that were refined for the phospholipid tails and headgroups.
154

 

United-atom force fields are popular for lipid simulations mainly due to their 

computational efficiency. The most commonly used united-atom force field is the 

GROMOS96 force field
101

, which in this context refers to the original 43A1 force field 

and its derivatives. The VDW parameters in 43A1 were optimized targeting condensed 

phase properties of alkanes
155

, then the hydrocarbon chains were updated 
156

 by adjusting 

the LJ parameters to target pentadecane properties. Subsequent updates
157, 158

 have 

focused on improving bilayers, though most of these are derived from the 43A1
99

 

parameter set. 

 The CHARMM27 lipid force field
36, 144-146

 was a reoptimization of the original 

CHARMM22 lipid force field.
159

  The torsional parameters for the aliphatic groups were 

optimized to high level QM target data for butane and hexane and the phosphate 

headgroups were optimized in the context of the lipids and nucleic acids since the 

phosphate is common to both. The most recent CHARMM36
147

 force field is the 

recommended CHARMM lipid force field. It addresses two major drawbacks of 

CHARMM27, as well as other lipid force fields, which are the need for an applied 

surface tension to prevent bilayer shrinkage and the limited reproduction of deuterium 

order parameters. These issues have been addressed by optimizing the partial atomic 

charges of the headgroup and select torsional parameters for the headgroup and glycerol 

linker. Results show that simulations of select lipid bilayers using the CHARMM36 lipid 

force field result in stable liquid crystalline bilayers, as judged by the correct surface 

area/head group,
147

 which is of great importance in studying membrane proteins using in 
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silico drug design methods that often include lipids, proteins and drug-like molecules 

along with water and ions.  

 

1.3.5 Small Molecule Force Fields 

 Development of a small molecular FF that can cover the vastness of the chemical 

universe is challenging. A few of the most widely used force fields specifically 

parametrized for small drug-like molecule in condensed phase include: CHARMM's 

CGenFF
68

, Merck's MMFF
160

, and AMBER's GAFF
150

.  All three force fields utilize the 

same basic optimization scheme, which was discussed in Section 2.1. MMFF was 

developed with condensed phase protein-ligand simulations in mind, however, the ability 

of the FF to accurately reproduce condensed phase properties, including structural 

features of proteins is limited.  This is due to the lack of optimization of parameters for 

proteins as compared to specific biomolecular force fields. Furthermore, because it uses a 

different functional form for the potential energy function than that shown in Equation 

1.1, combining it with a more specific biomolecular force field such as CHARMM will 

most likely result in inaccurate interaction energies due to differences in the way non-

bonded interactions are treated. GAFF overcomes this obstacle since it was parametrized 

to be used with the existing AMBER force field. Similarly, CGenFF was optimized to be 

compatible with the existing CHARMM force fields. Ultimately this is advantageous due 

to wide variety of biomolecules represented by the additive CHARMM force field, 

allowing the biomolecular portion of the system to be treated using parameters 

specifically optimized for the biomolecule of interest, while the small molecule can be 
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treated using CGenFF. In fact, because all of the CHARMM force fields are optimized in 

a similar fashion, calculation of the non-bonded terms is expected to be reasonably 

accurate and balanced, which is crucial in computer-aided drug design. It is especially 

important in the work presented here because the ribosome is a heterogeneous system of 

protein and RNA and small molecules in the case of the macrolide-bound structure. 

 There are a number of automated parameter assignment engines available for 

selected small molecule FFs.
69-78

 AnteChamber
76

 was designed for use with GAFF and 

generates AMBER topologies. It assigns bonded parameters by analogy from GAFF and 

partial atomic charges based on Mulliken charges first calculated at the AM1 level and 

then corrected to RESP-like charges using bond charge correction parameters derived 

from a training set of molecules
161, 162

. Alternatively, AnteChamber can also utilize user-

supplied Gaussian output files to generate actual RESP charges with QM calculations 

done at the HF/6-31G* level of theory to maintain compatibility with GAFF parameters. 

ParamChem
74, 75

 is an engine designed for use with CGenFF and generates CHARMM 

topologies. Bonded parameters are assigned by analogy to CGenFF parameters, while 

charges are assigned using a bond charge increment scheme optimized targeting the 

partial atomic charges of a training set of model compounds. This scheme is loosely 

based off of MMFF’s charge assignment implementation and is a more modular approach 

to the assignment of partial atomic charges.
160, 163-165

  MATCH
77

 is also available to 

generate CHARMM topologies and parameters by analogy. The key feature of MATCH 

is that it represents each molecule as a graphical tree that it uses to make comparisons 

between molecules in order to obtain a set of parameters for a novel compound. Other 

parameter assignment engines include: ATB
70

 and PRODRG
73

 for GROMOS, 
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SwissParam
78

 for CHARMM and MMFF, YASARA
69

 for GAFF, and GENRTF
71

 for 

CHARMM. 

 

1.3.6 Polarizable Force Fields 

 The parametrization of force fields that treat polarizability is an active area in 

force field development. Reviews of polarizable force fields have been published 

elsewhere.
46, 47

 The inclusion of polarizability into the potential energy function was 

discussed in Section 1.2.2. Adding to that, implementation of polarizable force fields will 

be briefly discussed for the CHARMM Drude
42, 43

 and AMOEBA
17, 25, 26

 polarizable force 

fields. The CHARMM Drude polarizable FF is a product of work in this laboratory in 

collaboration with Roux and coworkers, and parametrization of it has required significant 

effort and time, dating back over 10 years.
66

  Since then, major progress has been made 

and at this time lipid
38

, protein 
42

 and nucleic acid
43

 parameters are available, with 

parameters also available for a subset of the carbohydrates including polyalcohols
39

 and 

aldopento/hexapyranoses
20, 166

.  The implementation of the Drude FF in CHARMM 

overcomes the demand of treating the Drude particles via self-consistent field 

calculations in MD simulations by instead treating them as classical dynamic variables in 

the context of an extended Lagrangian formalism.
167

 In practice, this is achieved by 

assigning a small mass (0.4 AMU) to the Drude particle from the parent atom and 

applying specific thermostats to the real versus the virtual Drude particles. The 

AMOEBA
17, 26

 force field is based on atomic multipoles and induced dipoles and is 

available for proteins
26

 and general organic molecules.
168

  Each atomic center is 
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comprised of a partial charge, dipole vector, and quadrapole tensor.  MD simulations with 

AMOEBA are computationally demanding, although the recent development of a water 

model utilizing a direct polarization approximation (iAMOEBA)
169

  partially overcomes 

this issue. However, such treatment represents a significant approximation whereby the 

induced dipoles do not relax with respect to each other as compared to the more rigorous 

use of an extended Lagrangian which mimics the SCF regimen.
51, 170, 171

  While water 

models that reproduce a range of experimental properties may be obtained, recently using 

the ForceBalance method,
172

  it remains to be seen whether neglecting mutual 

polarization will result in the same accuracy for the presence of solutes, including ions 

and biomolecules. 

 In Chapter 5, the parametrization of acyclic sugars D-allose and D-psicose is 

presented, along with optimization of small model aldehydes and ketones (acetone, 

butanone, acetaldehyde, and propionaldehyde) as well as myo-inositol. The availability 

of these parameters continues the work in developing a comprehensive polarizable 

biomolecular force field. 

 

1.4 Applications of Force Fields to Drug Design 

Force field-based simulations are an important part of in silico drug design. 

Simulations are used to generate an ensemble of protein and/or drug conformations that 

represent the dynamics of the molecule in solution, from which thermodynamic or 

conformational properties are measured.  A prime example being the calculation of 

absolute and relative free energies of binding using free energy perturbation 
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methods,
173,174

  among a variety of other methods.
37, 175-178

  In the remainder of this 

section emphasis will be placed on two methodologies developed in this laboratory and 

used in the work that will be presented in the following chapters: CSP (Conformationally 

Sampled Pharmacophore) and SILCS (Site-Identification by Ligand Competitive 

Saturation). 

 

1.4.1 Conformationally Sampled Pharmacophore (CSP) 

 CSP is a pharmacophore-based method in which ensembles of ligand 

conformations are generated using MD simulations from which probability distributions 

are calculated for select distances and angles in the molecule (i.e. pharmacophore 

features).
179

 Analyses are then performed to correlate biological activity of the ligand 

with the CSP pharmacophoric features.  The method may be used qualitatively to identify 

biologically important geometric features as well as quantitatively to predict the activity 

of other ligands. Notably, physical properties of ligands may be readily incorporated into 

CSP models.  In an approach such as CSP, the utility of the method is based on the 

accurate treatment of conformational sampling by the ligands, a property directly related 

to the FF used in the MD simulations. 

CSP has been applied previously in this laboratory to two important classes of 

ligands: opioids and bile acids. For the opioid receptor δ
179-181

 CSP was applied to 

develop a model able to distinguish agonists from antagonists, while the CSP model 

applied to μ receptor ligands
182

 provided a comprehensive structure-activity relationship 

explaining how ligand modification altered activity. Notable was the use of CSP to 
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facilitate the design of an opioid that acts as both a mu agonist and a delta antagonist, 

thereby having a decreased tolerance profile.  The application of CSP-SAR to bile acid 

transporters yielded a model that indicated ligands with higher intramolecular hydrogen 

bonding were more active against human apical sodium-dependent bile acid transporter 

(hASBT) due to increased hydrophobicity.
183

 Interestingly, the model also predicted that 

dianionic bile acid conjugates can achieve high binding affinities using a molecular 

switch controlled by the location of a carboxyl group that is involved in intramolecular 

hydrogen bonding.   

In the work that will be presented in Chapter 2, CSP was applied to analogs of the 

macrolide antibiotics telithromycin and cethromycin to show that removal of methyl 

groups from the antibiotic ring reduced activity compared to telithromycin/cethromycin 

by increasing the conformational flexibility of the analog.
184-188

  

 

1.4.2 Site-Identification by Ligand Competitive Saturation (SILCS) 

 The final application that will be discussed in this chapter is the SILCS 

method.
189-191

 SILCS harnesses the power of force field-based simulations to map the 

functional group affinities of a protein or any other macromolecule, an approach that has 

been used in other laboratories for individual ligands,
192-199

 thereby incorporating 

macromolecule flexibility and solvation into the maps. This is achieved by first 

performing a number of parallel MD simulations of the protein in a box of explicit water 

with ~ 0.25 to 1 M fragments. The fragments are a diverse set of small molecules selected 

such that they capture the chemical features common to drugs, namely hydrophobic and 
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hydrogen bonding groups, including both charged and neutral species. During the 

simulations, the fragments interact with all regions on the protein, thus allowing the 

generation of 3D probability maps (FragMaps), which are normalized with respect to the 

fragments in solution alone and converted to free energies (called Grid Free Energies, 

GFEs). The 3D distribution of GFE FragMaps identify regions of the protein, including 

occluded pockets,
200

 that bind fragments favorably, as well as regions where specific 

fragment types are not favored.  Notably, the normalization procedure leads to the 

FragMaps including the energetic penalty for ligand desolvation and since the fragments 

must compete with water on the protein, it also accounts for the energetic penalty 

required to compete with water solvating the protein.  Thus, the approach inherently 

includes the information in water-mapping methods, such as WaterMap,
201, 202

 while also 

identifying the types of functional groups that can successfully interact with different 

regions of the protein surface.  In addition, the binding affinity of ligands may be 

estimated based on the ligand-based GFE (LGFE). 

 Initial studies from this laboratory using SILCS involved the use of two fragments 

(Tier I SILCS):  benzene to represent aromatic groups and propane to represent aliphatic 

groups, with water used to represent hydrogen bond donor and acceptor.
189, 190

  More 

recently, the number of fragments was expanded to include benzene, propane, 

formamide, acetaldehyde, acetate, methylammonium, and methanol, which is referred to 

a Tier II SILCS.
191

 Benzene and propane again represent aromatic and aliphatic groups, 

respectively, while formamide, acetaldehyde, and methanol represent neutral hydrogen 

bond donors (via their polar hydrogens) and acceptors (via their oxygens).  

Methylammonium and acetate are included to represent charged hydrogen bond donors 
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and acceptors, respectively. In addition, imidazole can be included to represent a 

heterocycle as well as both an additional neutral donor and acceptor as is done in the 

present work.  Though Tier I SILCS showed that the crystallographic binding modes of 

ligands for a diverse set of proteins could be reproduced even with a simple set of drug-

like fragments, it also indicated that the simple set of fragments used limited the ability to 

correctly rank LGFE scores for protein ligands.
189, 190

 This, along with the need to map 

the functional requirements for specific types of hydrogen bonding groups, stimulated the 

use of more specific fragment types. Importantly, the presence of chemically distinct 

hydrogen bonding fragments in SILCS is advantageous because the fragments compete 

with each other and with water, such that the resulting FragMaps include the energetic 

cost of the displacement of water, as mentioned above.  It was shown that the Tier II 

SILCS fragment maps are also able to identify the classes of protein-ligand interactions 

that are observed in crystal structures.
191

 With respect to quantitative ranking of ligands, 

it was shown that the use of an ensemble of ligand conformations leads to significant 

improvements. Notable in that study was the use of the FragMap LGFE scores in 

conjunction with Monte Carlo sampling to generate ensembles of ligand conformations.   

Such an approach essentially represents the use of the SILCS method for ligand docking.  

Towards this end a SILCS pharmacophore-based database screening protocol has been 

presented and shown to yield improved enrichment rates in three test proteins.
203

  Future 

extensions of the SILCS method may involve the use of different types a functional 

groups, a process that will be facilitated by the availability of parameters for the 

molecules of interest, as may be obtained from CGenFF. 

  In Chapter 4, the application of SILCS to the macrolide binding pocket of the E. 



 

33 

 

coli 50S subunit will be explored. 
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Chapter 2 The Effects of Macrolide Desmethylation on Bioactivity using the 

Conformational Sampled Pharmacophore (CSP) Approach   

 

Overcoming microbial resistance presents a major challenge in the development 

of new antibiotics.  Approximately 50% of all antibiotics target the peptidyl transfer 

center (PTC) of the bacterial ribosome, inhibiting protein synthesis and thereby 

disrupting cellular growth.  A recent class of 3
rd

 generation macrolides, the ketolides, has 

been demonstrated to be effective against bacterial strains with macrolide- lincosamide-

streptogramin B (MLSB) resistance due to the addition of an imidazole-pyridine bearing 

alkyl chain that increases interactions within the binding pocket.  However, telithromycin 

is still susceptible to resistance via modification of base A2058 (E.coli numbering).  

Crystal structures of the E. coli ribosome suggest that A2058G mutation leads to a steric 

clash with a C4-methyl group of telithromycin.  To probe the role of the C-4 methyl 

group, 50 ns Hamiltonian replica exchange molecular dynamics simulations were 

performed on telithromycin and its desmethyl analogs.  Analysis of selected distances 

distributions revealed that removal of methyl groups from the telithromycin macrocycle 

leads to increased conformational flexibility, which is used to explain the decrease in 

minimum inhibitory concentration values for the desmethyl analogs. 

 

2.1 Introduction 

 The bacterial ribosome is an important target for a number of existing 
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antibiotics.
1,2

  These bind at vital sites within both the 30S and 50S ribosomal subunits 

and inhibit processes that are essential for cell survival.
3-10

  Macrolide antibiotics (or 

macrolides hereafter) bind at the entrance to the nascent peptide exit tunnel in the 50S 

subunit of the bacterial ribosome, thereby blocking elongation of the growing polypeptide 

chain.
7, 10-12 

Macrolides belong to a large class of natural products known as polyketides. 

These compounds are synthesized by living organisms in order to confer a competitive 

advantage over other organisms and thus many polyketides are highly pharmaceutically 

active antimicrobials. Macrolides represent a class of molecules containing a 14- to 16-

membered macrocyclic lactone ring that is functionalized by one or more sugar 

molecules. These molecules are chemically complex, containing upwards of 10 

stereospecific centers that, in addition to the sugar moieties, make macrolide total 

synthesis a major challenge. Erythromycin is the most notable among the macrolide 

antibiotics and it has been widely used since its isolation from the soil bacterium 

Saccharopolyspora erythraea in the 1950s. Erythromycin (Figure 2.1) is a 14-membered 

macrolactone ring functionalized with two sugar moieties, L-cladinose and D-

desosamine. Because erythromycin readily undergoes hydrolysis at low pH and hence is 

easily inactivated by gastric acid,
13

 early analogs of erthryomycin sought to increase its 

acid stability using conjugated salts.  

Further investigation into the acid stability of erythromycin and the improvement 

of its pharmacokinetic profile led to the second-generation macrolide antibiotics 

clarithromycin and azithromycin (Figure 2.1). The acid instability had been attributed to 

an intramolecular dehydration reaction to form erythromycin-6,9-hemiketal and then 

anhydroerythromycin
14

 and thus second-generation macrolides were designed to avoid 
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this dehydration.  These molecules are very similar to erythromycin with the exception of 

the replacement of the C6-hydroxyl in erythromycin for a C6-methyl ether in 

clarithromycin and in azithromycin, the C9-ketone is replaced with a methylene and the 

14-membered macrolactone ring is extended by a nitrogen to yield a 15-membered ring. 

 

 

Figure 2.1 2D representation of first and second generation macrolides: erythromycin, 

azithromycin, and clarithromycin. 

 

 The most recent third-generation macrolides arose due to growing antibacterial 

resistance of the previous generations. Bacteria achieve resistance to antibiotics in three 

major ways: extrusion of the drug from the cell using efflux pumps, metabolism of the 

drug to an inactive metabolite, or modification of the drug target. Early generation 

macrolide antibiotics were found to induce ribosomal modification as well as be 

susceptible to extrusion via macrolide efflux pumps (such as those encoded by mef
15

 

genes). Removal of the L-cladinose and its subsequent replacement with a keto-group led 

to a group of semisynthetic macrolides called ketolides, named for the C3-keto group, 

that partly overcame these problems due to a higher affinity for the ribosome.
8,16

 

Ketolides include telithromycin (FDA approved in 2001), cethromycin, and 

solithromycin, as shown in Figure 2.2. While ketolides have mitigated macrolide 
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resistance due to the A2058G modification to a minor extent, they have not addressed 

resistance due to ribosomal methylation.
17,18

  This is predominantly ribosomal 

modification of 23S rRNA at base A2058 (Escherichia coli numbering throughout), 

which confers cross-resistance to antibiotics in the macrolide, lincosamide and 

streptogramin B classes (MLS resistance).
2,19-21

  A2058-based resistance includes 

mutation of A2058 to G as well as methylation of the exocyclic N6 of A2058 via the 

expression of erythromycin resistant methyltransferases encoded by the erm gene, which 

add one or two methyl groups and is the most effective mechanism of macrolide 

resistance.
22-24

  

 

 

Figure 2.2 2D representation of third generation macrolides: telithromycin, 

solithromycin, and cethromycin. 

 

 Crystal structures of macrolides bound to E. coli
25

 (as well as Thermus 

thermophilus,
26

  Haloarcula marismortui,
2
 and Deinococcus radiodurans

10
) have 
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revealed several interactions that are important for ligand binding.  Macrolides possess a 

D-desosamine sugar whose 2'-hydroxyl group forms a hydrogen bond with N1 of A2058.  

The 2'-OH has also been proposed to hydrogen bond with N6 of A2058 as well as N6 of 

neighboring A2059.
10, 27

  Additionally, the protonated dimethylamine of the desosamine 

sugar is suggested to form ionic interactions with the backbone phosphate oxygens of 

G2505.
27

  (Though there is some debate as to whether the protonated form is the 

clinically relevant species.
28

) And, despite the lack of crystallographic data for A2058 

mutant ribosomes, these crystal structures have also provided structural insight into the 

binding interactions that are impacted by A2058 modification.  For example, in the 

A2058G mutants, the C4 methyl group on erythromycin is believed to clash with the N2 

of guanine 2058.
2,29,30

 (Figure 2.3)  Binding affinities increase by ~ 10
4 

upon mutation of 

G2099A in H. marismortui, which has a naturally occurring guanine in the 2099 position 

(corresponding to 2058 in E. coli).
2
  

   

 

Figure 2.3 (A) Telithromycin and A2058 interactions in H. marismortui with select 

distances in Angstroms (Steitz et. al. PDB=1YIJ). (B) Steric consequences of A2058G 

mutation. Image produced with VMD
80

. 

 

Given these findings, Andrade et al. has embarked on a macrolide desmethylation 
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strategy, whereby the C4 methyl group is removed from the macrolactone ring in order to 

regain activity against the A2058G mutation. The third-generation macrolide antibiotics 

telithromycin and cethromycin have been selected for desmethylation. The methyl groups 

are also removed from the C8 and/or C10 positions to facilitate total synthesis. Because 

the removal of methyl groups alters the VDW interactions of macrolide antibiotics with 

the bases delineating the binding pocket, it is important to understand the impact of 

desmethylation. In the present work, molecular dynamics simulations of telithromycin 

and cethromycin and a series of their desmethyl analogs are used to relate desmethylation 

to antimicrobial activity. The approach utilizes a method developed in this laboratory 

known as conformationally sampled pharmacophore (CSP), which was detailed in 

Chapter 1.  

 

2.2 Research Design and Methods 

2.2.1 Conformationally Sampled Pharmacophore 

 Calculations were performed with the program CHARMM, version C36a2.
32

  

Force field parameters were obtained using a combination of the CHARMM 

carbohydrate
33-37

 and CGenFF
38-40

 force fields and the TIP3P water model
41

.  All 

structures were initially minimized by 500 steps of steepest descent (SD) in the gas phase 

using infinite nonbond lists.  The minimized structures were then immersed in a cubic 

waterbox with a side length of approximately 48 Å.  Any waters with an oxygen within 

2.5 Å of solute non-hydrogen atoms were deleted.  The box length was chosen on the 
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basis that it extends 14 Å beyond the maximum distance between the solute non-

hydrogen atoms.  The entire system was then subjected to 2000 steps of SD 

minimization, with a harmonic restraint of 50 kcal/mol/Å on the solute non-hydrogen 

atoms, followed by 1000 steps of conjugate gradient (CG) minimization with a harmonic 

restraint of 0.5 kcal/mol/Å on the solute non-hydrogen atoms.  In preparation for the 

production simulation, the systems were equilibrated for 100 ps in the NVT ensemble (T 

= 298.0 K) followed by 400 ps in the NPT ensemble (T = 298.0 K, P = 1 atm with a 

piston mass of 1000.0 amu and gamma value of 25.0 per picosecond)
42-46

  allowing 

equilibration of the water molecules around the solutes.  All dynamics were performed 

using SHAKE for the covalent bonds involving hydrogens
47

 and a 2 fs integration 

timestep with a force switching function applied from 10 to 12 Å for the Lennard-Jones 

interactions and a non-bonded cutoff list at 14 Å. The electrostatics were treated using 

Particle Mesh Ewald with a kappa equal to 0.29, a sixth order spline and ~ 1 Å grid 

spacing, with a real space cutoff of 12 Å and a switching function applied to the forces 

from 10 to 12 Å.
48

  Non-bond lists were updated heuristically during dynamics.  

Conformational sampling was achieved using Hamiltonian Replica Exchange Molecular 

Dynamics (HREX MD)
49-51

 in the NPT ensemble.  In this method, a set of simulations is 

run in parallel, in which to each simulation (or replica) a biasing potential is applied to 

dihedral angles along the compound's backbone.  Comprehensive sampling is achieved 

by gradually increasing the biasing potential in the replicas, allowing the compound to 

surmount dihedral transition energy barriers and escape local minima.  For these 

simulations the dihedral angles were arbitrarily selected to be representative of the whole 

backbone and correspond to the following: C3-C4-C5-C6, C2-C1-O-C13, O-C13-C12-
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C11, and C8-C9-C10-C11.  The biasing potential was applied to the force constants of 

the dihedral angles using 5 replicas so that the first replica was unperturbed and the final 

replica contained dihedral angle force constants of opposite sign from their original 

values. Force constants for the intermediate replicas were obtained by linear 

interpolation.   Exchanges were attempted every 1 ps, with coordinates saved every 2 ps 

for a total simulation time of 10 ns/replica.  Only coordinates stored in the unperturbed 

replica were used for analysis. Conformationally Sampled Pharmacophore (CSP) analysis 

included the probability distributions for distances between relevant atoms in the 

compound.  Distributions reported correspond to bin sizes of 0.2 Å for Figures 2.4A-C 

and 0.7 Å for Figure 2.4D.     

 

2.2.2 Ligand-bound Molecular Dynamics 

 Calculations were performed with the program CHARMM, version C35b6
32

 and 

the CHARMM additive force field including the protein
52-55

, nucleic acid
56-59

, 

carbohydrate, and CGenFF
38-40

 parameters and the TIP3P water model
41

.  Coordinates 

were obtained from the protein crystal database (PDB ID 3OAT), with hydrogens added 

using the HBUILd facility in CHARMM. All molecular dynamics (MD) simulations 

were performed using a stochastic boundary-based approach that has been presented 

previously.
60

 Briefly, the system was truncated to the region of interest around 

telithromycin by deleting residues outside of 40 Å of telithromycin's center of mass. 

Residues were considered within 40 Å if one atom was within the distance criterion. This 

truncation scheme reduced the number of atoms, making the MD simulations less 
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computationally expensive. Then, three regions within the sphere were defined. Bases 

and residues containing one or more atoms within 28 Å comprised the dynamic region, 

those not in the dynamic region containing one or more atoms within 34 Å comprised the 

buffer region, and the remainder comprised the outer reservoir region.  Atoms within the 

reservoir region were fixed for all calculations, while varying harmonic restraints were 

used on atoms within the buffer and dynamic regions as described below.  Water was 

maintained within the sphere using a spherical, quartic restraining potential as 

implemented in the MMFP module of CHARMM
61

 using a 1 kcal/mol/Å force constant 

and offset parameter (P1) of 2.5 that was applied to the water oxygen atoms.  

 Prior to dynamics, the entire system was first subjected to 250 steps of steepest 

descent (SD) minimization with a harmonic restraint of 5 kcal/mol/Å on non-hydrogen 

atoms within the dynamic region and a mass-weighted harmonic restraint of 10 

kcal/mol/Å on non-hydrogen atoms within the buffer region, followed by 250 steps of 

Adopted-Basis Newton Rhapson (ABNR)
62

 using the same restraints.  Equilibration 

consisted of 400 ps (20 cycles) of Grand Canonical Monte Carlo/Molecular Dynamics 

(GCMC/MD) using the aforementioned restraints. GCMC/MD is implemented within the 

MC module in CHARMM and has been described previously
63

 as well as will be 

presented in Chapter 3. 

 Following equilibration, the C4-desmethyl telithromycin and mutant/modified 

A2058 ribosomes were generated.  Inactive water molecules from the GCMC/MD 

equilibration were deleted and patches were applied to telithromycin and A2058 in order 

to generate C4-desmethyl telithromycin with WT, A2058G, N6-monomethyl (MAD), and 

N6, N6’-dimethyl A2058 (DMAD).  Atoms modified during the patch were subjected to 
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minimization for 200 steps SD and 200 steps CG, and the entire system was allowed to 

relax for 50 steps SD and 50 steps CG. Parameters for the N6-mono and N6,N6'-dimethyl 

A2058 have been developed in our lab previously.
60

 Two monomethyl systems were 

studied due to the high energy barrier for the C6-N6 torsion, in which the methyl group in 

MAD1 is oriented toward telithromycin's desosamine sugar and away from it in MAD2.  

 All systems were then subjected to 5 ns of Langevin dynamics at 298 K with a 

friction coefficient of 5/ps and a 2 fs integration timestep using the “leapfrog” Verlet 

integrator.
64

 All dynamics were performed using SHAKE for the covalent bonds 

involving hydrogens.
47

 Nonbond lists were updated heuristically during dynamics with a 

cutoff of 16 Å, the forces truncated at 12 Å and a switching function applied to the forces 

from 10 to 12 Å for both electrostatic and van der Waals energy terms. Interaction 

energies and associated RMS fluctuations reported were calculated using the last 4 ns of 

the simulation, with the same non-bonded cutoffs as used during dynamics. Snapshots 

were written every 10 ps. The neutral group surrounding the C4 methyl [C3(=O)-C4(H2)-

C5] was used so as not to calculate the interaction between species with non-integer 

charge. 

 

2.3 Results 

 Hamiltonian replica exchange MD simulations of telithromycin and cethromycin 

and their desmethyl analogs in explicit solvent were undertaken to investigate the impact 

of removing the C4, C8, and C10 methyl groups on conformational sampling. Employing 

the CSP approach, probability distributions of select intramolecular distances were 
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measured to compare bioactivity with conformational flexibility. In the present work, 

four sets of distances are selected : 1) O16 to O3, 2) O16 to O6, 3) O3 to O6, and 4) N3’ 

to C26, where the atom numbering is as used in
65

 and are illustrated in Figure 2.4 and 

Figure 2.5. These distances were selected because they span the macrolactone ring as 

well as probe the flexibility of the alkyl-aryl chain extending from N11 and thus are 

representative of the conformational sampling of the entire ligand. As a measure of 

bioactivity, minimum inhibitory concentrations (MIC, μg/mL) are obtained for 

telithromycin, cethromycin, and the desmethyl analogs against wild-type (WT), A2058G, 

and methylated A2058 ribosomes (i.e. bacteria expressing ermA). All experimental work 

was performed by members in the laboratory of Rodrigo B. Andrade at Temple 

University: Venkata Velvadapu, Bharat Wagh, and Ian M. Glassford.  

 

2.3.1 Wild-type ribosomes 

 Telithromycin is active against WT ribosomes with an MIC value of 0.5 μg/mL, 

Table 2.1. In the CSP analysis, Figure 2.4, the distribution of distances sampled by 

telithromycin are in excellent agreement with the crystal structure distances (PDB 

3OAT). As methyl groups are removed from the macrolactone ring, the probability 

distributions become more broad, which indicates an increase in conformational 

flexibility compared to telithromycin. This broadening appears to be inversely related to 

bioactivity. The C-4,8,10 tridesmethyl conformer has the least bioactivity with an MIC 

value that is 64-fold higher than telithromycin in the WT ribosome, while the C-4 

desmethyl conformer (C4-des) is just as active as telithromycin and demonstrates the 
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highest degree of overlap in the ensemble of conformations sampled. 

 

Figure 2.4 CSP probability distributions for telithromycin (black);  C4,8,10-tridesmethyl 

TEL (blue); C4,10-didesmethyl TEL (purple); 4,8-didesmethyl TEL (red); and 4-

desmethyl TEL (green). The vertical line corresponds to the crystallographic distances 

from PDB 

 

Table 2.1 Minimum inhibitory concentration (MIC) values in μg/mL for 4,8,10-

tridesmethyl TEL; 4,10-didesmethyl TEL; 4,8-didesmethyl TEL; 4-desmethyl TEL; and 

telithromycin (TEL). All MIC data was obtained by members of the Andrade laboratory. 

Strain Bacteria WT/ 

mutant 

4,8,10-

trides 

4,10-

dides 

4,8-

dides 

4-des TEL 

DK/pKK3535 E. coli WT 32 8 4 0.5 0.5 

SQ171/2058G E. coli A2058G >512 >256 >256 >256 >256 

DK/2058G E. coli A2058G 64 16 32 4 1 

ATC33591 S. aureus ermA >128 >128 >64 >128 >128 
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Two didesmethyl telithromycin analogs are studied in the present work: C-4,8 and 

C-4,10 didesmethyl telithromycin (C4,8- and C4,10-dides, respectively). The probability 

distributions from these two analogs show intermediate overlap compared to the 

tridesmethyl and monodesmethyl analogs. Similarly, their antimicrobial activity is in 

between that of telithromycin and the C-4,C8,C10 tridesmethyl conformer (C4,8,10-

trides).  

 Interaction energies were calculated for the ligands and the 50S ribosomal 

subunit, Table 2.2. The interaction energy approximates the VDW and electrostatic 

contributions to the enthalpy. Here, the system is a truncated version of the 50S subunit 

that will be explained in greater detail in Chapter 3, in which all bases and residues 

outside of 40 Angstroms from telithromycin are removed. As shown in Table 2.2, the 

interactions between telithromycin/C4-des and base 2058 are similar in the WT ribosome. 

However, when all of the bases and residues of the truncated system are included, the 

interaction energy is lower for telithromycin than C4-desmethyl telithromycin, which 

suggests telithromycin binds more favorably. 

The CSP approach was also applied to another ketolide cethromycin and its 

tridesmethyl analog, C-4,8,10 tridesmethyl cethromycin (C4,8,10-trides ceth), Figure 

2.5. The probability distributions for cethromycin and the tridesmethyl conformer show a 

high degree of overlap suggesting that the C-4,8,10-trides ceth will bind to the ribosome. 

However, the shift to longer lengths for the distance distributions measured in panels A 

and B indicate that the macrolactone ring is in a more extended conformation in the 

tridesmethyl analog. While the MIC values were only measured for C4,8,10-trides ceth in 

these studies, the analog is shown to be more potent in WT ribosomes (with an MIC 
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value of 2 μg/mL) than any of the desmethyl telithromycin analogs. 

 

Table 2.2 Interaction energies (kcal/mol) between telithromycin and the E. coli crystal 

structure (PDB 3OAT). Calculations were performed for telithromycin and C4-desmethyl 

telithromycin with the WT, A2058G, MAD1, MAD2, and DMAD ribosomes. Interaction 

energies were calculated for selected ligand atoms with all the bases/residues within the 

truncated ribosome (see Methods in Section 2.2) as well as with base 2058 alone. 

Selected ligand atoms include the neutral group surrounding the C4-methyl [C3(=O)-

C4(H2)-C5].
a
 

 Telithromycin C4-desmethyl telithromycin 

Ribosome All Bases/Residues Base 2058 All Bases/Residues Base 2058 

WT -9.2 (1.0) -1.8 (0.4) -7.7 (1.0) -1.4 (0.6) 

A2058G -8.5 (1.1) 1.2 (0.5) -8.6 (0.9) 1.1 (0.3) 

MAD1 -9.7 (1.1) -2.1 (0.5) -7.3 (0.8) -2.2 (0.3) 

MAD2 -11.7 (1.5) -3.1 (0.5) -7.5 (1.2) -2.1 (0.6) 

DMAD -6.9 (1.4) -0.9 (0.4) -7.5 (0.9) -0.9 (0.3) 
a 

Units in kcal/mol. RMS fluctuations shown in parenthesis.  

 

 

 

Figure 2.5 CSP probability distributions for cethromycin (black) and C4,8,10-

tridesmethyl CETH (red). The vertical line corresponds to the crystallographic distances 

from PDB 1NWX. Atom pairs represented in A through D are shown in the inset figure. 
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2.3.2 A2058G mutant 

 MIC values were obtained for two types of E. coli strains containing A2058G 

ribosomes, SQ171/2058G and DK/2058G. These strains differ in the relative population 

of WT and A2058G ribosomes. Namely, SQ171/2058G contains a pure population of 

mutant ribosomes, while DK/2058G contains a mixed population of WT and A2058G 

ribosomes. As shown in Table 2.1, all of the molecules tested are inactive against the 

SQ171/2058G strain, with MIC values >256 μg/mL. For the mixed population strain 

DK/2058G, telithromycin demonstrates the most potent bioactivity with an MIC of 1 

μg/mL and the desmethyl analogs are increasingly less active. C4-des is four-fold less 

bioactive than telithromycin in the DK/2058G strain, which will be discussed below. 

 To determine whether the conformational space sampled by telithromycin and the 

C-4 desmethyl conformer are similar in the WT and A2058G mutant, the CSP approach 

was applied to macrolide-bound ribosome simulations (Figure 2.5) as above. As shown 

in Figure 2.6, there is little overlap in the conformations sampled by telithromycin and 

C4-des in the A2058G mutant. The probability distributions are shifted to longer 

distances in C4-des, suggesting that the macrolactone ring adopts a more extended 

conformation in the A2058G mutant compared to the WT ribosome. Notably, there is a 

high degree of overlap between the conformations sampled by telithromycin in the WT 

and A2058G ribosomes suggesting that the A2058G mutation affects the C-4 desmethyl 

conformer but not telithromycin. 

The interaction energy between G2058 and both telithromycin and C4-des is 2.5 

to 3 kcal/mol less favorable than the WT A2058 interaction, which is inconsistent with 
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the hypothesis that C-4 desmethylation enhances binding in G2058-containing bacterial 

strains by alleviating a steric clash between G2058 C2-amine and telithromycin C4-

methyl. Furthermore, the interaction energies between the ribosome and 

telithromycin/C4-des are similar suggesting that desmethylation does not impact the 

overall VDW and electrostatic interactions of the ligand within the ribosome. For the 

tridesmethyl cethromycin analog, its bioactivity as measured by MIC is as potent against 

the mixed population of A2058G and WT ribosomes in strain DK/2058G as 

telithromycin, Table 2.1. Notably, C4,8,10-trides ceth is more potent than any of the 

desmethyl telithromycin analogs studied. 

 

 

Figure 2.6 CSP probability distributions for selected atom pairs in telithromycin (solid 

black) and C4-desmethyl telithromycin (solid green) in the WT E. coli ribosome and in 

A2058G mutant (telithromycin, dashed black; C4-desmethyl telithromycin, dashed 

green). The vertical line corresponds to the crystallographic distances from PDB 3OAT. 

Atom pairs represented in A through D are shown in the inset of Figure 2.4. 
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2.3.3 N6-methylated A2058 

 Telithromycin and the desmethyl analogs were tested against Staphylococcus 

aureus (S. aureus) strain ATCC33591 to determine the MIC values in N6-methylated 

ribosomes. All of the molecules tested were inactive against ATCC33591 with MIC 

values >128 μg/mL (or >64 μg/mL for the C4,8-dides conformer), including the C-4,8,10 

tridesmethyl cethromycin analog. The CSP approach was not applied to ligand-bound 

N6-methylated ribosomes since the present study was focused on addressing the A2058G 

mutation, however interaction energies as shown in Table 2.1 indicate that the interaction 

of telithromycin with the dimethylated N6-A2058 (DMAD) ribosome is nearly 2.5 

kcal/mol less favorable than with the WT ribosome.  

  

2.4 Discussion 

 The motivation behind the present work was to remove the C4-methyl group in 

order to recapture telithromycin and cethromycin antimicrobial activity against bacteria 

containing A2058G 50S ribosomes. In addition, the removal of the C8 and/or C10 methyl 

groups was attempted to facilitate the total synthesis. Molecular dynamics simulations 

were performed for each of the analogs to understand the impact of desmethylation on the 

antimicrobial activity. As shown in Table 2.1, the C4-desmethyl analogs display lowered 

antimicrobial activity compared to the parent macrolides, while the C4,C8/C10-dides and 

C4,C8,C10-tridesmethyl analogs show even less activity. Following the CSP approach, 

the lowered activity is explained by the increase in conformational flexibility that arises 
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from the removal of methyl groups. The presence of an additional methyl in the mono- 

vs. di- vs. tridesmethyl analogs reduces conformational flexibility, indicating that the 

former is sampling more of the bioactive conformations, thereby contributing to the 

improved MIC values. Altogether, these results indicate a model where removal of the 

methyl groups leads to increased conformational flexibility and therefore lower biological 

activity.  

 Binding affinity is determined by the enthalpic and entropic contributions to the 

Gibbs free energy, Equations 2.1 and 2.2 (where G is Gibbs free energy, H is enthalpy, T 

is temperature, S is entropy, R is the gas constant, and KD is the dissociation constant). 

The CSP approach is inherently an approximation of configurational entropy because it 

measures distributions of distances obtained from MD simulations. In the case of the 

desmethyl analogs shown in Figure 2.4, because they are more conformationally flexible 

than telithromycin in solution they experience a larger decrease in entropy when they 

bind to the ribosome, which leads to a higher ΔG and hence lower binding affinity. 

Telithromycin and cethromycin are less conformationally flexible in solution, meaning 

they have a lower entropy and the subsequent decrease in entropy upon binding to the 

ribosome does not have as large of an unfavorable impact on the Gibbs free energy. In 

fact, as shown in Figures 2.4 and 2.6, the probability distributions of telithromycin and 

C4-desmethyl telithromycin in solution and bound to the 50S E. coli ribosome are very 

similar, which suggests that the entropic contribution to the binding affinity is small for 

these two ligands. 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 Equation 2.1 
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∆𝐺 = 𝑅𝑇 𝑙𝑛 𝐾𝐷 Equation 2.2 

 

 The second contribution to the binding affinity is from the enthalpy, which is 

approximated by the interaction energies presented in Table 2.2. While the interaction 

energies are a measure of the intermolecular VDW and electrostatic contributions to the 

enthalpy and do not account for intramolecular terms (though these should be similar in a 

congeneric series), they are used as a comparison here for telithromycin and C4-

desmethyl telithromycin in the various A2058-modifed ribosomes. The interaction 

between C4-desmethyl telithromycin and the bases/residues of the truncated WT 

ribosome is 1.5 kcal/mol less favorable than telithromycin indicating a lower contribution 

to the enthalpy. Since the entropic contribution to ΔG as measured by CSP probability 

distributions are similar for C4-des and telithromycin in the WT ribosome, these results 

indicate that C4-des has a higher ΔG and hence binds less favorably. The less favorable 

enthalpic contribution in the C4-desmethyl analog likely arises from the removal of a 

methyl group that can form favorable interactions within the binding pocket. While the 

MIC values indicate that C4-des and telithromycin are equally potent against the WT 

strain, MIC values are not true dissociation constants, which would provide a more direct 

comparison with the interaction energy and CSP-based entropic arguments presented 

here. Furthermore, though the interaction energies for the other desmethyl analogs was 

not measured here, it is likely that the energies would be even less favorable owing to the 

removal of methyl groups that form favorable VDW interactions within the binding 

pocket. Combined with their less favorable entropy contributions upon binding, the di- 

and tridesmethyl analog would be expected to have even less favorable binding affinities, 
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as supported by their reduced potency. 

 Given the original hypothesis that removal of the C4 methyl group would lead to 

an increase in antimicrobial activity against the A2058G mutation, the results from the 

current work were difficult to interpret. Early conclusions on the mechanism underlying 

A2058G-based resistance to macrolides were based on crystal structures of the 50S 

ribosome in extremophile bacterial species (i.e. Thermus thermophilus,
26

  Haloarcula 

marismortui,
2
 and Deinococcus radiodurans

10 
from the domain Archaea) because these 

were the only structures available at the time. Like humans, extremophiles naturally 

contain guanine at position 2058, rather than adenine as most pathogenic bacteria do. 

Thus, it was suggested that G2058 ribosomes were unable to bind macrolide antibiotics, 

presumably due to steric clashes between guanine's C2-amino group and the ligand.
2,10

 

Furthermore, these conclusions were drawn based on crystal structures of erythromycin, 

which contains an additional sugar moiety compared to third-generation macrolide 

antibiotics such as telithromycin. Telithromycin has been found to maintain effectiveness 

against the A2058G mutation that confers resistance to its parent erythromycin.
2, 66-68

 

Similarly, the MIC values, as shown in Table 2.1, confirm that telithromycin activity is 

only slightly attenuated in the DK/2058G strain. In the SQ171/2058G strain that contains 

a pure population of A2058G ribosomes, telithromycin activity is completely abolished. 

The reason for this is unclear but may be due to other species-specific factors. 

Telithromycin and other ketolides have increased affinity for 50S ribosomes 

owing to alkyl-aryl moieties (ARMs) that extend from their macrolactone rings and form 

pi-pi stacking interactions with a Watson-Crick base pair A752-U2609. Even so, 

telithromycin has been relatively unsuccessful in combating microbial resistance 
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resulting from methylation of the exocyclic N6 of A2058, especially dimethylated 

ribosomes.
17,69-71

 We also observe this in which the MIC values for telithromycin against 

the methylated ribosomes (ermA strain) are over 250-fold greater than against WT 

ribosomes. Further investigations into the mechanism underlying 2058 methylation-based 

resistance will be presented in Chapter 3. 

 It is important to note that comparing the effectiveness of antibiotics, especially 

against modified ribosomes, is challenging because there are species-specific differences 

that are often poorly understood. Rarely is the level of 2058 methylation reported when 

antimicrobial activity of a compound is measured and there is large variation in these 

levels across bacterial species. In a comprehensive investigation into telithromycin 

activity as a function of the levels of mono- and di-methylated A2058 ribosomes, it was 

found that in general telithromycin maintained activity against monomethylated A2058 

ribosomes.
17, 72

 In fact, high levels of dimethylated ribosomes are required to completely 

abrogate telithromycin activity. However, notable exceptions were found that presumably 

arise due to variation in methylation mechanisms among species. 

 The expression of methyltransferases encoded by erm genes can be constitituve or 

inducible depending on the type of erm gene (see 
21

 and references therein), which ranges 

among species.
73

 Macrolides are known
20,21

 to induce the expression of methyltransferase 

enzymes. However, the level of induction depends on the structure of the macrolide 

within the binding pocket. For example, erythromycin bound to WT ribosomes has been 

found to induce erm gene expression, while telithromycin does not.
74

 The mechanism 

responsible for erythromycin-induction of ermC (Staphylococcus aureus) has been 

described by a translation attenuation model (described thoroughly in 
20,75

). The model 
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involves the following: a sequence-specific leader peptide translated from an ermC gene 

transcript interacts with the erythromycin-bound ribosome causing it to stall during 

translation. As the ribosome is stalled, ermC mRNA isomerizes to a conformation that 

contains the mRNA sequence encoding a methyltransferase enzyme. The 

methyltransferase-containing sequence is translated and the resulting methyltransferase 

enzymes are able to modify free ribosomes, resulting in erythromycin resistance. Other 

mechanisms exist depending on the erm gene type, including transcriptional attenuation 

that involves the stalling of the ribosome due to a sequence that leads to antitermination 

of transcription
76, 77

 as well as translational attenuation due to conformational changes of 

the binding pocket in the presence of macrolides.
78

 

 Variations in sequences of the macrolide binding pocket can also affect the level 

of methyltransferase enzymes. In a study of the conformation of rRNA surrounding 

2058,
79

 it was shown that interactions of the Watson-Crick base pair G2057-C2611 

modulated the conformation of the macrolide binding pocket such that the levels of 

methylated ribosomes were affected due to how easily accessible 2058 was to 

methyltransferase enzymes. Since not all bacterial ribosomes contain the G2057-C2611 

base pair, it is reasonable that there are subtle conformational changes that impact A2058 

methylation levels.
1
 The impact of 2058 modification on these conformational changes 

will be discussed more in Chapter 3. 
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Chapter 3 Impact of Ribosomal Modification on the Binding of the Antibiotic 

Telithromycin using a Combined Grand Canonical Monte Carlo/Molecular 

Dynamics Simulation Approach 

Resistance to macrolide antibiotics is conferred by mutation of A2058 to G or 

methylation by erm-encoded methyltransferases of the exocyclic N6 of A2058 (E. coli 

numbering) that forms the macrolide binding site in the 50S subunit of the ribosome. 

Ketolides such as telithromycin mitigate A2058G resistance yet remain susceptible to 

erm-based resistance.  Molecular details associated with macrolide resistance due to the 

A2058G mutation and methylation at N6 of A2058 were investigated using empirical 

force field-based simulations. To address the buried nature of the macrolide binding site, 

the number of waters within the pocket was allowed to fluctuate via the use of a Grand 

Canonical Monte Carlo (GCMC) methodology. The GCMC water insertion/deletion steps 

were alternated with Molecular Dynamics (MD) simulations to allow for relaxation of the 

entire system. From this GCMC/MD approach information on the interactions between 

telithromycin and the 50S ribosome was obtained. In the wild-type (WT) ribosome, the 

2'-OH to A2058 N1 hydrogen bond samples short distances with a higher probability, 

while the effectiveness of telithromycin against the A2058G mutation is explained by a 

rearrangement of the hydrogen bonding pattern of the 2'-OH to 2058 that maintains the 

overall antibiotic-ribosome interactions. In both the WT and A2058G mutation there is 

significant flexibility in telithromycin's imidazole-pyridine side chain (ARM), indicating 

that entropic effects contribute to the binding affinity. Methylated ribosomes show lower 

sampling of short 2'-OH to 2058 distances and also demonstrate enhanced G2057-A2058 
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stacking leading to disrupted A752-U2609 Watson-Crick (WC) interactions as well as 

hydrogen bonding between telithromycin's ARM and U2609. This information will be of 

utility in the rational design of novel macrolide analogs with improved activity against 

methylated A2058 ribosomes. 

3.1 Introduction 

 Microbial resistance presents a major challenge in the development of novel 

antibiotics because bacteria are continually developing new resistance mechanisms.
1
 The 

bacterial ribosome is a target for over 60% of antibiotics,
2, 3

 which bind at vital sites 

within both the 30S and 50S ribosomal subunits and inhibit processes that are essential 

for cell survival.
4-11

    One important class of antibiotics is the macrolides (discussed in 

detail in Chapter 2), which bind at the beginning of the exit tunnel in the 50S subunit of 

the bacterial ribosome and block elongation of the nascent polypeptide chain.
11-13

 For the 

macrolide class of antibiotics, bacteria achieve resistance by modifying or mutating bases 

within the binding pocket as well as by other mechanisms such as drug metabolism and 

overexpression of efflux pumps. Telithromycin is the first of a new class of macrolides, 

called the ketolides, named for the substitution of the C3 L-cladinose sugar with a ketone.  

Ketolides have largely addressed resistance due to drug efflux and metabolism yet still 

remain susceptible to ribosomal modification,
9, 14

 the most clinically relevant of which is 

modification of A2058 in 23S rRNA (E. coli numbering throughout) that confers cross-

resistance to antibiotics in the macrolide, lincosamide and streptogramin B classes 

(MLS).
15-18

 A2058-based resistance includes mutation of A2058 to G as well as 

methylation of the exocyclic N6 of A2058 via the expression of erm genes encoding 
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methyltransferases (Erm methyltransferases) that add one or two methyl groups and 

represent the most effective mechanism of macrolide resistance.
19-21

 Telithromycin and 

other ketolides have been found to mitigate macrolide resistance due to the A2058G 

mutation,
22-24

 though ketolides that are widely effective against Erm methylation-based 

modifications are not known. Still, telithromycin has shown improved activity against 

monomethylated ribosomes compared to previous generation macrolides,
23,25

 which has 

been attributed to secondary contacts made between telithromycin's alkyl-aryl group and 

bases A752 and U2609 within the binding pocket.
15, 25-27

  

 Telithromycin's improved activity compared to erythromycin can also partly be 

explained by its absence of erm gene induction.
28

 Erythromycin has been shown to 

increase levels of Erm methyltransferases in species carrying inducible erm 

genes
17,18,25,29-33

 consequently increasing the levels of dimethylated ribosomes, whereas 

telithromycin and other ketolides have been found to mostly bypass the erm gene 

induction pathway.
28,33,34

 In a comprehensive study looking at antibiotic activity as a 

function of mono-/dimethylated 2058 ribosome levels, it was found that in general 

increased monomethyl A2058 levels alone were not sufficient to mitigate telithromycin 

activity and that upon increasing the percentage of dimethylated ribosomes via induction 

with erythromycin was significant telithromycin susceptibility observed.
25

 However, 

species-dependent exceptions were noted and therefore it appears that a combination of 

factors is involved in enhancing telithromycin's effectiveness in monomethylated 

ribosomes. Even so, dimethylated ribosomes exhibit the most potent resistance to 

telithromycin
25

 as well as other antibiotics in the MLS class
17

 and higher levels of 

dimethylated ribosomes confer the greatest resistance. Given the widespread transfer of 
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resistant genes between species
35, 36

 it is important to develop analogs with improved 

affinity toward Erm-mediated resistant phenotypes.   

 Crystal structures of telithromycin bound to E. coli
37

 (as well as T. 

thermophilus,
38

 H. marismortui,
15

 and D. radiodurans
11

) have revealed several 

interactions that are important for telithromycin binding, as shown schematically in 

Figure 3.1.  Multiple van der Waals (VDW) contacts between hydrophobic alkyl groups 

on the macrolactone and residues forming the walls of the exit tunnel are present that 

contribute to binding. Telithromycin's desosamine 2'-hydroxyl group forms hydrogen 

bonds with N1 of A2058, N6 of A2058, and N6 of neighboring A2059.
11

 In addition, 

desosamine’s 3’-dimethylamino moiety forms a salt bridge with the phosphate of G2505. 

11
 The imidazole-pyridine side-chain (ARM) extending from the C11-C12 cyclic 

carbamate engages in π stacking with A752 and U2609, increasing telithromycin's 

binding affinity compared to earlier generation macrolides such as clarithromycin, 

roxithromycin, and azithromycin.
15,26,27,39
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Figure 3.12D representation of telithromycin and bases within the macrolide binding 

pocket showing the three biologically relevant telithromycin-ribosome interactions that 

are the subject of this study: 2'-OH to 2058/2059 hydrogen bonding, stacking between 

telithromycin's 3'-protonated dimethylamine and G2505. Dotted lines represent hydrogen 

bonding. Hydroxyl groups of the ribose sugars are omitted for clarity. 

 

 The present study addresses the molecular details associated with macrolide 

resistance due to the A2058G mutation and methylation at N6 of A2058 by erm-encoded 

methyltransferases. To compare these interactions in the wild type and telithromycin-

resistant strains, empirical force field-based simulations were performed on truncated 

versions of the wild type and mutant/modified E. coli 50S ribosomal subunits. To address 

the buried nature of the macrolide binding site, the number of waters within the pocket 

were allowed to fluctuate via the use of a combined Grand Canonical Monte Carlo 

(GCMC)/Molecular Dynamics (MD) methodology. GCMC/MD has been successfully 



 

95 

 

applied to systems with deeply buried binding pockets
40, 41

 and has been applied to the 

ribosome to determine the binding free energy of sparsomycin.
42, 43

 It is utilized here as a 

means to assure proper solvation of the telithromycin binding site. The GCMC water 

insertion/deletion steps are alternated with MD simulations to allow for relaxation of the 

entire system. From this GCMC/MD approach information on the nature of the 

interactions between telithromycin and the 50S ribosome was obtained, yielding a 

detailed understanding of these therapeutically relevant antibiotic resistance mechanisms 

at the molecular level. 

 

3.2 Experimental Section 

 Calculations were performed with the program CHARMM, version C36a6
51

 and 

the CHARMM additive force field including the protein with the CMAP correction,
52-54

 

nucleic acid,
55-58

 carbohydrate,
59-64

 and CGenFF
65

 parameters and the TIP3P water 

model.
66

 Coordinates were obtained from the protein database (PDB ID 3OAT
37

), with 

hydrogens added using the HBUILd facility in CHARMM. Since only the region around 

the telithromycin binding site was of interest, residues without one or more atoms within 

40 Å of the center of system, as defined by the center of mass of telithromycin, were 

deleted. The system was then overlaid with a 28 Å water sphere and any waters bearing 

an oxygen within 2.8 Å of a solute non-hydrogen atom were deleted. Mutants were 

generated using this truncated system, with patches applied to A2058 in order to generate 

the A2058G, N6-monomethyl, and N6,N’6-dimethyl A2058 variants.  Initial guess 

parameters for the base methylations were obtained from ParamChem.
67, 68

 Bond lengths, 
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angles, and dihedrals specific to the mutations were optimized via comparison to 

quantum mechanical (QM) geometries, water interactions, molecular vibrations and 

dihedral potential energy scans. Details of the parametrization are included in the 

Supporting Information (SI). 

 MD simulations were performed using a stochastic boundary-based approach
69-72

 

in which three regions within the sphere were defined. Nucleotides and residues 

containing one or more atoms within 28 Å comprise the dynamic region, those not in the 

dynamic region containing one or more atoms within 34 Å comprise the buffer region, 

and the remaining atoms based on the 40 Å cutoff represent the constrained outer 

reservoir region. Nucleotides 732, 696, 2458 and 2459 are found along the border of the 

buffer and reservoir regions, and were manually assigned to the reservoir region; 

nucleotides 766 and 1324 border the dynamic and buffer regions and were assigned to the 

buffer region. Atoms within the reservoir region were fixed for all calculations, while 

varying harmonic restraints were used on atoms within the buffer and dynamic regions as 

described below. Water was maintained within the sphere using a spherical, quartic 

restraining potential as implemented in the MMFP module
73

 of CHARMM using a 1 

kcal/mol/Å force constant and offset parameter (P1) of 2.5 that was applied to the water 

oxygen atoms.  

 The entire system was first subjected to 250 steps of steepest descent (SD)
74

 

minimization with a harmonic restraint of 5 kcal/mol/Å on non-hydrogen atoms within 

the dynamic region and a mass-weighted harmonic restraint of 10 kcal/mol/Å on non-

hydrogen atoms within the buffer region, followed by 250 steps of Adopted-Basis 

Newton Rhapson (ABNR)
74

 using the same restraints. Equilibration consisted of two 



 

97 

 

phases of Grand Canonical Monte Carlo/Molecular Dynamics (GCMC/MD), which is 

implemented within the MC module in CHARMM.
75

 The MC module has been described 

in detail elsewhere,
41,75-78

 thus the details of the general methodology will only briefly be 

addressed as they pertain to the simulations presented here.   

 A total of 8997 water molecules were used for the bath of water molecules 

accessible to the GCMC move set. This number was determined by calculating the 

number of water molecules that would result in a spherical volume of 35 Å radius with 

density 0.0334 molecules per Å
3
, then multiplied by 1.5 to guarantee that an excess of 

water molecules were available. The move set was comprised of rigid body translations, 

rigid body rotations, as well as insertion/deletions that were performed using an excess 

chemical potential of -5.8 kcal/mol. All moves were equally weighted. The GCMC water 

pool includes the waters overlaid on the system as described above and the additional 

water molecules that were placed in a single coordinate set slightly offset from the 

heterocyclic ARM of telithromycin. All crystallographic waters were set as active 

throughout the entire simulation. The GCMC waters were initially set as inactive, thereby 

removing them from all calculations. Each GCMC/MD cycle is defined as 10,000 MC 

steps and 10,000 MD steps. During the GCMC steps, waters can undergo moves as 

defined in the move set, in which particle insertions were set to be blocked by all active 

atoms including hydrogens. The initial hydration phase consisted of 20 GCMC/MD 

cycles using 5 kcal/mol/Å harmonic restraints on non-hydrogen atoms within the 

dynamic region and a 10 kcal/mol/Å mass-weighted harmonic restraint on non-hydrogen 

atoms within the buffer region. For equilibration, the list of active GCMC waters was 

reset and the harmonic restraints were removed for atoms within the dynamic region and 
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reduced to 2 kcal/mol/Å on non-hydrogen atoms within the buffer region. Iterative 

GCMC/MD cycles were performed until the number of waters reached adequate 

convergence (approximately 5 ns cumulative dynamics simulation time). Once the 

number of waters reached convergence, production consisted of GCMC/MD for a total 

dynamics simulation time of 25 ns using the same restraints/constraints. Only coordinates 

from production GCMC/MD were used for analysis. Additional GCMC/MD simulations 

were performed in which longer MD sampling was performed per cycle (i.e. 100, 250, 

500 and 1000 ps) to test convergence of the method with respect to water insertions (see 

below and SI). As described in the SI, these different simulations of 25 ns sampling each 

were ultimately combined for the final analysis yielding a total of 150 ns of cumulative 

MD sampling for each of the studied systems. 

 MD simulations were performed using Langevin dynamics
79, 80

 at 298 K with a 

friction coefficient of 5/ps, SHAKE
81

 was applied to covalent bonds involving 

hydrogens, and a 2 fs integration timestep was used with the “leapfrog” Verlet integrator. 

82
 Nonbonded lists were updated heuristically during dynamics with a cutoff of 16 Å, the 

forces truncated at 12 Å, and a switching function applied to the forces from 10 to 12 Å 

for both electrostatic and van der Waals energy terms.
83

 Coordinates were saved every 10 

ps for analysis.  Hydrogen bonds were considered present if the hydrogen donor and 

acceptor atoms came within 2.4 Å
84

 and have an occupancy greater than 10%.   
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3.2.1 Parametrization details for methylated A2058 

 Parametrization of the N6-mono- and N6,N6'-dimethyl adenine moieties followed 

the CGenFF optimization protocol.
65

 For efficiency, the ribose and phosphate groups 

were removed and N9 was capped with a hydrogen atom.  Initial parameters were 

obtained from the CGenFF program, version 0.9.1, via the ParamChem interface 

(available online).
67,68

 Mol2 files were generated using MOE (Molecular Operating 

Environment
85

). Charges obtained from ParamChem were replaced by standard charges 

from the CHARMM36 nucleic acid force field
57, 86-88

 for all atoms with the exception of 

the exocyclic N6 and N9, the latter of which whose ParamChem “guess” charge was 

maintained because of the capping hydrogen atom.  Structures were initially generated in 

CHARMM
51

 using initial guess parameters, then the geometry optimized at the quantum 

mechanical (QM) MP2 level of theory with the 6-31G* basis set and tight optimization 

with the program Gaussian03.
89

 Charges were first optimized by comparison of QM and 

(CHAR)MM interaction energies with water.  QM interaction energies were calculated 

using Gaussian03, with the Hartree-Fock level of theory and 6-31G* basis set as 

previously described.
65,88

  Because methylation occurs at the exocyclic N6 and 

presumably would have little effect on the charges of other atoms, the charges for all 

other adenine atoms were maintained and only the methyl carbon and N6 charges were 

optimized.  Hydrogens of the exocyclic methyl group were maintained at 0.09.  Tables 

3.1 and 3.2 show the interaction energies and distances for N6-mono and N6,N6'-

dimethyl adenine and water in various geometries, respectively.  Only the most favorable 

geometries were selected as target QM data. 
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  Bond lengths and angle parameters for the exocyclic methyl groups were 

optimized using the QM target geometry.  The N6-monomethyl adenine molecule was 

optimized first and the parameters transferred to the dimethyl analog.  In general, the 

CGenFF parametrization protocol permits deviations of 3° for the angles and 0.03 Å for 

the bonds.  However, the difference in the angle N1-C6-N6 was found to be 3.7°.  The 

associated parameter belongs to the existing parameters within the nucleic acid force field 

and not subject to optimization, therefore the slight increase in deviation was deemed 

acceptable.  For N6,N6'-dimethyl adenine, parameters for the bond and angle lengths 

were initially directly transferred for the monomethyl analog.  However, because the 

agreement with QM data for the bonds and angle was poor, the second methyl group was 

defined as a unique atom type from the first methyl carbon, allowing the dimethyl analog 

to be specifically parametrized separately.  Again, deviations between the QM and MM 

bond and angle lengths for the atoms of interest were found to be less than 3° for the 

angles and 0.03 Å for the bonds, with the exception of N1-C6-N6 which was found to be 

4.7°, see Figure 3.2 for atom numbering.    

 

 

Figure 3.2 2D representation of N6-monomethyl adenine (left) and N6,N6'-

dimethyladenine (right) showing the numbering scheme pertaining to the 

parametrization. 
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Table 3.1 Interaction Energies (kcal/mol) and Distances (Å) for N6-monomethyl Adenine 

and Water Complexes. 

Interaction 

geometry 
∆E (HF)* ∆E (36NA) 

∆∆E     

(36NA-HF) 
r (HF) r (36NA) 

∆r       

(36NA- HF) 

H71...OHH -1.71 -1.54 0.17 2.65 2.65 0.00 

H72...OHH 0.06 -0.32 -0.38 2.77 2.71 -0.06 

H73...OHH -0.78 -0.32 0.46 2.75 2.71 -0.04 

H62...OHH -1.74 -1.51 -0.23 2.17 2.02 -0.15 

N6.....HOH -2.88 -2.95 

 

-0.07 2.35 2.31 -0.04 

AD 0.08 RMSD 0.29 AAD 0.26  

* HF energies are scaled by a factor of 1.16.  Water interactions are shown only for a subset of atoms 

pertaining to the added methyl group and surrounding atoms.  Included are average deviation (AD), root 

mean square deviation (RMSD), as well as absolute average deviation (AAD).  Atom numbering is as 

follows (Figure 3.2): H71, H72, and H73 correspond to the exocyclic methyl hydrogens, H62 is the 

exocyclic amine hydrogen, and N6 is the exocyclic amine nitrogen. 

 

Table 3.2 Interaction Energies (kcal/mol) and Distances (Å) for N6,N6'-dimethyl Adenine 

and Water Complexes. 

Interaction 

geometry 

∆E 

(HF)* 

∆E 

(36NA) 

∆∆E     

(36NA- HF) 

r (HF) r (36NA) ∆r       

(36NA- HF) 

H71...OHH -1.59 -1.13 0.46 2.67 2.70 0.03 

H72...OHH 0.64 0.31 -0.33 3.28 2.85 -0.43 

H73...OHH -0.74 -0.13 0.61 2.79 2.76 -0.03 

H74...OHH -1.37 -1.29 0.08 2.69 2.69 0.00 

H75...OHH -0.94 -0.16 0.78 2.78 2.74 -0.04 

H76...OHH -1.51 0.64 2.15 5.68 2.82 -2.86 

N6.....HOH -2.28 -2.80 

 

-0.52 2.33 2.19 
-0.14 

AD 0.46 RMSD 0.82 AAD 0.71  

* HF energies are scaled by a factor of 1.16.  Water interactions are shown only for a subset of atoms 

pertaining to the added methyl group and surrounding atoms.  Included are average deviation (AD), root 

mean square deviation (RMSD), as well as absolute average deviation (AAD.  Atom numbering as in  

Figure 3.2. 
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 Bond and angle force constants were optimized by comparison of vibrational 

spectra for the QM and MM geometries, in which QM frequency values were scaled by 

0.943.
90

 Vibrational spectra were calculated via the MOLVIB module in CHARMM.  

Frequencies and contributions of the internal degrees of freedom were compared for both 

the QM and MM geometries and bond/angle force constants were manually optimized 

until the vibrational spectra were in good agreement, Tables 3.3 and 3.4 for the mono- 

and dimethyl adenine molecules. 

The force constants for the dihedral angles C5-C6-N6-C7A and C5-C6-N6-C7B, 

where C7A/B represent the methyl carbons, were optimized using potential energy 

surfaces (PES).  QM scans were performed with Gaussian03
89

 from 0° to 180° in 12 steps 

of 15° for each targeted dihedral.  CHARMM was utilized to generate the MM PES. The 

relative energies at each scan point were compared between QM and MM and the force 

constants and phases were manually changed until good agreement was achieved (Figure 

3.3).  Phases were constrained to 0° or 180° as per the CGenFF convention.  During the 

optimization emphasis was placed on the low energy regions of the PES as these are 

sampled during the MD simulations. 
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Table 3.3 N6-monomethyl Adenine QM and MM Vibrational Spectra for the modes 

involving the methylated amino group. 

 MP2/6-31G* CGenFF 

Assignment Frequency % Frequency % 

sN6-H 3437.7 100 3503.6 100 

sN6-C7A 

994.5 

1127.6 

1174.3 

47 

19 

16 

955.2 

1087.9 

16 

37 

sC7A-H 

2925.8 

3011.2 

3050.4 

100 

100 

99 

2978.5 

3022.2 

3022.9 

99 

100 

100 

dC6N6C7A 
170.9 

326.7 

20 

34 

184.5 

334.0 

32 

37 

dN6H 1447.8 22 
1385.3 

1507.2 

18 

23 

wN6H62 
82.2 

428.6 

44 

23 

417.3 

471.8 

52 

19 

dsC7AH 1411.6 67 1449.9 98 

daC7AH 
1479.7 

1502.6 

57 

25 
1406.3 84 

daC7AH' 1454.1 86 1413.6 84 

rC7AH 
1072.3 

1174.3 

25 

33 

1043.6 

1098.4 

32 

27 

rC7AH' 1116.6 78 
1065.5 

1413.6 

81 

15 

torN6-C6 
82.2 

428.6 

25 

53 

129.2 

280.4 

332.5 

26 

39 

27 

torN6-C7A 96.2 73 96.0 99 

* MP2/6-31G* values are scaled by 0.943
90
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Table 3.4 N6,N6'-dimethyl Adenine QM and MM Vibrational Spectra for the modes 

involving the methylated amino group. 

 MP2/6-31G* CGenFF 

Assignment Frequency % Frequency % 

sN6-C7A(B) 

830.3 

914.0 

1049.7 

1245.2 

15 

38 

23 

46 

913.6 

1289.8 

1335.0 

34 

53 

19 

sC7B-H 

2899.3 

2985.5 

3071.2 

98 

100 

99 

2977.7 

2978.4 

3020.0 

3020.8 

3023.4 

79 

20 

48 

93 

54 

dN6C7A 368.7 50 

331.0 

349.3 

488.1 

34 

18 

20 

dN6C6 356.6 50 

229.4 

334.4 

359.0 

17 

19 

34 

wN6C6 

91.5 

203.0 

224.3 

28 

24 

20 

208.0 

378.9 

21 

22 

dsC7BH 1423.7 79 
1462.0 

1483.9 

44 

28 

daC7BH 
1474.4 

1477.3 

56 

20 
1411.5 62 

daC7BH' 
1462.6 

1477.3 

17 

51 

1418.5 

1425.2 

56 

18 

rC7BH 
1090.8 

1133.2 

20 

26 
1041.9 47 

rC7BH' 
1090.8 

1133.2 

21 

23 

1022.1 

1094.6 

47 

30 

torN6-C6 67.4 80 74.9 78 

torN6-C7A(B) 

124.5 

148.1 

231.2 

77 

60 

18 

122.6 

148.9 

 

75 

94 

* MP2/6-31G* values are scaled by 0.943. 
90
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Figure 3.3 Potential energy scan for (left) N6-monomethyl adenine for the dihedral C5-

C6-N6-C7A and (right) N6,N6'-dimethyl adenine dihedral C5-C6-N6-C7B, where C7A/B 

represent the exocyclic methyl carbons as shown in Figure 3.2. 

 

Because optimization of the dihedral yielded high potential energy barriers for 

this dihedral, it was necessary to consider two separate conformations for the N6-

monomethyl mutant, one in which the methyl group was oriented cis to the N1 atom and 

the other in which the methyl is trans.  QM and MM energies were calculated for both 

orientations, in which the methyl group oriented cis to N1 was designated MAD1 and 

trans to N1 as MAD2.  Table 3.5 shows the QM and MM energies for both orientations.  

QM energies were obtained using Gaussian03
89

 using the MP2 level of theory and 6-

31G* basis set and tight optimization.  MM energies were obtained in CHARMM using 

the optimized parameters aforementioned and performing an energy minimization in 

vacuo with conjugate gradient for 200 steps and and Newton-Raphson minimization for 

50 steps with a tolerance of 0.00001 using infinite non-bond cutoffs. 
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Table 3.5 QM versus MM relative energies for MAD1 versus MAD2. 

Energy Type (kcal/mol)* MAD1 MAD2 

QM 0.00 1.25 

MM 0.00 1.30 

* Energy values shown are relative to MAD1. 

 

3.2.2 System Set-up and Equilibration  

 Simulations of the entire ribosomal complex are computationally expensive- e.g. 

solvating the complex within a box of water would result in a system of over 1 million 

atoms.
91,92

 Since only atoms pertaining to the telithromycin binding site are of interest for 

the present study, a stochastic boundary approach
69-72,77

 is utilized whereby atoms of 

interest encompassing the telithromycin binding site “see” an external field that is 

representative of atoms outside of the region of interest.  Furthermore, because of the 

buried nature of the binding site and the fact that it is inaccessible to the bulk region, a 

Grand Canonical Monte Carlo-Molecular Dynamics (GCMC/MD) approach is 

employed.
41,75

 GCMC/MD allows for the number of waters to fluctuate during the course 

of the simulation resembling an open system at a constant chemical potential.  Hence it is 

utilized here as a means to robustly determine the degree of hydration within the 

telithromycin binding site during the simulation.  GCMC/MD is divided into two stages.  

In the first (GCMC) waters are inserted, deleted, rotated, or translated according to a 

Metropolis acceptance criterion
93

 that is dependent on the excess chemical potential of 

water and the change in energy between the putative position and existing position.  The 
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second stage (MD) allows for subsequent relaxation of the system's dynamic regions, 

including the newly placed waters.  These stages are repeated iteratively until the number 

of waters within the system reaches convergence, with this stage of the simulation 

considered equilibration.  All the systems (i.e. WT, mutant, and modifications) were 

treated in this manner and found to reach convergence similarly.  Shown in Figure 3.4 

are the number of waters as a function of simulation time for all the systems studied.  The 

number of active GCMC waters approaches convergence by 5 ns (a total of 250 

GCMC/MD cycles) and this portion of the trajectory is considered equilibration.  At this 

point, the running average of GCMC waters within the 35 Å sphere was determined to be 

2115 with a standard deviation of 2 water molecules for WT.  Equilibration of the system 

was confirmed by root mean square deviation analysis (Figure 3.5), which shows that the 

ribosome (RNA and protein) is stable and has relaxed around the newly placed waters by 

5 ns.  Though the dynamics is not continuous as in standard molecular dynamic 

simulations, because the positions of the system (namely, RNA, protein, and ligand) are 

unchanged during the GCMC portion, it is treated as continuous for the purposes of 

analysis.  From the RMSD, the deviation is less than 2.5 Å in all cases and was assumed 

to be adequately converged by 5 ns such that the remaining 25 ns was considered 

production and was used for analysis.  As a check, the potential energy as a function of 

cycle was calculated and was also found to stabilize by 250 cycles (or 5 ns dynamics 

time, Figure 3.6).  Following equilibration, production GCMC/MD is performed which 

allows the systems to sample a range of conformations and degrees of hydration.   
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Figure 3.4 The number of GCMC waters as a function of dynamics simulation time for 

each system studied.  Number of GCMC waters were those present at the start of MD 

during each cycle.  WT=wild-type (black), A2058G=A2058 mutated to G (red), 

MAD1/MAD2= the N6- monomethyl adenine with the methyl cis (green) and trans (blue) 

to the N1 atom, DMAD= N6,N6'-dimethyl adenine (magenta).    

 

 

Figure 3.5 The RMSD (in Ang) for RNA (top panel), protein (middle), and telithromycin 

(bottom) for the WT and mutant/modifications over the 30 ns GCMC/MD simulation.  WT 

is shown in black, A2058G in red, MAD1 in green, MAD2 in blue, and DMAD in 

magenta. 
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Figure 3.6 The potential energy as a function of cycle for the WT and 

mutant/modifications over the 30 ns GCMC/MD simulation.  1500 cycles is equivalent to 

30 ns dynamics simulation time. WT is shown in black, A2058G in red, MAD1 in green, 

MAD2 in blue, and DMAD in magenta. 

 

3.2.3 Testing MD simulation lengths during each GCMC/MD iteration. 

 The convergence of the GCMC/MD simulations was confirmed by running 

multiple simulations using longer MD during the GCMC/MD cycles.  The number of MC 

steps remained unchanged at 10,000.  Starting from the coordinates obtained after the 

initial hydration phase (which involves 20 cycles of GCMC/MD with 

restraints/constraints as defined in the methods), these additional simulations consisted of 

an initial 100 cycles of GCMC/MD using 10,000 steps-20 ps MD per cycle for a total of 

2 ns.  At this point the majority of GCMC waters were inserted.  The coordinates were 

then used to start 4 separate simulations in which the number of MD steps was increased 

to 25,000 steps, 50,000 steps, 250,000 steps, or 500,000 steps for total dynamics 

simulation times of 50 ps, 100 ps, 500 ps, and 1 ns per cycle, respectively.  A fifth 
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GCMC/MD simulation was also performed using the same number of MD steps per cycle 

(10,000 steps/20 ps) so as to test the original simulation protocol.  GCMC/MD 

simulations were continued for 28 ns bringing the total dynamics time to 30 ns with the 

last 25 ns used for analysis.  This procedure was applied to all the WT and A2058 

mutant/modified systems. 

 Analysis showed the number of waters inserted during GCMC to be correlated to 

the length of the MD, Figure 3.7.  Thus, the longer MD simulations appear to allow for 

additional relaxation of the structure allowing for a higher number of waters to be 

inserted overall. To determine whether this effect would alter the dynamics within the 

macrolide binding pocket, the number of waters within 10 Å of telithromycin was 

counted over the last 25 ns and averaged for each simulation (Table 3.6).  Waters were 

counted if the oxygen atom resided within 10 Å of the center and the final snapshot of 

each trajectory was used to determine the water coordinates.  The number of waters was 

found to be similar irrespective of the length of MD and therefore not likely to affect the 

dynamics within the pocket.  RMSD analysis was also performed for the varying MD 

simulations and found to be within 2.5 Å (not shown).    
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Figure 3.7 The number of GCMC waters as a function of time for varying lengths of MD 

performed to check for convergence.  Original refers to the GCMC/MD simulation in 

which all 1500 cycles were run continuously using 10,000 MC steps and 20 ps MD.  The 

20, 50, 100, 500 ps, and 1 ns lines refer to the GCMC/MD simulations used to test for 

convergence and were performed by first running 100 cycles of GCMC/MD (10,000 MC 

steps/20 ps MD), then using the final snapshot to start 5 separate GCMC/MD simulations 

with varying MD steps as described in the text.  For this reason, the number of GCMC 

waters in the latter GCMC/MD simulations are shown starting at 2 ns with the number of 

GCMC waters during the first 2 ns shown in cyan. The Original starts at the origin.    

.    

Table 3.6 The number of GCMC waters within 10 Å of telithromycin averaged over the 

last 25 ns of GCMC/MD for varying lengths of MD.  Water molecules with oxygen atoms 

within 10 Å of the center are considered. 

System # waters 

Original (MD=20 ps) 52 

New MD=20 ps 42 

MD=50 ps 42 

MD=100 ps 43 

MD=500 ps 42 

MD=1 ns 42 
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 The impact of the length of the MD simulations, as well as convergence of the 

sampling, was also assessed by analyzing probability distributions of the telithromycin 2'-

OH to N1/N6 A2058/A2059 distances for the wild-type and mutant simulations (Figure 

3.8).  Overall, good agreement was observed between the simulations using different 

duration MD simulations indicating that the ensemble of conformations sampled during 

the different simulations were sampling similar, though not identical regions of 

conformational space.  For this reason, the conformations from all of the simulations 

were combined and used for analysis, which yielded a total of 150 ns cumulative 

sampling time for each of the studied systems.   

 

Figure 3.8 The probability distributions of the telithromycin 2’OH to N1, N6 (A2058) 

and N6 (A2059) for the various lengths of molecular dynamics simulations performed to 

determine convergence.  The 2'-OH – N1 (A2058) is shown in black, 2'-OH to N/O6 

(A/G2058) in red, and 2'-OH to N6 (A2059) in green.  Corresponding crystal structure 

distances are illustrated as vertical lines using the same color scheme.   The two 

GCMC/MD simulations obtained with 20 ps MD are shown.  Original refers to the 

GCMC/MD simulation in which all 1500 cycles were run continuously using 10,000 MC 

steps and 20 ps MD.  The second simulation in which the coordinates were obtained from 

an initial 100 cycle GCMC/MD simulation is designated as such and is described in the 

text.     
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3.2.4 Root mean square fluctuations to determine conformational flexibility 

 Root mean square fluctuations (RMSF) were calculated for RNA and protein 

within 10 Å of telithromycin as well as telithromycin to determine whether A2058 

modification impacts the conformational flexibility of the macrolide binding pocket or of 

the macrolide. RMSF values were calculated for non-hydrogen atoms of the nucleotide 

(including base, sugar, and phosphate group).  B-factors are also shown for completeness 

and are calculated by averaging over the atomic B-factors for each nucleotide.  

 Figure 3.9 shows that RNA and protein are in general more conformationally 

flexible in the WT ribosome.  Moreover, Figure 3.10 indicates that the arm of 

telithromycin is more flexible in the WT and A2058G mutant and that this increased 

flexibility coincides with the B-factors from the crystal structure as discussed in the text. 

 

Figure 3.9 RMS Fluctuations (Å) for RNA (top panel) and protein (bottom panel) within 

10 Å of telithromycin in the WT and mutant/modifications. WT is shown in black, A2058G 

in red, MAD1 in green, MAD2 in blue, DMAD in magenta, and crystal structure values in 

orange.  RMSF values reported are for the entire nucleotide or residue (including 

backbone). 
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Figure 3.10 RMS Fluctuations (Å) for telithromycin in the WT and mutant/modifications. 

WT is shown in black, A2058G in red, MAD1 in green, MAD2 in blue, DMAD in 

magenta, and crystal structure values in orange. RMSF values reported are for non-

hydrogen atoms only.    

 

3.3 Results and Discussion 

 The present work sets out to understand details of the impact of ribosome 

modifications on the ketolide antibiotic telithromycin using MD simulations.  For 

computational expediency, as required to obtain adequate conformational sampling, the 

ribosomal system was truncated to a 40 Å radius spherical system centered on 

telithromycin and a GCMC/MD approach was used to assure proper solvation of the 

system. Validation of the methodology along with tests of convergence of the simulations 

are detailed in the Supporting Information (SI). Applying this methodology allowed for 

150 ns of MD sampling of each of the studied species, with analysis focusing on the 

interactions between telithromycin and the ribosome shown in Figure 3.1 and how those 
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interactions impact the local structure of the ribosome, thereby leading to altered 

telithromycin-ribosome binding modes. 

 Initial analysis involved the hydrogen bonds between telithromycin's desosamine 

hydroxyl (2'-OH) and A2058 N1/N6 or A2059 N6 as these have been indicated to play a 

vital role in telithromycin binding and are presumably disrupted in A2058-modified 

ribosomes.
15,37,38

 Probability distributions of the 2'-OH to N distances are shown in 

Figure 3.11 for the WT and A2058 mutated/modified bacterial ribosomes. Distances for 

the WT simulation are in good agreement with the crystal structure distances. The 

maximum in the 2'-OH to A2058 N1 probability distribution occurs at 2.95 Å versus the 

crystal structure distance of 2.32 Å. The crystal distance, which is short for a hydrogen 

bond (i.e. WC N1-N3 interaction distances are approximately 2.9 Å
44

) is probably 

explained by the resolution of the crystal structure (3.25 Å) obtained at a temperature of 

100 K. In addition, the average B factors for telithromycin and A2058 (base atoms only) 

are 28.5 and 31.4, respectively, which correspond to root mean square fluctuations of 

nearly 1 Å each at the temperature of 100 K. The 2’-OH to A2058 N6 WT distance is 

also in good agreement with the crystal data. Notably the 2’-OH to N6 interaction is not 

direct, as indicted by the interaction distances being > 3 Å. There is also an interaction 

between the 2'-OH and A2059 N6, which samples a range of distances in the simulation 

compared to a crystal structure interaction distance of ~4.7 Å indicating that it is a 

relatively weak interaction. The 2'-OH to N6 A2059 hydrogen bond was proposed based 

on crystal structures of other macrolides (e.g., erythromycin, clarithromycin, and 

roxithromycin) bound to the Deinococcus radiodurans 50S subunit,
11

 but does not play a 

significant role here.   
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Figure 3.11 The probability distributions of the telithromycin 2’OH to A2058 N1, A2058 

N6 and A2059 N6 distances for WT, A2058G mutant and methyl modifications. The 2'-

OH – A2058 N1 distance is shown in black, 2'-OH to A2058 N6/O6 in red, and 2'-OH to 

A2059 N6 in green. Distances reported are measured between heavy atoms. 

Corresponding crystal structure distances are shown as vertical lines using the same 

color scheme. 

 

 Telithromycin activity is slightly decreased in the A2058G mutant. 
23, 24

 

Consistent with this is the distance probability distributions in Figure 3.11 showing the 

hydrogen bonding to be largely maintained. This is somewhat surprising given that upon 

going from A to G the N1 atom becomes a donor and the exocyclic N6 amine of A is 

replaced by a keto group in G. The maintenance of the 2'-OH to N1 interaction in 

A2058G is due to the 2'-hydroxyl now acting as an acceptor and the corresponding 
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reorientation of the hydroxyl proton allowing it to form a favorable hydrogen bond with 

the O6 of G. Thus, the 2'-hydroxyl in telithromycin can accommodate the switch in the 

location of the donor and acceptor groups in the A2058G mutation thereby maintaining 

favorable hydrogen bonding and explaining how telithromycin remains effective against 

A2058G mutants.  

 Erm-dependent methylation of A2058 leads to telithromycin resistance, with 

activity diminished in monomethylated ribosomes and almost completely abolished in 

dimethylated ribosomes.
23

 For monomethylated ribosomes, the N6-methyl group of 

A2058 can be oriented toward the desosamine sugar or away from it and QM calculations 

(Table 3.5) indicate both orientations to be energetically accessible, though the barrier 

between the orientations is high. Accordingly, both orientations of the N6 monomethyl 

modifications were explicitly studied, where the methyl group is directed either toward 

(MAD1) or away from (MAD2) the desosamine sugar (i.e., cis or trans to A2058 N1, 

respectively). The hydrogen bonding distributions for the methylated species are included 

in Figure 3.11. With the N6 monomethylations (i.e., MAD1 and MAD2), the hydrogen 

bonding is significantly perturbed, with that perturbation larger in MAD1, consistent with 

the methyl being directed towards telithromycin. However, in the N,N’-dimethylated 

species the hydrogen bonding pattern is well maintained. The N1 to 2'-OH distribution is 

only slightly perturbed from that in the WT and the N6 to 2'-OH interaction is also well 

maintained, with a shift to longer distances as compared to the WT due to the presence of 

the methyls. Thus, while the perturbation of the A2058-telithromycin interactions in the 

monomethyl modifications is consistent with their lower activity, the maintenance of 
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interactions with the N,N’-dimethyl modification indicate additional factors are 

impacting the efficacy of telithromycin against the methylated species.   

 With this in mind, the interactions of telithromycin's imidazole-pyridine moiety 

(ARM) with A752-U2609 were investigated. Telithromycin's increased affinity for the 

50S ribosome macrolide binding pocket compared to earlier generation macrolides has 

been linked to these secondary interactions.
15,37,38

 Crystal structures show that the 

heterocyclic ARM stacks with U2609 and A752,
37,38

 (Figure 3.1), which themselves 

form a Watson-Crick (WC) pair that bridge domains II and IV of 23S rRNA.
37

 

Accordingly, the properties of A752-U2609 and the ARM were compared between the 

WT and mutant/modified ribosomes. The A752 N1 to U2609 N3 WC distance (Figure 

3.12A) is well maintained in both the WT and MAD2 systems, though some sampling of 

longer distances is evident. A2058G and the other methylated species undergo a 

significant loss of WC base pairing, with MAD1 followed by A2058G still sampling 

some of the WC state.  Concerning A752-U2609 to ARM interactions, in the simulations 

stacking was observed to varying degrees in the different systems. Probability 

distributions of the COM distance and angles between least-square planes through the 

A752-U2609 and the ARM (Figure 3.12C,D) show a significant amount of stacking in 

all the systems except A2058G.  However, in all the systems a wide range of spatial 

arrangements of the bases and the ARM beyond the stacked state are being sampled. This 

is associated with high fluctuations of the ARM, as evidenced by the RMS fluctuations of 

telithromycin in the different systems (Figure 3.10). The highest fluctuations occur with 

the WT and A2058G systems, with the magnitude of the fluctuations consistent with 

those obtained from the crystallographic study based on the B factors. Notably, the 
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fluctuations of the ARM, which were obtained at 100 K in the experimental study, are 

larger than the remainder of the ketolide, indicating that the ARM is likely sampling a 

range of conformations, including the stacked state, as observed in the simulations. 

Interestingly, the methylations have the lowest fluctuations of the ARM. Further analysis 

of A752-U2609 to ARM interactions revealed the presence of hydrogen bonds between 

U2609 and the imidazole ring of the ARM (Figure 3.12B). Thus, the methylations lead 

to perturbations of the region of the ribosome around the ARM that lead to ARM-U2609 

hydrogen bonding, thereby contributing to the lowered fluctuations of the ARM, while 

the WT and A2058G systems have a highly flexible ARM. Given the activity of 

telithromycin against these species, these results indicate that the flexibility is important 

for activity. However, the presence of the hydrogen bonds between the ARM and U2609 

in the methylated species has interesting implications in the context of ligand design, as 

discussed below. 

The third interaction considered is the electrostatic interaction between 

telithromycin's 3'-protonated dimethylamine and the phosphate of G2505 (Figure 3.1).
11

 

Distance distributions for the 3'-nitrogen to the phosphate are shown in Figure 3.13. WT 

and MAD1 sample the shortest distances (~ 3.5 Å) with A2058G and DMAD also 

forming stable interactions. While WT and MAD1 do sample shorter distances than the 

other species, it is not evident that this interaction discriminates between the WT, 

A2058G, MAD1 and DMAD species. The favorable interactions of MAD1 may 

contribute to telithromycin maintaining weak activity against the monomethylated 

species,
25

 while the systematically longer distances with MAD2 may contribute to a loss 

of binding of telithromycin to that species. 
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Figure 3.12 The probability distributions for WT, A2058G mutant and methyl 

modifications of the (A) WC A752 N1 to U2609 N3 distances, (B) WC A752 N1 to U2609 

N3 distances, (C) distance between the centers of masses of A752-U2609 and 

telithromycin's imidazole-pyridine (ARM) moiety and (D) angle between the planes 

defined A752-U2609 and the imidazole-pyridine moieties. The crystal structure values 

are shown as a vertical black line, while the distributions from the GCMC/MD 

simulations are shown as WT (black), A2058G (red), MAD1 (green), MAD2 (blue), and 

DMAD (magenta). 

 

Figure 3.13 The probability distributions of distances between telithromycin's 3'-

protonated dimethylamine and G2505 P for WT, A2058G mutant and methyl 

modifications. The crystal structure distance is shown as a vertical black line, while the 

distributions are from the GCMC/MD simulations: WT (black), A2058G (red), MAD1 

(green), MAD2 (blue), and DMAD (magenta). 
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 While the hydrogen bonding of 2058 with telithromycin and the ionic interaction 

involving G2505 are direct interactions between the ribosome and the antibiotic that may 

be directly perturbed by mutation or methylation, the significant changes in the A752-

U2609 region were somewhat unexpected. Accordingly, further analysis was performed 

to understand how alteration of A2058 leads to long-range changes in telithromycin-

ribosome interactions. Inspection of the telithromycin-ribosome structure suggested three 

potential “communication” pathways, as shown in Figure 3.14. The first, the 

telithromycin pathway, involves communication through telithromycin. The second 

pathway, or G2057 pathway, involves A2058 stacking with G2057 that may be 

communicated to A752-U2609 via the covalent connectivity from C2611 through U2609. 

And the third pathway, or A2059 pathway, proceeds via the covalent connectivity from 

A2058 through A2062 to telithromycin's ARM via VDW interactions. To determine 

possible contributions of these three possibilities, each pathway was subjected to further 

analysis.  

Analysis of the telithromycin pathway involved inspection of the conformational 

sampling of the antibiotic in the simulations. Conformational sampling of the 

macrolactone ring was similar for the studied species, being consistent with that observed 

in the crystal structure (Figure 3.15), although a second conformation is observed in 

DMAD. Significantly, a much greater range of distances was sampled by the ARM, with 

those distances varying significantly from that in the crystal structure, consistent with the 

stacking and RMS fluctuation analysis discussed above. Given the similarities of the 

conformation of telithromycin in the different systems, the telithromycin pathway does 
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not appear to be the primary communication pathway between the A2058 and the ARM 

regions, with a possible exception of the DMAD species.    

 

 

Figure 3.14 Proposed communication pathways from A2058 to the A752-U2609 and 

ARM region: the telithromycin pathway (A), G2057 pathway (B), or A2059 pathway (C). 

 

Central to the G2057 (i.e., second pathway) is the stacking of A2058 with G2057 

and the WC interaction between G2057 and C2611 (Figure 3.1). This offers a logical, 

through-bond path by which perturbations of A2058 may impact RNA-telithromycin 

ARM interactions. Analysis of the stacking interactions involved investigation of the 

center of mass (COM) distance and the angle between least square planes through the 
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respective bases (Figure 3.16A,B). The probability distributions show that the WT 

samples a bimodal distance distribution with one mode corresponding to the stacked state 

observed in the crystal. In contrast, A2058G, MAD1 and DMAD sample single 

distributions in the vicinity of the crystal value, indicating improved stacking. A single 

distribution also occurs in MAD2 though a wide range of COM distances are sampled in 

that system.  These results indicate increased stacking between A2058 and G2057 in 

A2058G, MAD1 and DMAD. Less favorable stacking with MAD2 is due to the N6 

methyl directed towards the G2057 base, thereby perturbing stacking, while the second 

methyl in DMAD overcomes this leading to enhanced stacking. Thus, in all modified 

systems alteration of the interactions between the bases of A2058 and G2057 are present. 

 

Figure 3.15 The probability distributions for WT, A2058G mutant and methyl 

modifications of telithromycin intramolecular distances (A) C3-O to C16-O, (B) C16-O 

to C6-O, (C) C3-O to C6-O, and (D) C3'-N and C26 as shown in the inset figure. The 

crystal structure values are shown as vertical black lines, while distributions are from the 

GCMC/MD simulations: WT (black), A2058G (red), MAD1 (green), MAD2 (blue), and 

DMAD (magenta). The probability distributions from telithromycin gas phase simulations 

without the ribosome are shown in orange. 
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Figure 3.16 The number of conformations for WT, A2058G mutant and methyl 

modifications of (A) COM distances between the base atoms of 2057 and 2058 and (B) 

angles between planes comprised by 2057 and 2058 base atoms. The probability 

distributions for (C) WC G2057 N1 to C2611 N3 distances. The crystal structure values 

are shown as vertical black lines, while distributions from the GCMC/MD simulations 

are shown as WT (black), A2058G (red), MAD1 (green), MAD2 (blue), and DMAD 

(magenta). 

  

 Perturbation of A2058-G2057 interactions would be communicated along the 

G2057 pathway via WC interactions of that base with C2611.  WC interactions between 

GC are high in all the systems indicating maintenance of base pairing (Figure 3.16C). 

This is consistent with experimental studies indicating that the orientation of G2057 and 

its base pairing with C2611 are important for maintaining the orientation of 2058, with 

the overall conformation of RNA being perturbed upon mutation of these bases.
45,46

 This 

allows the mutation/modifications to impact the orientation of C2611, C2610 and U2609. 
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C2610 and C2611 make VDW contacts with two of telithromycin's methyl groups, C2 

and C4 (Figure 3.1), which are 3.3 and 3.0 Å from the nearest non-hydrogen atoms on 

C2610 and C2611, respectively. In addition, C4 is also close to A2058, being 4.2 Å away 

in the crystal structure. Notably, in earlier generation macrolides the disruption of this 

interaction was thought to contribute to the loss of activity in A2058G mutants.
16

 To 

investigate the impact of the A2058 mutation and methylations on these interactions, 

their probability distributions were calculated (Figure 3.17). In all the systems there is an 

outward shift in the two shortest interactions by ~1 Å suggesting that the 100 K crystal 

structure distances are slightly too short, while in the WT the C4 to A2058 C2 interaction 

became shorter. In the A2058G mutant, the two short interactions are well maintained, 

consistent with the activity of telithromycin against the mutant.  The shift of the C4 to 

A2058G C2 distance is expected given the presence of an amine group at the C2 position 

in G. In the methyl modifications, the C2 is not substituted and the shift to larger 

distances is indicative that the methylations weaken the interactions and that the 

conformation of 2611 relative to telithromycin is altered in these systems. The less 

pronounced broadening and shift of the distance distribution in DMAD is presumably a 

result of more restrained conformational sampling as suggested by the lower RMSF for 

both telithromycin and C2611 (Figures 3.9, 3.10). Overall, the results indicate that 

perturbation of the G2057 communication pathway impacts interactions with the methyl 

groups to the largest extent with the monomethylations. 
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Figure 3.17 The probability distributions for WT, A2058G mutant and methyl 

modifications of the telithromycin C2-methyl to C2610 C4' (black), C4-methyl to C2611 

C5 (red), and C4-methyl to A2058 C2 (green). Corresponding crystal structure values are 

shown as vertical lines using the same color scheme. 

 

 The third and final communication network considered was the A2059 pathway 

(Figure 3.14). This involves the covalent connectivity of A2058 to A2062, which is 

facilitated by stacking of A2058 and A2059 as well as a short interaction between A2059 

C2 and A2062 N6 of 4 Å in the crystal structure. As performed above, stacking of 2058 

to 2059 was analyzed based on the COM distance and angle distributions (Figure 

3.18A,B). The stacking is well maintained in the WT and A2058G mutant, consistent 

with the activity of telithromycin in those species. The stacking is also well maintained in 

the double methylation while significantly perturbed in both the monomethylations. 

Concerning the A2059 C2 to A2062 N6 interaction, in the DMAD system this interaction 

is well maintained (Figure 3.19). Sampling of short distances also occurs in the other 
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systems, but sampling of longer distances is present. Sampling of the longest distances 

occurs with WT and the A2058G mutant, which may contribute to the larger fluctuations 

of the ARM in those systems. This differential behavior could impact interaction of the 

nucleotides in the A2059 pathway with telithromycin. Nucleotides 2058, 2059, and 2062 

come into VDW contact with the macrolactone of telithromycin.  Shown in Figure 3.18D 

are probability distributions of selected distances between these bases and methyls 

extending from the macrocycle. All systems tend to sample short distances, with DMAD 

having a tendency to sample shorter distances to a larger extent than the other systems. 

Similar trends were observed for interactions between telithromycin's C9 and C16 keto 

groups with A2059 and A2062 as well as with a ribosomal Lys residue whose Nz atom is 

within 4 Å of one of the keto groups (Figure 3.20).  

 The final step in the A2059 communication pathway from 2062 to the A752-

U2609 region involves indirect contacts. The region bordered by 2062, telithromycin, and 

752/2609 is empty in the crystal structure and, thus, may be assumed to be filled with 

water, which likely contributes to the high flexibility of telithromycin's ARM. Such 

flexibility may allow for VDW contacts between 2062 and the ARM. Shown in Figure 

3.18C are the distance distributions between C26 of telithromycin's pyridine and A2062 

C2. The WT samples the longest distances indicating that the imidazole-pyridine moiety 

does not come close to A2062 and thus communication via this interaction does not 

occur. The A2058G mutant samples the widest range of distances, including some short 

distances (~5 Å) that may perturb the heterocyclic ARM, potentially leading to the WC 

base pairing of A752-U2609 being altered. The methylated species mostly sample C26 

and A2062 C2 distances similar to those observed in the crystal structure. This limited 
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sampling is consistent with the RMS fluctuations of the ARM in these species. The 

exception is MAD2 that also samples shorter distances like the A2058G mutant and 

suggests that the MAD2 2058 modification may be propagated to A752-U2609 by a 

slightly different mechanism than the other methylated modifications. However, the lack 

of contact between A2062 and telithromycin's ARM heterocycle in the modifications 

indicates that the A2059 pathway is not as predominant as the G2057 pathway in the 

communication of 2058 mutation/modifications to A752-U2609. 

 

Figure 3.18 The number of conformations for WT, A2058G mutant and methyl 

modifications of (A) COM distances between base atoms of 2058 and 2059 and (B) 

angles between planes comprised by 2058 and 2059 base atoms. The probability 

distributions for all systems studied of the (C) telithromycin C26 to A2062 C2 distances 

and (D) telithromycin C6-methyl to 2059 C2 (black), C6-methyl to 2062 C2 (red), C8-

methyl to 2058 C2' (green), and C10-methyl to 2058 C2' (blue). The crystal structure 

values are shown as vertical black lines in (A – C) and in (D) using the same color 

scheme, while distributions from the GCMC/MD simulations are shown as WT (black), 

A2058G (red), MAD1 (green), MAD2 (blue), and DMAD (magenta) in (A – C). 
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Figure 3.19 The probability distributions of distances for A2059 C2 to A2062 N6. WT is 

shown in black, A2058G in red, MAD1 in green, MAD2 in blue, and DMAD in magenta.  

The crystal structure distance is shown as a black vertical line.   

 

 

Figure 3.20 The probability distributions for the distances between telithromycin O16 to 

A2059 P (black), O16 to Lys90 NZ (red), and O18 to A2062 N6 (green). Corresponding 

crystal structure distances are illustrated as vertical lines using the same color scheme.  

The inset figure illustrates the distances and orientations of the atoms from the crystal 

structure.  O16 refers to C16-ketone, O18 refers to C9-ketone.   
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3.4 Conclusion 

 Altogether, our findings indicate that hydrogen bonding between 2'-OH and 

A2058 is important for telithromycin activity. Telithromycin maintains activity in the 

A2058G mutant via hydrogen bonds between the 2’OH and the WC hydrogen bonding 

groups of guanine, while decreased sampling of short 2'-OH to A2058 distances in the 

monomethylated species contributes to their lowered activity. In addition, the 

mutation/methylations are predicted to alter base stacking interactions with 2057 and to a 

lesser extent with 2059. These perturbed stacking interactions are communicated to more 

remote regions of the ribosome that comprise the telithromycin binding pocket thereby 

contributing to changes in telithromycin’s activity in the methylated species. These 

changes occur through three potential pathways identified in this study: the telithromycin 

pathway, the G2057 pathway and the A2059 pathway. Analysis indicates the G2057 

pathway leads to the largest conformational changes, including alterations of interactions 

of nucleotides 2058, 2610 and 2611 with methyl groups on telithromycin and, 

importantly, perturbation of A752-U2609 base pairing and interactions of those bases 

with the ARM of telithromycin.  

 In the context of telithromycin activity in wild type and A2058-methylated 

ribosomes, studies suggest that high levels of A2058-dimethylated ribosomes are 

required to confer telithromycin resistance.
25

 Minimum inhibitory concentration (MIC) 

values for telithromycin are only marginally increased (~ 4-fold) in monomethylated 

ribosomes as opposed to 256-fold for erythromycin.
23

 The ability of telithromycin to 

maintain activity against monomethylated ribosomes has been proposed to result from 
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imidazole-pyridine to A752-U2609 stacking interactions that mitigate the effects of 

disrupted 2'-OH – A2058 hydrogen bonds
15,26,27,39

 and our findings coincide with this 

assessment. While hydrogen bonding does occur between telithromycin's imidazole and 

2609 in MAD1, the ARM and 752-2609 maintain distances and plane angles that are 

indicative of stacking in a large number of conformations and 752-2609 WC distances 

are sampled with a higher probability than non base-paired or non-stacked distances.   

 Recently, Melman and Mankin
47

 suggested that disruption of the 2'-OH – A2058 

N1 hydrogen bond was not the major reason that telithromycin activity is reduced in 

A2058-dimethylated ribosomes. They found that removal of the 2'-OH from 

telithromycin did not increase MIC values to the extent that Erm(A) expression did. In 

other words, disruption of the hydrogen bond was not the predominant explanation for 

loss of telithromycin activity. They propose that the major explanation for reduced 

telithromycin activity is more likely that the overall structure within the binding site is 

perturbed upon the introduction of methyl groups onto A2058 as a result of nonbonded 

interactions between the methyl groups and nearby crystallographic waters. The 

exocyclic A2058 N6 is within 4 Å of water molecules that are coordinated to Mg
+2

 that 

chelates the phosphate groups on G2056 and G2057. Accordingly, the authors suggest 

that interactions between the N6-methyl groups and water molecules lead to structural 

changes in the dimethylated ribosomes that reduce telithromycin activity.  The results 

presented here further suggest that the conformation of RNA in the macrolide binding 

pocket is perturbed in both the 2058 mutant and modified ribosomes. However, the 

present results indicate that this is due to altered base stacking interactions with 2057 and 

2059 that are propagated to other bases in the G2057 and A2059 pathways (Figure 3.14), 
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respectively. To test the hypothesis of Melman and Mankin,
48

 the distance between the 

exocyclic N6 of A2058 and the Mg
+2 

ion
 
were compared in the WT and mutant/modified 

systems (O6 in A2058G mutant). In all the systems except the mutant, the interaction is 

shifted by >1 Å indicating that the crystal structure distance is slightly too short (Figure 

3.21). The shift to shorter distances for the A2058G mutant is expected given that the 

exocyclic N6 amine of A is replaced by a keto group in G. The distribution of distances 

show a high degree of overlap between WT and DMAD indicating that the relative 

position of the magnesium ion does not change upon introduction of two methyl groups 

onto A2058. Moreover, the distribution for DMAD is sharper suggesting that 

dimethylation restricts the conformational sampling of the 2058 N6 to Mg
2+

 distance.   

 

 

Figure 3.21 The probability distribution of distances between 2058 N6/O6 and a nearby 

Mg
2+

 ion that chelates the phosphate groups of G2056 and G2057 and two 

crystallographic waters. Note that Mg
2+

 and crystallographic waters were included in the 

simulations.  Waters are excluded in the image for clarity. WT is shown in black, A2058G 

in red, MAD1 in green, MAD2 in blue, and DMAD in magenta.  The crystal structure 

distance is shown as a vertical black line. 
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 A particularly interesting result is the flexibility of the ARM in WT and the 

A2058G mutant versus that occurring in the methylated species. The fluctuations of the 

ARM are significantly higher than the rest of telithromycin in the WT crystal structure, 

corresponding to an average RMS fluctuation of 1.55 Å at 100 K over the non-hydrogen 

atoms in the heterocycles in the ARM. Thus, while stacking of the ARM with A752-

U2609 is occurring to some extent, this is clearly a dynamic region of the system. The 

flexibility of the ARM is consistent with kinetic studies of telithromycin binding to the E. 

coli ribosome, which show that telithromycin's shift from a low to a high-affinity state 

results from reorganization of the ARM.
49

  Given that this flexibility is large in both the 

WT and A2058G mutant and significantly lower in the methylated species, it suggests a 

scenario where entropic contributions associated with the flexibility of the ARM, and 

possibly the surrounding environment, makes a favorable contribution to binding. Upon 

methylation the mobility of the ARM is decreased, thereby contributing to a decrease in 

binding affinity. However, this is due to increased hydrogen bonding between the ARM 

and the A752 and U2609 nucleotides, interactions that could be exploited to improve the 

binding affinity. Essentially, a favorable entropic contribution to binding is being 

switched to a potentially favorable enthalphic contribution. Indeed, this appears to be the 

case with the recently published analog, solithromycin, in which the ARM imidazole-

pyridine moiety was replaced with a triazolyl-aminophenyl group allowing for additional 

hydrogen bonding with 752 as well as nearby 748.
48

 Namely, the hydrogen bonds lead to 

a favorable enthalpic contribution while decreasing the favorable entropic contribution 

which is consistent with the experimentally observed decrease in the RMS fluctuations 

from 1.5 to 1.0 Å for the ARM non-hydrogen atoms upon going from telithromycin to 
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solithromycin. While solithromycin shows improved activity compared to telithromycin 

against Erm-based modifications, which may be attributed to this hydrogen bonding, the 

presence of a C2-fluoro group not present on telithromycin may also contribute to 

improved binding. The C2-fluoro group appears to form a favorable (2.7 Å), hydrophobic 

interaction with C2611 thereby complicating interpretation of the contribution of ARM 

hydrogen bonding to affinity.  

 The results presented herein may be used to suggest modifications to 

telithromycin, or future ketolides, that could improve its binding to Erm-methylated 

ribosomes. These include modifying telithromycin's ARM to 1) engage in hydrogen 

bonding interactions with 752, 2609 and adjacent nucleotides, leading to an enthalpic 

contribution to binding or, on the other hand, 2) decrease the potential for such hydrogen 

bonding and/or increase the conformational flexibility in the ARM, leading to an entropy 

gain. Another region for potential improvement of binding against the methylated species 

involve modifying the macrolactone of telithromycin. The present calculations indicate 

the telithromycin methyl-base interactions to be longer in the modified ribosome. 

Accordingly, modifications to telithromycin that add steric bulk to the methyl groups 

nearby 2058, 2057, and 2611 may enhance VDW interactions with the ribosome that may 

also gain from an increased hydrophobic contribution to binding.  Such modifications 

will be guided by previous work showing that ketolides bearing C2 groups larger than F 

are devoid of activity
50

 as well as the results with solithromycin
48

 showing that C2-

fluorination may increase ketolide activity against Erm-based modifications.   
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Chapter 4 Investigation of in situ Click Chemistry Derived Macrolide Antibiotic 

Analogs in the Ribosome Using Site Identification by Ligand Competitive 

Saturation (SILCS)  

 

 Investigations were undertaken to understand the binding and in situ click 

chemistry efficiency of macrolide antibiotic analogs in the 50S E. coli ribosome using the 

Site-Identification by Ligand Competitive Saturation (SILCS) approach. Using a Monte 

Carlo sampling algorithm, the ligands were docked into the SILCS FragMaps to obtain 

ligand grid free energy scores (LGFEs). In the present study separate models were 

developed for the 1) overall binding affinity of macrolides and 2) the ability of alkyne-

derived moieties to undergo the click reaction.  In the first model, LGFEs were correlated 

to experimental dissociation constants for the assembled macrolide analogs and the 

predictive power of the LGFEs were shown to be dependent on the chemical structure of 

the alkyl-R group (ARM) moieties, which impacts the overall interaction of the 

macrolactone and desosamine moieties of macrolides with the ribosome. In the second 

model, click enhancement for the alkyne-derived fragments was determined to be 

dependent on normalized LGFE values, molecular weight, and hydrophobicity as 

estimated by logP values. These two models will allow for the prediction of ARM 

modifications that maximize the interaction of the macrolactone and desosamine moieties 

with the ribosome and whose alkyne analogs have a high probability of accessing the 

peptidyl-transfer pocket of the ribosome and undergoing the click reaction.  In particular, 

this approach should be used with SILCS maps generated based on modified ribosomes 
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that are known to be resistant to the macrolide class of antibiotics, including A2058-

modified ribosomes.  

 

4.1 Introduction 

 There is a critical need for antibiotics that address antibiotic resistance. 

Developing novel antibiotics is severely challenged by the short lag time between the 

availability of a new antibiotic and its associated clinical resistance. Bacteria reproduce 

rapidly and readily share genetic information thereby allowing for the widespread 

transfer of resistance mechanisms between bacterial species.  Hence, an expedited 

process for discovering highly potent antibiotics is required. 

 Fragment-based drug design (FBDD) is based on the idea that weakly-bound 

fragments that complex with the drug target may be linked to create a new drug. The use 

of fragments in drug design has been shown to yield a higher percentage of hits in high 

throughput screens (HTS) compared to traditional compound screens,
1-3

 meaning 

fragments are better able to predict activity than standard chemical libraries. In-situ click 

chemistry is an extension of fragment-based drug discovery that uses the drug target to 

template the synthesis of pharmaceuticals using smaller fragments that bind to the target. 

It has been demonstrated in a range of systems including HIV protease,
4
 protein-protein 

interactions,
5
  and transcriptional regulation

6,7
 as well as others.

8-14
 One of the most 

popular click chemistry reactions is the azide-alkyne Huisgen cycloaddition reaction.
15

 

When performed under in situ conditions, it yields both the 1,4 and 1,5 triazole thus 

allowing for the drug target to template synthesis of the regioisomer with the highest 
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binding affinity. 

 While the power of in situ click chemistry as a fragment-based drug discovery 

tool is without doubt, it suffers from the limitation that only a few fragments can be 

screened at a given time. Therefore, it is not amenable to screening of hundreds of 

fragments, let alone the millions that comprise the fragment universe.
1,16,17

 Computational 

FBDD methods, however, are not limited in this way and thus represent an ideal method 

for reducing the fragment universe to a tractable size for in situ click reactions. The Site-

Identification by Ligand Competitive Saturation (SILCS) method
18-20

 is a computational 

FBDD-based method that relies on molecular dynamics simulations of a drug target 

immersed in an aqueous solution of drug-like fragments and was presented in Chapter 1. 

It is applied here to the macrolide binding pocket of the E. coli 50S ribosomal subunit as 

a means to identify the types of chemical groups that enhance ligand binding affinities. 

Notably, this study employs two aspects of SILCS that will be briefly discussed in more 

detail. First, the application of SILCS to systems with occluded binding pockets
21

 is made 

possible by the use of an in-house Grand Canonical Monte Carlo-like (GCMC) algorithm 

that drives the insertion of the Tier II fragments
20

. Specifically, the excess chemical 

potential (μex) of the SILCS fragments and water are oscillated over many iterations of 

MC simulations, which allows for increased sampling of all fragments within the binding 

pocket leading to greater convergence. The excess chemical potential values are 

calculated from oscillating μex GCMC-MD simulations of the SILCS fragments in bulk 

water (no protein) as the μex needed to maintain a target concentration of 0.25M for each 

fragment and have been shown to be in good agreement with the experimental solvation 

free energies for each fragment.
21

 Furthermore, the use of an oscillating μex facilitates 
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convergence for fragment insertions due to higher acceptance probabilities than 

traditional Monte Carlo (MC) simulations.
21-23

 The second notable aspect of SILCS 

employed in this study is the use of FragMap Ligand Grid Free Energy (LGFE) scores in 

conjunction with MC sampling
20

 to generate ensembles of ligand conformations as a 

means of ligand docking. The ligands sample translational, rotational, and torsional 

degrees of freedom within the “field” of the FragMaps using a Metropolis-based MC 

sampling algorithm, which provides an ensemble of conformations whose overlap with 

the FragMaps can be evaluated to give the LGFE score (discussed in Chapter 1).  

 In the present work, the ligands are derived from the Huisgen cycloaddition 

reaction that has been applied to the 50S ribosome by Andrade et al.
24

 using a 

macrolactone-based azide and 15 alkyne-derived fragments, Figure 4.1. The assembled 

macrolide analogs and the alkyne-derived moieties are subjected to MC sampling in order 

to develop a model by which macrolide analogs and alkyne-derived fragments can be 

evaluated a priori to narrow down the number of fragments for the in situ reaction. 
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Figure 4.1 2D structures of fragment precursors for the in situ click chemistry. (A) The 

full ligand after the cycloaddition reaction including the regioisomers anti (1,4)- and syn 

(1,5)- analogs and (B) alkyne-derived fragments.  

 

 

4.2 Computational Methods  

4.2.1 SILCS Simulations 

 Calculations were performed using GROMACS,
25

 version 5.0 (developmental) 

and the CHARMM additive force field including the CHARMM22 protein with the 

CMAP correction,
26-28

 CHARMM36 nucleic acid,
29-32

 CHARMM36 carbohydrate,
33-38

 

and CGenFF
39

 (2b8) parameters and the TIP3P water model.
40

 The initial coordinates 

were obtained from a snapshot at 5 ns from a previous GCMC-MD simulation.
41

 The set-
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up was modified slightly to be performed in GROMACS: non-hydrogen atoms in the 

outer region (from 34 to 40 Å) were restrained using a harmonic positional restraint of 

10000 kJ/mol/nm
2
 (24 kcal/mol/Å

2
) and non-hydrogen atoms in the buffer region were 

restrained using a harmonic positional restraint of 2500 kJ/mol/nm
2
 (6 kcal/mol/Å

2
). 

Atoms in the inner region of 28 Å were not restrained. In all cases, ribosome positional 

restraints used the initial coordinates (above) as reference. 

 For SILCS simulations, telithromycin and all waters were removed. Water and the 

remaining fragments were maintained within a sphere using a spherical flat-bottomed 

potential of 4184 kJ/mol/nm
2
 (10 kcal/mol/Å

2
), which is implemented in GROMACS 

version 5.0. Fragments were subjected to a flat-bottom potential extending 20 Å from the 

center of the system (set at the origin) with the restraint assigned to the following atoms 

of each fragment: propane C2, benzene CG, methylammonium CE, acetate C1, methanol 

CB, formamide C, imidazole CG, and acetaldehyde C.  Waters were subjected to a flat-

bottom potential extending 45 Å from the center with the positional restraint applied to 

the oxygen.   

 The GCMC-SILCS procedure has been described in detail elsewhere (Chapter 

2),
21

 such that the details of the general methodology will only briefly be addressed as 

they pertain to the simulations presented here. The macrolide binding pocket is primarily 

RNA and hence the charged nucleic acid backbone tends to favor the insertions of water, 

thereby limiting the insertions of hydrophobic fragments.  Hence, an initial phase of 

150,000 MC steps was performed in which all fragments except water were inserted, then 

an additional “flooding” phase of 4,000,000 MC steps was performed for water only 

using an insertion radius of 45 Å. This radius was selected because it extends beyond the 
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ribosome sphere and guarantees that all Mg
2+

 ions are solvated. The two phases were 

followed by a steepest decent (SD) minimization of 2000 steps using a force tolerance of 

10 and maximum step size of 0.01 nm, in which positional restraints on the ribosome 

were removed, and 75 ps of molecular dynamics (MD) with a 1 fs time step to relax the 

system around the newly placed fragments.  

 GCMC-SILCS simulations were performed using 10 runs of 500 cycles each (a 

total of 500 ns cumulative MD simulation time) with each cycle consisting of MC, 

energy minimization, equilibration, and production. MC was performed for 150,000 steps 

using a radius of 20 Å. All fragments were given equal sampling time with a random 

assignment of the fragment insertion order. A cutoff of 15 Å beyond the sphere was used 

for calculation of the energies for each MC step.  After each cycle of MC, relaxation of 

the system around the newly placed fragments and waters was accomplished with 500 

steps of SD using a force tolerance of 10 and maximum step size of 0.01 nm. MD 

simulations were performed at 298 K using the LINCS
42

 algorithm for covalent bonds 

involving hydrogens and the leapfrog integrator (GROMACS integrator “md”). 

Nonbonded interactions were treated using grid neighbor searching employing a group 

cutoff-scheme with a cutoff of 10 Å. Neighbor lists were updated every 10 steps. A 

switching function was applied to the van der Waals energy terms from 5 to 8 Å, while 

the electrostatics were treated using Reaction-Field-Zero with a cutoff of 8 Å. 

Equilibration was accomplished using 50 ps of MD employing a 1 fs time step.  

Generation of the fragment maps was based on 100 ps production MD using a 2 fs time 

step, with coordinates saved every 2 ps. Coordinates from the last snapshot of the 

production phase were used to initiate a new cycle of GCMC. FragMaps were generated 
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for the atom types: benzene carbons, propane carbons, acetaldehyde oxygen, formamide 

oxygen, formamide nitrogen, imidazole nonpolar nitrogen, imidazole polar nitrogen, 

methanol oxygen, methylammonium nitrogen, and acetate oxygens following the 

protocol outlined in previous SILCS papers
18-21,43-45

. Notably, the generation of hydrogen 

bond donor maps (i.e. imidazole, methylammonium, formamide, methanol) is now based 

on the non-hydrogen atom directly bonded to the hydrogen, which prevents the 

overestimation of the LGFE for ligands bearing multiple hydroxyl groups (e.g. ligand 

29). 

 

4.2.2 SILCS-MC Sampling 

 Each ligand was generated using MOE
46

. The macrolactone ring coordinates were 

obtained from PDB ID 3OAT
47

 with the aniline ring replaced by the R group of interest 

(Figure 4.1). The alkyne-derived fragment coordinates were generated by removing the 

macrolactone and desosamine rings and replacing the triazole ring with an alkyne. For 

each ligand, an ensemble of conformations was generated using an in-house Monte Carlo 

sampling algorithm described previously.
20

  Sampling of translational, rotational, and 

torsional degrees of freedom was allowed using a flat-bottom potential of 10 Å. For the 

assembled macrolide analogs, the initial coordinates of the macrolactone and desosamine 

were based on the crystal structure coordinates. Sampling was accomplished using 100 

runs each consisting of two phases. In the first phase 100,000 MC steps are performed 

with translations allowed to vary by 1 Å, rotations by 180°, and torsions by 180° in each 

MC step. The second phase involves a simulated-annealing (SLOWCOOL) phase of 
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50,000 MC steps with translations allowed to vary by 0.2 Å, rotations by 9°, and torsions 

by 9° in each MC step with conformations saved every 1,000 steps. Only conformations 

from the second phase are collected for analysis giving a total of 5000 conformations for 

each ligand. For the alkyne-derived moieties, 1000 runs were performed in which the 

alkyne was randomly oriented within 15 Å of the center of the binding pocket until an 

orientation is found with LGFE < 0. Sampling for each run was accomplished using 

40,000 MC steps in which the move set was randomly generated in each step. The lowest 

energy conformation from each run was then subjected to a simulated annealing-based 

MC minimization of 10,000 steps. The final coordinates of each run were collected for 

analysis. 

 The calculation of LGFE values has been described previously
20

 and is presented 

here to highlight details specific to this study. Unnormalized LGFE values were 

calculated by summing the GFE values for each atom in the congeners over each 

snapshot to calculate the Boltzmann average LGFE. Normalized LGFE values were 

calculated by first dividing the Boltzmann average LGFE by the total number of 

classified atoms as determined using a set of rules that classifies each atom type into a 

FragMap type. As opposed to previous SILCS studies, the rules used for classification of 

the ligand atom types into FragMap classes in this study did not include hydrogens. Then 

the values were multiplied by the total number of non-hydrogen atoms to yield the 

normalized LGFE. For the macrolide analogs, normalized LGFE values were also 

calculated for subsets of ligand atoms: macrolactone+desosamine and ARM. The ARM is 

defined as the alkyl-R group moiety extending from N11 (Figure 4.1A), while the 

macrolactone+desosamine atoms correspond to the macrolactone ring and D-desosamine 
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ring extending from C5. Predictive indices values were calculated according to Pearlman 

and Charifson
48

 and rank from -1 (negative correlation) to +1 (positive correlation). 

 Multiple regression analysis for the alkyne-derived moieties was performed in 

Microsoft Excel using the normalized LGFE, molecular weight, and logP values. The 

logP values were calculated using MOE
46

. Analysis was performed to fit the natural 

logarithm of the sum % of click enhancement, as determined by the Andrade 

laboratory
24

.  

 

4.3 Results and Discussion 

Dissociation constants were compared to ligand grid free energies (LGFEs) 

obtained from the Site-Identification by Ligand Competitive Saturation (SILCS) 

approach.
18-20

 SILCS harnesses the power of molecular dynamics simulations to map the 

functional group affinities of the 50S ribosome. This is achieved by performing a number 

of MD simulations of the 50S ribosome in the presence of explicit water and ~ 0.25 to 1 

M fragments. The fragments include benzene, propane, formamide, acetaldehyde, 

acetate, methylammonium, and methanol, which is referred to as Tier II SILCS
20

. They 

represent a diverse set of small molecules representing hydrophobic and hydrogen 

bonding groups, including both charged and neutral species. In addition, imidazole is 

included to represent a heterocycle as well as both an additional neutral donor and 

acceptor.  During the simulations, the fragments interact with all regions within the 

macrolide binding pocket of the 50S ribosome using a Grand Canonical-like Monte Carlo 

approach
21

 optimized for occluded pockets like that in the 50S ribosome. 3D probability 
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maps (FragMaps) are generated that are normalized with respect to the fragments in 

solution alone and converted to free energies (called Grid Free Energies, GFEs). Ligand-

based GFEs (LGFEs) are used to estimate the binding affinity for each product from the 

in situ click chemistry and are computed using an ensemble of ligand conformations, 

which has been shown to lead to significant improvements in the quantitative ranking of 

ligands.
20

 Ensembles are generated for each congener using a Metropolis-based Monte 

Carlo sampling algorithm
20

 that samples translational, rotational, and torsional degrees of 

freedom within the “field” of the FragMaps. LGFEs are calculated based on the overlap 

of the ensemble with the FragMaps and compared to experimental dissociation constants.  

 Dissociation constants for each of the in situ click products were converted to 

ΔGs (kcal/mol) for direct comparison to the calculated LGFE values via regression 

analysis. In addition, predictive indices (PI)
48

 were calculated to measure how well the 

LGFE values quantitatively rank the experimental data. PI values indicate how well a 

metric orders the relative binding of a congeneric series. The normalized LGFE values 

for each compound are shown in Table 4.1 for the full ligands, 

macrolactone+desosamine, and ARM moieties. Their predictive index is calculated to be 

-0.22 indicating that the LGFE values are not an accurate predictor of binding affinity. In 

the present congeners, the macrolactone and desosamine sugar remain unchanged while 

the ARM moieties extending from N11 differ. These are derived from the alkyne 

precursors (Figure 4.1) in the in situ click reaction. Given the relatively small differences 

in the dissociation constants (i.e. Kd = 0.6 to 3.5 nanomolar) despite the structural 

differences in these moieties, further analysis was undertaken to determine the individual 

contributions to the binding affinity, Figure 4.2.  
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Table 4.1 Rank-ordering of triazoles 1, 19-32 and azide fragment 2 by dissociation 

constants (Kd) for 70S E. coli ribosomes in nM by fluorescence polarization along with 

experimental ΔG values (kcal/mol), calculated normalized Ligand Grid Free Energies 

(LGFEs, kcal/mol) and ligand efficiencies from SILCS. LGFEs and ligand efficiencies are 

calculated for the total molecule, ARM, and macrolactone+desosamine (Macro+Des) 

parts, where the ARM is defined as the four carbon alkyl linker and heterocycle extending 

from N11. The predictive indices
48

 are calculated for each type of LGFE and ligand 

efficiency. 

ID Kd (nM) 

ΔG 

(kcal/mol) 

Total LGFE 

(kcal/mol) 

ARM 

LGFE 

(kcal/mol) 

Macro+Des 

LGFE 

(kcal/mol) 

SOL (1) 0.63 ± 0.1 -12.54 -49.67 -16.20 -35.38 

32 0.79 ± 0.12 -12.41 -51.83 -17.09 -35.30 

19 1.05 ± 0.14 -12.24 -48.72 -14.01 -35.33 

25 1.09 ± 0.12 -12.22 -48.70 -14.87 -35.57 

23 1.26 ± 0.15 -12.13 -52.16 -17.19 -34.27 

24 1.41 ± 0.15 -12.06 -50.83 -15.50 -34.86 

28 1.53 ± 0.14 -12.02 -47.80 -14.27 -35.83 

21 1.57 ± 0.15 -12.00 -50.82 -16.23 -35.24 

22 1.74 ± 0.21 -11.94 -52.61 -17.81 -35.08 

27 1.84 ± 0.16 -11.91 -47.93 -13.64 -34.70 

Azide 2 2.12 ± 0.39 -11.82 -38.85 -5.04 -35.85 

31 2.43 ± 0.23 -11.74 -49.49 -15.15 -34.80 

30 2.48 ± 0.25 -11.73 -48.96 -13.91 -35.37 

26 2.52 ± 0.23 -11.72 -49.18 -15.39 -34.93 

20 3.50 ± 0.51 -11.53 -52.86 -18.55 -34.91 

29 4.96 ± 0.39 -11.32 -52.90 -18.10 -34.81 

PI    -0.22 -0.14 0.37 
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Figure 4.2 The individual contributions to the total LGFE attributed to the 

macrolactone+desosamine and ARM moieties.  

 

 Determining the individual contributions of the macrolactone+desosamine and 

ARM moieties exploits the atom-based scoring method using in computing the LGFE 

values. The LGFE values are a sum of the individual atomic grid free energy 

contributions of classified atoms in each ligand, as previously described.
20

 Based on the 

atom-based assumption, the LGFEs were decomposed into two constituent parts: 1) the 

unperturbed macrocycle + desosamine sugar and 2) the ARM, which is defined as the 

four carbon alkyl linker extending from N11 + the alkyne-derived moiety, including the 

triazole (Figure 4.1). The normalized LGFE values calculated based on these parts are 

shown in Table 4.1. The macrolactone+desosamine LGFE values are somewhat 

predictive of the ΔG values. Their predictive index is calculated to be 0.37 and a 

correlation plot of macrolactone+desosamine LGFE versus ΔG values, Figure 4.3, shows 

an R
2
 value of 0.07. This indicates that the LGFE values calculated based on the 
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macrolactone+desosamine alone have some predictive capabilities of the experimental 

trends in dissociation constants as evidenced by positive predictive indices. Yet, the 

correlation of the ΔG to the macrolactone+desosamine LGFEs is low, which most likely 

is due to the small differences between the ΔG values. The magnitude of the LGFE 

values compared to the total LGFE values indicates that the macrolactone+desosamine 

have the largest contribution to binding. Presumably, these favorable interactions arise 

from hydrophobic interactions of the macrolactone ring with the walls of the exit tunnel, 

as well as hydrogen bonding and electrostatic interactions (viz. salt bridges) between the 

desosamine and bases 2058 and 2505, respectively. 

 

Figure 4.3 ΔGs (kcal/mol) versus the normalized macrolactone+desosamine LGFEs 

(kcal/mol). The red line indicates the linear regression of the data, which represents an 

R
2
 of 0.07. Equation for ΔG versus Normalized Macrolactone+Desosamine LGFE: 

𝑦 =  0.37 𝑥 −  30.75. 
 

 The normalized LGFE values for the ARM show a predictive index of -0.14, 

indicating that the LGFE values are negatively correlated with the ΔG values. As 

mentioned, the small differences in the ΔG values despite structural changes in the 
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alkyne-derived moieties points to the fact that the ARM is not the driving force for 

binding. Instead, the binding affinity of the congeners comes from the 

macrocycle+desosamine. This is further evidenced when the congeners are compared to 

other macrolides, such as clarithromycin and azithromycin that lack ARMs yet bind with 

affinities similar or better to those presented here (ΔGazithromycin = -14.17 kcal/mol and 

ΔGclarithromycin = -11.95 kcal/mol). Since the major contribution to binding is derived from 

the macrolactone+desosamine, whose normalized LGFE values show a positive 

predictive index, it is expected that the normalized total LGFEs would also show some 

positive predictive power. However, the opposite is true. This suggests that while the 

ARM is not directly impacting the binding affinity, it is somehow affecting the affinity of 

the molecule as a whole. Previous molecular dynamics studies of telithromycin bound 

within the 50S E. coli subunit
41

 have demonstrated that the ARM region is dynamic. 

Similarly, it is likely that the sampling of the ARM in these studies is affecting the 

conformation of the macrocycle+desosamine and thus is indirectly impacting the overall 

binding affinity of the congener. These results lead us to suggest the following scenario.  

The binding of solithromycin and related macrolides are dominated by the 

macrolactone+desosamine moieties with the impact of the ARM moiety not being 

dominated by its own binding affinity, but by its impact on the affinity of the 

macrolactone+desosamine moieties.  This is important as it allows for implementation of 

a rational drug design strategy in which variations in the ARM are selected to maximize 

interactions of the macrolactone+desosamine moieties with the ribosome.  Of course, in 

such a scenario, any improvement in the affinity of the ARM for the ribosome would 

contribute to the overall binding affinity of the macrolide, and therefore should also be 
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pursued simultaneously. 

 The click chemistry methodology is based on the binding of the individual species 

to the target system, which leads to their alignment and subsequent reaction to generate a 

product.  This templating process will thus yield compounds that are specific for the 

target system.  It may also be anticipated that the tighter the binding of the individual 

species to the target system would lead to higher click enhancement as well as high 

binding affinities of the products.  To test this assumption we compared the binding free 

energies (Table 4.1) with the overall enhancement rates, which were calculated as the 

sum of the normalized anti, syn and mixed enhancements as reported to us from the 

Andrade laboratory
24

 and shown in Table 4.2. As may be seen from Figure 4.4, there is 

no evident correlation between the affinities of the products and the enhancement rates, 

which is not unexpected given the observation that the ARM moieties are not directly 

contributing to binding. However, it motivated analysis of the relationship of the LGFEs 

and other physical properties of the individual alkynes in the enhancement rates. 

 

Figure 4.4 The correlation of the ΔG values for the full ligand to the experimental click 

enhancements for the alkyne-derived fragments. 
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Table 4.2 Sum of mass count % increases, natural logarithm of the sum %, logP, 

molecular weight (MW) and predicted natural logarithm of the sum % for triazoles 1, 19-

32 and azide fragment 2 (with rank ordering preserved from Table 4.1). The predictive 

indices 
48

 are calculated for the predicted mass count % increase versus the experimental 

mass count % increase. 

ID Kd (nM) 

Sum mass 

count % 

increase 

ln (sum mass 

count % 

increase) 

logP 

Normalized 

LGFE 

(kcal/mol) 

MW 

Predicted ln 

(sum mass 

count % 

increase) 

SOL 

(1) 

0.63 ± 0.1 

59 4.08 1.75 -8.88 117.15 2.79 

32 0.79 ± 0.12 5 1.61 0.04 -10.52 125.17 1.78 

19 1.05 ± 0.14 27 3.30 2.11 -7.75 118.13 3.95 

25 1.09 ± 0.12 85 4.44 1.15 -7.32 103.12 3.93 

23 1.26 ± 0.15 7 1.95 2.30 -10.71 145.21 2.11 

24 1.41 ± 0.15 18 2.89 2.34 -9.45 132.16 2.66 

28 1.53 ± 0.14 7 1.95 0.34 -8.73 106.13 2.67 

21 1.57 ± 0.15 86 4.45 2.08 -8.39 127.15 3.77 

22 1.74 ± 0.21 14 2.64 3.01 -10.82 152.14 1.95 

27 1.84 ± 0.16 100 4.61 1.91 -7.10 108.16 4.20 

31 2.43 ± 0.23 10 2.30 1.51 -9.47 110.16 1.82 

30 2.48 ± 0.25 6 1.79 2.00 -8.64 112.17 2.74 

26 2.52 ± 0.23 6 1.79 2.54 -8.27 120.13 3.25 

20 3.50 ± 0.51 3 1.10 3.36 -12.30 170.13 1.07 

29 4.96 ± 0.39 5 1.61 -2.01 -14.88 218.21 1.83 

PI       0.83 
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 For a congener to have a high click enhancement (as indicated by a high percent 

increase in mass counts), the azide and alkyne precursors must bind with high affinity to 

the binding pocket on similar time scales and also have orientations that favor the 

Huisgen cycloaddition reaction. The azide is constant in the in situ click reaction and 

since it does bind with high affinity the mass count % increase is based on the alkyne 

precursor. Table 4.2 shows the mass count % increase for each alkyne fragment from 

mass spectrometry, logP(octanol/water) squared, normalized LGFE for the alkyne 

fragment, and molecular weight (MW). Multiple regression analysis was undertaken 

against the natural log for each mass count % increase, which is analogous to a 

Boltzmann transformation. The predicted click enhancement obtained from regression 

against normalized LGFE, logP squared, and MW are plotted against the experimental % 

increase in Figure 4.5, yielding an R
2
 value of 0.64 and predictive index of 0.83, which 

indicates that a combination of these properties is contributing to the click enhancement 

rate. 

As mentioned, the mass count % increase of a congener depends on whether the 

alkyne fragment favorably binds in the vicinity of the azide reactant. Notably, the 

normalized LGFE values for the alkyne fragments are a measure of the binding affinity 

for each moiety. However, if the binding is too favorable in one region, the alkyne-

derived moiety will not effectively sample the entire binding pocket and therefore may 

not find an orientation suitable for the cycloaddition reaction. This is exemplified in the 

slope for the normalized LGFE contribution to the predicted mass count % increase being 

positive (+1.12) meaning that the more favorable the LGFE (more negative), the smaller 

the mass count % increase. 
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Figure 4.5 The experimental mass count % increases versus the predicted mass count % 

increases. The red line indicates the linear regression of the data, which represents an R
2
 

of 0.64. Equation for predicted click enhancement versus experimental click 

enhancement from multiple regression analysis: 𝑙𝑛(𝑠𝑢𝑚 % ) = 1.12 𝐿𝐺𝐹𝐸 −
0.12 (𝑙𝑜𝑔𝑃)2 + 0.06 𝑀𝑊 + 6.30. 

 

 The ability of the alkyne-derived moiety to get into the binding pocket also affects 

the mass count % increase because the cycloaddition reaction will not proceed in the 

absence of the alkyne precursor. Bulkier fragments have a harder time entering the 

binding pocket, which is evidenced by the slope of the MW contribution to the predicted 

mass count % increase being positive (+0.06). Though this value is small, suggesting that 

the size of the alkyne-derived fragment is not the dominant factor in determining the 

predicted % increases. As a measure of hydrophobicity, logP is also indicative of whether 

an alkyne fragment will enter the pocket or not. The macrolide binding pocket is 

predominantly RNA, thus hydrophilic moieties have higher binding affinities because 

they bear hydrogen bonding functional groups. The slope for the (logP)
2
 contribution to 
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the mass count % increase is -0.12, indicating that alkyne-derived fragments that are 

more hydrophilic (more negative logP) will increase the mass count % increase. 

However, as indicated by the parabolic term in the logP values, alkyne-derived fragments 

that are too hydrophobic or hydrophilic will lead to lower click enhancement, presumably 

because these fragments are unable to partition themselves from water to the hydrophobic 

macrolide binding pocket of the ribosome.  

The motivation underlying the in situ click method is to identify novel high 

affinity macrolides that are active against resistance bacteria.   In the present study 

separate models were developed for the 1) overall binding affinity of macrolides and 2) 

the ability of alkyne-derived moieties to undergo the click reaction.  These two models 

will allow for the prediction of ARM modifications that maximize the interaction of the 

macrolactone and desosamine moieties with the ribosome and whose alkyne analogs have 

a high probability of accessing the peptidyl-transfer pocket of the ribosome and 

undergoing the click reaction.  In particular, this approach should be used with SILCS 

maps generated based on modified ribosomes that are known to be resistant to the 

macrolide class of antibiotics, including A2058G mutants and methylated A2058 

ribosomes. 
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Chapter 5 Polarizable Force Field for Small Ketones and Aldehydes Based on the 

Classical Drude Oscillator 

 

5.1 Introduction 

Molecular mechanics force fields (FFs) have been used extensively in computer 

simulations for exploring complex biological phenomena. The majority of these 

simulations employ Class I additive force fields that is based on the potential energy 

function shown in Equation 5.1. While the use of Class I additive FFs have yielded 

excellent agreement with experimental properties for a variety of systems, they exclude 

explicit polarizability. This is a major drawback because the electron distribution of a 

molecule is influenced by the surrounding environment. Thus, models that include the 

explicit treatment of polarization have been the subject of ongoing work for over 30 

years.
1
  

To account for the fixed charged approximation in additive force fields 

polarization is treated in a mean-field way by adjusting the partial atomic charges to 

overestimate the gas phase molecular dipoles and hence the electrostatic interactions of 

the molecule in aqueous systems are more accurately treated. While including 

polarizability implicitly has fortuitously shown good agreement between condensed 

phase and experimental molar volumes and heats of vaporization
2-6

 as well as solvation 

free energies
7-10

, there is room for improvement in these properties as well as for use in 

biomolecules.
11

  Indeed, recent advances in polarizable force fields are now yielding 
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improvements in a range of systems.
12-20

  

 

𝑈(𝑅⃗ ) =  ∑ 𝐾𝑏(𝑏 − 𝑏0)
2 + ∑ 𝐾𝜃(𝜃 − 𝜃0)

2
𝑎𝑛𝑔𝑙𝑒𝑠 + ∑ 𝐾𝜒 (1 +𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠𝑏𝑜𝑛𝑑𝑠

𝑐𝑜𝑠(𝜂𝜒 −  𝛿))  + ∑ 𝐾𝑖𝑚𝑝( 𝜑 − 𝜑0)
2

𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟𝑠 + ∑ (𝜀𝑖𝑗 [(
𝑅𝑚𝑖𝑛𝑖𝑗

𝑟𝑖𝑗
)
12

−𝑛𝑜𝑛𝑏𝑜𝑛𝑑

(
𝑅𝑚𝑖𝑛𝑖𝑗

𝑟𝑖𝑗
)
6

 ] + 
𝑞𝑖𝑞𝑗

𝜀𝑟𝑖𝑗
) Equation 5.1 

 

Parametrization of polarizable FFs is an active area in FF development. Explicit 

treatment of polarizability introduces a new term into the potential energy function, 

Upolar.
21,22

  Current polarizable FFs differ in the method used to treat Upolar including the 

use of induced dipoles,
23-27

 fluctuating charges,
28-34

 or the classical Drude oscillator.
21,35,36

  

Briefly, in the induced dipole model, the functional form of Upolar is based on introducing 

an induced dipole onto each atom in addition to the partial atomic charge. This is 

performed in the AMOEBA polarizable FF, in addition to treatment of the static 

contribution to the electrostatics with a multipole expansion out to quadrapoles.
17,37,38

  

The fluctuating charge model, also known as the charge equilibration model, is based on 

allowing the partial atomic charges to fluctuate in response to the electric field. The 

polarization energy is related to the absolute (Mulliken) electronegativity
39,40

 and the 

hardness of the atom,
41

 which themselves are dependent on the electron affinity and 

ionization potential of an atom and are measures of the ability of the electronic 

distribution to distort in response to the electric field.  The CHARMM CHEQ polarizable 

force field is based on the fluctuating charge model and work by Berne, Friesner and 

coworkers using both fluctuating charge and induced dipole treatments of electronic 
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polarization.  Other efforts include the POSSUM model that is based on induced dipoles. 

Models based on the classical Drude oscillator
42-44

  (also known as Shell or 

charge-on-spring (COS) models) account for polarization by introducing a massless, 

charged particle, referred to as the Drude oscillatory, that is harmonically attached to the 

nucleus of the parent atom.  The atomic polarizability in the Drude FF is simply the 

Drude charge squared divided by the force constant on the harmonic term between the 

Drude particle and the atomic core.  In practice, the charge on the nucleus is adjusted to 

account for the partial atomic charge on the atom.  Thus, for a fixed set of atomic 

positions, the Drude particles can relax in the surrounding electric field yielding the 

polarization response.  This relaxation can be performed via energy minimization which 

is equivalent to a self-consistent field (SCF) calculation. However, due to the 

computational demand of treating the Drude particles via a SCF calculation, in practice 

Drude particles are instead treated as classical dynamic variables in the context of an 

extended Lagrangian formalism.
45

 This is achieved by assigning a small mass (0.4 AMU) 

to the Drude particle from the parent atom and applying specific thermostats to the real 

versus the virtual Drude particles. Additionally, for computational expediency, Drude 

particles are not attached to hydrogen atoms in the Drude force field developed in this 

study.  More detailed descriptions of the polarizable force fields have been published 

elsewhere. 
21, 22

  

Development and optimization of the CHARMM Drude polarizable FF has been 

the subject of ongoing work in our laboratory in collaboration with Roux and coworkers 

since 2001.
43

 To date, lipid
12

, protein
16

, DNA
18

 and limited carbohydrate
13,46,47

 

parameters are available. The work presented here details parametrization of small 
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molecule aldehydes and ketones (viz. acetaldehyde, propionaldehyde, acetone, and 

butanone) as shown in Figure 5.1 as well as their associated acyclic sugars (D-allose and 

D-psicose) as part of the development of a comprehensive polarizable force field for all 

biomolecule types. Given that Drude FF parameters are optimized with transferability in 

mind, the acyclic sugars can be considered as an extension of the polyols previously 

parametrized in this laboratory
13

 with the addition of a ketone or aldehyde functionality. 

Currently, the CHARMM Drude polarizable FF does not support small ketones and 

aldehydes, thus the present work describes their optimization. Subsequently, these 

parameters are used in combination with the existing polyol parameters in the 

optimization of D-allose and D-psicose. 

 

 

Figure 5.1 Acetone (ACO), acetaldehyde (AALD), butanone (BTON), and 

propionaldehyde (PALD) with corresponding atom types from the CHARMM Drude FF. 

Methyl hydrogens are omitted for clarity. 

 

5.2 Computational Methods 

Calculations were performed with the program CHARMM, version c38a1
48

, and 

the Drude force field
12,13,16,18,46,47

. All MD simulations employed a 1 fs time step and 



 

178 

 

were performed at 298 K unless otherwise noted. Periodic boundary conditions and the 

velocity Verlet integrator were used in all condensed phase MD simulations.
45

 Quantum 

mechanical (QM) calculations were performed using Gaussian03
49

 and QCHEM
50

. 

 Internal parameters (bonds and valence angles, equilibrium values and force 

constants, and the dihedral force constant, phase and multiplicities) were optimized 

targeting QM geometries and vibrational data performed at the MP2/6-31G(d) level of 

theory. Bond and angle parameters were verified using crystal survey data
51

 as performed 

previously for the additive CHARMM model for acetone and acetaldehyde
52

. Force 

constants for the bonds and angles were adjusted to fit QM vibrational target data. MM 

vibrational frequencies were obtained using the MOLVIB
53

 utility in CHARMM which 

was also used to determine the spectra potential energy distributions. QM frequencies 

were scaled by 0.9434.
54

  Dihedral parameters were fit using a least squares fitting 

algorithm that has recently been described in detail.
55

  

 For transferability, optimization of the electrostatic parameters (i.e. charges, 

polarizabilities (alpha) and Thole scale factors
56

) was first performed for acetone and 

acetaldehyde, with the final parameters transferred to butanone and propionaldehyde, 

respectively, by adding a methyl group whose electrostatic parameters were derived from 

ethane. Initial nonbonded parameters for acetone and acetaldehyde were obtained using 

GAAMP, a web utility that utilizes CHARMM's FITCHARGE module. Default values 

for the 1-4 interaction scaling factors, weights for water interactions, and weights for 

Thole and polarizability constraints were employed, while the MP2/6-31G(d) level of 

theory was used to generate potential energy scans used as target data to fit the torsion 

parameters. For acetone, the methyl carbons and methyl hydrogens were considered 
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equivalent, while only geminal hydrogens were considered equivalent for acetaldehyde. 

The partial atomic charge of oxygen was restrained at 0 using a charge restraint of 10.  

 Optimization of the partial atomic charges, alpha and Thole values were 

performed targeting dipole moments and molecular polarizabilities obtained at the 

MP2/6-31+G(d)//MP2/cc-PVQZ model chemistry. The position of the lone pairs (LP) of 

the oxygen atom was directly taken from the Drude model of N-methyl acetamide 

(NMA) 
57

. Anisotropic polarizabilities
58

 on the oxygen atoms were used as obtained from 

GAAMP. Partial atomic charges were fit to reproduce QM dipole moments using an 

automated Monte Carlo simulated annealing procedure
59

 and refined targeting molecular 

polarizabilities such that the MM molecular polarizability was roughly 70-85% of the 

QM molecular polarizability.
21,43,60-62

  Partial charges were verified for acetone and 

acetaldehyde using water interactions obtained at the MP2/6-31G(d)//MP2/cc-PVQZ 

levels of theory with counterpoise correction for basis set superposition error (BSSE).
63, 64

 

Acetone and acetaldehyde electrostatic parameters were then transferred to butanone and 

propionaldehyde, respectively, as described above, with manual adjustments made to the 

partial atomic charge, alpha and Thole values to better reproduce the dipole moments of 

multiple conformations of these molecules.  

 Lennard-Jones (LJ) parameters were optimized targeting experimental data for all 

small model compounds (acetone, butanone, acetaldehyde, and propionaldehyde), 

including neat liquid heats of vaporization (ΔHvaporization) and molar volumes (Vm) using 

condensed phase molecular dynamics (MD) simulations as in previously published 

parametrization studies.
13,65-71

 Gas-phase simulations were used to calculate the 

intramolecular contributions to ΔHvaporization. Condensed phase MD simulations used an 
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isotropic long range correction (LRC).
72

 Neat liquid simulations were performed using a 

box of 125 pre-equilibrated solute molecules. Solvated liquid simulations were performed 

using a solute molecule immersed in a box of 250 SWM4-NDP water molecules.
73

 All 

properties were calculated based on the average of 4 independent simulations that 

differed based on the random seed used to assign the velocities. Heats of vaporization and 

molecular volumes were calculated from the last 600 ps of 1 ns MD simulations 

performed at the following temperatures (acetone=298 K, butanone=314 K, 

acetaldehyde=283 K, propionaldehyde=298 K). The free energies of solvation and 

dielectric constants were used to verify the external parameters and, when necessary, 

tweak the LJ parameters. Dielectric constants were calculated using 2 ns simulations at 

temperatures which experimental dielectric constants were obtained (acetone=293.2 K, 

butanone=293.2 K, acetaldehyde=291.2 K, propionaldehyde=290.2 K). Averages were 

obtained from the last 1.9 ns. Free energies of solvation were obtained from free energy 

perturbation (FEP)
74

 simulations as previously described,
65,75

 by performing 50 ps 

equilibration and 100 ps production simulations for each lambda window. Averages were 

obtained from the production phase.  

  

5.3 Results and Discussion 

The results presented here represent those based on the final set of optimized 

parameters after self-consistent optimization of both the nonbonded and bonded terms. 
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5.3.1 Nonbonded parameters 

Table 5.1 shows the QM and MM dipole moments for acetone (ACO), butanone 

(BTON), acetaldehyde (AALD), and propionaldehyde (PALD). For AALD, the 

individual contributions to the MM dipole are in excellent agreement with QM, while for 

ACO the contribution to the dipole arises from the C=O group due to the symmetry of the 

molecule and this is slightly underestimated in the Drude model. Compared to the C36 

additive FF
52

, the Drude model is better able to reproduce the QM dipole moments 

demonstrating the important of incorporating polarizability as well as the C36 additive FF 

charges being developed primarily targeting HF/6-31G(d) interactions with water.  As 

mentioned, for transferability the charges, alphas and Thole factors from ACO and 

AALD were transferred to BTON and PALD, respectively. The additional methyl group's 

charge and alpha parameters were obtained from ethane and the Thole factors were 

manually adjusted to fit the QM dipole moments of the gauche and trans conformations 

of BTON and PALD. While the difference between the MM and QM dipole moments is 

small for each conformation, the relative differences between the gauche and trans 

conformations is not maintained in the MM dipoles. In both BTON and PALD, the 

gauche MM dipole moment is lower than the trans when it should be greater based on the 

QM dipole moments.  However, given that the difference in the QM dipoles between the 

two states was less than 0.3 D, this level of disagreement was considered acceptable. 



 

182 

 

Table 5.1 Dipole moments and molecular polarizability for acetone (ACO), acetaldehyde 

(AALD), butanone (BTON) gauche and trans conformations, and propionaldehyde 

(PALD) gauche and trans conformations. QM values were obtained at the MP2/6-

31+G(d)//MP2/cc-PVQZ levels of theory. C36 values were as reported previously for the 

CHARMM36 additive force field. 
52

   

 

 Dipole Moments  Polarizability 

 

 

x y z Total 

MM-

QM 

xx yy zz Total 

ACO 

 Drude 0.000 -2.728 0.000 2.728 -0.226 6.754 4.740 3.040 14.53 

 C36 0.000 -3.570 0.000 3.570 1.191 

    

 QM 0.000 -2.954 0.000 2.954 

 

6.489 6.661 4.830 17.98 

AALD 

 Drude 2.565 1.111 0.000 2.795 0.007 4.167 2.493 2.188 8.85 

 C36 3.280 0.640 0.000 3.350 1.021 

    

 QM 2.539 1.153 0.000 2.788 

 

5.073 4.362 3.321 12.76 

BTON  

gauche Drude -1.443 1.723 0.781 2.379 -0.633 8.985 6.622 4.577 20.18 

 QM -2.039 2.083 0.757 3.011  8.547 7.998 6.558 23.10 

trans Drude 0.649 -2.559 0.003 2.640 -0.171 10.925 5.680 4.021 20.63 

 QM 0.206 -2.804 0.000 2.812 

 

8.819 8.058 6.299 23.18 

PALD 

gauche Drude 2.196 -0.222 0.742 2.329 -0.569 6.795 3.876 3.576 14.25 

 QM 2.661 0.076 1.146 2.898  7.044 5.439 5.525 18.01 

trans Drude 1.039 2.465 0.000 2.675 -0.002 5.778 4.776 3.313 13.87 

 QM -1.549 2.183 0.000 2.677 

 

6.544 6.522 4.837 17.90 
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The molecular polarizability values are also shown in Table 5.1. In a previous 

study by Lamoreaux and coworkers
45

, it was found that the molecular polarizability 

needed to be scaled down to prevent overestimation of the dielectric constant.  While the 

reason for the scaling is still point of discussion, (see 
21

and discussion therein) for 

consistency and transferability of the parameters it was maintained for the carbonyls.  

Accordingly, for all of the compounds in the present work, the MM molecular 

polarizability is roughly 70 to 90% that of the QM values. 

 The water interactions for ACO and AALD are presented in Table 5.2 for Drude, 

C36, and QM. The relative differences between the QM and MM interaction energies are 

all less than 0.7 kcal/mol, while the differences in the interaction distances are 0.1 Å or 

less. The root mean square deviations (RMSD) for the interaction energies and distances 

between ACO and water are 0.71 kcal/mol and 0.04 Å, respectively. Those for AALD 

and water are 0728 kcal/mol and 0.12 Å, respectively.  Notable is that the Drude 

interaction energies and distances are in better agreement with the QM than the C36 

results, which in part arises from the introduction of lone pairs on the carbonyl oxygen in 

the Drude FF.  Also, the interaction of water with the aldehydic hydrogen in Drude is in 

satisfactory agreement with the QM data, while the additive C36 FF interaction is too 

favorable.   Finally, it should be noted that optimization of the additive C36 charges 

targeted QM HF/6-31G(d) data, which would lead to difference versus the QM data being 

targeted for the polarizable force field. 
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Table 5.2 Water interactions for acetone (ACO) and acetaldehyde (AALD). QM values 

were obtained at the MP2/6-31G(d)//MP2/cc-PVQZ levels of theory with counterpoise 

correction for basis set superposition error (BSSE). 
63, 64

 C36 values were obtained from 
52

. Water interaction pairs are shown in Figure 5.2 and 5.3.  Root mean square 

differences (RMSD) are shown. Hydrogen water interactions are not included for the 

methyl groups. 

Pair EQM EDrude EC36 EDrude - EQM RQM RDrude RC36 RDrude - RQM 

ACO 

Pair 1 -5.52 -4.81 -7.19 0.71 2.06 2.03 1.71 -0.03 

Pair 2 -4.03 -4.08 -6.49 -0.05 2.10 2.07 1.69 -0.03 

RMSD 

  

 0.71 

  

 0.04 

AALD 

Pair 1 -5.05 -5.07 -6.07 -0.02 2.08 2.01 1.81 -0.07 

Pair 2 -3.58 -3.69 -4.96 -0.11 2.15 2.09 1.83 -0.06 

Pair 3 -1.41 -1.11 -2.48 0.30 2.56 2.63 2.18 0.07 

RMSD 

  

 0.78 

  

 0.12 

 

         

Figure 5.2 Water interaction pairs for acetone (ACO) corresponding to pairs in Table 

5.2. 

 

          

Figure 5.3 Water interaction pairs for acetaldehyde (AALD) corresponding to pairs in 

Table 5.2. 
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 Water interactions for BTON and PALD are shown in Table 5.3. The trans 

conformations were selected for water interaction calculations because these have lower 

relative energies compared to the gauche conformations. The RMSD values for the 

interaction energies in BTON and PALD are 0.65 and 1.19 kcal/mol, respectively, and 

the interaction distances have an RMSD of 0.07 and 0.13 Å, respectively. Though the 

interaction energy of Pair 1 could be improved in the ketones, modification of the charges 

would impact the dipole moments and polarizabilities and further refinement of the 

charges was not undertaken. However, since the water interactions impact the hydration 

free energies of each compound, an NBFIX term was required as discussed below. 

 

Table 5.3 Water interactions for butanone (BTON) and propionaldehyde (PALD) in trans 

conformations. QM values were obtained at the MP2/6-31G(d)//MP2/cc-PVQZ levels of 

theory with counterpoise correction for basis set superposition error (BSSE). 
63, 64

 Water 

interaction pairs are shown in Figure 5.2 and 5.3.  Root mean square differences 

(RMSD) are shown. Hydrogen water interactions are not included for the methyl groups. 

Pair EQM EDrude EDrude - EQM RQM RDrude RDrude - RQM 

BTON 

Pair 1 -5.55 -4.90 0.65 2.06 2.02 -0.04 

Pair 2 -4.12 -4.16 0.04 2.12 2.06 -0.06 

RMSD   0.65   0.07 

PALD 

Pair 1 -2.63 -1.91 -0.72 2.83 2.94 0.11 

Pair 2 -4.71 -3.76 0.95 2.14 2.08 -0.06 

Pair 3 -1.36 -1.39 -0.03 2.56 2.60 0.04 

RMSD   1.19   0.13 
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 Table 5.4 shows the heats of vaporization (kcal/mol) and molecular volumes (Å
3
) 

for ACO, BTON, AALD, and PALD. The reported heats of vaporization and molar 

volumes represent a compromise between ACO and BTON and between AALD and 

PALD. The MM heats of vaporization are overestimated in ACO and AALD, but 

underestimated in the larger BTON and PALD. Similarly, the molar volumes are too 

small in ACO and AALD, yet too large in BTON and PALD. The LJ parameters were 

specifically optimized to achieve this balance. Notably, the oxygen atom type of the 

ketones and aldehydes is the same, however, it was found to be necessary to vary the 

carbonyl carbon atom type to obtain reasonable agreement with the experimental data.  

The heats of vaporization and molar volumes for acetone in the C36 additive FF
76

 are 

7.37 kcal/mol and 124.47 Å
3
, respectively. For acetaldehyde, they are 6.21 kcal/mol and 

94.84 Å
3
, respectively. While these values represent a slight improvement over the 

current Drude FF, the larger deviation in the Drude FF is the result of balancing the LJ 

parameters for BTON and PALD as mentioned above, which were not considered when 

optimization the additive FF. 

The optimized LJ and electrostatic parameters were further validated against 

experimental free energies of solvation and dielectric constants as shown in Table 5.4. 

To achieve reasonable agreement between the experimental and Drude free energies of 

solvation, the introduction of an NBFIX term was required between the carbonyl oxygen 

(OD2C1C) and water oxygen (ODW) in which the well depth (epsilon) was increased 

from -0.2054 to -0.3554 and the minimum distance (Rmin) was decreased from 3.5869 to 

3.5269.  In addition, the Rmin value of the ketone carbon (CD2O1B) and water oxygen 

(ODW) was decreased from 3.5569 to 3.5069, while the value for the aldehyde carbon 
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(CD2O1C) and water oxygen was increased from 3.3169 to 3.3669. The well depths for 

the ketone/aldehyde carbon to water oxygen LJ were unchanged.  This allowed a balance 

between the MM and QM solvation free energies of the present compounds to be 

maintained, though the MM ΔGsolvation for AALD is somewhat too favorable. The MM 

dielectric constants are all in good agreement with the QM values and no further 

optimization was deemed necessary. 

Table 5.4 Calculated (Drude) heats of vaporization (ΔHvaporization) in kcal/mol, molar 

volumes Vm in Å
3
, ΔGsolvation and dielectric constants (ε) for acetone (ACO), butanone 

(BTON), acetaldehyde (AALD), and propionaldehyde (PALD) compared to experimental 

values (Exp). Properties were obtained at the same temperature as experimental 

conditions: ACO 298 K, BTON 314 K, AALD 283 K, and PALD 298 K for heats of 

vaporization and molar volumes; ACO and BTON 293.2 K, AALD 291.2 K, PALD 290.2 

K for dielectric constants. Standard deviations were calculated based on the average of 4 

simulations. 

  ΔHvaporization 

% (Drude 

- Exp) Vm 

% (Drude 

- Exp) ΔGsolvation 

% (Drude 

- Exp) ε 

ACO 

Drude 7.55 ± 0.02 0.9 119.82 ± 0.08 -2.3 -4.01±0.07 4.2 16.5 ± 0.4 

Exp 7.48 

 

122.67 

 

-3.85  21.01 

BTON 

Drude 7.89 ± 0.03 -2.4 154.7 ± 0.2 1.1 -3.5±0.1 -3.8 14.2 ± 0.4 

Exp 8.08 

 

153.07 

 

-3.64  18.6 

AALD 

Drude 6.69 ± 0.02 1.4 88.4 ± 0.3 -4.1 -3.9±0.2 11.4 22.1 ± 0.2 

Exp 6.60 

 

92.14 

 

-3.50  21.00 

PALD 

Drude 6.95 ± 0.02 -2.7 122.9 ± 0.3 1.5 -3.3±0.2 -4.1 15.8 ± 0.5 

Exp 7.14 

 

121.14 

 

-3.44  18.5 
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5.3.2 Bonded parameters 

Tables 5.5 and 5.6 shows the bond and angle lengths for ACO, BTON, AALD, 

PALD as measured in the Drude FF, QM optimizations, and from a survey of 

crystallographic data (CSD)
51

 for ACO and AALD as previously reported in reference 
52

. 

For the ketones, only bonds and angles involving non-hydrogen atoms are shown, while 

those containing the aldehydic hydrogen are included for the aldehydes. All bonds and 

angles are in excellent agreement with the QM values, as indicated by small relative 

differences. Bonds are within 0.02 Å, while angles are within 3°. For ACO and AALD, 

the MM bond length and valance angles are also in good agreement with the CSD values 

with the largest deviation coming from the HA-C=O in acetaldehyde at 3.8°, though the 

standard deviation of this angle from the crystallographic survey is over 3° and in general 

hydrogens are poorly resolved in X-ray crystallographic studies. 

 The MM and QM molecular vibrations for ACO and AALD are shown in Tables 

5.7 and 5.8 using the internal coordinate system of Pulay
77

. MM frequencies were 

obtained by optimizing the MM force constants to reproduce the scaled QM frequencies. 

Most notable are the low frequency vibrations that describe larger conformational 

changes in the molecule as these dominate during MD simulations. While the MM 

frequency for the O=C-CB-HB1 torsion in AALD is larger than ideal, the remaining MM 

frequencies are in excellent agreement with the QM scaled frequencies. Moreover, the 

MM frequencies for ACO are all within 5% of their QM target values. 
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Table 5.5 Bond lengths in Å and angle lengths in degrees for acetone (ACO) and 

acetaldehyde (AALD) from QM optimizations at the MP2/6-31G(d) level of theory, 

crystallographic surveys as reported in 
52

 and Drude calculations. Crystal survey error is 

shown in parenthesis. 

Atom pair QM Crystal MM MM-QM MM-Crystal 

ACO 

C1-O1 1.228 1.207 (0.044) 1.217 -0.011 0.010 

C1-C2/C1-C3 1.514 1.472 (0.048) 1.500 -0.014 0.028 

C2/C3-C1-O1 121.75 121.04 (3.96) 121.73 -0.02 0.69 

C2-C1-C3 116.50 117.46 (3.67) 116.53 0.03 -0.93 

AALD 

C-O 1.224 1.217 (0.054) 1.218 -0.006 0.001 

C-CB 1.503 1.476 (0.048) 1.498 -0.005 0.022 

C-HA 1.109 0.973 (0.059) 1.104 -0.005 0.131 

CB-C-O 124.30 124.93 (3.71) 122.45 -1.85 -2.48 

HA-C-O 120.33 117.15 (3.76) 120.96 0.63 3.81 

HA-C-CB 115.37 117.53 (3.22) 116.59 1.22 -0.94 

Table 5.6 Bond lengths in Å and angle lengths in degrees for butanone (BTON) and 

propionaldehyde (PALD) gauche and trans conformations from QM optimizations at the 

MP2/6-31G(d) level of theory and Drude calculations. 

 Atom pair QM MM MM-QM 

BTON 

gauche 

C1-O1 1.229 1.218 -0.011 

C2-C1 1.515 1.501 -0.013 

C1-C3 1.516 1.505 -0.012 

C3-C4 1.532 1.537 0.005 

C2-C1-O 121.21 121.11 -0.10 

O-C1-C3 121.47 121.07 -0.40 

C2-C1-C3 117.32 117.80 0.49 

C1-C3-C4 113.13 113.89 0.76 
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Table 5.6 continued 

BTON 

trans 

C1-O1 1.228 1.218 -0.010 

C2-C1 1.514 1.500 -0.014 

C1-C3 1.518 1.504 -0.014 

C3-C4 1.522 1.538 0.017 

C2-C1-O 121.64 121.33 -0.31 

O-C1-C3 121.69 122.13 0.44 

C2-C1-C3 116.67 116.54 -0.13 

C1-C3-C4 113.08 114.50 1.43 

PALD 

gauche 

C-O 1.224 1.218 -0.006 

C-CB 1.506 1.496 -0.009 

CB-Cg 1.532 1.533 0.001 

C-HA 1.111 1.104 -0.007 

HA-C-O 120.35 121.12 0.77 

HA-C-CB 114.94 116.55 1.61 

CB-C-O 124.70 122.29 -2.4 

C-CB-CG 111.06 111.80 0.74 

PALD 

trans 

C-O 1.224 1.218 -0.006 

C-CB 1.507 1.500 -0.007 

CB-Cg 1.521 1.536 0.015 

C-HA 1.110 1.104 -0.006 

HA-C-O 120.28 120.84 0.56 

HA-C-CB 115.51 115.86 0.36 

CB-C-O 124.22 123.30 -0.91 

C-CB-CG 113.10 114.18 1.08 
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Table 5.7 Vibrational analysis of acetone (ACO) using the internal coordinate system of 

Pulay 
77

. QM frequencies were obtained at the MP2/6-31G(d) level of theory. 

Mode QM  MM 

CHtors 84.5 85.8 

dCCC 463.7 471.6 

wCO 659.1 627.8 

rCO 665.6 661.4 

sCC 805.3 813.2 

rCH3 951.6 990.0 

rCH3’ 977.9 940.7 

sCCas 1036.5 1044.9 

dCH3 1360.4 1342.6 

dCH3a 1384.5 1422.0 

dCH3a’ 1386.0 1426.7 

sCO 1564.6 1588.5 

sCH3 2849.2 2934.1 

sCH3a 2913.4 3048.3 

sCH3a’ 2914.2 3006.2 
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Table 5.8 Vibrational analysis of acetaldehyde (AALD) using the internal coordinate 

system of Pulay 
77

. QM frequencies were obtained at the MP2/6-31G(d) level of theory. 

Mode QM  MM 

tCH3 81.1 195.3 

dCCC 590.9 632.1 

sCC 927.9 974.6 

rCH3’ 929.0 916.2 

rCH3 982.9 974.8 

wCHO 1004.5 955.4 

rCHa 1300.5 1372.6 

dCH3 1348.5 1339.2 

dCH3a 1384.9 1391.5 

dCH3a’ 1399.2 1407.0 

sCO 1562.0 1622.0 

sCHa 2818.3 2823.1 

sCH3 2848.4 2933.5 

sCH3a’ 2912.0 3005.6 

sCH3a 2914.5 3048.8 
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Figure 5.4 shows the dipole moments as a function of time for ACO, AALD, 

BTON, and PALD in gas phase, pure liquid, and aqueous solution. The strength of 

polarizable force fields rests in the ability of the dipole to fluctuate in response to the 

environment. This is clearly illustrated by the increase in the magnitude and the 

variations of the dipole moment in moving from gas phase to condensed phase. The 

averages and root mean square fluctuations (RMSF) of the dipole moments are shown in 

Table 5.9. In ACO and AALD the averages are 2.71 and 2.79, respectively, with an 

RMSF of 0.07 D. In the condensed phase simulations, the average increases to 3.1 and 

3.2 and the RMSF increases to 0.2-0.3 D, which are indicative of dipole moments of the 

individual monomers in the condensed phase responding to the molecules in the local 

environment, whether those molecules are other monomers (pure liquid) or water 

molecules (aqueous solution). For BTON and PALD, the RMSF is 0.2 to 0.3 D for gas 

and condensed phase simulations. Unlike ACO and AALD, these two molecules can 

assume a trans or gauche conformation during MD and therefore two populations of 

dipole moments are represented in the gas phase plots, which increases the RMSF. In 

going from gas to condensed phase the average dipole moment increases as expected due 

to the presence of surrounding molecules that induce the dipole moment. Within the 

condensed phase simulations, the monomer in aqueous solution has a larger dipole 

moment because water is a polar solvent as opposed to the pure liquids and thus the 

polarization response to water is larger. Notably, this is a phenomenon that the additive 

FF is intrinsically unable to reproduce, which highlights the importance of including 

polarizability. 
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Figure 5.4 Dipole moments as a function of time for acetone (ACO), acetaldehyde 

(AALD), butanone (BTON), and propionaldehyde (PALD) in gas phase (left column), 

pure liquid (middle column), and aqueous solution (right column). 

 

 

Table 5.9 The averages and RMSF for the dipole moments of acetone (ACO), 

acetaldehyde(AALD), butanone (BTON), and propionaldehyde(PALD) from gas and 

condensed phase simulations (pure liquid and aqueous solution). 

 

 

 

 

 

 

 

 

 

Molecule Gas Pure Liquid Water 

ACO 2.71 ± 0.07 3.1 ± 0.2 3.6 ± 0.3 

AALD 2.79 ± 0.07 3.2 ± 0.2 3.5 ± 0.2 

BTON 2.6 ± 0.2 3.0 ± 0.3 3.5 ± 0.3 

PALD 2.5 ± 0.2 2.9 ± 0.2 3.3 ± 0.3 
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5.4 Conclusion 

 The work presented here details parametrization of small molecule aldehydes and 

ketones (viz. acetaldehyde, propionaldehyde, acetone, and butanone) as part of the 

development of a comprehensive Drude polarizable FF for biomoleclues, including 

acyclic sugars such as D-allose and D-psicose. The presented models for ketones and 

aldehydes are shown to be in good agreement with QM and experimental target data and 

will be used in combination with the recently parametrized polyols
13

 for the optimization 

of D-allose and D-psicose. Future parametrization will focus on optimization of the 

covalent linkages between the polyols and ketones/aldehydes. 
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Chapter 6 Conclusion 

 

 Overcoming microbial resistance is a major challenge in the development of 

antibiotics.  The macrolides are an important class of antibiotics that target the ribosome 

and recent generation macrolides have largely addressed resistance stemming from drug 

efflux pumps and metabolic enzymes. However, they remain susceptible to resistance due 

to modification of the ribosome. In the work that has been presented here, the focus was 

on resistance due to modification of base A2058 (E. coli numbering). As there are no 

crystal structures available yet for A2058-modified ribosomes, computational models 

were developed to study the ribosome as well as macrolide antibiotic analogs aimed at 

addressing the need for novel antibiotics.  

 Chapter 1 introduced force fields and force field-based simulations, which is the 

methodology underlying all of the computational models in this body of work. Two 

notable applications of force fields were discussed including the conformationally 

sampled pharmacophore (CSP) and site-identification by ligand competitive saturation 

(SILCS) approaches. CSP is a pharmacophore-based method in which ensembles of 

ligand conformations are generated using MD simulations from which probability 

distributions are calculated for select distances and angles in the molecule (i.e. 

pharmacophore features). Analyses are then performed to correlate biological activity of 

the ligand with the CSP pharmacophoric features. SILCS harnesses the power of force 

field-based simulations to map the functional group affinities of a protein. The fragments 

are a diverse set of small molecules selected such that they capture the chemical features 
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common to drugs, namely hydrophobic and hydrogen bonding groups, including both 

charged and neutral species. During the simulations, the fragments interact with all 

regions on the protein, thus allowing the generation of 3D probability maps (FragMaps), 

which are normalized with respect to the fragments in solution alone and converted to 

free energies (called Grid Free Energies, GFEs). The 3D distribution of GFE FragMaps 

identify regions of the protein that bind fragments favorably, thus identifying the types of 

functional groups that can successfully interact with the protein.  In addition, a Monte 

Carlo based sampling algorithm allows for the docking of ligands in the field of the 

FragMaps, in which binding affinity is estimated based on the ligand-based GFE (LGFE). 

 In Chapter 2, the CSP approach was employed to investigate the effects of 

macrolide desmethylation on pharmacological activity. A model based on select 

intramolecular distances spanning the macrolactone ring as well as the alkyl-aryl (ARM) 

moiety was developed. The CSP-based model indicated that reduced bioactivity as 

measured in minimum inhibitory concentrations (MIC) resulted from an increase in 

conformational flexibility when methyl groups were removed from the macrocycle. 

Contrary to the hypothesis that removal of the C4 methyl group would increase activity 

against A2058G mutant ribosomes by alleviating a steric clash between the C4 methyl 

and G2058 N2, no improvement in bioactivity was observed. However, the studies did 

confirm that VDW interactions between methyl groups extending from the macrocycle 

are important for binding, which is an important consideration in the design of novel 

macrolide analogs in the future. 

 Chapter 3 shifted the focus from the ligand to the ribosome. Molecular dynamics 

(MD) simulations of truncated version of the E. coli 50S subunit were presented with the 
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aim of understanding the impact of A2058 modification on the binding of telithromycin. 

It was shown that modification of 2058 perturbs the conformation of the entire macrolide 

binding pocket through a pathway of bases extending from 2058 to a A752-U2609 

Watson-Crick base pair. Furthermore, these conformational changes affect the VDW 

interactions of the macrocycle with the bases delineating the pocket, which is an 

important driving force for macrolide binding. In fact, when compared to telithromycin 

activity against 2058-modified ribosomes, the presented studies indicate that these 

conformational perturbations impact binding affinity to a greater extent than disruption of 

the telithromycin 2'-OH to A2058 N1 hydrogen bond, which was maintained to a 

reasonable extent even in the dimethylated 2058 systems. Future MD simulations of the 

ribosome may focus on other macrolide antibiotics bound within the 50S subunit, 

including the most recently developed solithromycin that has greater antimicrobial 

activity and lesser toxicity than existing telithromycin. Even so, simulations would 

greatly benefit from the availability of 2058-modified ribosome crystal structures.  

 Chapter 4 highlighted the application of the Site-Identification by Ligand 

Competitive Saturation (SILCS) approach to the ribosome, including a Monte Carlo 

sampling algorithm that docks the ligands into the SILCS FragMaps to obtain ligand grid 

free energy scores (LGFEs). Two separate models were developed for a congeneric series 

of the compounds synthesized by ribosome-templated in situ click chemistry using 1) the 

overall binding affinity of macrolides and 2) the ability of alkyne-derived moieties to 

undergo the Click reaction.  In the first model, LGFEs correlated to experimental 

dissociation constants for the assembled macrolide analogs indicated that the predictive 

power of the LGFEs were dependent on the chemical structure of the alkyl-R group 
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(ARM) moieties, which impacts the overall interaction of the macrolactone and 

desosamine moieties of macrolides with the ribosome. In the second model, click 

enhancement for the alkyne-derived fragments was determined to be dependent on 

normalized LGFE values, molecular weight, and hydrophobicity as estimated by logP 

squared values. Going forward, these two models will allow for the prediction of ARM 

modifications that maximize the interaction of the macrolactone and desosamine moieties 

with the ribosome and whose alkyne analogs have a high probability of accessing the 

peptidyl-transfer pocket of the ribosome to undergo the Click reaction. Moreover, as the 

novel macrolide antibiotics are intended to be active against bacteria with 2058 modified 

ribosomes, in the future this approach should be used with SILCS maps generated based 

on modified ribosomes that are known to be resistant to the macrolide class of antibiotics, 

including A2058-modified ribosomes.  

 Potential future directions for the development of novel macrolide antibiotics 

include pursuing congeners based on the desosamine sugar, which engages in hydrogen 

bonding and electrostatic interactions with neighboring RNA bases, or building upon 

interactions of the ARM with the ribosome by adding a second ARM. The advantage of 

the SILCS approach in these cases is that the FragMaps are already generated, saving 

significant time and effort. Preliminary tests of macrolide analogs bearing multiple ARM 

moieties indicate more favorable LGFEs compared to ligands bearing a single ARM. 

Such analogs may exploit the ribosome-templated in situ click chemistry approach 

discussed in Chapter 4 using multiple types of precursors, thereby expanding the number 

of potential congeners possible in a single in situ reaction. Future work will have to take 

into consideration the impact on pharmacokinetic properties due to the presence of an 
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additional ARM. 

 In Chapter 5, the optimization of small molecule aldehydes and ketones for the 

CHARMM Drude polarizable force field was presented, which will serve as the basis of 

optimization of the acyclic sugars D-allose and D-psicose in the future. The addition of 

acyclic sugars as well as inositol will continue the development of a comprehensive 

CHARMM Drude polarizable for all biomolecule types. In the context of the computer-

aided drug design theme presented in these bodies of work, the use of a polarizable force 

field on the ribosome has yet to be explored. The macrolide binding pocket is dominated 

by RNA, which is highly charged due to the backbone and may benefit from the inclusion 

of explicit polarization. Furthermore, macrolide analogs that exploit modifications of the 

positively charged desosamine sugar will be enhanced by the consideration of 

polarization effects as the sugar engages in electrostatic interactions with neighboring 

RNA. These future directions will rely on the continued development of the CHARMM 

Drude polarizable force field as well as the extension of the SILCS methodology to 

include Drude simulations.  

 In conclusion, the body of work presented here provides a comprehensive model 

by which future macrolide antibiotic analogs can be evaluated prior to synthesis. These 

models exploit the power of computational simulations to focus down the fragment 

universe into a more tractable size for chemical and biological evaluation. With the 

support of approaches like SILCS and CSP, a potent antibiotic with activity against 

macrolide-resistant bacteria is certainly achievable.  
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