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Non-nucleoside reverse transcriptase inhibitors (NNRTIs) are small hydrophobic 

drug molecules that bind to a hydrophobic pocket of the HIV-1 reverse transcriptase 

(RT).  A number of molecules from diarylpyrimidine (DAPY) class of NNRTIs have 

exceptional inhibitory properties against a broad range of known drug-resistant viral 

strains of HIV-1 and good oral bioavailability in humans. Biophysical, structural, and 

computational methods were applied to study DAPY NNRTIs with differing RT 

inhibitory and bioavailability properties with a goal to define the mechanisms by which 

the dual success of the selected DAPY NNRTIs is achieved.   

Exceptional bioavailability properties of selected DAPY NNRTIs were 

hypothesized to stem from their ability to form self-formulated spherical drug aggregates, 

~60 nm in diameter, that are trafficked from the gastrointestinal tract into systemic 

circulation through a lymphatic uptake pathway.  Using dynamic light scattering (DLS) 
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and electron microscopy (EM), formation of drug aggregates was demonstrated.  Drug 

aggregation was determined to be surfactant independent.  Based on this observation, it 

was hypothesized that the drug molecules were able to achieve surface-active properties.  

Using X-ray crystallography and all atom MD simulations of the drug aggregate/water 

interface it was determined that amphiphilic properties of the selected DAPY NNRTI 

molecules depend on the availability of the protonation site at the pyrimidine ring and 

structural variability of the drug molecules at the linker moieties.    

Ability of the late phase DAPY NNRTI drug molecules to inhibit the broad range 

of drug-resistant HIV-1 mutants has been previously linked to the ability of the molecules 

to sample multiple binding modes within the binding pocket of HIV-1 RT (Das et al., 

2004).  Using computational methods, conformational sampling by TMC278 (a DAPY 

NNRTI in multiple Phase III trials) in the pocket of the wild-type and the mutant NNRTI-

binding pocket (NNIBP) was evaluated.  Results of this work support the concept that 

structural variability is important in overcoming drug resistance mechanisms.  

We propose that the implementation of drug aggregation testing and the 

evaluation of torsional flexibility of highly hydrophobic compounds in the context of the 

lead identification strategies will allow for better selection of potent and orally 

bioavailable hydrophobic drug candidates.  
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Introduction 

 
A biophysical study exploring aggregation properties of diarylpyrimidine (DAPY) 

non-nucleoside reverse transcriptase inhibitors (NNRTIs) in solutions mimicking gastric 

conditions of a fasting individual is reported in chapter one.  Based on results of the 

solution studies, a correlation between ability of the drug molecules to form  ~100 nm 

diameter spherical nanoparticles and good oral bioavailability is reported.  The second 

chapter is dedicated to analysis of five small molecule DAPY NNRTI X-ray structures.  

The structural analysis reports evidence and detailed aspects of conformational variability 

and amphiphilic nature for a subset of studied NNRTIs.  The third chapter reports a 

computational study on DAPY NNRTI aggregate formation.  Molecular dynamics (MD) 

simulation results show that amphiphilic properties of DAPY NNRTIs under acidic 

conditions and high conformational variability play essential roles in water/aggregate 

interface formation for microemulsion-like drug aggregate structures.  The fourth chapter 

investigates mechanisms used by TMC278, the highly promising DAPY NNRTI drug 

candidate, to overcome the effects of resistance mutations in the binding pockets of wild-

type and mutant RTs.  MD simulation results provide evidence of conformational 

variability in both drug and binding pocket residues within the time-span of the 

simulation. 
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Chapter 1.  Aggregation of DAPY NNRTIs in simple solutions and 

relevance to oral bioavailability  

 

Synopsis 

We have examined physicochemical properties of highly hydrophobic 

NNRTI/DAPY compounds and explored a possible correlation with oral bioavailability.  

In simple solutions designed to mimic the GI environment of a fasting individual, all of 

the tested NNRTI compounds formed either colloidal solutions or precipitated material.  

As determined through DLS and EM, colloid formation was dependent on drug 

concentration, and pH of solution.  The ability to form homogenous populations of 

colloidal aggregates with hydrodynamic radii <100 nm under conditions of high drug 

concentration and acidic pH correlated with good oral bioavailability.  Based on our 

observations, we have proposed a model in which uptake of NNRTI/DAPY compounds 

into systemic circulation depends on their ability to present high concentrations of 

appropriately sized colloidal drug aggregates at different locations within the GI tract.  
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Introduction 

Acquired immunodeficiency syndrome (AIDS) 

AIDS is caused by the human immunodeficiency virus (HIV).  HIV impairs 

normal activities of the immune system and therefore creates susceptibility to a broad 

range of life-threatening symptoms and infections (Weiss, 1993).  According to the most 

recent report by the World Health Organization (WHO), 33 million people were infected 

with HIV by the end of 2007, of which 2.7 million were newly infected individuals 

(UNAIDS/WHO, 2008).  No cure or vaccine is available for treatment or prevention of 

HIV/AIDS.  The only currently recommended preemptive action against HIV infection is 

to avoid exposure to the virus; if that fails then highly active antiretroviral therapy 

(HAART) is offered (Hammer et al., 2008; UNAIDS/WHO, 2008).  HAART consists of 

combinations of highly potent antiviral therapeutic agents from different antiviral classes 

that target multiple stages in the HIV replication cycle.  The most widely used cocktails 

include nucleoside reverse transcriptase inhibitors (NRTIs), protease inhibitors (PIs), and 

NNRTIs.    

Drug resistance to antiretroviral drugs is a major obstacle to long-term success in 

anti-HIV therapy.  The HIV-1 RNA-dependent DNA polymerase, known as reverse 

transcriptase (RT), lacks proofreading capabilities.  As a consequence, replication of the 

HIV-1 genome is highly error prone.  The RNA template-dependent substitution error 

rate is 0.38 for 10 kb of HIV-1 genome per replication cycle (Boyer et al., 1992).  The 

intrinsically high error rate, combined with a high rate of viral turnover and a very large 

number of virions in an infected individual, leads to rapid accumulation of mutations 



 

 

4 

(Coffin, 1995; Mansky and Temin, 1995).  Under drug selection pressure, mutations of 

the viral targets can lead to drug resistance and loss of therapeutic efficacy for even very 

potent drugs.  Therefore, a key focus of drug development efforts has been to design 

therapeutic agents that have broad cross-reactivity against all or most of the currently 

known drug-resistance mutations (Janssen, 2005).  

 

RT 

RT plays an essential role in the HIV-1 replication cycle.  The enzyme is required 

for transcription of a single-stranded viral RNA genome into a double-stranded DNA 

form (for review of reverse transcription see Coffin et al., 1995). The newly created DNA 

can then be incorporated into the host genome.  RT performs two enzymatic functions: it 

is a DNA polymerase and a ribonuclease H (RNase H).  As a DNA polymerase, RT 

copies either an RNA or a DNA template into a complementary DNA sequence.  As an 

RNase H, RT cleaves and degrades the RNA template during and after synthesis of the 

first DNA strand.   

HIV-1 RT is an asymmetric heterodimer, with two related subunits.  The p66 

subunit is a 66-kDa polypeptide consisting of polymerase and RNase H domains.  The 

polymerase domain is further subdivided into fingers, palm, thumb, and connection 

subdomains.  The p51 subunit is a product of the same gene as p66, however, as a result 

of proteolytic cleavage of the p66 subunit, the C-terminal RNase H subdomain is absent 

in p51 (Figure 1) (Kohlstaedt et al., 1992).  Although they share the same amino acid 

sequence, p66 and p51 subunits differ in their functions and overall structures.  Catalytic 
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activities of DNA polymerase and RNase H are performed by the p66 subunit while as 

p51 serves mainly as a structural scaffold, and for binding the anti-codon stem and loop 

of tRNA-Lys which functions as the primer for DNA synthesis (Arts et al., 1998; Barat et 

al., 1989). 

 

Figure 1.  Ribbon diagram of HIV-1 RT p66/p51 heterodimer with space-
filled atoms indicating the location of the NNRTI-binding pocket.  Color 
assignment for the individual subdomains: p66 fingers – blue, p66 thumb 
– green, p66 palm – red, p66 connection – yellow, RNase H – orange, p51 
– gray (adopted from Janssen et al., 2005). 

 

NNRTIs 

Due to its critical role in the HIV replication cycle, RT is a principal target for 

anti-HIV drug development.  RT inhibitors targeting DNA polymerase function are 

categorized into two groups: NRTIs and NNRTIs.  NRTIs are called chain terminators 

and are synthetic analogs of the natural dNTP substrates.  NNRTIs are allosteric 

inhibitors that bind to a site 10 Å distant from the substrate-binding site (Das et al., 2004; 
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Ding et al., 1995; Kohlstaedt et al., 1992).  The spatial and functional association 

between the two binding sites has been exploited by combination therapies where both 

categories of inhibitors are included to increase effectiveness of the treatment (De Clercq, 

2004).    

Inhibition of RT via NNRTI binding has been proposed to employ a number of 

possible mechanisms.  One of the early models suggested that NNRTI binding caused 

restrictions on movements of the relative domains important for catalytic transitions of 

the enzyme, otherwise known as ‘molecular arthritis’ (Kohlstaedt et al., 1992).  However, 

determination of multiple structures in complex with NNRTIs, where subdomain 

orientations have been shown to differ, suggested that relative movement of catalytically 

important domains is still feasible even in the presence of NNRTI.  Another inhibition 

mechanism proposes that NNRTI binding resulted in repositioning of the three-stranded 

-sheet of p66 that contained key catalytic residues Asp110, Asp185, and Asp186, 

therefore, forcing RT into a trapped, inactive conformation (Esnouf et al., 1995).  

Another mechanism suggested by Das et al., proposed that the significant repositioning of 

the “primer grip” that accompanies NNRTI binding may interfere with catalysis owing to 

inappropriate positioning of the primer terminus for catalysis (Das et al., 1996).  A more 

detailed evaluation based on crystallographic structures suggested a distortion of key 

catalytic residue orientations in such fashion that binding of divalent cations Mn2+/Mg2+ 

was inhibited and was proposed to weaken ability of the enzyme to bind dNTPs (Das et 

al., 2007).  A contrary result was obtained in kinetic studies of NNRTI binding to RT 

where association between the subunits was not affected by the inhibitor binding, and 

suggested that metal coordination was not involved in the inhibitory mechanism.  Though 
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a large number of plausible mechanisms had been proposed, presence of conflicting 

information continues to put under question our understanding of the NNRTI inhibitory 

mechanisms, therefore leaving the need for further investigation.   

Presently there are four NNRTIs approved by the FDA: nevirapine /ViramuneTM, 

delavirdine/RescriptorTM, and efavirenz/SustivaTM/StocrinTM, and TMC125/etravirine/ 

IntelenceTM.  NNRTIs including nevirapine and efavirenz are recognized as agents to use 

in first line of therapy for HIV positive patients (Figure 2A-C).  However, the benefit of 

potency and a long half-life of these three drugs have been offset by a rapid evolution  

 

Figure 2.  The chemical structures of four NNRTIs currently approved as 
anti-HIV/AIDS therapeutic agents. 

of drug resistance.  In an effort to tackle the drug resistance challenge for targeting HIV-1 

RT, a multi-disciplinary structure-based effort (Das et al., 2004) targeting identification 

of chemical entities that can inhibit a wide range of currently known drug-resistant HIV-1 

viral strains has led to the discovery of the diaryltriazine  (DATA)(Ludovici et al., 2001a) 

and the DAPY (Figure 5 and Table 1)(Ludovici et al., 2001b) classes of NNRTIs 

(Gruzdev et al., 2003; Sankatsing et al., 2003).  Of the DAPY NNRTIs, the FDA 
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approved recently TMC125 (Figure 2D) for treatment of HIV-1 infection.  Concurrently, 

another DAPY NNRTI, TMC278/rilpivirine, has been designated as a fast tracked agent 

by the FDA in two Phase III clinical trials (Figure 5, Table 1).  

Compared with earlier generations of NNRTIs, DAPY compounds are able to 

reduce viral loads of currently known drug-resistant strains with exceptional robustness. 

TMC278 had shown exceptional resilience towards single and double mutants with 

ability to inhibit 94% of mutant isolates at EC50 10 nM, while as efavirenz and 

nevirapine at the same concentrations displayed only a 69% and an 18% inhibitory ability 

respectively (Janssen et al., 2005).  Due to unprecedented drug-resistant mutant inhibition 

properties of DAPY NNRTIs, TMC125 and TMC278 are being considered for an 

updated HAART regimen for anti-retroviral-experienced HIV positive patients (Hill et 

al., 2007).  

 

Bioavailability 

Drug-exposed individuals are high susceptible to developing drug resistance, and 

require strict compliance to the prescribed regimen in order to keep disease under control.  

Compliance depends on personal and social factors.  Statistics reveal that although 

significant progress has been made in improving availability of affordable therapeutic 

agents, compliance is still critically problematic in low- and middle-income populations 

worldwide (UNAIDS/WHO, 2008).  Lifestyle changes associated with long-term 

adherence to the multi-dose treatment requires diligence and organization that are not 

easily practiced and thus add a significant burden on HIV positive patients.  Therefore, 
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another central goal in treatment development against HIV/AIDS is implementation and 

development of therapeutic agents with high levels of bioavailability, retention, and low 

rate of elimination, thus ensuring extended activity of single doses and lower number of 

necessary doses per unit of time.  

Bioavailability is a primary pharmacokinetic parameter in determining the 

potential success of a drug (Ahr et al., 2000).  Oral bioavailability is defined as the rate 

and extent of drug molecule absorption into systemic circulation from the gastrointestinal 

(GI) tract and is governed by the drug and dosage form (Martinez and Amidon, 2002; 

Rosenberg et al., 1993a; Rosenberg et al., 1993b).  NNRTIs are highly hydrophobic 

(ClogP ~5), small (300 to 500 Da) molecules that have poor solubility in water.  For 

compounds with low solubility, oral bioavailability is of great concern.  Good oral 

bioavailability depends strongly on dissolution and absorption of a drug into systemic 

circulation.  The Biopharmaceutics Classification System (BCS) is a widely accepted tool 

to classify drug candidates based on their solubility/dissolution and intestinal 

permeability properties (Amidon et al., 1995).  Figure 3 lists BCS classes and 

corresponding solubility and permeability requirements.  In the earlier years of HTS 

implementation for drug lead identification, compounds in BCS classes I type were most 

preferred for drug development (Ahr et al., 2000).  BCS was used to select most ideal 

candidates out of the large pool of potential lead compounds.  However, in the recent 

decade the number of leads belonging to either poor solubility or poor permeability 

classes has greatly increased.  Current statistics report that 35-40% of new chemical 

entities (NCEs) are known to have poor solubility properties under physiologically 

relevant conditions and belong to BCS class II and IV types of molecules with poor 
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solubility and high or low permeability properties (Amidon et al., 1995; Stegemann et al., 

2007).  Approximately 40% of drug candidates tested in late-stage clinical trials fail due 

to low efficacy for reasons including poor bioavailability that can be caused by 

ineffective intestinal absorption and/or undesirable metabolic activity (Li, 2001, 2003; 

Martinez and Amidon, 2002).  Reliable bioavailability evaluations generally involve 

testing in both 

 

Figure 3. List of criteria for the four BCS classes of compounds.  HS: high 
solubility; largest dose dissolved in  250 ml of water over pH range 1 – 8.  
HP: high permeability; extent of absorption is  80%. (The figure is 
adopted from Amidon, et al., 1999.) 

 

animal models and in human subjects, requiring considerable time and expense (White, 

2000).  In vivo systems for bioavailability estimation include monitoring of drug 

concentrations following intraduodenal dosing in animal models (usually rat and dog) 

and intestinal perfusion studies in both animals and human subjects (Rosenberg et al., 

1993).  In vitro test formats include: 1) Caco-2 cell monolayers for measurement of 

compound diffusion rate (Caldwell et al., 1998; Fung et al., 2003; Larger et al., 2002); 2) 

intestinal tissue for permeation measurements (Junginger et al., 1999; Yu et al., 1996); 

and 3) IAM chromatography (Pidgeon et al., 1995).  A number of high-throughput in 

vitro methods have been designed, however, they are still several orders of magnitude 
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slower than desired and have other limitations as well (Ansede and Thakker, 2004; 

Caldwell et al., 1998; Fung et al., 2003; Li, 2003; Ungell et al., 1998; White, 2000).   

Absorption of lipophilic particles into systemic circulation occurs in a number of 

ways with some passing through enterocytes via paracellular and/or transcellular routes, 

and others through the microvilli (M) cells in Peyer’s patches of mucosa-associated 

lymphoid tissue (MALT) in intestinal lumen via transcytosis (Chen and Langer, 1998; 

Hodges et al., 1995; Jani et al., 1989; Kraehenbuhl and Neutra, 2000).  Size exclusion 

(Desai et al., 1996; Eldridge et al., 1989), dissolution (Dressman and Reppas, 2000), 

transfer (Kostewicz et al., 2002), chylomicron (Charman and Stella, 1986; Charman et 

al., 1992), and surface dependent (Ikomi et al., 1999) models for absorption of lipophilic 

drugs address the multidimensionality of this issue, but the lack of universality of these 

models suggests the need for further investigation in this field. 

In order to improve intestinal solubility and dissolution of Class II and IV 

compounds, a myriad of formulation designs have been explored.  Formulation methods 

include salt complexation, prodrug formation, particle size reduction, self-emulsifying 

drug delivery system (SEDDS), self-microemulsifying drug delivery system (SMEDDS), 

micellar/surfactant system, and solid dispersion (Narang et al., 2007; Porter et al., 2008; 

Stegemann et al., 2007; Vasconcelos et al., 2007).  Most of the formulation designs are 

focused on generation of stable, nanosize delivery units obtained either by altering the 

physical/chemical properties of the drug molecules or by addition of co-solvents, 

surfactants, and/or lipid suspensions.  Unfortunately, besides the intrinsic complexity and 

drug specificity involved in application of some of the listed methods there are still issues 

with drug precipitation, low drug loading, instability, excipient-related toxicity, and first-



 

 

12 

pass metabolism.  To address these issues further investigation and improvement is 

necessary (Kipp, 2004; Stegemann et al., 2007). 

Though many of the DAPY NNRTIs suffer from the same bioavailability problem 

as other BCS Class II and IV compounds, some have surprisingly good oral 

bioavailability properties despite their high hydrophobicity and low water solubility 

(Janssen et al., 2005; Lewi et al., 2004).  One such example is TMC278.  Unlike the 

recently approved drug, etravirine/TMC125, that requires granulolayered tablet 

formulation in order to reduce the pill size from 800 mg to 200 mg administered twice a 

day (Levin, 2005), TMC278 can be effectively given as a single 25 - 150 mg dose per 

day (Levin, 2008).  Significant reduction in pill burden is anticipated to improve 

compliance with the new regimens.  To understand the source of unique behavior of 

selected NNRTIs is of great importance not only to the development of orally 

bioavailable drugs as anti-AIDS treatments but also for other BCS Class II and IV NCE 

compounds circulating in lead identification pipelines.  

 

NNRTI absorption hypothesis by Dr. Paul Janssen 

After working for many years with about 4000 NNRTIs, Dr. Paul Janssen and 

colleagues at the Janssen Center for Molecular Design formulated a hypothesis and 

proposed a possible model of oral absorption for highly hydrophobic/lipophilic 

compounds.  Even with the most potent NNRTIs there seemed to be a threshold 

minimum EC50 value of ~0.1 nM in a standard cell-based assay (Pauwels et al., 1988).  

Based on this observation, Dr. Janssen hypothesized that NNRTIs were absorbed as 

aggregates as opposed to individual molecules.  Calculating the number of molecules per 
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cell from the EC50 threshold value and the number of cells in the cell culture experiments, 

it could be estimated that the aggregates would contain ~2 x 106 NNRTI molecules (with 

an average molecular volume of 0.38 nm3 for a typical NNRTI) and would have a 

diameter of ~56 nm.  Assuming that the volume and the mass of different NNRTI 

molecules vary, the particles were predicted to form aggregates with diameters ranging 

from approximately 50 to 70 nm.  Concurrent studies conducted in dog models showed 

that high concentrations of orally administered NNRTIs were present in lymph tissue 

during the early phase of absorption (up to ~4 h) followed by equilibration (after ~6 h) 

between lymph and plasma concentrations.  Building on these findings, the aggregation 

hypothesis stated earlier was extended to a lymphatic absorption of aggregates model in 

which orally administered NNRTIs may form aggregates in the GI tract where they can 

be absorbed by M cells of Peyer’s patches of MALT and then drained into lymphatic 

circulation and emptied into the systemic compartment (Lewi et al., 2004).  If the 

aggregation hypothesis is correct, it will explain not only the presence of drug 

concentration minima in tissue culture but also the possible mechanisms for drug delivery 

and uptake of other highly hydrophobic drug candidates.  Therefore, to verify this 

hypothesis of drug aggregation and to study further behavior of NNRTI molecules in 

aqueous environment, we have designed a number of biophysical and computational 

studies where aggregate formation was monitored, characterized, and evaluated as a 

function of drug structure and aqueous conditions. 

Results  

In an effort to identify properties and mechanisms responsible for enhanced oral 

bioavailability of selected NNRTIs we designed a number of biophysical experiments 
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testing Janssen’s hypothesis of aggregate formation.  Using DLS and TEM we were able 

to verify aggregate formation for all DAPY NNRTIs available for analysis.  Aggregate 

size and morphology correlated with oral bioavailability data for NNRTI compounds, 

therefore supporting the aggregate uptake model proposed by Dr. Janssen.  

Aggregation behavior of NNRTIs was examined as a function of concentration, 

pH, stabilizing agent, co-solvent, and ionic strength using DLS and EM.  A total of 36 

DATA/DAPY NNRTIs were used in the DLS analysis and three compounds were 

evaluated by TEM.  Of the 36 compounds studied, 15 had known bioavailability 

information (Figure 4, Table 1). 

 

Aggregation of NNRTIs 

DLS experiments were designed to detect the ability of the drug molecules to 

form nanoparticles, in an aqueous media that mimicked gastric conditions of a fasting 

individual (0.15 M HCl, pH 1.5).  Drug behavior was evaluated both, in the presence and 

the absence, of a stabilizing agent, tyloxapol.  Tyloxapol is a nonionic surfactant that 

forms 3.5 nm radii micelles in aqueous solutions (Regev and Zana, 1999).  Initial 

observations are presented in Figure 5, where the behavior of Compound 15/TMC278 is 

observed in aqueous media, both in the presence and absence of tyloxapol.  Based on the 

DLS percent intensity and mass plots, reported in Figure 5, in the absence of the drug the 
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Table 1.  Absorption and ClogP data for 15 NNRTIs.  Rat and human 
absorption (exposure, AUC) values were determined following oral 
administration of 40 mg/kg and 100 mg/kg doses, respectively (Lewi et 
al., 2004).  

 

Figure 4. Chemical structures of 15 NNRTIs.  Numbers correspond to 
compound IDs listed in Table 1. 
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only observed aggregated structures were those corresponding to surfactant micelles (3.5 

nm).  In the presence of the drug, an additional aggregate population was detected 

comprising much larger radii (~60 nm).  To determine whether observed behavior is 

shared by other DATA/DAPY NNRTIs, a larger subset of drug molecules was tested in a 

similar fashion.  All 36 NNRTIs tested via DLS showed signs of aggregation.  The 

aggregate size varied for different compounds.  As shown in Figure 6, the measured 

aggregate sizes fell into two distinct groups.  One group of compounds had aggregate 

radii ranging from 30 to 110 nm, while the measured radii in the other group were greater 

than 250 nm.    

 

Figure 5. DLS% intensity and% mass versus Rh histograms for solution 
without drug (blank) and the same containing 0.1 mM Compound 
15/TMC278.   The blank contains 0.1% tyloxapol in 0.15 M HCl, pH 1.5.  
The aggregate populations at 3.5 nm radii correspond to tyloxapol 
micelles.  The peaks at ~3000 nm correspond to instrumental artifacts due 
to a small amount of background scattering. 
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Figure 6. Size distribution of aggregates expressed as number of 
compounds forming particles with mean hydrodynamic radii (Rh) as 
determined using DLS for 36 NNRTIs at 0.1 mM concentration in simple 
stomach-mimicking solutions (0.15 M HCl, pH 1.5, with and without 
stabilizing agent tyloxapol).  NNRTI aggregate sizes fell into two groups: 
1) radii ranging from 30 to 110 nm; and 2) radii greater than or equal to 
250 nm. 

 

Compounds in the small aggregate size groups formed homogenous aggregate 

populations.  Aggregate population homogeneity was assessed based on the transparency 

of the final experimental solutions and stability in acquisition of DLS measurements.  

The large aggregate size group was best characterized as precipitate based on the 

cloudiness of the final solutions, settling at the bottom, and high polydispersity (>40%).  

We have analyzed compounds from both size groups in terms of their morphology, 

sensitivity to solutions conditions (variation on pH, surfactant, co-solvent), and 

correlation with oral bioavailability information from animal models and humans.  
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Morphology of NNRTI aggregates 

Assessment of aggregate morphology is important the understanding of possible 

formation, stabilization, and cellular uptake mechanisms of drug nanoparticles.   Several 

aggregate morphologies have been observed in small molecule colloidal formation 

including spherical, lamellar, and fibrous, to name a few (Iavicoli et al., 2009).  Dr. 

Janssen’s model assumes that drug aggregate morphology is approximately spherical.  

Analogously, DLS size and molecular weight estimate is dependent on the shape model.  

To verify Janssen’s hypothesis and the accuracy of DLS-based predictions, we analyzed 

TMC120, TMC125, and TMC278 using negative staining TEM (see Figure 7).  As 

shown in Figure 7, our control (blank) comprised of HCl and detergent only, is in 

agreement with DLS results reported in Figure 5. Formation of aggregated structures is 

observed only in samples containing drug molecules.  For compounds TMC120 and  

 

Figure 7. TEM visualization of blank, and 0.25 mM TMC120, TMC278, 
and TMC125 in 0.1% tyloxapol in 0.15 M HCl, pH 1.5. The blank 
contains 0.1% tyloxapol in 0.15 M HCl, pH 1.5.  The black bar 
corresponds to 200 nm.     
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TMC278, formation of spherical aggregates is clearly visualized.  TMC120 structures are 

generally larger in size with 40 – 60 nm in diameter, while TMC278 aggregate size 

ranges from 20 to 40 nm.  In contrast to TMC120 and TMC278, TMC125 aggregate 

structures were not evenly distributed and varied substantially in their size and 

morphology.  Colloidal structures of TMC125, shown in Figure 7, are large in size (>200 

nm in diameter) and irregular in shape.  Based on these findings, we conclude that some 

of the NNRTIs (such as TMC120 and TMC278) can form spherical particles while others 

form non-homogeneous populations of large, irregular structures, possibly best described 

as precipitate.  

 

Detergent and co-solvent sensitivity of NNRTI drug aggregation  

1) Detergent sensitivity of NNRTI aggregation 

DLS evaluation of NNRTI aggregation was performed in aqueous solutions in the 

presence and absence of surface-active agents.  Surfactants were initially introduced into 

the system in an attempt to stabilize the DLS measurements, which were erratic 

presumably because of rapid changes in the sizes of the drug aggregates.   A series of 

non-ionic detergents including -octylglucoside, Triton X-100, and tyloxapol were tested 

for their effect on the DLS measurements.  Tyloxapol was found to have the most 

favorable properties in terms of stability of data collection together with forming 

relatively uniform, small detergent micelles within an easily distinguishable and narrow 

hydrodynamic size range. 

We compared aggregation tendencies of 15 NNRTI compounds in the presence 
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and absence of tyloxapol in solutions simulating gastric conditions of a fasting individual. 

As depicted in Figure 8, DLS measurements of 15 NNRTIs at pH 1.5 in the absence and 

presence of tyloxapol all showed the presence of either colloidal aggregated structures 

(Rh <110 nm) or precipitate material (Rh >250 nm).  In the presence of the detergent, a 

~20 nm increase in the average hydrodynamic radii of the aggregated species were 

observed.  One of the 15 tested NNRTIs, R157753 exhibited exceptional detergent 

dependent aggregation behavior where precipitated material formed in the absence of 

surfactant while homogeneous aggregate populations were detected in its presence.  A 

small subset of drug molecules was unable to form stable aggregate populations either in 

the absence  

 

Figure 8. Average Rh measurements for 15 DAPY NNRTIs in the 
presence and absence of tyloxapol.  Color assignment: red: DLS 
measurements for 0.1 mM drugs in 0.15 M HCl, 0.1% tyloxapol; blue: 
DLS measurements for 0.1 mM drugs in 0.15 M HCl.  Error bars reflect 
the standard deviations calculated based on four independent 
measurements for each inhibitor (see details in Materials and Methods).   
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or in the presence of the detergent: they were R129385, TMC125, and R185545.  Based 

on the fact that all other solution components were kept constant, these observations 

suggest that aggregate formation is primarily a function of drug molecules’ atomic 

composition.   

Drug transition through the GI tract is accompanied by changes in pH, therefore 

in addition to evaluating behavior of NNRTIs under gastric conditions that simulate  

 

Figure 9.  TMC278 co-solvent and surfactant dependent aggregation at 
different pHs.  DLS measured hydrodynamic radius distribution as a 
function of solution pH for 0.1 mM TMC278 pre-dissolved in either 
DMSO (A) or PEG400 (B) in the presence and the absence of 0.1% 
tyloxapol (v/v).  Color assignment: black solid squares: pre-dissolved in 
DMSO, with tyloxapol; black clear squares: pre-dissolved in DMSO, 
without tyloxapol; blue solid circles - pre-dissolved in PEG400, with 
tyloxapol; blue clear circles - pre-dissolved in PEG400, without tyloxapol. 
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stomach dissolution, we also evaluated detergent dependence of aggregation at different 

pHs for one of the NNRTI molecules, TMC278.  We monitored aggregate formation for a 

0.1 mM drug in the presence and absence of tyloxapol.  As shown in Figure 9A, the 

average size of TMC278 aggregates in aqueous solutions tended to increase with increase 

in pH.  Our results show that at the most acidic conditions (pH 1.5), slightly larger 

aggregates were observed in the presence of tyloxapol than in its absence (drug aggregate 

radius of 52.5 ± 6.8 nm versus 35.5 ± 17.7 nm, respectively).  This trend persisted in the 

pH range from 2.5 to 3.5, where in the presence of tyloxapol the average aggregate size 

was greater by ~20 nm than in the tyloxapol-free solutions.  At pH 4.5, the trend 

observed at lower pHs was reversed and smaller aggregate size was observed for samples 

with tyloxapol (112.5 ± 14.5 nm) versus without (198.5 ± 20.0 nm).  Formation of the 

homogeneous aggregate population at the higher pHs was not observed and is best 

characterized as a precipitate.  Based on these observations we conclude that solution pH 

affects the size of drug aggregates in the presence and absence of detergent in similar 

fashion, however, the NNRTI aggregation tendencies are detergent insensitive only under 

acidic conditions, while as at higher pH, detergent sensitivity is more pronounced. 

 

2) Co-solvent sensitivity of NNRTI aggregation 

In addition to testing detergent sensitivity of 15 NNRTI compounds, we also 

evaluated their dependence on the nature of the added co-solvent.  Due to their high 

hydrophobicity, all of the NNRTIs in the study were pre-dissolved in either DMSO or 

PEG400.  Earlier efforts to dissolve dry drug material directly in the aqueous solutions 
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proved to be unsuccessful.  Traditionally, biophysical studies involving hydrophobic drug 

molecules used either 100% DMSO or PEG400, the latter is also used in drug 

formulations for many hydrophobic and hydrophilic compounds.  In our studies, 20 or 50 

mM drug stock solutions in either of the two co-solvents were used, with final DMSO or 

PEG400 concentration at 0.2% (v/v).  In animal studies, initial formulation designs 

targeting oral delivery were based on PEG400 mixtures and their concentrations are 

comparable.  In an effort to determine whether drug aggregate formation reported earlier 

was dependent on the presence of excipients, we compared aggregation behavior of 15 

NNRTI compounds in both co-solvents.  

Comparison of drug aggregate formation in DMSO and PEG400 had shown that 

NNRTI particle formation is insensitive to the nature of the additive.  Control 

experiments containing DMSO or PEG400 in the absence of drugs did not show 

formation of aggregated structures.  In Figure 10, we depict results of co-solvent 

dependent aggregation at experimentally relevant drug concentrations and pHs for 

TMC125 and TMC278.  TMC278 formed smaller aggregated structures at low 

concentration in PEG400 than in DMSO.  Though slight differences were observed, the 

overall trend of aggregation was preserved and at pH 6.5 under conditions of 1 and 0.1 

mM the drug precipitated while at pH 1.5 homogeneous populations of colloidal 

nanoparticles were formed.  In the case of TMC125, neither DMSO nor PEG400 

conditions showed formation of aggregated material in a systematic fashion.  In PEG400, 

few measurements at low concentrations were possible, however, those measurements 

were not reproducible and were shown to reflect the difference between the two systems.  
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In general, both compounds formed slightly smaller and at times more stable aggregated 

structures in PEG400 then in DMSO (Figure 9).  Though we saw slight differences in  

 

Figure 10. DLS measured Rh distribution plots for DMSO or PEG400 pre-
dissolved TMC278 and TMC125 at physiologically relevant pH and drug 
concentration conditions.  Color assignment: dark green: pH 1.5; medium 
green: pH 3.5; light green/blue: pH 6.5.  *A small subset of measurements 
was used to generate the average value. None of the experimental 
solutions contained tyloxapol.  Tiffany Tsay, an undergraduate assistant, 
conducted data collection. 

 

aggregate behavior, the overall trends of aggregation were preserved for both 

compounds, i.e. TMC278 was able to form aggregated structures under most of the 

sampled conditions in pH and concentration dependent manner while TMC125 failed to 

do so.   
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3) Combined effect of a detergent and a co-solvent on NNRTI aggregation  

We also evaluated the combined effect of co-solvent and surfactant presence on 

drug aggregate formation under physiologically relevant conditions.  Figure 9 depicts 

results of this investigation.  The aggregate size measurements reported in Figure 10 

suggest that addition of co-solvent did not change the overall trend of NNRTI 

aggregation with different aggregate formation characteristics.  In the study exploring 

dual effects of surfactant and co-solvent on drug aggregation, we looked at 0.1 mM 

TMC278 pre-dissolved in DMSO (Figure 9A) and in PEG400 (Figure 9B) in the 

presence and absence of tyloxapol.  As discussed earlier with increase in pH, drug 

aggregate size had been observed to increase.  The aggregate size of drug nanoparticles 

containing PEG400 was overall smaller than that with DMSO.  At the most acidic 

conditions (pH 1.5), slightly larger aggregates were observed in the presence of tyloxapol 

(average drug aggregate radius 52.5 ± 6.8 nm) than in its absence (35.5 ± 17.7 nm) for 

TMC278 aggregates in DMSO.  In the case of PEG400 containing pre-dissolved material, 

the size difference was within the standard deviation.  At pH 4.5, the trend observed at 

lower pH values was reversed and smaller aggregate size was observed for samples with 

tyloxapol (113 ± 15 nm in DMSO, 53 ± 10 nm in PEG400) versus without (199 ± 20 nm 

in DMSO, 105 ± 20 nm in PEG400).  Formation of the homogeneous aggregate 

population at the higher pHs was not observed for DMSO samples and was best 

characterized as a precipitate.  At high pH, PEG400 containing solutions produced large 

colloidal structures that were more stable in the presence of detergent than in its absence.  

In summary, presence of surfactant in either DMSO or PEG400 resulted in increase in 
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aggregate size and stability under acidic conditions and size reduction with improved 

aggregate stability at higher pHs.  

 

Aggregate stability 

Stability of NNRTI drug aggregates was tested as a function of temperature and 

time.   We tested temperature-dependent aggregation for three drug molecules that were 

earlier determined to have different aggregation tendencies ranging from moderate to 

heavy (TMC120, TMC278, and TMC125).  Figure 11 shows samples of experimental  

 

Figure 11. Light scattering percent intensity histograms for TMC120 at 
4ºC, 25ºC, and 37ºC.  Tested samples contained 0.1 mM (A), 0.5 mM (B), 
and 1.0 mM (C) concentrations of the drug in 0.1% tyloxapol in 0.15 M 
HCl, pH 1.5.  Red arrows point to the most populated aggregate peaks 
based on percent mass estimates. The aggregate populations at 3.5 nm 
radii correspond to tyloxapol micelles.  The peaks at <1 nm and ~3000 nm 
correspond to instrumental artifacts due to solution and background 
scattering, respectively. 
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data for TMC120 at three different concentrations and temperatures.  As the data suggest, 

the aggregate formation was observed at all tested conditions.  In general, the higher 

temperature conditions correlated with increase in population heterogeneity as well as a 

modest increase in average aggregate size (59 ± 15 nm at 25°C versus 72 ±18 nm at 

37°C).  Comparison of three drug molecules with different aggregation tendencies at 4ºC, 

25ºC, and 37ºC is shown in Figure 12A.  The histogram suggests that aggregation 

properties of the drug molecules are conserved in the 4°C to 37°C temperature range: that 

is, TMC120 and TMC278 formed homogeneous aggregate populations at all three tested 

temperatures while TMC125 was unable to do so.  Differences in measured aggregate 

sizes for TMC120 and TMC278 at 25ºC and 37ºC were within one standard deviation, 

yet heterogeneity was more pronounced at higher temperatures.  In order to test whether 

aggregate formation was stable at temperatures above 37°C, we also performed a 

temperature scan for one of the tested compounds (TMC278).  As shown in Figure 12B, 

in the temperature range from 4°C to 85°C, aggregate formation was consistently 

observed throughout.  Aggregate size fluctuation was observed to be within one standard 

deviation with exception of measurements conducted at 15ºC.   

Based on these observations we concluded that NNRTI compounds that were able 

to form homogenous populations of drug aggregate at 25ºC were also able to do so at the 

physiologically relevant temperature of 37ºC.  Even though the trend of drug aggregation 

was preserved across tested temperatures the aggregate population heterogeneity at 37ºC 

was higher.  Therefore we concluded that 25ºC was the most optimal temperature for 

studying aggregation trends of NNRTIs in simple solutions using DLS.  



 

 

28 

 

 

Figure 12.  Average Rh versus temperature plots for TMC278, TMC120, 
and TMC125. A. Comparison of drug aggregation for TMC120, TMC278 
and TMC125 at 4°C, 25°C, and 37°C.  B. Temperature scan from 4°C to 
85°C for TMC278.  Tested solutions contained 0.1 mM drug in 0.1% 
tyloxapol, 0.15 M HCl pH 1.5. Error bars reflect the standard deviations 
calculated based on tree independent measurements for each inhibitor (see 
details in Materials and Methods).  Average reflects linear regression over 
the average aggregate size measurements of TMC278.      

 

Correlation between pH and concentration sensitivity and oral bioavailability 

Of the 36 NNRTIs studied, 15 compounds had known animal (rat and dog) and, in 

six cases, human absorption data (see Table 1, Figure 4).  The absorption of a drug 
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molecule, which is determined as the exposure or area under the curve (AUC) of the 

plasma concentration curve as a function of time following oral administration, has been 

used in this study as a correlate of oral bioavailability.  The rat and human absorption 

data for DATA/DAPY NNRTIs were shown to correlate better than dog and human 

absorption data (Lewi et al., 2004).  Therefore, only rat and human absorption data were 

used to search for correlations with DLS and EM findings.  Compounds with the highest 

exposure in the rat were R152929, TMC120, and TMC278 (Table 1).  The same three 

compounds were also highly bioavailable in human subjects.  In addition to analyzing rat 

and human exposure data, Lewi et al. also characterized NNRTIs in terms of pKa, ClogP, 

and other experimental and computed physicochemical parameters (Table 1). 

To further investigate the possible dependence of NNRTI aggregation on 

concentration and pH, we generated a dilution series from 10 mM to 0.001 mM in the 

physiologically relevant pH range from 1.5 to 6.5.  Based on our results, all aggregate 

sizes for NNRTIs increased with increasing compound concentration.  As an example of 

concentration-dependent behavior, EM images of TMC278 at 0.25 mM and 0.5 mM 

concentrations are presented in Figure 13.  The two-fold increase in concentration led to  

 

Figure 13. TEM images of TMC278 aggregates at 0.25 mM and 0.5 mM 
drug concentration. 



 

 

30 

 
an increase in aggregate radii from ~30 nm to ~60 nm.  At the higher concentration 

aggregates coalesced into very large structures.  However, even at the higher compound 

concentration a minority of small aggregates was present.  

The effect of pH variation on the size distribution of NNRTI aggregates was 

evaluated for three compounds (R129385, R152929, and R156204) with different 

rat/human absorption (Table 1).  Based on DLS analysis, the pH dependence of particle 

size distribution for all three compounds at 0.1 mM was reflected in an increase in 

aggregate size with increasing pH (Figure 14).  R152929 was the most bioavailable  

 

Figure 14. DLS determined drug aggregate Rh at physiologically relevant 
pHs for four DAPY NNRTIs with differing oral bioavailabilities.  Color 
scale assignment: dark blue – compound with good oral absorption (AUC 
rat/human >5 μg·h/mL); medium blue – intermediate absorption (1 
μg·h/mL <AUC in rat/human <5 μg·h/mL); light blue – poor absorption 
(AUC in rat/human <1 μg·h/mL). 

 
inhibitor of the three compared and its aggregation behavior was least affected by 

changes in pH, with aggregate radii below 50 nm until pH reached 4.5, while R129385 
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formed aggregates with radii greater than 200 nm at pH values 2.5 and above.  R129385 

had the most pH-sensitive aggregation behavior and was the least bioavailable of the 

three compounds.  R129385 was classified as poorly bioavailable based on oral 

administration studies (see Table 1); when compared to compounds with better 

absorption, the behavior of R129385 was distinct because it was highly susceptible to 

formation of large structures at pH values above 1.5 while with compounds with better 

absorption such as R152929 and R156204, the aggregate sizes increased more gradually 

with increasing pH.   

 

Compounds with good and poor absorption show distinct aggregation behavior  

Analysis of Rh measured by DLS using various gastric-mimicking conditions for 

15 NNRTIs with known absorption revealed that compounds with more favorable 

absorption form aggregated material of smaller size than the less bioavailable molecules.  

As reported earlier, all of the 36 NNRTIs tested in the study formed aggregated species.  

However, the size distribution analysis clearly had shown the presence of two distinct 

types of colloidal forms.  Small aggregates were determined to be spherical and their size 

ranging from 30 to 100 nm (see Figures A2 and A3 and Table 1) while the other group of 

compounds formed irregular structures with aggregate size larger than 250 nm in radii.  

Of the 36 compounds, 15 had known bioavailability (Table 1) and were analyzed in the 

context of size distribution histogram shown in Figure 6.  As shown in Figure 15, 

although the smaller size aggregates were observed to be formed by compounds with 

various oral bioavailability, compounds that formed aggregates with greater than 250 nm 

radii invariably had poor absorption (AUC<1.0 g·h/mL in the rat).   
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We evaluated feasibility of using aggregate behavior in simple solution as a 

classification for oral absorption and determined that this can be a plausible method for 

such purpose.  From the data discussed earlier and depicted in Figure 15, the success of in 

vitro/in vivo classification of favorable versus poor absorption group based on 

aggregation behavior was determined to be 86.7% for 0.15 mM HCl with surfactant at pH 

1.5 (13 of 15 assigned correctly to absorption group) and 93.3% for 20 mM malonic acid 

without surfactant at pH 1.5 (14 of 15 correctly assigned).  Based on Fisher’s exact  

 

Figure 15. Size distribution of aggregates expressed as the number of 
compounds forming particles with mean Rh as determined using DLS for 
15 NNRTIs with known bioavailability.  Drug aggregation was evaluated 
at 0.1 mM drug concentration in simple stomach-mimicking solutions (top 
– 0.15 M HCl, pH 1.5; bottom – 20 mM Malonate buffer, pH 1.5).  
NNRTI aggregate sizes fell into two groups: 1) radii ranging from 30 to 
110 nm; and 2) radii greater than or equal to 250 nm.   Grayscale 
assignment: white – good absorption (AUC rat/human >5 μg·h/mL); gray 
– intermediate absorption (1 μg·h/mL <AUC in rat/human <5 μg·h/mL); 
black – poor absorption (AUC in rat/human <1 μg·h/mL).  
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test, (JMP), the two-tailed probability for the 2x2 aggregation/exposure table is 0.004.  

The overall prediction accuracy of absorption and probably bioavailability was better in 

the absence of the surfactant.  Nonetheless, it has to be stressed that presence of the 

surfactant seemed to facilitate conversion from precipitated to aggregated states for 

compounds with poor absorption.  

 

Different concentration and pH dependent aggregation behavior of compounds with 

good and poor absorption 

 

After studying aggregation as a function of concentration and pH as single 

variables, we investigated the combinatorial effects of these parameters on aggregation of 

NNRTIs with different rat/human absorption properties (Figure 16).  Compounds 

R152929, R156204, and R129385 were considered to have good, intermediate, and poor 

absorption, respectively, in rats and human subjects (Table 1).  While all compounds 

formed large structures, possibly representing precipitate, at higher concentrations and 

solution pH values, the data indicated that compounds with good or intermediate 

absorption formed smaller aggregates (30 nm <Rh <100 nm) at higher concentrations and 

pH while those with poor absorption formed larger structures.  R152929 was the only 

drug in the given series that was able to form small, stable, homogeneous populations of 

drug aggregates at the highest tested concentration of 10 mM at pH 1.5.  Intermediate 

bioavailability compounds, R156204, formed more stable aggregate populations at 0.1 

and 0.01 mM concentrations than R129385.  Nonetheless, as evident from the graphs in 
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Figure 16, there was a concentration-dependent threshold around 0.01 mM below which 

all studied compounds formed aggregates with Rh values below 50 nm.  RCpH analysis 

presented in Figure 16 corresponds to the most representative cases of NNRTI 

  

Figure 16. Concentration and pH dependence of NNRTI drug aggregate 
sizes (RCpH plots).  RCpH plots illustrating the combinatorial effects of 
concentration and pH changes on aggregate size distribution for 
compounds with different bioavailabilities.  Compounds R152929, 
R156204, and R129385 have good, intermediate, and poor bioavailability 
respectively.  The readings below 0.001 mM were not reproducible due to 
instrument limitations. 

 

behavior, yet the full subset of studied molecules is larger then shown (for similar 

analysis on other NNRTI molecules see Figure 17).  
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Figure 17-1. RCpH plots for 6 DAPY NNRTIs.  Data collection was 
performed at pH 1.5, 3.5, 6.5 only.  Each data point was collected in 
triplicate.  Due to low scattering, reading at low drug concentration were 
sometimes not obtainable.  Data collection was conducted with assistance 
from an undergraduate student, Tiffany Tsay. 
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Figure 17-2. RCpH plots for 6 DAPY NNRTIs.  Data collection was 
performed at pH 1.5, 3.5, 6.5 only.  Each data point was collected in 
triplicate.  Due to low scattering, reading at low drug concentration were 
sometimes not obtainable.  Data collection was conducted with assistance 
from an undergraduate student, Tiffany Tsay. 
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Discussion 

 

The physicochemical properties of hydrophobic compounds evaluated in this 

study displayed behavior consistent with Dr. Paul Janssen’s hypothesis of NNRTI 

aggregate formation and also provide evidence of surfactant-like behavior of NNRTI 

molecules under acidic conditions in simple solutions.  During the course of this study, a 

number of reports have appeared documenting that hydrophobic drug candidates can 

form aggregates in aqueous solutions (Feng et al., 2005; Feng and Shoichet, 2006; 

McGovern et al., 2002; McGovern et al., 2003; Pacheco and Carmona-Ribeiro, 2003; 

Seidler et al., 2003).  McGovern et al. established that the aggregation behavior of 

hydrophobic drugs was responsible for promiscuous behavior in high-throughput 

screening for new lead compounds.  It was proposed that hydrophobic compounds form 

aggregates capable of reversibly sequestering proteins in a non-specific manner leading 

to spurious identification of active inhibitors (hits) in high-throughput assays (McGovern 

et al., 2003).  The authors developed a detergent-dependent screening tool that can 

distinguish whether a compound is a specific or non-specific protein inhibitor by 

evaluating inhibition of -lactamase as a function of surfactant addition to experimental 

conditions.  Those compounds that did not show inhibition and formation of drug 

aggregates in the presence of a detergent were identified as non-specific inhibitors that 

display promiscuous inhibitory activity only while in an aggregated form (Feng et al., 

2005; Feng and Shoichet, 2006).  In our work we independently developed DLS and EM 

analytical methods to evaluate hydrophobic aggregation behavior of NNRTIs in GI tract 

mimicking conditions and emphasize correlations between aggregation and drug delivery. 
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Aggregation of NNRTI compounds in simple solutions had been shown to be 

characteristic of non-promiscuous hydrophobic drug aggregators with amphiphilic 

properties.  Simple solutions studies had shown that NNRTI aggregation is dependent on 

drug concentration, solution pH, and ionic strength while being relatively insensitive to 

surfactant.  As described by Feng et al, hydrophobic drug aggregation can be linked to 

nonspecific inhibition of the drug-like molecules.  However, based on a large subset of 

experimental studies (in vitro, in vivo, and structural), we know that NNRTI compounds 

are specific inhibitors of HIV-1 RT that form colloidal nanostructures under 

physiologically relevant conditions.  Although the binding of NNRTI molecules in the 

present study is clearly specific to HIV-1 RT, we believe that detergent-sensitivity of 

aggregation behavior observed by Feng et al., can be used not only to determine 

specificity of binding but also to predict and evaluate the hydrophobic drug absorption 

properties of hydrophobic drug candidates.  Formation of homogeneous aggregate 

population in the context of a detergent has been extensively used in hydrophobic drug 

formulation and delivery design.  We hypothesized that formation of colloidal aggregates 

in the absence of surfactant is driven by the intrinsic properties of the drug molecules.   

Therefore we believe that drug molecules’ ability to form small colloidal structures under 

conditions of relatively high drug concentration in a detergent-insensitive manor can be 

attributed to their surfactant-like characteristics.  

Also some trends could be seen relating the compound pKa values and 

aggregation(Lewi et al., 2004): the three DAPY derivatives with the three highest pKa 

values (pKa>5; compounds TC120, R152929, and TMC278) formed aggregates and had 

very good rat and human absorption.  The five compounds with the lowest rat AUC 
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values all had pKa values 3.5 or lower and, as stated above, four of the five formed larger 

structures in the pH experiments (Table 1 and Figure 16).  Given the hints from EM that 

larger structures might form from the coalescence of smaller aggregates, these data may 

imply that the higher pKa values, which would correspond to more complete ionization 

(by protonation of pyrimidine nitrogens in this case) might permit stabilization of the 

aggregates with radii 30-100 nm under acidic conditions that may be important for 

efficient absorption after oral administration.  These observations are confined to the 

DATA/DAPY series studied in this work and different classes of hydrophobic 

compounds are expected to have their own structure-aggregation correlations. 

 

Absorption of NNRTI aggregates  

Observed aggregation tendencies of NNRTI compounds in simple solutions 

offered support for the prediction that the presence of the NNRTI aggregates favors their 

lymphatic absorption via M cells in MALT of the GI tract.  As has been established by 

Dressman et al., poorly soluble compounds (such as in BCS Class II and IV) have 

dissolution rate-limiting absorption profiles that can be affected by the GI tract 

environment (Dressman and Reppas, 2000; Martinez and Amidon, 2002; Neuhoff et al., 

2003).  It has also been proposed that solubility plays a crucial role in hydrophobic drug 

absorption rate.  A transfer model has been proposed suggesting that high drug 

concentrations can lead to precipitation during transit across the pH gradient of the GI 

tract that can be correlated with poor oral absorption (Kostewicz et al., 2002; Kostewicz 

et al., 2004).  Lymphatic absorption of drug molecules is not a new concept, however, the 

mode of transport proposed in our model is.  Most lymphatic drug absorption paradigms 
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described to date are based on ability of lipophilic drugs to solubilize in the chylomicron 

fraction of the lymph (Charman and Stella, 1986; Charman et al., 1992).  Our model 

suggests a parallel mode of absorption which is specific to those lipophilic drugs, such as 

the NNRTIs studied here, that have the ability to form small aggregated structures 

independent of either natural triglycerides or formulation additives acting as lipid 

vehicles.  Developed model integrates available information to explain the unique 

absorption properties of highly hydrophobic compounds. 

For the NNRTIs used in our study, oral bioavailability in human subjects was 

established by administration of 100 mg doses and determination of corresponding 

absorption (AUC) values.  Assuming an immediate release formulation in a fasting 

individual and stomach volume in the range of 50 to 250 ml, the approximate gastric 

concentration of NNRTIs with molecular masses between 300 and 500 Da can be 

estimated to vary roughly from 1 to 10 mM.  At high drug concentration and pH, our data 

indicated a sharp transition from aggregates to larger structures, likely representing a 

phase transition to precipitate formation.  It was also observed that at concentrations 

below 0.01 mM, compound aggregation became concentration and pH independent and 

the aggregate size for all compounds was consistently smaller than 100 nm in diameter 

(see Figure 48).  In conjunction with the earlier findings by Desai et al., that polymeric 

particles with diameter ~100 nm are absorbed more readily in Peyer’s patches than larger 

particles (Desai et al., 1996), it may be that all NNRTIs at concentrations below 0.01 mM 

would form aggregates of appropriate size that can be absorbed via the M cell route.  In 

addition to this observation it should be stressed that there were also some NNRTIs that 

were able to form aggregates at concentrations above 0.01 mM, suggesting that those 
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compounds could be absorbed efficiently by M cells at drug concentrations higher than 

0.01 mM.  

In addition to the supportive findings on the possible M cell absorption of 

hydrophobic inhibitor aggregates, we also observed correlations between the in vitro 

generated aggregation of NNRTIs and their oral bioavailability in rat and man.  Under 

simulated gastric conditions of low pH (1.5) and drug concentrations ranging from 1 to 

10 mM, inhibitors with low absorption formed large structures with radii greater than 250 

nm, while compounds with better absorption formed smaller aggregates with smaller 

dimensions.  The aggregate size and good absorption correlation did not hold true when 

aggregation was measured at the NNRTI concentrations below 0.01 mM because all 

NNRTIs formed aggregates with radii equal or less than 50 nm.  Based on our analysis, in 

vivo/in vitro correlation properties for NNRTIs can be summarized by the following 

statement: “NNRTIs capable of forming aggregates with radii less than or equal to 50 nm 

at concentrations above 0.01 mM, at various physiologically relevant pH points, in vitro, 

are more likely to have good oral bioavailability.”   

 

Location-dependent hydrophobic drug absorption model 

Based on the aggregate lymphatic absorption model and correlations established 

in this study, we proposed a GI location and aggregate size dependent model for 

absorption of hydrophobic drugs (Figure 18).  The physiology of the GI tract is such that 

gastric absorption of many drugs is low due to inability to cross the mucus lining of the 

stomach (Forssell, 1988).  A locus of high absorption in the GI tract is at the upper small 

intestinal region called the duodenum.  Although the duodenum is a favorable absorption 
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site, the drug residence time in this region of the GI tract is comparably short, therefore, 

regions of absorption such as the colonic area, where the rate of absorption is low but the 

residence time is significantly longer, is of interest as well (Camilleri et al., 1989; 

Waterman and Sutton, 2003).  Based on our physicochemical findings, highly 

hydrophobic drug candidates in immediate release formulations can form aggregates in 

the stomach environment and some drugs can form small aggregates even at relatively 

high concentrations.  If aggregates of the appropriate size can be maintained with 

increasing pH during the transition through the GI tract, larger numbers of aggregates 

 

Figure 18. Location-dependent hydrophobic drug absorption model.  Bold 
lines represent the GI tract: stomach, small intestine, and colon.  Orange 
squares represent various absorptive cells in the GI tract including M cell 
and enterocytes.  The color gradient reflects the pH changes in respective 
sections of the GI (red – low pH, blue – high pH).  Rough estimates of pH 
and concentration are shown on the right and left sides of the image, 
respectively.  Color assignment: red: poor absorption (AUC in rat/human 
<1 μg·h/mL); yellow: intermediate absorption (1 μg·h/mL <AUC in 
rat/human <5 μg·h/mL); green: good absorption (AUC rat/human >5 
μg·h/mL). 
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potentially would enter the duodenum for absorption by M cells (and potentially other 

absorptive cells including enterocytes).  Assuming that the aggregate lymphatic 

absorption model is correct, the presentation of a larger number of drug aggregates of 

appropriate size to the duodenal surface would result in high drug absorption and hence, 

high absorption.  On the other hand, compounds that are unable to form large numbers of 

aggregates at high drug concentrations in the stomach would miss the duodenal 

absorption opportunity and only at ~0.01 mM concentration and below would be able to 

form aggregates with radii less than 100 nm as the predominant species.  Formation of 

aggregates for these drugs would take place at the later stages of GI transit and would 

result in presentation to less efficient absorption sites in the system, which could explain 

the low absorption properties associated with these compounds.  

 
 

Materials and Methods 

DLS 

Data collection was performed using the DynaPro-MS800 dynamic light 

scattering/molecular sizing instrument (Protein Solutions, 1994 - 2000) with argon laser 

wavelength =830 nm, a detector angle of 90°, and typical sample volume of 20 l.  Each 

light scattering experiment consisted of 20 or more independent readings, each 10 

seconds in duration. Data analysis was conducted using DynaPro Instrument Control 

Software for Molecular Research DYNAMICS™ (Version 5.26.60).  For very large 

particles with radii greater than 250 nm, full data collection was unfeasible, therefore, 
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less than 20 measurements were acquired and size determination was based on empirical 

data readings.  Each DLS experiment was repeated in triplicate.  To minimize dust 

interference in light scattering experiments, all stock solutions were filtered with 0.22 m 

MillexGV sterile filters. 

All NNRTIs were dissolved in either 100% DMSO or 100% PEG400 and stock 

solutions at 50 or 20 mM concentrations were kept frozen at -80°C.  Inhibitors were 

diluted from DMSO stocks into solutions mimicking GI conditions of a fasting 

individual, vortexed for at least 10 seconds, and then evaluated by DLS.  Gastric 

conditions in vitro were simulated by using: a) 0.15 M HCl, pH 1.5; b) 0.15 M HCl, 

pH=1.5 with 0.1% (v/v) tyloxapol (surfactant); and c) 20 mM malonic acid, pH 1.5.  Note 

that although the 0.15 M HCl, pH 1.5 condition showed formation of NNRTI aggregates, 

it was a highly unstable system for DLS evaluation, and therefore was replaced with 20 

mM malonic acid buffer at pH 1.5 which produced aggregates of similar size, gave more 

stable DLS readings, and permitted buffering over a broad range of relevant pH ranges.  

The solutions intended to mimic pH transitions in the GI tract were 20 mM malonic acid 

for pH ranging from 1.5 to 4.5 and 50 mM malonic acid for pH ranging from 5.5 to 6.5.   

Aggregate thermal stability was evaluated for five NNRTIs at 4°C, 25°C, and 

37°C at 0.4, 0.7, and 1.0 mM drug concentrations.  Sample preparation and data 

collection was done in the similar fashion to that described earlier.    

Malonate buffers were prepared using malonic acid and sodium malonate 

solutions (J.T.Baker, Inc.).  Tyloxapol (Sigma-Aldrich), a nonionic surfactant from the 

Triton group, was used to evaluate detergent-dependent aggregation behavior of 

TMC278.  Tyloxapol micelles with characteristic 3.5 nm hydrodynamic radii (Regev and 
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Zana, 1999) were observed by DLS in control solutions and were clearly distinguished in 

experimental conditions from drug containing aggregate populations.  TMC278 was 

kindly provided by Janssen Pharmaceutica. 

TEM 

Inhibitors were diluted from 20 or 50 mM stocks into 0.15 M HCl, pH 1.5, with 

and without 0.1% tyloxapol to various concentrations: 0.1 mM, 0.25 mM, 0.5 mM, and 1 

mM.  At room temperature, 5 l samples of the reaction mixtures were applied to the 

carbon-coated grids and negatively stained with 2% uranyl acetate.  Micrographs were 

taken on a JEOL 1200 EX transmission electron microscope at 80 kV.  
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Chapter 2.  Conformational variability and amphiphilicity of DAPY 

NNRTIs in small molecule crystal structures  

Synopsis 

Here is presented the small molecule structure analysis for five DAPY NNRTIs 

with differing abilities to inhibit a broad range of HIV-1 RT mutants and oral 

bioavailability.  Analysis of the small molecule crystal packing established that some of 

the DAPY NNRTI molecules are amphiphilic, and therefore sample both hydrophobic 

and hydrophilic types of interactions.  This finding is important for our understanding of 

aggregation properties of the drug molecule suggesting that some of the NNRTIs have 

better ability to sample surface-active properties than others.  Structure analysis also 

provided unequivocal evidence of multiple conformational sampling by DAPY NNRTIs 

via torsional variability that had been previously hypothesized to play major role in 

mechanisms by which NNRTIs can overcome resistance mutations.  Furthermore, small 

molecule structures revealed sampling of an additional order of freedom associated with 

interconversion of hybridization states at linker nitrogens in the selected drug molecules.  

Sampling of alternative hybridization states by linker nitrogen atoms was determined to 

be a mechanism for preservation of hydrogen bond networks in the crystals.  Similar 

hydrogen bond motifs were observed in RT/NNRTI complexes suggesting that the drug 

molecules might be sampling alternative hybridization states in the bound form as well.  

Also, weak polar interactions between the cyano group of the cyanovinyl moiety of the 

TMC278 and the aromatic rings of the symmetry-related molecules was detected.  

Similar interactions had been observed in the RT bound TMC278 structures.  The weak, 
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non-specific nature of this interaction revealed the breadth of conformational freedom 

available to TMC278 in the hydrophobic tunnel of HIV-1 RT.  
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Introduction 

Aggregation properties of NNRTI compounds reported in chapter one suggest that 

NNRTI aggregate formation depends on the atomic composition of the drug molecules.  

In the series of 15 DATA/DAPY NNRTIs studied, the five molecules that contain oxygen 

atoms (either as aryl ring linkers or as hydroxyl group) had the lowest exposures in rat 

(see Figure 4, Table 1) and four of the five formed larger structures (Rh >250 nm) in the 

pH 1.5 condition in the absence of tyloxapol (Figure 7) condition, as opposed to the other 

ten that in each case formed aggregate structures with radii 30-100 nm.  These oxygen 

atoms are able to act as hydrogen-bond acceptors even at pH 1.5, allowing for different 

contact patterns than nitrogen or carbon atoms.  

Although the precise mechanism of aggregate formation is unknown to us, we 

expect that the process is driven, among other not yet identified factors, by burial of 

hydrophobic surface area (as with the hydrophobic effect in the formation of oil droplets 

in water or the folding of proteins in aqueous environments), which may balance the 

energy cost incurred by forming cavities in the water.  The arrangement of molecules 

within the aggregates may resemble an environment anywhere along the continuum from 

liquid-like to liquid crystals to solid-like in which microcrystalline domains may be 

present.  The ways in which the hydrophobic molecules will pack in the aggregates will 

depend on solution conditions (pH, buffer, salt, ionic strength, etc.) and the detailed 

structures and properties of the molecules, including the number of polar atoms, number 

of hydrogen bond donors and acceptors, conformational flexibility, and presence of 

ionized groups, among other factors.  Depending on the solvent, salts, and other additives 
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(e.g., tyloxapol or PEG400) in solution, additional molecules and species may be present 

within the aggregates. 

To address the structure activity relationship for DAPY NNRTIs, we studied the 

crystal structures of five NNRTI compounds with differing binding and oral 

bioavailability properties.  DAPY NNRTI molecules have characteristic structural 

features of two hydrophobic aryl rings (wings I and II) and a pyrimidine ring (P) (see 

example in Figure 19).  It has been earlier hypothesized and experimentally supported, in 

the structural studies of DAPY NNRTIs in complexes with HIV-1 RT, that they achieve 

multiple conformations by altering dihedral angles 1 and 2 responsible for ‘wing I’ and 

‘wing II’ rotation relative to each other (Das et al., 2008; Das et al., 2004).  The flexible  

 

Figure 19. NNRTI nomenclature.  As an example of a DAPY NNRTI, the 
structure of TMC278 is presented with wing I, wing II and pyrimidine 
rings labeled as I, II, and P respectively.  Black arrows correspond to 
rotations associated with torsion angles 1 – 5.  

 

nature of the molecule was proposed to play an essential role in improving ability of the 

NNRTI molecules to inhibit a broad range of RT mutants.  Rotation of torsional angles 1 

and 2 was predicted to involve relatively low energy barriers and therefore were 
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suggested to afford broad conformational sampling (Das et al., 2004).  Dihedral angles 3 

and 4 were observed to be less dynamic while 5 was shown to explore varying 

conformations selection of which was mostly influenced by interaction with critical 

residues in the pocket of the protein comprising the hydrophobic tunnel. 

 

Results 

Here are reported the small molecule X-ray structures of TMC278 in protonated, 

bis-DMSO, and anhydrous forms (Figure 20); and TMC125 in an anhydrous form 

(Figure 21).  In our analysis and discussion we also include a set of three DATA/DAPY 

NNRTI small molecule structures: R120393, R152929, and R185545, kindly provided by 

The Center for Molecular Design, Belgium (Figure 22).   All TMC278 crystal forms have 

one molecule per asymmetric unit, though the bis-DMSO crystal has two alternative 

conformations, A and B, with partial occupancy of 0.72 and 0.28 for atoms C(12) through 

C(22); and 0.909(2), 0.091(2) for DMSO molecules A and B respectively (Figure 20).  

Data collection and refinement are reported in Table 2, and complete data on bond 

distances and angles is included in Figure 23. 

 

Conformational and torsion angle variability analysis 

Out of five available small molecule structures of DATA/DAPY NNRTIs, four 

displayed a “horseshoe” or a “butterfly” conformation where | 3| and | 4| are less than 

90° (Figure 21).  One exception to this conformational trend was R120393, with | 3| at 

178° resulting in a drug molecule conformation transformed into a twisted or an extended 
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one, otherwise known as a “seahorse” (Figure 22).  Small molecule crystal structure 

conformations of drug molecules are similar to those previously observed in the 

corresponding NNRTI complex structures with HIV-1 RT (Das et al., 2008; Das et al., 

2004).  Although the overall horseshoe shape of the drug molecules in the small molecule 

X-ray structures is mostly conserved, the intrinsic flexibility of the molecules can be 

appreciated from the number of different conformations determined for one of the 

NNRTI molecules, TMC278 (Figure 23).  Torsional variability is analyzed by 

comparison of torsion angle sampling for all NNRTI structures (Table 3).  For torsion 

angles 1 and 2 the standard deviation is 35° and 43°, respectively, while for 3 and 4 

these values are 15° and 14° for horseshoe conformations.  If the seahorse conformation 

was also included in the calculation the standard deviation for these angles increased to 

64° and 49°, respectively.  Predominance of one general fold suggested that the 

“horseshoe” conformation has lower energy than the “seahorse”.     

Torsional flexibility in the small molecule crystal structures of DAPY NNRTIs 

can be also evaluated in terms of sampling of alternative hybridization states at the linker 

nitrogens, N(3) and N(4) of the drug molecules.  We analyzed planarity at the linker 

nitrogens in all available small molecule crystal forms (see Methods) and our 

observations suggest both linker regions are capable of sp2 and sp3 hybridizations (Table 

4).  The change in hybridization is associated with inter-conversion between planar and 

tetrahedral conformations.  Table 4 summarizes hybridization information for three 

TMC278 crystal forms as well as TMC125, R120393, R152929, and R185545.  TMC125 

and R185545 were not analyzed using earlier described method due to the absence of 

hydrogen atom information.  As shown in Table 4, the linker I nitrogen, N(4), observes  
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Figure 20. Thermal ellipsoid representations of TMC278 small molecule 
X-ray structures. Thermal ellipsoid plots of TMC278 crystal structures in 
anhydrous (A); bis-DMSO (B); and protonated (C) forms.  

 

 

Figure 21. Thermal ellipsoid representation of TMC125 X-ray structure. 
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Figure 22.  Thermal ellipsoid representation of R185545, R152929, and 
R120393 structures.  Coordinates and thermal ellipsoid plots were 
provided by the Center for Molecular Design, Belgium. 
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Table 2.  Crystallographic data collection and refinement statistics for 
single crystal X-ray structures.  Listed information is for anhydrous, bis-
DMSO, and protonated forms of TMC278, and TMC125 in the anhydrous 
form. 
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Figure 23. Superimposed view of anhydrous, bis-DMSO, and protonated 
X-ray structural forms of TMC278.  Superposition was done using non-
hydrogen atoms of the pyrimidine rings.  Color assignment:  green: 
anhydrous; blue: bis-DMSO; pink: protonated. 

 

 

Table 3.  Dihedral angle measurement comparison in small molecule X-
ray structures of DAPY NNRTIs.  Angles 1 – 4 were identified using 
the following convention: 1 – C(1)-N(4)-C(12)-C(13); 2 – C(4)-N(3)-
C(5)-C(6); 3 – N(1)-C(1)-N(4)-C(12); 4 – N(1)-C(4)-N(3)-C(5).  Angle 
5 (C(14)-C(15)-C(20)-C(21)) was measured only for TMC278; see 

Figure 19. 
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sp3 hybridizations at a higher frequency than the linker II atom, N(3).  That being 

said, the only NNRTI structures where linker I atoms displayed planar orientation 

were TMC125 and R185545 where instead of nitrogen this position was occupied 

by oxygen.  Comparison of linker II orientation in different DAPY NNRTIs was 

more exhaustive in this study that that of linker II because atomic composition of 

the later varied.  As reported in Table 4, the sp2 hybridization was observed in 

two out of five linker II atoms in NNRTI structures (protonated TMC278 and 

anhydrous TMC125).  In the example of the protonated TMC278 structure, it was  

  

 

Table 4.  Hybridization switches in small molecule X-ray structures of 
DAPY NNRTIs.  The linker region geometry comparison was conducted 
for TMC278 in protonated, bis-DMSO, and anhydrous forms, and for the 
TMC125, R120393, R152929, and R185545 structures. 

 

possible to determine the reasons behind alternative hybridization sampling (Figure 24A).  

The HN4 atom deviation from the C(12)-N(4)-C(4) plane is most likely driven by 
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hydrogen bond formation that coordinates chloride ion and water by the symmetry-

related drug molecules (see Figure 24B).  The extent of deviation can be interpreted using 

the displacement distance from planarity and the angle of rotation necessary for planarity. 

 

Figure 24. Sampling of alternative hybridization states at the linker I and 
II nitrogens in protonated TMC278 structure.  A.  Hydrogen bond network 
between two symmetry related protonated TMC278 molecules with 
ordered solvent.  B. Close-up of hydrogen bonding between linker I 
hydrogen, HN4 and chloride ion.  Light blue arrow reflects the necessary 
rotation for HN4 to be in the plane C12-N4-C4.  Color assignment: green: 
chloride; red: oxygen; blue: nitrogen; white: hydrogen; gray: carbon.  
Note: only polar hydrogens are displayed.  Hydrogen bonds are shown in 
magenta with corresponding distances in Å. 

 

In the case of the protonated TMC278 structure, displacement from the C(12)-N(4)-C(4) 

plane for linker I hydrogen is 0.3 Å while the deviation angle is at 21°.  On the other 

hand, linker II hydrogen (HN3) has only a minor deviation from the plane described by a 



 

 

58 

4.8° rotation and a 0.07 Å displacement.  Due to the fact that both parameters are less 

than five standard deviations, linker II hydrogen is considered to be planar and therefore 

sp2 hybridized. 

 

Hydrogen bonding analysis 

Hydrogen bond networks were also evaluated for DAPY NNRTI small molecule 

structures.  Analysis involved evaluation of crystal packing, bond distances, and bond 

angles.  Conserved preference for hydrogen bond formation were observed between 

linker HN(3) and HN(4) atoms and symmetry-related molecules and/or ordered solvent, 

either  chloride ions as in the protonated structure; or a symmetry-related pyrimidine ring 

N(2) atom and an ordered DMSO oxygen, in bis-DMSO structure; or  pyrimidine N(2) 

and cyano N(5) atoms in the anhydrous form (Table 5).  Among all hydrogen bonding 

networks observed in the TMC278 structures, these interactions had the most optimal 

geometries (bond angles closest to 180° and hydrogen bond length of 2.5 ± 0.25 Å) and 

therefore were considered to be significant (Figure 25, Table 5).  In the case of TMC125 

neither linker nitrogen N(3) nor oxygen at the linker I position formed hydrogen bonds 

with surrounding molecules.  Besides the linker regions, the pyrimidine ring moiety of 

the molecules was also noted to form hydrogen bonds with either symmetry-related drug 

molecules or ordered solvent.  These interactions were strong with good geometry (Table 

5), however generally weaker than those formed by linker nitrogens, with one exception 

in TMC125 where the linker nitrogens were not involved in hydrogen bond formation 

and the best hydrogen bonding geometry was that of pyrimidine nitrogen N2. 
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 d(H…A) [Å] D(D...A) [Å] <(DHA) [°] 
 
Anhydrous 

N(3)-H(3N)...N(2)#1 2.47(2) 3.337(2) 172(2) 

N(4)-H(4N)...N(5)#2 2.26(2) 3.089(2) 163(2) 

 
bis-DMSO 

N(3)-H(3N)...N(2)#1 2.23(2) 3.0289(19) 173(2) 

N(4)-H(4N)...O(1) 2.14(2) 2.9341(18) 168(2) 

 
Protonated 

N(3)-H(3N)...Cl(1)#2 2.45(3) 3.294(2) 161(2) 

N(4)-H(4N)...Cl(1) 2.40(3) 3.228(2) 178(2) 

N(2)-H(2N)...O(1W)#1 1.88(3) 2.721(3) 177(2) 

 
TMC125    

N(4)-H(4NA)...N(2)#1 2.24(4) 3.088(4) 166(3) 

    

Table 5.  Selected intermolecular hydrogen bond distance and angle 
information from anhydrous, bis-DMSO, and protonated TMC278 small 
molecule crystal structures.  #1 and #2 identify symmetry-related 
molecules.  Symmetry operations performed to generate symmetry-related 
molecules and the full list of hydrogen bonds identified in small molecule 
structures are listed in Table 8-3. 

 

Figure 25. Hydrogen bonding conserved network motif in TMC278 X-ray 
structures.  Sample packing corresponds to the anhydrous form of 
TMC278.  Color assignment: green: carbon, blue: nitrogen, grey: 
hydrogen. 
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Among available DAPY NNRTI structures the most extensive information on 

drug/solvent interactions could be obtained from the protonated structure of TMC278.  

The ordered solvent in the protonated structure of TMC278 formed a solvent channel that 

clearly showed formation of a hydrogen bond network with pyrimidine rings and linkers 

of drug molecules while their hydrophobic moieties are buried away.  Figure 26 depicts  

 

 

Figure 26.  Protonated TMC278 small molecule crystal packing.  Color 
assignment: white: carbon; blue: nitrogen; solid green: chloride; solid red: 
oxygen; clear green: hydrogen.  

the crystal packing of the protonated TMC278.  Based on the drug and ordered solvent 

hydrogen bonding network it can be concluded that TMC278 molecules have amphiphilic 

tendencies.  Burial of the wings and extensive hydrogen bonding interactions of the 

pyrimidine adds directionality and distinction between the head and the tail of the 
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molecule.  The fact that similar modes of hydrogen bonding pattern were observed in 

both, protonated and neutral structures, suggested that amphiphilicity was not limited 

only to the protonated TMC278 molecules, yet the presence of the charge probably 

amplified that property.  

To evaluate the effect of protonation on the structure of DAPY NNRTI molecules 

we compared the bond distances of anhydrous, bis-DMSO, and protonated structures of 

TMC278.  Figure 27 shows root square deviation (RSD) of bond distances in bis DMSO 

and protonated TMC278 structures versus the same distances in the anhydrous TMC278 

structure.  The deviation distribution highlights the largest variation in bond distances in 

 

Figure 27.  Plot of RSD for non-hydrogen atom pair distances in the three 
small molecule X-ray structures of TMC278. The RSDs were calculated 
between bis-DMSO or protonated forms and anhydrous TMC278 
structures.  Color assignment: light grey: bis-DMSO (A); dark grey: bis-
DMSO (B); black: protonated TMC278. 

 



 

 

62 

 

Figure 28.  Comparison of bond distances (in Å) for protonated, bis-
DMSO A, and anhydrous TMC278 small molecule structures in the linker 
region.  Color assignment: green: protonated; red: bis-DMSO; blue: 
anhydrous. 

 
the three structures.  The most substantial differences between these structures lie in the  

pyrimidine ring [C(1)-C(2), C(2)-C(3), C(3)-N(2)] and linker regions [C(12)-N(4), N(4)-

C(1), C(4)-N(3), N(3)-C(5)] of the protonated TMC278, whereas bis-DMSO A/B had 

comparably small deviations from corresponding anhydrous TMC278 non-hydrogen 

atom bond distances.  That being said, almost all bonds with exception of C(21)-C(22), 

C(11)-N(5), and C(22)-N(6), showed variation above one standard deviation (>0.003 Å).  

Tighter hydrogen bonding to chloride ions in the protonated structure translated into a 

substantial change of the bond distances for pyrimidine ring bonds, linkers and wing I of 

the molecule, while the cyano groups and wing II were not affected by these long range 

interactions.  Though the cyano group in the anhydrous TMC278 structure formed 
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hydrogen bonds, the distance of the triple bond was not significantly affected.  Distance 

comparison of the linker-regions’ associated bond distances for C(1)-N(4); N(4)-C(12) 

and C(4)-N(3); N(3)-C(5) depicted in Figure 28, suggested that protonation and the 

presence of ordered chloride ion, resulted in shortening of C(1)-N(4) and C(4)-N(3) by 

0.03 and 0.02 Å respectively, simultaneously being compensated by elongation of C(12)-

N(4) and C(5)-N(3) by 0.2 Å. As discussed before, the linker nitrogens were involved in 

coordination of chloride ion and therefore the differences in the bond lengths of atoms 

associated with the linker can be explained in terms of these interactions.  Interestingly, 

the protonation of N(2) affects the bond distances on the pyrimidine in an uneven 

fashion, in which the N(2)-C(3) bond was more significantly affected than the bond 

length of N(2)-C(4).  This uneven distribution might be related to the change in electron 

composition and distribution in the structure. 

 

Crystal packing analysis  

In addition to analyzing the conformational flexibility and hydrogen bond motifs, 

we also evaluated hydrophobic interactions in the crystal structures of DAPY NNRTIs.  

Figure 29 shows the crystal packing samples from five DAPY NNRTI small molecule X-

ray structures.  Evaluation of crystal packing was based on four parameters: ring-to-ring 

stacking distance (ds), angle between a stacking rings pair (<s), buried surface of stacking 

between two stacking rings expressed as solvent excluding surface area of stacking 

(SESAs), and the total number of ring-to-ring stacking interaction accounted for 

individual drug molecules (Table 6, details in Methods).  Optimal parallel displaced 

stacking interaction between two rings was defined by ds of 3.5 ± 0.5 Å,  <s of 180 ± 20° 
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of 0 ± 20°, and SESAs >20 Å2 (see Methods for details).  In order to compare stacking 

interactions between different crystal structures, a quality of stacking (QS) parameter was 

introduced to reflect on the number of descriptors of parallel stacking interaction falling 

in the optimal range for a given stacked pair of rings.  

Among five studied compounds, some had extensive stacking interactions while 

others failed to form any.  Among analyzed DAPY NNRTI small molecule structures, 

only two compounds had all three rings involved in parallel displaced stacking resulting 

in  interactions, R120393 and R185545 (Table 6).  Even though both of these 

compounds employed all three rings in ring-to-ring stacking interactions, the strength or 

quality of stacking for these molecules was fundamentally different.  Though stacking 

distances in R120393 packing were within the optimal range of 3.5 ± 0.5 Å, the two 

stacking angles <s(II…P) in R120393 were determined to be suboptimal (<180°) producing 

only 45 Å2 of total buried surface area between the stacked rings.  In contrast to 

R120393, R185545 had shown better geometry in both ring-to-ring distances and angles, 

therefore generating a total of 66 Å2 of solvent excluded surface attributed to ring-to-ring 

stacking (Table 6).  On the other hand, there were also structures that had not formed 

optimal aromatic ring stacking interactions: protonated and bis-DMSO TMC278 forms, 

and R152929.  Potential stacking interactions were observed in the bis-DMSO TMC278 

structure between symmetry-related wing I and pyrimidine ring, however the distance of 

separation and SESAs suggested that orientation was not optimal for  stacking 

interactions.  The TMC278 stacking interactions were critically affected by the presence 

of ordered solvent and protonation of the drug molecules.  In the case of the anhydrous 

TMC278 structure, one clear stacking interaction between wing II and a symmetry-
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related wing II ring was observed.  Based on the ring-to-ring distance of 3.8 Å, co-planar 

orientation (characterized by a 180° angle), and a buried surface of 27 Å2 the stacking 

was determined to have optimal geometry.  In contrast to the anhydrous TMC278  

 
Ring 
Pair ds (Å) <s (°) SESAs (Å2) QS NTS 

II…II 3.8 180 27 3 
II…P 5.2 170 0 1 

TMC278/Anhydrous 

I…I 5.5 180 0 1 

1 

    Total=27   

I…I 4.5 180 10 1 TMC278/bis-DMSO 

II…P 4.4 142 14 0 
0 

    Total=24   

I…I 4.8 180 12 1 TMC278/Protonated 

II…P 5.5 170 0 1 
0 

    Total=12   

I…II 3.9 170 22 3 R120393 

(II…P) 2 3.8 160 23 2 
3 

    Total=45   

I…I 4.4 160 21 1 

I…II 5 180 0 1 

R152929 

II…P 4.6 165 11 1 

0 

    Total=32   

I…I 4 180 21 3 

II…II 3.6 168 25 3 

R185545 

II…P 3.8 170 20 3 

3 

    Total=66   

I…I 3.7 180 25 3 

II…P 4.2 160 13 0 

TMC125 

II…II 4.2 180 20 2 

1 

    Total=58   

Table 6.  Crystal packing analysis for five DAPY NNRTI small molecule 
structures.  I, II, and P correspond to wing I, wing II, and pyrimidine ring 
respectively.  Ds – stacking distance, <s –angle between two stacking 
rings, SASEs – buried surface of stacking between selected rings, QS – 
quality of stacking interactions (1 point for each descriptor), NTS – total 
number of stacking interactions for an individual drug molecule. 

 

structure, bis-DMSO and protonated drug forms did not form optimal stacking  
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Figure 29. Packing analysis of five DAPY NNRTI molecules.  A. 
TMC278 B. TMC125 C. R185545 D. R120393 E. R152929.  Symmetry-
related molecules were generated using symmetry operators appropriate 
for the corresponding space group. 
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interactions between any of the possible ring pairs.  As shown in Figure 30, the total 

buried surface area for an individual molecule in the context of the crystal packing was 

determined to be the largest for the anhydrous crystal form (223 Å2), in comparison to 

bis-DMSO and protonated TMC278 structures where SESA values were 166 and 79 Å2, 

respectively.  These results suggest that the crystal packing of the anhydrous TMC278 

form is tighter, and therefore produces more contact area between symmetry-related 

molecules while as in bis-DMSO and protonated crystal forms the packing is increasingly 

less compact.  In the anhydrous structure the most interactive part of the molecule is that 

of wing II, whereas in bis-DMSO more contacts occur with the wing I moiety.   

Though different in many ways, all three TMC278 crystal forms pack their cyano 

groups against symmetry-related molecules in a similar fashion.  From the hydrogen 

bond analysis discussed earlier, it was established that the wing II cyano group formed 

hydrogen bonds with pyrimidine rings of symmetry related TMC278 molecules only in  

 

Figure 30.  Buried surface analysis for TMC278 small molecule X-ray 
structures.  Crystal structures are organized in order of decreasing total 
buried surface expressed as SESAs. 

 



 

 

68 

the anhydrous structure while as in the others TMC278 crystal forms such clear hydrogen 

bond formation was not observed.  On the other hand, the cyanovinyl moiety of the 

TMC278 molecule was observed to display conserved through-space electronic 

interactions between the cyano group and aromatic rings of symmetry-related molecules 

in all three structures.  Figure 31 shows cyanovinyl moiety packing modes in three 

TMC278 crystal forms.  The distance between cyanovinyl groups and ring centers varied 

from 3.0 Å in the protonated, 4.1 Å in the anhydrous, to 5.5 Å in the bis-DMSO structure 

while orientation of the cyanovinyl moieties relative to the plane of the symmetry-related 

wing I in all cases was coplanar.  In the anhydrous and the protonated crystal forms, the 

cyano group of the cyanovinyl moiety made close contacts with pyrimidine rings of the 

symmetry-related molecules.  In the bis-DMSO structure, the two wing I phenyl rings 

formed a parallel-displaced stacking interaction, forcing the cyanovinyl moiety to make 

exclusive packing contacts with the pyrimidine ring of a symmetry-related molecule 

(Figure 31).  The distance between cyano groups of the cyanovinyl and pyrimidine rings 

were optimal for electronic exchange at 3.1 Å, 4.0 Å, and 3.8 Å in protonated, bis-

DMSO, and anhydrous crystal forms, respectively.   The extent of contact made between 

cyanovinyl moiety and aromatic rings was evaluated using the buried surface 

comparison.  Cyanovinyl-to-aromatic rings buried surface ranged from 13 to 19 Å2 

(Table 7).  Out of three analyzed structures in two (protonated and anhydrous), 

cyanovinyl group made contacts with two aromatic rings: the phenyl ring of wing I and 

the pyrimidine ring (P).  As discussed earlier, due to the wing I – wing I parallel-

displaced stacking alignment the buried surface between cyanovinyl moiety and aromatic 

rings in this structure was smaller than in the other structures.   In all three structures, the 
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pair-wise contact surface area comparison had shown that there was more surface 

interaction between cyanovinyl groups and P ring than with the phenyl ring of wing I.   

The buried surface results for small molecule X-ray structures were compared to 

those observed in X-ray structures of TMC278 in complex with wild and mutant HIV-1 

RT  (Figure 32).   As depicted in the figure, the most extensive contacts were made by the 

cyanovinyl group in the hydrophobic tunnel of the binding pocket and aromatic residues 

Trp229 and Tyr188 (distances range from 3.9 to 4.3 Å).  The nature of the packing was 

similar to that observed in the small molecule structure, with tangential orientation of the 

cyano group relative to the aromatic rings.  Just as geometry, the buried surface area was 

 

Figure 31.  Cyanovinyl group stacking modes in TMC278 X-ray 
structures.  Packing interactions are shown in two alternative views for 
protonated, bis-DMSO, and anhydrous TMC278 structures.  Color 
assignment for mapped distances: green: ring center to ring center 
distance; red: ring center to the center of the vinyl bond; blue: pyrimidine 
ring center to cyano group. 
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Table 7.  Buried surface analysis for TMC278 X-ray structures.  
Calculation of buried surface between two rings (SESAWingI-WingI) was 
based on Wing I, cyanovinyl, and dimethyl phenyl (RI) or pyrimidine ring 
(P) atoms; and buried surface between cyanovinyl and nearest aromatic 
ring (SESACNV-Aromatic Ring) included cyanovinyl and aromatic ring atoms 
were included.  

 

also comparable between the small molecule structure and RT complexes.  Between RT 

complex structures, the packing of the cyanovinyl moiety against hydrophobic residues 

was generally conserved yet the contact area reflecting the strength of the interaction 

differed.  In the wild-type and in the L100I/K103N mutant structures, the contact area  

 

Figure 32. Buried surface area comparison for crystal structures of 
TMC278 in complex with HIV-1 RTs.  The packing interactions between 
cyanovinyl moieties of TMC278 and hydrophobic residues in the wild-
type and mutant RT complexes were estimated using buried surface 
calculations (see Methods). 
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between the cyanovinyl moiety and Tyr188 was greater than in the K103N/Y181C 

structure (16 Å2 vs. 14 Å2 vs. 21 Å2) whereas the extent of packing between Trp229 and 

the drug was in reverse order.  These observations suggested that although in general the 

packing of the cyanovinyl to aromatic rings was favored, increased availability of 

different aromatic residues in this location allows for the drug molecule to sample a 

larger number of comparable conformations.    

 

Discussion 

Some of the DAPY NNRTI molecules exhibit unique characteristics in both 

inhibition of their primary target and oral bioavailability.  We have studied the small 

molecule X-ray structures of five DAPY NNRTI molecules with different binding and 

bioavailability characteristics and have looked for structural features that attribute to their 

exceptional abilities. 

Drug aggregation 

Exceptional oral bioavailability of some of the DAPY NNRTI has been linked to 

their corresponding aggregation properties in simple solutions (Frenkel et al., 2005).  

Aggregate formation mechanisms can be explored by a number of different methods, 

including small molecule X-ray structures.  In the first chapter, in vitro and in vivo 

studies on DAPY/DATA NNRTI behavior in simple solutions had identified correlation 

between aggregation properties of these compounds and their oral bioavailability.  We 

have proposed that molecules that are able to form large populations of aggregates with 
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~60 nm in diameter at relatively high drug concentrations and low solution pH are taken 

up by systemic circulation at high rate and therefore are orally more bioavailable.   

The dependence on pH of the drug aggregate formation of the aqueous media 

suggests that the aggregate formation and stability are heavily dependent on the ionized 

drug population.  The small molecule crystal structures of DAPY NNRTIs presented in 

this work provide evidence that some of the drug molecules in the protonated form 

display amphiphilic properties.  In the TMC278 protonated crystal structure, most of the 

solvent exposed regions of the molecule correspond to pyrimidine rings, linkers, and 

cyano groups.  Packing of molecules in the crystal and hydrogen bond networks with 

ordered solvent suggest that the molecule preferentially exposes the pyrimidine ring 

moiety while burying hydrophobic aromatic rings (wings I and II).  If drug aggregate 

formation is considered in the context of micelle structure, surface molecules would be 

anticipated to be surface-active agents, i.e. surfactants.  In drawing parallels between 

surfactants and TMC278 in the protonated form, the hydrophobic wings of the molecule 

behave analogously to the hydrophobic tail of a surfactant while the more polar 

pyrimidine ring and linker nitrogens can act as polar head groups.  We hypothesize that 

aggregate formation is driven by hydrophobic interactions between drug molecules while 

water/aggregate interface formation is dependent on the amphiphilic, protonated species.    

Of the five available structures, two molecules are in their protonated forms, 

TMC278 and R120393.  As can be seen from the structures, the protonation sites for two 

molecules are different though both are localized at the pyrimidine ring atoms, N(2) and 

N(1) (Figures X2, X3).  Between the two, the N(2) protonation site is only slightly less 

sterically hindered in TMC278 than in R120393, yet, the presence of the amino group at 
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C(2) position most likely disfavors protonation at the nearby nitrogens, therefore forcing 

protonation at the N(1) atom in R120393.  The overall conformations of the two 

molecules are different; in the case of TMC278 it is a folded conformation (where 3 and 

4 are less than 90°) while in the case of R120393 it is an extended conformation (where 

3 and 4 are greater than 90°).  Interestingly, both of the molecules have good 

absorption profiles in rats.  Of the two, R120393 is more soluble in water, yet the 

TMC278 absorption profile is still exceptional.  One possible explanation lies in the 

different paths of absorption taken by these analogous compounds.  We hypothesize that 

R120393 absorption is enhanced by its increased, single molecule solubility while as in 

the case of TMC278 it is attributed to the structural feature that allows for more 

pronounced amphiphilic characteristics, such as separation between hydrophilic and 

hydrophobic moieties and amplification of surfactant-like features with preferential 

display of the amphiphilic molecules at the surface of the aggregate.  

Biophysical data and computational studies (described later) suggest that the 

neutral molecules might occupy the internal structure of the drug aggregate.  Small 

molecule crystal structures for molecules with different aggregation properties allows for 

comparison of the small molecule crystal packing that provides information on the extent 

of interaction between drug molecules.  Of the five compared drugs, TMC278 in DMSO 

and R152929 have the least extensive hydrophobic interactions whereas R185545 has the 

most extensive network of  stacking rings.  These results correlate with aggregate 

formation observations made in solution studies where R152929 and TMC278 has some 

of the best aggregate formation properties while as R185545 has the worst.  
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It is not known whether the drug aggregates have microcrystalline domains or 

fluid-like interior of an aggregate.  Yet, the small molecule structure tells us that some of 

the drug molecules in their neutral form have higher propensity towards forming ring-to-

ring stacking interactions while others do not.  It is possible that compounds that are 

unable to form drug aggregates under any of the physiologically relevant concentrations 

have higher predominance of hydrophobic interactions than other analogs.   

 

Protein binding 

As inhibitors of HIV-1 RT, some of the DAPY NNRTIs are known to be 

exceptional in their ability to inhibit a broad range of known HIV-1 RT mutants.  As 

proposed by Das, Lewi, et al., the mechanism of overcoming NNRTI resistance 

mutations hinges on the ability of the drug molecules to attain multiple binding modes in 

the binding pocket (Das et al., 2004; Das et al., 2005; Lewi et al., 2003).  The structural 

information obtained from the small molecule X-ray structures presented in this work 

supports this hypothesis and shows that multiple conformational modes of the molecules 

can be achieved not only via torsional changes at 1 and 2 dihedral angles responsible 

for rotations of the aromatic rings but also in the geometry of the linker atoms of the 

molecules.  The structural changes observed for the drug molecules were clearly 

influenced by their corresponding environments, whether those were the binding pocket 

of the HIV-1 RT or the small molecule structures with different solvent content. 

The small molecule structures reported here have shown that those DAPY 

NNRTIs molecules that have nitrogen atoms at the linker position acquire alternative 

geometries to accommodate conserved hydrogen bond motif formation.  Even under 
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conditions of unfavorable geometry, hydrogen bonding was achieved by changes in 

hybridization of linker atoms (example of protonated TMC278).  Nitrogen atom 

hybridization interconversion has been observed before in other systems and was shown 

to result in enhanced ability of the molecule to participate in hydrogen bond formation.  

For example, based on the crystallographic data analysis and ab inito molecular orbital 

calculations by Allen et al., intramolecular steric interaction was determined to facilitate 

conversion of nitrogen from sp2 to sp3 to promote hydrogen bond acceptor characteristic 

of the nitrogen in catalytic reaction (Allen et al., 1995).  From the crystallographic studies 

conducted by Das et al., we know that the N(3) linker atom forms hydrogen bonds with 

the carbonyl oxygen of K101, while N(4) participates in a hydrogen bonding interaction 

with carbonyl oxygen of E138 mediated through an ordered water molecule in the wild-

type RT pocket (Das et al., 2008; Das et al., 2004; Das et al., 2005).  Drawing parallels 

between the hydrogen bonding network in the binding pocket and information acquired 

from small molecule structures, we hypothesize that drug molecules with nitrogen linkers 

sample alternative hybridization states in the protein bound complex as well.  

A number of studies have reported that changes in nitrogen atom hybridization 

can significantly affect drug molecule structure and drug/protein binding interactions.  In 

some cases switch in hybridization was associated with increase in ligand entropy and 

decrease in affinity, meanwhile in others it facilitated enhanced binding selectivity 

through better accommodation of the target geometry (Allen et al., 1995; Brameld et al., 

2008).  Based on our observations, structural changes resulting from sp2 to sp3 

conversion produce conformations with an additional order of freedom that are not 

observed in the landscape of motion for sp2 only atom-linker containing DAPY NNRTI 
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analogs.  Knowing that some of the most potent compounds have nitrogen linkers, it is 

speculated that the additional order of freedom does not interfere with binding of the 

ligand.  Moreover, hydrogen bond networks observed in the X-ray structures and those in 

the RT binding pocket show that presence of oxygen or nitrogen at these positions would 

allow for more stabilizing interactions in the protein pocket.  Nitrogen is known to have 

stronger hydrogen-bond acceptor properties under the same conditions than oxygen 

(Bohm et al., 1996) and therefore would be anticipated to perform better in 

accommodating available hydrogen bond interaction in the everchanging RT binding 

pocket.  Therefore in the mechanism by which DAPY NNRTIs overcome resistance 

mutations, it is hypothesized that ability of the molecules to preserve hydrogen bond 

interactions despite the changes the protein pocket landscape increases their potency.  

The hydrogen bond network is believe to act as an anchoring mechanism for the drug 

molecule while as the interconversion at the linkers allows to accommodate the newly 

acquired changes to the landscape.  This observation suggest that hydrogen bond 

interactions via the linker atoms are fundamentally important to the ability of the drug to 

maintain strong affinity to various protein mutants.  

Another insight into NNRTI/RT complex provided by the small molecule 

structures is a conserved packing motif of the cyanovinyl moiety with aromatic rings.  As 

shown in Figure 31, we observed the cyanovinyl moiety of the TMC278 molecule 

forming conserved interactions with surrounding aromatic groups.  As discussed in the 

review by Meyer et al, non-conventional interactions between polar groups and aromatic 

rings in small molecule structures are widely observed in X-ray structures and often are 

suggestive of small molecule binding properties in a protein target (Meyer et al., 2003).  
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Interactions between aromatic ring centers and nitrile or cyano groups identified in other 

molecular systems were referred to as direct HOMO-LUMO orbital interaction 

(Ramasubbu et al., 1986) or “weak hydrogen bonds” between aromatic rings and the  

systems of the cyano groups (Meyer et al., 2003).  However, we believe that in the 

present case due to the lack of proper directionality associated with classical hydrogen 

bond formation, the cyanovinyl-aromatic ring interaction is better described as a through-

space electronic interaction.  The conserved nature of the packing also highlights the 

preference of the molecule to make this type of contact.  Similar interactions had been 

observed in the TMC278/RT wild-type and mutant structures, where cyanovinyl has been 

observed to participate in extensive interactions with a cluster of hydrophobic amino 

acids comprising the hydrophobic tunnel between NNIBP and external solvent (Das et 

al., 2008).  Based on the geometry and alignment of the groups involved, we hypothesize 

that the nature of the cyanovinyl interaction with aromatic rings is highly favorable and 

allows for broad structural variability.  Cyanovinyl moiety interactions in the pocket can 

be described as ‘slippery,’ permitting the drug molecule to slide up and down the 

hydrophobic tunnel while accommodating structural changes in the pocket of the protein. 

 

Conclusions 

The small molecule crystal structures of five DAPY NNRTIs presented in this 

work provide evidence of intrinsic flexibility of these molecules. Three crystal forms of 

TMC278 sample four alternative conformations.  Hydrogen bonding of TMC278 to other 

symmetry related molecules and/or ordered solvents in the crystal resulted in changes of 
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bond distances at pyrimidine and linker regions.  These observations provide an insight 

into possible conformation sampling in the context of RT HIV-1 binding pocket where 

the hydrogen bond network involves linker nitrogens of the drug.   The structures suggest 

that besides the ability of the drug molecule to sample a wide conformational space via 

varying torsion angles, it is able to do so also by assuming alternative hybridization states 

at the linker nitrogens.  The crystal packing of protonated TMC278 crystal form provides 

supportive evidence of amphiphilic nature of the molecule.  Packing of molecules in the 

crystal and hydrogen bond network with ordered solvent suggest that the hydrophobic 

wings of the molecule behave analogously to the hydrophobic tail of a surfactant while a 

more polar pyrimidine ring and linker nitrogens correspond to a polar head group.   

 

Materials and Methods 

Three TMC278 crystal structures and one structure of TMC125 were solved in 

collaboration with Dr. T. Emge, Chemistry Department, Rutgers University.  The three 

crystal forms of TMC278 included: protonated, bis-DMSO, and anhydrous.  Protonated 

TMC278 form was crystallized using the vapor diffusion hanging drop method from 1 

mM and 5 mM drug in 20 mM malonic acid, pH 1.5 with 6 μl drops over 500 μl 

reservoir.  Drop content included 0.3 μl of 20 mM TMC278 in DMSO and 3 μl of 20 mM 

malonate buffer adjusted to pH 1.5 using 1 N HCl.  Low drug concentration conditions 

produced mainly thin plates while higher concentration conditions had on average a 

larger number of thicker crystals (Figure 33, Table 2).  TMC278 bis-DMSO crystals were  
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Figure 33.  Photographs of TMC278 crystals grown using the hanging 
drop method in malonic acid, pH 1.5 at 1 mM (A) and 5 mM (B) drug 
concentrations. 

 

obtained by slow evaporation method from DMSO, at starting concentration of 7.5 mM, 

over 24 hours.  Anhydrous TMC278 crystals were re-crystallized from the bis-DMSO 

drops after initial crystals were fully dissolved and slow evaporation over an additional 

48 to 72 hours was allowed.  Anhydrous TMC125 crystals were also obtained by slow 

evaporation of a 5 mM drug concentration in DMSO over a 24-hour period.  

Single-crystal X-ray diffraction data were collected for crystals on a Bruker Smart 

APEX CCD system.  Data for the protonated TMC278 form was collected using a fine 

focus sealed tube with Cu K  radiation while data on bis-DMSO, anhydrous TMC278, 

and TMC125 crystals was collected with fine focus sealed tube with Mo K  radiation 

(see details in Table 2).  Structures were solved by direct methods using SHELXS-97 

(Sheldrick, 1997) and refined using SHELXL-97 (Sheldrick, 1997).  Structure packing 

analysis was done using the Maestro graphical interface (Schrödinger, LLC). 
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Table 8-1.  The full list of bond distances for TMC278 X-ray structures.   

 

Hybridization analysis was performed using angle and distance measurements 

performed using SHELXS-97 (Sheldrick, 1997).  Hydrogen atom deviation from the 

plane, called dd, was determined by measuring the distance between the atom (HN3 or 

HN4) and the plane defined by three atoms (C5-N3-C4 or C1-N4-C12).  The angle of 

displacement between the hydrogen atom and the corresponding plane, , was calculated 

using dd and N…H bond distance (dhb) in the following manner:  

 = arcos (dd/dhb)                                                      EQ.1 

Crystal packing analysis consisted of four points: graphical inspection, ring-to-

ring stacking distance, ring-to-ring angle, and total number of stacked rings.  Graphical  
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Bond Angles [°] for TMC278 (cont.)

Protonated bis-DMSO A bis-DMSO B Anhydrous

H(18A)-C(18)-H(18B) 109.5 109.5 110.9(18)
C(13)-C(18)-H(18C) 109.5 109.5 114.7(12)
H(18A)-C(18)-H(18C) 109.5 109.5 104.6(17)
H(18B)-C(18)-H(18C) 109.5 109.5 104.6(18)
C(17)-C(19)-H(19A) 109.5 109.5 111.1(11)
C(17)-C(19)-H(19B) 109.5 109.5 112.3(12)
H(19A)-C(19)-H(19B) 109.5 109.5 110.5(17)
C(17)-C(19)-H(19C) 109.5 109.5 111.2(13)
H(19A)-C(19)-H(19C) 109.5 109.5 107.5(17)
H(19B)-C(19)-H(19C) 109.5 109.5 103.9(17)
C(21)-C(20)-C(15) 126.0(2) 125.9(2) 127.4(5) 127.17(13)
C(21)-C(20)-H(20) 118.8(13) 117.1 116.3 116.6(11)
C(15)-C(20)-H(20) 115.2(13) 117.1 116.3 116.2(11)
C(20)-C(21)-C(22) 122.6(2) 121.0(2) 121.5(5) 120.67(14)
C(20)-C(21)-H(21) 123.9(15) 119.5 119.2 122.0(12)
C(22)-C(21)-H(21) 113.4(15) 119.5 119.2 117.3(12)
N(6)-C(22)-C(21) 177.7(3) 179.2(3) 176.7(7) 178.41(16)
H(1WA)-O(1W)-H(1WB) 105(3)
O(1)-S(1)-C(23) 106.37(9)
O(1)-S(1)-C(24) 105.84(9)
C(23)-S(1)-C(24) 97.58(11)
S(1)-C(23)-H(23A) 109.5
S(1)-C(23)-H(23B) 109.5
H(23A)-C(23)-H(23B) 109.5
S(1)-C(23)-H(23C) 109.5
H(23A)-C(23)-H(23C) 109.5
H(23B)-C(23)-H(23C) 109.5
S(1)-C(24)-H(24A) 109.5
S(1)-C(24)-H(24B) 109.5
H(24A)-C(24)-H(24B) 109.5
S(1)-C(24)-H(24C) 109.5
H(24A)-C(24)-H(24C) 109.5
H(24B)-C(24)-H(24C) 109.5
O(2A)-S(2A)-C(26A) 106.38(12)
O(2A)-S(2A)-C(25A) 106.90(15)
C(26A)-S(2A)-C(25A) 96.83(13)
O(2B)-S(2B)-C(26B) 104.5(12)
O(2B)-S(2B)-C(25B) 103.9(12)
C(26B)-S(2B)-C(25B) 96.0(10)
S(2B)-C(25B)-H(25D) 109.5
S(2B)-C(25B)-H(25E) 109.5
H(25D)-C(25B)-H(25E) 109.5
S(2B)-C(25B)-H(25F) 109.5
H(25D)-C(25B)-H(25F) 109.5
H(25E)-C(25B)-H(25F) 109.5
S(2B)-C(26B)-H(26D) 109.5
S(2B)-C(26B)-H(26E) 109.5
H(26D)-C(26B)-H(26E) 109.5  

Table 8-2. The full list of bond angles in three TMC278 X-ray structures.   



 

 

83 

 

Table 8-3. Hydrogen bonding statistics for TMC278 and TMC125 small 
molecule X-ray crystal structures.   
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analysis was conducted using Coot v0.1 applying corresponding crystallographic 

symmetry operators to generate a 15 Å nearest neighbor sphere around the reference 

molecule.  Ring-to-ring distance (ds) referred to the distance between two ring centers 

within 6 Å of each other (Figure 34A).  Orientation of two rings participating in stacking 

interactions was evaluated using the ring-to-ring dihedral angle (<s).  The dihedral angle 

measurement included both ring centers and two non-hydrogen ring atoms  

 

Figure 34.  Stacking analysis method used in the small molecule crystal 
packing analysis.  A. The stacking distance, ds, between two rings is 
assessed by measuring the distance between two corresponding ring 
centers, C. B.  Alignment of two stacking rings is evaluated by measuring 
dihedral angle, <s, describing rotation of rings relative to each other.  C. 
Extent of the stacking interactions is assessed by evaluation of buried 
surface (SESAs), where the difference between individual surface areas of 
two rings and the joined surface area is calculated (eq. 2). 
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(Figure 34B).  The magnitude of stacking between two rings was evaluated using the 

buried surface area or solvent excluded surface area of stacking (SESAs) (Figure 34C) 

calculated using the individual solvent accessible surface areas (SASA) of two stacking 

rings (R1 and R2) and a joined solvent accessible surface area of the stacking (SASAtotal) 

using the following equation: 

SESAs = SASAtotal – (SASAR1 + SASAR2)                          EQ. 2 

Parallel stacking geometry was defined by ds of 3.5 ± 0.5 Å , <s of either 180 ± 20° or 0 ± 

20°, and SESAs  20 Å2.  Perpendicular ring-to-ring stacking was characterized by ds of 

3.5 ± 0.5 Å and  <s of 125 ± 10°.  All SESA were calculated using Maestro 

(Schrodinger).   

Comparison between crystal packing modes was done using the quality of 

stacking (QS) parameter that was implemented to describe the combined contribution 

from ds, <s, and SESAs descriptors.  If all three parameters were falling within the above 

defined range the stacking interaction was classified as optimal and given 3 points.  If 

either the distance between two rings or the angle or SESAs were falling outside of 

allowed range, the stacking interaction was classified as suboptimal and a penalty of 1 

point for each was subtracted.  If all three parameters were falling outside of the allowed 

range, the stacking interaction was considered to be not optimal.  The total number of 

rings participating in intermolecular stacking interactions (NTS) corresponds to the 

number of rings per individual drug molecule involved in stacking interactions.   
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Chapter 3.  Amphiphilic behavior of hydrophobic drug molecules in 

MD simulation of TMC278 drug aggregate/water interface  

Synopsis 

Biophysical studies of NNRTI behavior in simple solutions mimicking 

physiologically relevant conditions established a correlation between ability of the 

molecules to form stable, homogeneous populations of clear, ~100 nm in diameter, 

spherical nanoparticles at low pH in surfactant independent fashion, and good oral 

bioavailability.  We hypothesized that TMC278 is able to display surfactant-like 

properties under physiologically relevant conditions and therefore facilitate formation of 

nanostructures in the absence of other surfactants.  We tested our hypothesis using all-

atom molecular dynamics (MD) simulations with neutral and protonated drug molecules 

in explicit solvent.  Results of MD simulations support our hypothesis and show that 

protonated TMC278 molecule at the aggregate/water interface behaves as a surfactant.  

We determined that drug aggregate surface in MD simulation is populated by both 

neutral and protonated molecules.  Protonated TMC278 molecules behave as amphiphiles 

at the aggregate/water interface by displaying hydrophilic and burying hydrophobic 

portions of the molecule while neutral TMC278 molecules sample large conformational 

variability and enhance aggregate packing.  Our simulation results suggest that intrinsic 

torsional flexibility and ability to exhibit amphiphilic properties at low pH facilitate 

formation of a stable aggregate/water interface in drug aggregates and therefore are 

thought to play critical roles in oral bioavailability properties of the drug.  
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Introduction 

Biophysical measurements, reported in the first chapter, confirmed formation of 

aggregate nanostructures and showed that oral bioavailability properties of the DAPY 

compounds correlated with their ability to form homogeneous populations of small (<120 

nm diameter) aggregates at low pH and high drug concentration (Frenkel et al., 2005).  

Concurrent correlation analysis for the DAPY NNRTI molecules using 15 

physicochemical, pharmacokinetic, and chemical parameters had shown strong 

correlation between aggregate formation, lipophilicity, transepithelial transport, and 

human exposure (Lewi et al., 2004).  As an outcome of these analyses, we formulated a 

hypothesis that small drug aggregates were the biological units of delivery that formed at 

high drug concentrations in the stomach and were being further trafficked into lymphatic 

circulation by small intestine enterocytes via either paracellular or transcellular routes 

(Frenkel et al., 2005).  Based on experiments reported by Frenkel et al., 2005 and those 

presented in this chapter, we conclude that ability to form small drug aggregates by 

TMC278 is independent of a stabilizing agent, therefore, suggesting that TMC278 along 

with few other members of NNRTI DAPY series is able to achieve nanoparticle 

formation purely due to its physicochemical characteristics.  To test this hypothesis, we 

designed a series of computational experiments. 

Among currently known nanoparticulate structure types, we have reasons to 

believe that microemulsion is the most appropriate model to describe NNRTI drug 

aggregates.  Microemulsions are isotropic, thermodynamically stable ternary or 

pseudoternary systems with 80-100 nm diameters, otherwise known as swollen micelles 

that consist of oil (hydrophobic phase), water (hydrophilic phase), surfactant (stabilizing 
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agent), and frequently a cosolvent (de Gennes and Taupin, 1982; Eicke and Parfitt, 1987; 

Rosen, 1989; Tsujii, 1997).  Surfactants are known to lower the surface tension between 

two immiscible phases (de Gennes and Taupin, 1982; Eicke and Parfitt, 1987; Rosen, 

1989; Tsujii, 1997) and to have specific structural characteristics such as charged or polar 

head groups and hydrophobic tails.  In the case of some DAPY NNRTIs we hypothesize 

that under acidic conditions, protonated drug molecules have surfactant-like features with 

the protonated pyrimidine ring being a head group and the diaryl wings composing the 

hydrophobic tail.  We propose that those NNRTI DAPY compounds that can exhibit 

surfactant-like properties upon protonation can facilitate microemulsion-like aggregate 

formation. 

Here, TMC278 behavior at the water/aggregate interface was examined using all-

atom molecular dynamics (MD) simulations.  A number of computational studies have 

been targeted at water/vapor interfaces (Chen, 1995) and microemulsions such as 

simulations of single or multiple surfactant molecules in explicit solvent (Derecskei et al., 

1999), coarse-grained simulations using self-consistent field theory (Fraaije et al., 1997), 

and dissipative particle dynamics (DPD) based on nuclei formation and growth via 

coalescence-exchange or coagulation of water-in-oil drops for simulation of 

microemulsions, micelles, etc. (Chen et al., 2007; Ryjkina et al., 2002)  However, all-

atom simulations of aggregate systems consisting of a half million molecules or more is 

not currently feasible.  Therefore, a computational approach was devised to study the 

surface dynamics of an aggregate rather than the full nm-sized aggregates.  In the present 

study, pH-dependent aggregate surface formation was monitored with the goal to 
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evaluate the behavior of protonated and neutral drug molecules in terms of their potential 

surfactant-like behavior.   

Results 

Infinite dilution studies of TMC278 and TMC125 in water 

Here we report results of a computational study exploring conformational 

sampling for two NNRTI drugs, TMC278 and TMC125, under minimally constrained 

conditions of an infinite dilution in water.  Previous structural studies, as well as 

computational studies reported in the subsequent sections of this work, focus on the 

NNRTIs’ dynamics in the context of either a binding pocket, an aggregate, or a crystal 

lattice, therefore, asking question of behavior of the drugs under constrained conditions.  

Yet, the unconstrained behavior of the drug molecules is not well explored in any of these 

systems.  Understanding of the molecular dynamics in solution serves the purpose of 

setting a reference point for analysis of NNRTI dynamics at the water/aggregate 

interface.   

 

Conformational variability of TMC278 and TMC125 in water 

Analysis of infinite dilution simulation results for DAPY NNRTIs suggests that 

they sample a substantially larger conformational landscape in water than in the binding 

pocket of HIV-1 RT.  As can be seen from Figure 35, we analyzed torsional flexibility of 

the molecules in MD simulation by monitoring changes of the dihedral angles 1 – 4.  



 

 

90 

 

Figure 35.  The torsion angle probability distributions for TMC278 in 
neutral and protonated forms and neutral TMC125 in the 8 ns infinite 
dilution condition REMD simulations, at 300 K. 

 

Torsion angle distributions for neutral and protonated forms of TMC278 are rather 

similar.  Both show earlier predicted broad distributions at angles 1 and 2, though 

2 displays substantially more rotational freedom than 1 probably due to the presence of 

methyl groups on the phenyl ring that restrict the full rotation of the wing I moiety.  

Besides high rotational variability at the 1 and 2 angles, we also observed broad 

rotations of 3 and/or 4 torsion angles that have not been yet seen for TMC278 or 

TMC125 either in the binding pocket of the target protein or in the small molecule 

structures.  Bound and small molecule drug conformations had shown 10-15° variations 

in 3 and 4, yet in the infinite dilutions results conformations are observed that are 
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rotated by 180°.  These rotations change dramatically the overall shape of the molecule, 

resulting in more extended, “seahorse-like” conformations.  TMC125 had shown to be 

more conservative in its overall conformational sampling than TMC278.  Though rotation 

of wing II via 2 and 4 were similar for two drug molecules, the sampling of the broad 

rotations via dihedral angles 1 and 3 was not observed.  In TMC125, an unfavorable 

interaction between aromatic ring and bromine group on the pyrimidine ring that results 

from a 180° rotation at 3 were responsible for a low occurrence of such conformation.  

Based on these observations, the conformational landscape of the TMC125 is concluded 

to be more restricted than that of TMC278 in neutral and protonated forms. 

In order to study behavior of DAPY NNRTIs in the molecular dynamics 

simulations we have categorized observed drug conformations into four main groups.  

Drug conformations with 3 and 4 less than 90º were determined to be folded, “U” 

conformations (Figure 40) and had been previously observed in crystallographic 

structures of the drug in protein complexes (wild-type and mutant)(Das et al., 2008), as 

well as in the small-molecule crystal structures (Frenkel et al., in preparation).  Drug 

conformations with 3 greater and 4 less than 90º result in rotation of wing I relative to 

pyrimidine ring and were called flipped L 3, while those with 3 less and 4 greater than 

90º, where wing II was rotated relative to pyrimidine ring, were called flipped L 4 (Figure 

40).  The most torsionally flexed conformation of TMC278 was called “E,” for extended, 

and was characterized by 3 and 4 being greater than 90º, where both wings were 

rotated relative to pyrimidine (Figure 40).  The E conformation has been previously 

observed for a diaryltriazine analog of a DAPY NNRTI molecule, R120393, in complex 
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with HIV-1 RT and in a small-molecule crystal structure (Das et al., 2004; Frenkel et al., 

in preparation). 

Based on biophysical data presented in the first chapter it was hypothesized that 

protonation of the drug molecules changes their dynamics in solutions.  We have 

explored charge-dependent behavior in the infinite dilution simulations by comparing 

protonated and neutral TMC278 MD simulations.  Under neutral conditions, the molecule 

experiences more of the flipped or extended conformations in the simulation by rotating 

3 than in the commonly observed folded conformation where both 3 and 4 are less 

than 90° (Figure 35).  Under protonated conditions the occurrence of fully rotated 3 

angles is estimated to be approximately 50% less, therefore suggesting that protonated 

molecules prefer folded conformations to that of flipped or extended in the MD 

simulation.  In difference to the effects observed in the case of the 3 sampling, 4 

conformation occurrence frequency did not change significantly with protonation at the 

pyrimidine ring.  In fact, a slight increase (by ~2%) was observed (Figures B4). 

Common shape conformation sampling frequencies were compared for all three 

infinite dilution simulations and determined that both protonation and unfavorable 

intramolecular interaction affect the conformational landscape. Sampling probability 

distributions were calculated for both simulations and are reported in Table 9.   Sampling 

of the folded, U state, was more prominent in the protonated simulation with a probability 

of 0.43 versus in the neutral experiment where U conformation had sampling probability 

of only 0.06.  The highest probability of folded state sampling was determined for 

TMC125, 0.59.  Under neutral conditions, TMC278 molecule spent most of the time in 

the L 3 conformation while as protonated TMC278 did not favor partially extended 
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conformations.  In the case of TMC125, for the partially extended conformations only L 4 

was observed (probability 0.34).  Surprisingly, the fully extended conformations of 

TMC278 were observed at comparatively high probability rates of 0.42 and 0.44 under 

 

Table 9.  Common shape sampling probability in TMC278 and TMC125 
REMD simulations at 300K.   

 

both neutral and protonated conditions respectively, while as TMC125 was mostly unable 

to sample these conformations.  

Energetics of neutral and protonated TMC278 in water  

In addition to looking at the conformational changes observed by the drug 

molecules in water, their corresponding energies in both protonated and neutral infinite 

dilution TMC278 simulations were compared.  As shown in Table 10, we compared 

potential energies of four common molecule shape groups of TMC278 in both neutral 

and protonated forms.  In general protonated TMC278 molecules had shown lower 

average potential energy than the neutral form of the drug.  Among different shape forms 

one the most energetically favorable was observed to be E conformations with -108 

kcal/mol in neutral form and -133 kcal/mol in protonated.  Of the four sampled 

conformations the least energetically favorable was folded, U conformation with -105.0 
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Average PE 
(kcal/mol) 
 

U 
 

Lt3 

 
Lt4 

 
E 
 

 
Neutral 

-105.0 -108.2 -107.4 -108.0 

 
Protonated 
 

-119.3 -127.6 -129.4 -133.1 

 

Table 10.  Average potential energy for neutral and protonated TMC278 in 
REMD simulation, at 300K. 

 

and -119.3 kcal/mol in neutral and protonated systems respectively.  Overall the 

difference in energies between different shape groups in the neutral system is ~2 

kcal/mol, while as in the protonated simulation the average difference is approximately 7 

kcal/mol.  To determine the source of difference between energetic descriptors in the 

simulations, the individual energy component contributions were analyzed.  Figure 36 

presents the energy distribution plots for six energy components contributing to the total 

potential energy (PE): stretching, bending, torsional, van der Waals, electrostatic, and 

solvation energies.  As can be seen from Figure 36, the main differences in energy of 

various molecular shape groups of TMC278 are in electrostatic and solvation energies, 

while stretching, bending, torsion, and van der Waals energies remain mainly unchanged. 

Protonation of the pyrimidine ring in TMC278 clearly changes the electrostatic 

interactions in the molecule and as a consequence affects the water molecule ordering in 

the region.  In MD simulations, favorable electrostatic energies were observed in the  
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Figure 36. Potential energy component distribution plots for neutral and 
protonated TMC278 in the 8 ns infinite dilution REMD simulations.  A. 

Neutral TMC278 potential energy distributions for U, L 3, L 4 molecular 
shape classes.  Dashed lines correspond to median energy values for U 
(blue) and L 3 (red) populations.  B. Protonated TMC278 potential energy 

distribution for U, L 3, and L 4 molecular shapes.  Dashed lines 

correspond to median potential energy values for U (blue) and L 4 
(yellow-green) populations.  
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neutral TMC278 model, while solvation energy was more favorable in the protonated 

drug form (Figure 36). In summary, infinite dilution experiment results suggest that 

protonated NNRTI drug molecules have different conformational sampling tendencies 

than their neutral analogs.  Of the two different forms of TMC278, the neutral molecule 

had the most conformational freedom.  Although behavior of protonated and neutral 

TMC278 was observed to differ in their corresponding preference for the folded 

conformation, both showed surprising preference for the extended conformation.  One 

possible explanation behind the high preference of sampling of the fully extended 

conformations is that hydrophobic interactions between wings I and II in the folded state 

are being compensated by the intramolecular electrostatic/hydrophobic interaction and 

drug-water interactions. 

Computational studies of TMC278 aggregates 

Based on in vitro observations discussed in the first chapter, we conclude that 

TMC278 aggregation does not depend on the presence of added surfactant only at low pH 

conditions.  Based on the TMC278 drug pKa of 5.6 and observed in vitro aggregation 

tendencies, we hypothesize that the surface-active agent responsible for the formation of 

the aggregates in the absence of tyloxapol is the protonated (positively charged) form of 

TMC278.  The tendency towards larger aggregates with increasing pH is thus 

rationalized in terms of the decrease of the fraction of surface-active protonated TMC278 

molecules.  To understand further the effect of protonation on the drug aggregate 

assembly processes in aqueous environments we conducted a series of MD simulations to 

further probe the protonation-dependent behavior of the drug. 
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To validate the hypothesis stated above and to unambiguously investigate the pH-

dependent aggregation properties of TMC278, we have formulated minimalist models of 

solutions containing only water, TMC278 molecules (of which 0 to 90% were charged),  

 
       

 0% 10% 30% 60% 90%   

      

      

Computational Models      

Total # of TMC278 Molecules 100 100 100 100 100 

# of Protonated Molecules  0 10 30 60 90 

# of Cl  Atoms 0 10 30 60 90 

# of Water Molecules 5135 4783 4720 4582 4324 

      

Final Aggregate Composition* 

Nagg 98 98 85 46 0** 

# of Surface Molecules 48 48 49 36 0** 

# of Core Molecules 50 50 36 10 0** 

# of Protonated Surface Molecules 0 9 17 3 0** 

SASA (Å2) 10610 11663 10728  6950 0** 
Surface Charge Density    
                     (e/nm2) - 0.008 0.016 0.004 0** 

      
U Conformation Populations***      

    Aggregate Core 99.8 65.3 61.8 - - 

    Aggregate Surface, Neutral 90.9 60.3 45.6 - - 

    Aggregate Surface, Protonated  - 63.5 58.9 - - 
      

L 3 Conformation Populations***      

    Aggregate Core 0.2 27.9 37.2 - - 

    Aggregate Surface, Neutral 9.1 35.9 51.1 - - 

    Aggregate Surface, Protonated  - 28.3 11.2 - - 
      

*     aggregate composition was determined using the solvation parameter Sm (see Methods for details)  
**   not applicable due to lack of aggregation 

***  fraction in percent  

 

Table 11. Composition and analysis of the TMC278 aggregate MD results.  
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Figure 37. The ten percent starting model in a 60 x 60 x 60 Å cell.  Color 
assignment: yellow: neutral TMC278; red: charged TMC278; green: 
chloride ion.  SPC waters are not shown.  

and sufficient chloride ions to neutralize the system (Table 11, Figure 37).  Morphology, 

charge distribution, and packing analysis suggest that drug aggregate structure is pH 

dependent and biphasic with a partially neutral core and a more disordered and partially 

charged surface. 

Visual inspection of the aggregate morphology during the MD simulations of the 

TMC278/water systems at the increasing level of protonation indicates that aggregate 

formation is a pH-dependent phenomenon.  The original cubic shape of the microcrystal 

(Figure 38) is lost for all but the model without protonated TMC278 molecules (0% 

protonation).  The models with 10 and 30% protonated TMC278 molecules produce a  

continuous aggregate phase while those with 60 and 90% protonation results in either 

partially or fully dissociated aggregates.  As reported in Figure 38 and Table 11, the 0, 

10, and 30% protonated models yield structures with similar aggregation numbers (Nagg) 

and solvent-accessible surface areas (SASA), whereas, the 60% and 90% protonated  
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Figure 38. Snapshots of TMC278 aggregate structures extracted from the 
MD trajectories at various levels of protonation.  a. Starting conformation 
of the 0% protonation model. b-f. Final conformations of the 0, 10, 30, 60, 
and 90% protonation models.  Water molecules and counter ions are not 
shown.  Color assignment: yellow: aggregated TMC278 molecules; green: 
dissociated TMC278 molecules (aggregate association is measured based 
on Sm parameter described in Methods.) 
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models produced structures with significantly smaller Nagg and SASA values and 

therefore were not used in quantitative comparison analysis. 

Molecular composition analysis of the aggregates reported in Table 11 indicates 

that charge saturation of the aggregate surface is reached at under 30% protonation.  

While the number of drug molecules making up the surface of the aggregates in the 10 

and 30% protonated models is similar (48 and 49 molecules, respectively) the 

corresponding number of charged molecules at the surface are different (9 and 17, 

respectively).  Consequently we observe that a three-fold increase in number of charged 

molecules (from 10 to 30%) is accompanied by only a two-fold increase in the surface 

charge density, from 0.008 to 0.016 charge/nm2 respectively.  The non-linear trend in 

surface charge distribution suggests that system reaches surface charge saturation at 

under 30% protonation.  Furthermore, full dissolution of the aggregate at 90% 

protonation (Figure 38f) after only two nanoseconds of MD simulation suggests that 

under sufficiently acidic conditions aggregate formation would be inhibited.  

Visual examination and quantitative packing analysis of the structures obtained 

from the simulations indicate that the aggregates tend to assume biphasic formation.  The 

structures of the aggregates obtained at 0% protonation represent extreme examples of 

this phenomenon.  In Figure 38b, we see that the aggregate displays two clearly 

distinguishable layers, one of which has retained the starting crystalline packing and the 

other, at the water interface, is partially disordered.  Interestingly, such clear 

differentiation is present only at 0% protonation.  Even at only 10% protonation (Figure 

38c), the core of the aggregate does not display crystalline ordering.   
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Our results suggest that protonated TMC278 molecules tend to induce a liquid-

like disorder at the water/aggregate interface that in turn likely induces disorder in the 

core of the aggregates.  The water/aggregate interface of the 10% and 30% protonated 

models is populated preferentially by protonated molecules and displays greater disorder 

than the interface of the 0% model.  The natural implication of this observation is that 

crystalline-like ordering would be more prevalent in regions deep in the aggregate core 

distant from the surface layer if larger number of drug molecules would be employed in 

atomistic simulations.  This hypothesis is strengthened by the resiliency displayed by the 

crystalline-like ordered phase at 0% protonation, which, unlike at higher levels of 

protonation, remained stable for the entire duration of the simulation.  In conclusion, 

although the modeling design employed here is not intended for studying the core 

structure of the aggregates, the present in silico results indicate that the nm-sized 

TMC278 aggregates we observed in vitro likely contain cores largely unaffected by the 

specific solution pH conditions, which are instead predicted to have a marked effect on 

the structure of the water/aggregate interface.  

 Ring-to-ring distance distribution analysis of the MD trajectories confirms that 

TMC278 molecules form a liquid-like layer at the water/aggregate interface while the 

core molecules of the 0% model preserve the crystalline arrangement.  Distance analysis 

shows that stacking interactions characteristic of crystal packing are primarily present 

only in the 0% protonated model and are sampled to a lesser extent in the higher 

protonation systems (Figure 39a-b).  Stacking between wing II and the pyrimidine ring is 

clearly present in all simulations and is hypothesized to be relevant to the drug aggregate 

surface structure at the water interface.  Analysis of ring-to-ring distance distributions at 
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0% protonation for core and surface molecules confirms that the internal structure of the 

aggregate displays crystal ordering while the surface is more disordered or liquid-like 

(Figure 39d). 

 

 

Figure 39. Intermolecular ring-to-ring distance distributions for the 0, 10, 
and 30% protonation models. a.  0%; b.  10%; c.  30%. d. Ring-to-ring 
distance distribution functions for the core TMC278 molecules and 
surface TMC278 molecules from the 0% protonation model.  Color 
assignment: red: distances between ring I and ring II; green: distances 
between ring II and ring II; blue: distances between ring II and pyrimidine 
ring. 
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Surface properties of TMC278 aggregate models 

Conformational and surface area analysis of TMC278 molecules at the aggregate-

water interface suggests that torsional flexibility allows TMC278 to adopt surfactant-like 

orientations by exposing preferentially their “polar head” and burying their “hydrophobic 

tail”.  We have categorized observed drug conformations in MD trajectories into four 

main groups: U, L 3, L 4, and E (see Methods for details, Figure 40).  The probability  

 

Figure 40. Representative conformations of TMC278 observed in 
simulations: U conformation ( 3 and 4 values between -90º and 90º); L 3 
conformation (-90º < 4 < 90º and 90º < 3 <-90º);  L 4 conformation (-90º 
< 3 <90º and 90º < 4 >-90º); E conformation ( 3 >90ºand 4 <-90º). 

 

distributions for the 3 and 4 dihedral angles for core, surface, and dissociated 

molecules were used to monitor conformational sampling in MD simulations (Figure 41) 

and consistently indicate that the occurrence of partially and/or fully extended TMC278 

conformations (L 3, L 4, and E) correlates with a higher fraction of protonated drug 

molecules in the system.  U conformations are predominant in the core of the aggregates 

in all simulations.  Neutral TMC278 molecules at the surface in 10 and 30% protonated 
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models show preference for L 3 conformations (35.9 and 51.1% probability, respectively, 

see Table 11), while protonated TMC278 molecules at the surface of the aggregates 

prefer the U conformation with probability of 63.5 and 58.9%, respectively.  Therefore,  

 
 

Figure 41. Occurrence of different TMC278 conformations in 0, 10, and 
30% protonated model simulations. Probability distributions of TMC278 
torsional angles 3 (A) and 4 (B) from the 0, 10, and 30% protonation 
models.  Color assignment: light blue: all molecules in the simulation; 
dark blue: core molecules; magenta: surface molecules; green: dissociated 
molecules.  

 

we conclude that protonated TMC278 molecules disfavor sampling of the L 3/L 4/E 

conformations while neutral molecules exist in a broader range of conformations.  These 

observations highlight differences between the behavior of neutral and charged molecules 

on the aggregate surface. 
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In addition to looking at the drug aggregate packing motifs and conformational 

preferences, we also evaluated the makeup of the aggregate surface in terms of individual 

TMC278 atoms.  Atom hydration analysis based on average normalized SASA of each 

heavy atom (see Methods, Figure 42) show, as expected, that core TMC278 molecules 

contribute little to the aggregate surface; however those core molecules that present 

atoms at the surface tend to display either cyano groups or pyrimidine rings.  On the other 

hand, surface molecules, both neutral and protonated, prefer to expose wing II and 

pyrimidine rings.  Hydration of neutral molecules at the surface is fairly uniform (Figure 

42) with preferences towards exposure of the pyrimidine ring for the 0% model and the 

cyano group in the 30% model.  Charged surface molecules preferentially expose their  

 
 

Figure 42.  TMC278 surface contribution analysis.  TMC278 atomic 
average solvent-accessible surface contributions computed from the 0, 10, 
and 30% protonation model MD trajectories. Color assignment is based on 
normalized SASA values ranging from minimum (blue) to maximum (red) 
hydration.  
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pyrimidine rings at the surface of the aggregate with greatest hydration of the C(3) atom, 

shown in red (Figure 42).  One example of such surface exposure is presented in Figure 

43 where protonated molecules in the 10% models are shown to expose preferentially 

pyrimidine ring at the water/aggregate interface.  Based on these results we conclude that 

the contribution of core molecules to the surface is largely limited to cyano groups while 

surface molecules mostly display cyano groups, wing II and pyrimidine rings.  These 

 

Figure 43.  Conformational sampling by protonated TMC278 in 10% 
protonation model.  Color assignment: red: protonated: blue: neutral 
molecules.  

 

findings agree with modes of binding determined in structural studies of RT/TMC278 

complexes, where it has been observed that the cyanovinyl group of the molecule is 

oriented towards the solvent through a hydrophobic tunnel while the pyrimidine ring is 

partially exposed to the solvent region and hydrophilic residues on the other side of the 

binding pocket (Das et al., 2008). 
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Taken together, these observations suggest that TMC278 molecules can exhibit 

different conformational preferences based on their environment.  In Figure 44 we 

summarize our conclusions concerning the orientations of the TMC278 molecules at the 

water/aggregate interface.  Core molecules in the aggregate preferred the U 

conformations while neutral, surface molecules sampled multiple conformations with  

 

 

Figure 44.  TMC278 surface contribution summary.  Schematic diagram 
summarizing the observed preferred conformations and corresponding 
location (core and surface) in the aggregate. The diagram shows, starting 
from the left, a protonated molecules at the surface of the aggregate, a 
neutral molecule in the core of the aggregate, and a neutral molecule at the 
surface of the aggregate. Color assignment is based on normalized SASA 
values ranging from minimum (blue) to maximum (red) hydration. 

 

preference towards L 3 conformations that allows for surface exposure of both, 

pyrimidine ring and cyano groups.  Protonated TMC278 molecules assumed mostly the U 

conformations preferentially exposing the charged pyrimidine ring while burying the 

mostly hydrophobic wings. 
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Addition of co-solvent to the aggregate MD simulations  

In addition to looking at a series of two-component systems discussed above, 

behavior of a three-component system where another co-solvent was included was also 

initiated.  The third component added to the simulation was the universal co-solvent 

DMSO that was used in the biophysical studies discussed in the first chapter.  Formation 

of drug aggregates in the absence of DMSO in vitro has not been successful (data not 

shown), for that reason, we believe that the additive is important for drug crystal 

dispersion and possibly water/aggregate interface formation. However, despite full 

dissolution of drug in 100% DMSO (or PEG400) formation of drug aggregates has been 

observed upon introduction of aqueous media.  Also, the earlier presented biophysical 

studies had shown that the nature of the co-solvent does not change aggregate behavior 

under acidic conditions. To address this aspect of TMC278 aggregate formation, we 

designed a subset of MD simulations to determine whether the presence of DMSO alters 

behavior of drug molecules at the water/aggregate interface. 

To study behavior of the TMC278/DMSO/water systems, a subset of control 

models was designed.  Drug concentration in DMSO used in the in vitro experiments 

corresponds to approximately a 300 to one ratio of DMSO to one TMC278 molecule (20 

mM drug concentration in 100% DMSO).  Generation and monitoring of molecular 

dynamics for a system of such scale was not perceived as a feasible task.  Therefore, we 

designed three MD models that could address simpler, more succinct questions such as 

whether DMSO molecules prefer “oil” or “water” or an interface between the two media 

in the context of our simulation.  To evaluate behavior of a complex system including 

three components, at first a set of simpler control experiments was designed to test 
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behavior of DMSO: 1) DMSO in water; 2) TMC278 in DMSO.  The three-component 

system included water and drug species in DMSO.   Figure 45 summarizes the initial and 

the final MD simulation structures for two controls and one three component 

experimental system.  The DMSO in water simulation result (Figure 45A) shows that  

 

Figure 45. The starting and final structures of the three component 
aggregate MD simulations with DMSO.  I1 and I2 correspond to two 
alternative views of initial MD model structure, F is a 7 ns equilibrated 
final structure.  Color assignments: blue: DMSO; red: water oxygen; 
orange: TMC278.  A. 96 DMSO molecules in a 50 x 50 x 50 Å water box. 
B. 24 DMSO molecules in a 50 x 50 x 50 Å DMSO box.  C. 27 DMSO 
molecules in a TMC278 microcrystal (47 molecules) in a 60 x 60 x 60 Å 
water box.  

DMSO prefers to be fully dispersed in aqueous solutions and this result agrees with in 

vitro behavior of DMSO in water, where final solutions are characteristically clear and 
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lack strong light scattering signal.  The drug crystal in DMSO simulation (Figure 45B) 

has shown that over time the drug crystal is starting to fall apart.  The rate of drug 

dissociation in DMSO is clearly greater than that in water, where the TMC278 crystal 

was still intact and most of the drug molecules were in the same position and orientation 

as the starting model after 7 ns of MD simulation.  In the presently discussed simulation, 

after 7 ns the drug crystal is structurally rearranged and most of the molecules are 

solvated by DMSO.  Based on the final MD structure it is apparent that if more 

simulation time were available, the drug crystal would have been fully dissolved in the 

DMSO box.  Under similar experimental conditions in vitro, the drug concentration of 

the system is much lower, therefore it is plausible to speculate that if the size of the drug 

crystal was smaller or a longer simulation time was allowed, the drug crystal would fall 

apart completely.  Results of the TMC278/DMSO simulation are consistent with in vitro 

results where dissolution of the dry TMC278 compound into a 100% DMSO at 50 mM 

drug concentration is not instantaneous, requires vortexing, yet yields a clear solution 

with low scattering signal in DLS experiments.   

Results of the TMC278/DMSO/water MD simulation suggest that DMSO 

molecules mostly do not occupy the drug aggregate surface.  As we know from the earlier 

described experiments on TMC278 in water, at 0% protonation TMC278 drug crystal is 

very stable in aqueous environment.  Therefore in the present simulation, it is assumed 

that the oil/water interface coincides with the drug/water interface.  The main focus of 

this simulation was to establish whether or not DMSO molecules also populate the 

drug/water interface.  As shown in Figure 45C, DMSO molecules in the equilibrated MD 

simulation are either fully solvated or enclosed in the drug aggregate.  MD trajectory 
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analysis has shown that DMSO molecules did not exhibit significant movement while 

being confined to the drug crystal.  Once the drug molecule on the surface of the crystal 

moved enough to allow DMSO molecules to exit, the DMSO molecules initiated large 

movements and made contact with water.  Movement of DMSO molecules directly into 

the aqueous phase instead of within the drug crystal suggests that packing induced 

interactions between drug molecules are stronger than DMSO driven crystal deformation 

seen in the control experiment.  Also, these observations support our hypothesis that a 

solvent exposed DMSO molecule at the surface of an aggregate has tendency to move 

into the aqueous fraction instead of occupying the oil/water interface.  Under in vitro 

conditions, we hypothesize that DMSO is present in the internal structure of the 

aggregate due to the large size of the system and lack of interaction with the outside 

aqueous environment.  Therefore, based on the current MD simulation results we 

speculate that although the internal structure of the drug aggregate can contain DMSO, 

the drug-water interface most likely does not contain a significant fraction of DMSO 

molecules. 

Due to the fact that the currently available three-component model is not 

representative of the in vitro conditions, additional experiments need to be conducted to 

verify earlier stated speculations regarding DMSO presentation at the surface of drug 

aggregates.  Based on concentration information, we can design MD simulation in a step-

by-step fashion.  The first step of the MD simulation would mimic soaking a drug 

microcrystal in 100% DMSO solution (analogously to earlier shown control 

experiments).  Post equilibration, a fraction of the system would need to be extracted to 

be soaked in a significantly larger water box.  The number of molecules in both 
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simulations need to be kept at a minimum due to limitations associated with necessary 

equilibration time and corresponding CPU time requirements.  Based on our current 

results, we hypothesis that the three-component system will display similar trends in 

DMSO behavior, therefore, showing movement of co-solvent located at the surface of an 

aggregate to the aqueous phase while those at the core would equilibrate within an 

aggregate.  In order to answer questions of pH dependent behavior of an aggregate in the 

context of a three-component system, introduction of protonated species would also be 

beneficial. 

 

Discussion 

Aggregation of TMC278  

Pharmacokinetic and biophysical studies of TMC278 suggest that one possible 

explanation for the exceptional oral bioavailability properties of the drug lies with its 

ability to form ~100-120 nm diameter, self-formulating NNRTI aggregates and their 

subsequent uptake into systemic circulation (Frenkel et al., 2005; Lewi et al., 2004).  We 

hypothesized that formation of the monodispersed aggregate populations is a product of 

the intrinsic properties of the TMC278 molecule.  We proposed that TMC278 aggregates, 

by size and morphology, resemble large micellar structures and/or microemulsions that 

are formed in the absence of conventional surfactants.  Therefore, we hypothesized that 

the drug molecule is able to display surfactant-like properties under physiologically 

relevant conditions facilitating micelle or microemulsion-like formation without the aid 

of added surfactants.  The computational study reported here support our hypothesis and 

suggest that under acidic conditions, protonation of TMC278 changes the compound’s 
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behavior towards a more surface-active molecule with clear preference toward exposure 

of hydrophilic portions of the molecule and burial of the hydrophobic groups.  The 

computer simulations also show a clear change in the aggregate size and shape and a 

transition from solid-like to liquid-like phase with increasing fraction of charged species 

in the simulations.  The models also suggest that under solution conditions of the 

simulation, the aggregates form a microemulsion-like phase with a partially disordered 

internal structure (de Gennes and Taupin, 1982; Narang et al., 2007).  The structural 

flexibility and the head group size of the surfactant molecules are known to be 

fundamentally important for micelle and interfacial surface formation (Ambade et al., 

2007; Bhattacharya and Haldar, 2004; Haldar et al., 2005; Schlossman and Tikhonov, 

2008).  Smaller size, higher flexibility, and small electrostatic repulsions produce larger 

micelle structures and/or tighter surfactant molecule packing at the oil/water interface 

(Ambade et al., 2007; de Gennes and Taupin, 1982; Haldar et al., 2005; Narang et al., 

2007).  Just as in the study reported by Ambade et al, it has been observed that the 

flexibility of the surfactant molecule contributed to the final dimension of the aggregate 

with the most compact molecule forming a larger aggregated and/or micelle-like structure 

(Ambade et al., 2007) we believe that intrinsic flexibility of the TMC278 molecule, 

accompanied by its ability to assume amphiphilic properties under protonated conditions, 

similarly allows for more advantageous packing of drug molecules at the water/aggregate 

interface. 

Aggregation at physiologically relevant conditions has been observed for many 

drugs and drug candidates, however, good bioavailability properties are not as frequently 

observed for these molecules.  In the series of studies reported by Seidler, McGovern, 
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Feng, and other colleagues in the Schoichet group, formation of aggregate structures by 

drug and drug-like molecules has been correlated with promiscuous enzyme inhibition 

(Feng et al., 2005; Feng and Shoichet, 2006; McGovern et al., 2002; McGovern et al., 

2003; Seidler et al., 2003) and false positive results in HTS screening for drug leads 

(Shoichet, 2004, 2006).   In the recently published work by Coan et al. the drug aggregate 

composition is also compared to that of micelles (Coan and Shoichet, 2008).  Using the 

drug concentration measurements and monomer-to-aggregate volume ratio calculations, 

the authors concluded that drug aggregates were densely packed.  These findings support 

our hypothesis of micelle-like drug aggregate formation and justify the close packing of 

the drug aggregates observed in our simulations.  Our results also suggest that mechanism 

of aggregate formation might be shared between promiscuous aggregators and molecules 

discussed in our work.  While many drug molecules might form aggregate structures, we 

speculate that only those that are able to form these structures in a surfactant-independent 

fashion under physiologically relevant conditions might be able to follow absorption 

pathways associated with improved oral bioavailability.  Conversely, we believe that 

drug or drug candidate molecules unable to display amphiphilic properties under 

physiologically relevant conditions, would tend to be less capable of forming stable, 

homogeneous populations of nanosize aggregates.  

Conclusion 

TMC278 is a BCS Class II compound with exceptional oral bioavailability 

properties that forms ~100 nm aggregates in surfactant-independent fashion at low pH 

and high drug concentration.  We hypothesized that tendency of the drug molecule to 

form micelle-like structures under physiologically relevant conditions is attributed to its 
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ability to behave as a surfactant molecule at the aggregate/water interface.  We conducted 

a series of molecular dynamic simulations of neutral and protonated TMC278 mixtures in 

water to test this hypothesis.  Our simulation results supported our hypothesis and show 

that protonated drug molecules observe surfactant-like behavior at the aggregate/water 

interface by preferentially displaying hydrophilic parts of the molecule while burying 

hydrophobic ones.  Charge density saturation, aggregate morphology, and drug aggregate 

packing analyses suggest that aggregate surface is populated by both neutral and 

protonated drug molecules.  Neutral molecules exhibit structural variability that allows 

for better packing and liquid-like formation of the aggregate while protonated molecules 

affect aggregate shape and size.  Based on our observations, we conclude that ability of 

the highly hydrophobic drug molecules to observe amphiphilic properties under 

conditions of low pH can improve their ability to form nanosize aggregate structures and 

therefore improve their oral bioavailability. 

 

Methods 

TMC278 and TMC125 infinite dilution MD simulations 

Behavior of individual NNRTI molecules fully solvated in implicit water was 

evaluated using molecular dynamics.  Two molecules, TMC278 and TMC125, under 

neutral and protonated conditions were subjected to temperature replica exchange 

molecular dynamics (REMD) methods (Felts et al., 2004; Gallicchio et al., 2008) using 

the computational package IMPACT with the OPLS-2005 force field (Banks et al., 1999; 

Kaminski et al., 2004; Kaminski et al., 2002; Maple et al., 2005; Stern et al., 1999; Stern 

et al., 2001).  Starting molecular models for MD simulations were based on X-ray 
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structures of anhydrous TMC278, protonated TMC278, and TMC125 (reported in 

Chapter 2).  Explicit solvent model used in MD calculations was SPC.  Each system was 

minimized at 300K for 1 ps with a 0.001 ps time step using conjugated gradient.  Ten 

nanosecond trajectories were collected with 0.001 ps time step.  The walkers were set at 

the following temperatures: 300, 305, 310, 315, 320, 325, 330, 335, 340, 345, 350, 360, 

370, 380, 390, 400, 410, 420, 430, 440, and 450 K using IMPACT (Banks et al., 2005).  

Trajectory information was recorded every 2 ps.   

In order to study behavior of TMC278 and TMC25 in the MD simulations, 

observed conformations were categorized into four main groups based on rotations of 

four dihedral angles.  Torsion angles, 1 – 4, were identified using previously 

established nomenclature (Figure 19).  Drug conformations with 3 and 4 less than 90º 

were called “U” conformations (Figure 5a) and had been previously observed in 

crystallographic structures of the drug in protein complexes (wild-type and mutant)(Das 

et al., 2008), as well as in the small-molecule crystal structures (Frenkel et al., in 

preparation) and were referred to as either  “horseshoe” or “butterfly.”  Drug 

conformations with 3 greater and 4 less than 90º resulted in rotation of wing I relative 

to pyrimidine ring and were called “L 3”, while those with 3 less and 4 greater than 90º, 

where wing II was rotated relative to pyrimidine ring, were called “L 4“ (Figure 40).  The 

most torsionally flexed conformation of TMC278 was called “E,” for extended, and was 

characterized by 3 and 4 being greater than 90º, where both wings were rotated relative 

to pyrimidine (Figure 40).  The E conformation has been previously observed for a 

diaryltriazine analog of a DAPY NNRTI molecule, R120393, in complex with HIV-1 RT 



 

 

1177 

and in a small-molecule crystal structure and has been called a “seahorse” conformation 

(Das et al., 2005; Frenkel et al., in preparation).   

MD simulation of TMC278 aggregate surface 

To study behavior of TMC278 in an aggregate five different starting MD models 

were designed.  The five investigated models differ in the fraction of protonated TMC278 

molecules that was varied from zero to ninety percent (see Table 11).  The starting 

aggregate models were generated using small-molecule crystal structure coordinates of 

TMC278 crystal in anhydrous form (Frenkel et al., in preparation).  One hundred 

TMC278 molecules were packed in the lattice according to the P21/c space group 

symmetry of the crystals with final microcrystalline dimensions of approximately 35 x 35 

x 45 Å.  These models were inserted using the Maestro Program (Schrodinger, LLC) into 

pre-equilibrated simulation cells of 60 x 60 x 60 Å containing pre-equilibrated water 

system (SPC water model).  Water molecules which overlapped with the solutes were 

removed.  In the resulting model at least two layers of water molecules surrounding the 

generated drug crystals (see details in Table 11 and Figure 37).  Depending on the model, 

a fraction of TMC278 molecules in the microcrystal were protonated at the N(2) atom of 

the molecule.  The preferred protonation site at N(2) atom of the molecule was indicated 

by a recently obtained small-molecule crystal structure of protonated TMC278 (Frenkel 

et al., in preparation).  Initial placement of protonated TMC278 molecules was performed 

in such a way to uniformly cover the surface of the microcrystal.  If protonated drug 

molecules were present in the simulation, an equivalent number of chloride ions were 

included in the simulation to mirror observed solvent content in the small-molecule 

structure of the protonated TMC278 (Figure 37). 
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MD trajectories of TMC278 aggregate surface were obtained using the IMPACT 

molecular simulation program (Banks et al., 2005) with the 2005 implementation of the 

OPLS-2005 force field (Banks et al., 1999; Kaminski et al., 2004; Kaminski et al., 2002; 

Maple et al., 2005; Stern et al., 1999; Stern et al., 2001) (Schrodinger, LLC) under 

periodic boundary conditions and constant temperature and pressure at 298.15 K and 1 

atm (Banks et al., 2005; Jorgensen et al., 1996).  All covalent bonds were constrained 

using the SHAKE algorithm, with a relative tolerance of 10-7.  The MD time-step was set 

to 2 fs.  The 60 and 90% protonated models were simulated for 7 ns and the 0, 10, and 

30% protonated models for 9 ns.  System coordinates were saved every 20 ps after a 2 ns 

initial system equilibration period.  The resulting trajectories were analyzed using the 

Maestro program and associated utilities. 

 

Aggregate cluster analysis 

A molecule was considered part of the aggregate if it made significantly fewer 

water contacts than fully solvated molecules.  To this end we computed for each 

molecule m in each MD snapshot a solvation parameter Sm defined as the number of 

water molecules within 4 Å radius of any atom of the molecule.  We defined a fully 

buried molecule in the core of the aggregate as having Sm= 0.  Sm values greater than 20 

correspond to fully dissociated drug molecules; 9 <Sm <20 correspond to molecules on 

the surface of an aggregate, and 0 <Sm <10 correspond to molecules that compose the 

interface between the surface layer and the core of an aggregate (Table 1).  The aggregate 

size is expressed in terms of average number of molecules in an aggregate (Nagg), and 

average number of surface, core, and charged molecules as reported in Table 11. 
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Aggregate surface characterization 

MD trajectories were evaluated in terms of aggregate morphology, TMC278 

torsional flexibility, aggregate packing, and drug molecule surface contribution as a 

function of drug location within an aggregate.  Evaluation of aggregate morphology was 

done by visual inspection using the Maestro graphical interface in combination with 

solvent accessible surface area (SASA) estimation based on the periodic boundary-related 

contacts between models, if such were present, using a 1.4 Å radius probe.   

The packing of the molecules in an aggregate was evaluated using ring-to-ring 

distance distribution analysis for 0, 10, and 30% models based on the distances between 

the centers of mass for selected ring pairs, sampling distances within a 10 Å radius.  Both 

intra- and intermolecular ring-to-ring distances were calculated.  Based on stacking 

interactions of the crystal packing observed in the TMC278 anhydrous crystalline 

structure, we selected ring pairs for monitoring disruption of crystal packing as a function 

of protonation (Figure 39).  Distances of 3.5 ± 0.5 Å correspond to intermolecular 

stacking interactions between wing I and wing II; and the symmetry-related wing II rings 

in the TMC278 crystal packing.   

The contribution of each atom to the aggregate solvent accessible surface area 

(SASA) was computed with SURFV software using a 1.4 Å rolling probe (Nicholls et al., 

1991; Sridharan et al., 1992).  Per atom surface contributions were normalized against the 

maximum SASA (mSASA) of an atom based on its most solvent exposed TMC278 

conformation.  Average SASA and number of surface charged molecules were used to 

estimate average aggregate surface charge density, reported in Table 11.  Figure 42 
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pertain results of the hydration analysis, where the color gradient ranging from dark blue 

corresponds to small percent contributions to the surface and red (highest solvation) is 

used to accent the least and the most hydrated atoms of the molecules contributing to 

aggregate surface. 

 

DMSO containing drug aggregate surface MD simulation models 

Three-component MD simulations containing water, drug, and DMSO molecules 

were designed to evaluate behavior of DMSO at the water/aggregate interface.  Under 

experimental conditions in vitro, DMSO was used as a solvent for TMC278; therefore, 

the solvent model for DMSO was generated using density and molecular weight 

information.  It was determined that a 5  5  5 Å cell fits 0.96 molecules of DMSO, 

using this information, a 60  60  60 Å lattice was constructed using P1 symmetry 

followed by 1000 steps of minimization at 298K.  When minimized DMSO solvent 

model was used, any DMSO molecule overlapping any atom of the solute molecule was 

removed. 

Initially, the two-component control experiments, testing behavior of DMSO 

either in water or in the presence of the dug molecules only, were evaluated.  The DMSO 

in water control included a block of 96 DMSO molecules soaked in a 50  50  50 Å 

equilibrated SPC water box (Figure 45).  The second control testing behavior of drug 

molecules in DMSO was created by soaking a TMC278 anhydrous crystal (27 molecules) 

into a 50  50  50 Å DMSO box (Figure 45).  The three-component DMSO/drug/water 

experimental system was composed of 47 DMSO molecules embedded in a 27 molecule 



 

 

1211 

TMC278 anhydrous crystal, soaked in the equilibrated SPC water box (60  60  60 Å 

water box).  Design of the-three component model was not meant to reflect our 

perception of the biological system but to allow exploration of DMSO behavior at the 

water/aggregate interface.   All three models were subject to 7 ns of MD simulation using 

Impact using OPLS-2005 force field at 298 K.  
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Chapter 4.  MD simulation of NNRTI binding pocket in complex with 

TMC278 

Synopsis 

 Previously published crystallographic studies of TMC278 in complex with HIV-1 

RT had revealed that the drug molecule and related DAPY NNRTIs display multiple 

binding modes in the NNIBP of the enzyme (Das et al., 2008; Das et al., 2005; Lewi et 

al., 2003).  Though multiple, static ‘snapshots’ of alternative conformations within the 

NNIBP had been observed, the ligand dynamics in the pocket are still unclear.  TMC278 

is one of the most potent and resistance-resilient inhibitors of the wild-type and multiple 

mutant forms of HIV-1.  Therefore, to study behavior of TMC278 in the NNIBP, a 

number of MD simulations had been designed.  4 ns MD trajectories of TMC278 in 

complex with the wild-type and mutant (Y181/K103N) HIV-1 RT in implicit solvent 

were assessed in terms of rotational and translational movements of the drug.  MD 

trajectories were evaluated using conformational sampling and principal component 

analysis (PCA).  Experimental results support strategic flexibility hypothesis and suggest 

that TMC278 samples greater rotational freedom (‘wiggling’) in the mutant-binding 

pocket than in the wild type.  Translational movements (‘jiggling’) were observed at a 

lesser extent and significant displacements were speculated to require a longer simulation 

time.    
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Introduction 

A centrally important property of TMC278 is its ability to inhibit a broad range of 

drug-resistant HIV-1 RT mutant strains.  Previous crystallographic studies of TMC278 

and related NNRTIs in complex with wild-type and mutant HIV-1 RT had shown that the 

compounds could bind with significant conformational variation in the binding pocket of 

the enzyme (Das et al., 2008; Das et al., 2004; Das et al., 2005).  It has been hypothesized 

that by means of conformational and positional (rotational and translational) changes 

(‘wiggling’ and ‘jiggling’), the TMC278 molecule is able to accommodate 

conformational changes in binding pocket landscape of the drug-resistant mutant HIV-1 

RTs.  The small molecule X-ray structure analysis presented in the second chapter also 

provides evidence of broad conformational sampling by the drug molecules in both free 

(infinite dilution) and constrained (crystal packing and aggregate core) environments 

(Frenkel et al., in preparation; Frenkel et al., submitted).  Though multiple static 

conformations had been detected, the dynamic information on the movement of TMC278 

molecule in the receptor-bound state has not been yet explored in detail. 

Ligand flexibility in the binding pocket had been viewed as both a benefit and a 

detriment to the substrate/enzyme binding interaction.  On one hand, ligand flexibility 

can worsen the substrate/enzyme energetics by increasing the ligand entropy; on the 

other, it can enhance the drug binding by allowing for better accommodation of the 

binding surface.  The role of strategic flexibility in the substrate-enzyme interaction has 

presented from both perspectives in different substrate/enzyme systems. Examples of 

such systems include HIV-1 protease (Hornak and Simmerling, 2007) and S-adenosyl-L-

homocysteine hydrolase (SAHase) (Polak et al., 2004), to name a few.  Flexibility of the 
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HIV-1 protease active site region is believed to be a product of conformational sampling 

explored by two -hairpins, or “flaps” comprising the binding pocket (Lapatto et al., 

1989a; Lapatto et al., 1989b; Navia et al., 1989).  The structural flexibility of the flaps is 

attributed to the large glycine content, especially in the mutants (Perryman et al., 2006).  

One of the models suggests that the structural flexibility of the pocket in the mutants 

limits ability of the ligands to access the binding pocket by preventing favorable 

interactions between the drug and surrounding residues for proper enzymatic mechanics 

(Martin et al., 2005) while another group proposes that enhanced flexibility of the mutant 

structures results in drug resistance due to inability of the less flexible synthetic inhibitors 

to adapt their conformations to that of the mutant protease binding pocket landscape 

(Luque et al., 1998).  

Examples of recently introduced inhibitors with improved activity attributed to 

increased ligand flexibility are nucleoside analogs called fleximers (Polak et al., 2004; 

Seley et al., 2003).  The nucleoside fleximers are composed of a purine nucleobase split 

into two components, imidazole and pyrimidine, designed to inhibit activity of SAHase 

(Polak et al., 2004; Seley et al., 2003).  It has been shown that the nucleoside fleximer 

with increased flexibility was able to observe a larger number of conformations that 

reflected the conformational changes experienced by the enzyme (Seley et al., 2003). 

Interestingly, both flexibility models had been claimed to play a role in mutation 

mechanisms, either as a mechanism for development of drug resistance by the enzyme or 

as a mutation resistant mechanism employed by the substrate.  The main concept that 

brings the two flexibility models together is that an enzyme and a substrate are pieces of 

an interactive molecular puzzle in which strategic flexibility plays a critical role.  
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Previously described studies on protein and ligand flexibility suggest that both partners 

can be highly flexible and dynamic, therefore, when flexibility of the therapeutic target is 

reflected in the flexibility of the therapeutic agent, a more potent and a more resilient 

drug candidate is developed (Seley 2005).  In the present work, molecular mechanics are 

employed to look at the dynamics of the bound TMC278 in the pocket of both wild-type 

and mutant HIV-1 RT with the goal of defining the extent of flexibility exhibited by both 

‘pieces of the molecular puzzle.’ 

Results and Discussion 

 ‘Wiggling’ and ‘jiggling’ as described by Das et al., correspond to ability of the 

drug molecule to sample multiple conformations and positions in the NNIBP of the 

enzyme.  Though multiple binding modes had been observed, dynamics of the bound 

TMC278 in the pocket of HIV-1 RT had not been yet explored in detail.  The study 

presented here focused on the binding dynamics of the drug and NNIBP residues of HIV-

1 RT using computational methods.  As rotational and translational changes of the ligand 

were claimed to play part in mutation resistance, computational study included analysis 

on both wild-type and Y181C/K103N mutant HIV-1 RTs.   

 Structural variability of TMC278 in the context of an unconstrained (infinite 

dilution and water/aggregate interface) and a constrained (small molecule crystal packing 

and HIV-1 RT complex) molecular environment had been studied previously by 

monitoring of the torsional changes in the drug molecule (Das et al., 2008; Frenkel et al., 

in preparation; Frenkel et al., submitted).  Similarly, conformational changes attributed to 

rotations at dihedral angles 1 – 5 were monitored in TMC278/RT MD simulations 

(Figure 46).  The torsional sampling probability plots reported in Figure 46 suggest that 
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in the TMC278/RT MD trajectories dihedral rotations observed for drug molecules at 

1 – 4 were mostly conserved in both wild-type and mutant complexes.  At all four 

torsion angles, the deviation from the median was averaging around ± 30°.  The same did 

not hold true for the sampling of the dihedral angle 5 where in the wild-type system 

100% of the molecules were at 0°, while in the mutant only 60% of the conformations 

contributed to this group.  The other 40% of the structures in the mutant simulation 

sampled 5 angle conformations at ~160°.  We investigated the energetic differences for 

TMC278 structures in folded conformation with different cyanovinyl orientations by 

varying 5 from 0° to 360° and measuring their corresponding potential energies.  As 

shown in Figure 47, TMC278 in “horseshoe” conformation with 5 at 0° has only a 

slightly lower energy than that at 160° (<0.5 kcal/mol), therefore suggesting that both 

conformational pools are energetically favorable.  Though the energy required to rotate 

5 from 0° to 150-160° had not been evaluated in this study, based on the frequent and 

random sampling of these conformation in the mutant MD trajectory, it is hypothesized 

that the energy barrier was low.  

‘Jiggling’ or repositioning of the drug molecule in the pocket was studied using 

principal component analysis (PCA).  PCA is a mathematical method used to process a 

large amount of data to identify possible correlations.  By means of PCA the size of the 

final dataset is greatly reduced and the most significant movements are identified.  The 

output of the PCA analysis is a collection of frames that are a set of average structures 

each corresponding to a point on the principal component axis.  The first principal 

component axis reports structures with highest degree of variance and thus of most 

significance.  To evaluate PCA output using experimental structures, three points on the  
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Figure 46. The probability distribution plots for torsional angles 1  5 of 
TMC278 in TMC278/RT MD simulations.   The color assignment: red: 
wild type; blue: mutant Y181C/K103N RT. 

 

 

Figure 47. The plot of potential energy distribution for the TMC278 
dihedral angle, 5.  Potential energy calculations were performed using the 
MacroModel coordinate scan utility (see Methods for details). 
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collection of MD trajectory structures that correspond to the selected projections on the 

first PCA axis were chosen: the origin, the negative extreme, and the positive extremes 

(Figure 48). The top ten MD structures with RMSD values under 0.25 Å for the TMC278 

coordinates were selected and used for analysis of drug movement in the pocket.  The 

first principal component axis allowed characterization and comparison of motion 

displayed by TMC278 in the two different NNIBPs of RT within the timeframe of the 

MD experiments.  As can be seen from the superposition of structures corresponding to 

the three points on the first PCA axis shown in Figure 48, TMC278 in the wild-type 

pocket  

 

Figure 48.  First PCA axis projections for the wild-type and the mutant 
TMC278/RT MD simulations.  A. Structures of the origin, the positive, 
and the negative extremes of the PCA analysis for the wild-type 
TMC278/RT MD simulation.  B. Structures of the origin, the positive, and 
the negative extremes of the PCA analysis for the mutant TMC278/RT 
MD simulation.  Color assignment: green: origin; red: positive extreme; 
blue: negative extreme.   

 

of RT did not show significant change in either its position (~0.1 Å displacement 

between the atoms of pyrimidine ring in the extremes and the origin) or in the 

predominant conformation (Figure 48A).  In the mutant MD simulation, just as it 

was discussed earlier, significant changes were associated mostly with the 

rotation of the cyanovinyl moiety as well as a ~0.3 Å displacement from the 
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origin (Figure 48B).  In addition to displacement from the first PCA origin, 

displacement from the crystallographically obtained TMC278 coordinates in the 

pocket was also calculated.  The average displacement of the positive and 

negative PCA extremes from the crystallographic structures was determined to be 

0.2 Å in the wild type and 0.5 Å in the mutant.   Though translational movements 

observed in the MD simulations were small between the two compared systems, 

TMC278 in complex with the mutant RT sampled more pronounced ‘jiggling’ 

than its counterpart. 

In the molecular puzzle model, both molecular pieces (a substrate and an 

enzyme) move to maximize their favorable interactions.  To assess extent of 

interaction between the drug molecule and the surrounding residues of the 

NNIBP, the buried surface analysis on the three points of the first PCA axis was 

initiated (Figure 49).  As it was determined earlier in the wild-type TMC278/RT 

simulation TMC278 did not change significantly either its conformation or its 

position and as can be seen from the buried surface plots shown in Figure 49, the 

nature of interactions between the drug and the protein did not change 

significantly as a result of these movements either.  The largest buried surface in 

these structures is the one that corresponding to the location of the hydrogen bond 

between the linker II nitrogen and the carbonyl oxygen of K101.  Inhibitor-protein 

interactions were also seen between wing II and V106, linker I region and the 

main chain atoms of Y181, and wing II and Y318.  In contrast to the wild-type 

simulations, the three points on the first PCA axis in the mutant simulation  
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display significant differences between each other.  As with the wild-type, the 

largest buried surface area corresponds to the hydrogen bond between the linker II 

position and carbonyl of K101.  Yet in contrast to the wild-type, the mutant 

structures also show a substantial change in the interactions between the 

cyanovinyl moiety of the drug and the residues surrounding it.  As can be seen 

from the figure, F227, Y188, and W229 surround the cyanovinyl group creating a 

hydrophobic tunnel as described in the crystal structure analysis (Das et al., 

2008).  At the first PCA origin, the position of the cyano group is such that allows 

for the most extensive interaction with the surrounding residues.  In the positive 

extreme the cyanovinyl rotated and made contacts with W229 and Y188, whereas 

interactions with F227 were significantly reduced.  In attempt to preserve a 

favorable interaction, the F227 side-chain phenyl ring compensated for rotation of 

the cyanovinyl group by moving towards it ~0.5 Å.  In the negative direction, 

cyanovinyl moves down by 1.5 Å and therefore also diminishes its interaction 

with surrounding residues.  To compensate, F227, Y183, and Y188 move ~0.4 Å 

towards it.  In summary, PCA findings suggest that the hydrogen bond at the 

linker II position ‘tethers’ the drug in the pocket in the most conservative fashion, 

which explains the preserved buried surface interaction in all PCA snapshots.  At 

the same time, due to changes in the pocket and ability of the molecule to alter its 

conformation via torsional changes, the wing I moiety is forced to seek alternative 

orientations, which in this simulation results in a sliding motion up and down the 

hydrophobic tunnel.   
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The PCA results suggest that the movement of the surrounding NNIBP 

residues sometimes compensates for the movement of the drug molecule.  To 

account for the breadth of the non-compensatory movement in the TMC278/RT 

MD simulations, the intermolecular distances between ligand and protein atoms 

were measured throughout the MD trajectories.  As depicted in Figure 50, 

selection of the pair-wise distances was conducted so that all parts of the drug 

molecule were monitored by multiple pair-wise interactions.  For example, the 

movement of pyrimidine ring was evaluated in terms of distances between 

pyrimidine atoms and three binding pocket residues: L100, V179, and K101 

(Table 12).  Generally protein atoms used in the pair-wise distance measurements 

were either highly conserved throughout the MD trajectory (with RMSD <0.2 Å) 

or were closely packed and therefore expected to form extensive interaction.  In 

both cases, the difference in interatomic distances and maximum displacement 

values were expected to reflect an extent of uncoordinated movement 

 

Figure 50. Interatomic distances used to evaluate non-compensatory 
movement of TMC278 in the wild type HIV-1 RT binding pocket.  Atom 
designation used in the pair-wise distance assignment is listed in the 
Methods section. 
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Table 12. The list of pair-wise interatomic distances between the NNIBP 
residues and TMC278 in the TMC278/RT MD simulations.  Atom 
assignment used to determine average distance (d) and maximum 
displacement ( ) are reported in the Methods section and illustrated in 
Figure 50.  

 

between selected atoms.  As can be seen from Table 12, uncoordinated movements were 

widely sampled in both MD simulations.  In general, the wild-type displacement 

differences were slightly smaller (average  ~0.7 Å) than those observed in the mutant 

complex (average  ~0.8 Å), with exception for interaction between W229 and the cyano 

group on Wing I where in the wild-type complex the maximum displacement was 1.1 Å 

and in the mutant simulation 0.7 Å.  These observations agree with the first PCA results, 

where the movement of the cyano group in the mutant was coordinated with W229 

whereas in the wild-type complex the two moved more independently. 

 Rigid body translational movements of the drug in the context of the TMC278/RT 

MD simulation presented here were smaller than positional differences observed between 
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crystallographic structures of different TMC278/RT complexes.  One possible 

explanation of this result is that the length of the MD simulations in the present study was 

not sufficient to observe full dynamic range of motion sampled by the drug post binding.  

To evaluate behavior of TMC278 in the binding pocket of RT exhaustively, a longer 

trajectory using of REMD method is recommended. 

 

Conclusion 

In summary, conformational sampling attributed to changes at dihedral angles had 

been observed in both wild-type and mutant TMC278/RT complexes.  Changes at 1 – 4 

were mostly conserved between two systems, whereas rotation of the cyanovinyl group 

by 5 had shown larger conformational sampling in the mutant structure.  By means of 

PC analysis, the most significant movements in two simulations were analyzed.  In both 

cases translational changes were determined to be small, suggesting that either the 

movement post binding is small or that the length of the MD simulation has to be longer. 

 

Methods 

MD simulation of TMC278 in complex with HIV-1 RT 

 To study conformational sampling by TMC278 while in complex with HIV-1 RT, 

X-ray structures of wild type (PDB accession code 2ZD1) and K103N/Y188C-RT mutant 

(3BGR) without solvent molecules were used as starting models for MD simulation.  

Starting models were subjected to 1000 steps of minimization using the OPLS-2005 force 
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field in IMPACT at 298 K.   For purposes of CPU time conservation, only the binding 

pocket of the HIV-1 RT that included any residue within a 5 Å radius from any atom of 

the ligand, was subjected to unconstrained MD calculation.  To accommodate local 

residue movement and to prevent unfavorable clashes, a constrained buffer zone, defined 

as all residues within 5 Å radius from any atom of the binding pocket, was also included 

in the calculations.  The rest of the atoms in protein remained frozen and therefore were 

not part of MD calculations.   

MD trajectories were generated for the wild and the mutant HIV-1 RT in complex 

with TMC278 using the OPLS-2005 force field (Banks et al., 1999; Kaminski et al., 

2004; Kaminski et al., 2002; Maple et al., 2005; Stern et al., 1999; Stern et al., 2001) 

(Schrodinger, LLC) and the implicit water model AGB in IMPACT under conditions of 

constant temperature and pressure.  Temperature and pressure were kept at 298 K and 1 

atm respectively.  All covalent bonds were constrained using the SHAKE algorithm, with 

a relative tolerance of 10-7.  The MD time-step was set to 1 fs.  Trajectory statistics and 

coordinates were recorded every 1000 steps after the first 2 ns of initial equilibration 

period.  2000 structures were included in data analysis using the Maestro program and 

associated utilities.  

MD trajectory analysis  

 Similarly as for the conformational analysis reported in Chapter 3 for infinite 

dilution and aggregate MD simulations, the sampling of conformational space by 

TMC278 in the bound state was investigated using the monitoring of dihedral angles 1 –

 5.  The convention for dihedral angle assignments was stated earlier in Chapter 2, 

Figure 32.  Along with monitoring of the dihedral angle sampling, potential energy 
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calculations were performed to evaluate effect of conformational sampling by 5 in the 

wild-type complex. The coordinate scan utility in the MacroModel program from the 

Maestro software package (Schrodinger, LLC) was utilized to calculate potential energy 

of TMC278 conformations with alternative 5 conformations. 5 was rotated from 0° to 

360° in 5° increments whereas all other angles in the drug structures were fully 

constrained.    

 In addition to looking at torsion angle changes sampled by the drug molecule in 

the binding pocket of the protein, the changes in positioning of the ligand in the pocket 

were also assessed.  Non-compensated translational movements of the ligand in the 

binding pocket were investigated using interatomic pair-wise distances between selected 

protein atoms and those of TMC278.  Protein atoms were included in the pair-wise 

distance analysis if they displayed either a relatively small range of motion throughout 

the MD trajectory or were closely associated with any heavy atom of the drug molecule.  

The following interatomic distances between protein and TMC278 atoms were used to 

evaluate MD trajectories for both wild-type and mutant MD simulations: Y/C181 (CA) – 

Linker I (N4), L100 (CG) – Pyrimidine (N1), V179 (CA) – Pyrimidine (C3), K101 (NH) 

– Pyrimidine (N2), K101 (CA) – Linker II (N3), Y318 (CA) – Linker II (N3), Y318 (CZ) 

– Wing II (C5), V106 (CB) – Wing II (C8), H235 (CA) – Cyano Wing II (N5), F227 

(CG) – Cyano Wing I (N6), Y188 (OH) – Cyano Wing I (N6), W229 (CA) –Cyano Wing 

I (N6), Y188 (CG) – Cyanovinyl (C20), Y188 (CB) – Wing I (C14) (Figure 50).  Pair 

wise distances were reported as average distances (d) with maximum displacement ( ) 

values in Table 12.   is the difference between the largest or the smallest distance value 
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in the trajectory for a given pair of atoms and the average interatomic distance for a given 

pair wise interaction.  

To select for structures that reflect the most coordinated movement of the drug 

within the binding pocket of the enzyme and to decrease the number of structures 

included in the analysis, a principal component analysis (PCA) was employed (Garcia, 

1992) and conducted with assistance from Tom Eck.  For PCA analysis, Cartesian 

coordinates of TMC278 heavy atoms were considered.  Full 2 ns trajectory was 

evaluated.  PCA of MD trajectory was performed using the open source statistical 

analysis package R V2.8.1 (Ripley, 2001, Team, 2006 #174), and PC results were 

extracted using the R utility, Bio3D (Grant et al., 2006) and custom codes to process the 

generated snapshots was written by Tom Eck.  PCA results were visualized using the 

open source visualization software VMD (Humphrey et al., 1996).  Three points on the 

first PC axis (origin, positive, and negative extremes) were used as the reference 

structures to search the wild-type and mutant complex MD trajectories for the most 

representative experimental coordinates.  The top ten MD trajectory frames with 

TMC278 structures within 0.25 Å RMSD of the PCA structures were selected for each of 

the three first PC axis reference points and used in the subsequent analysis.   

 To study packing motifs of TMC278 in the binding pocket, the buried surface 

between binding pocket residues and the drug molecule was calculated.  Due to the large 

size of the MD simulation dataset, surface calculations on the full trajectories were 

deemed to be unreasonable.  Therefore structures corresponding to the three points on the 

first PCA axis were used instead.  The buried surfaces were calculated between pocket 
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residues and TMC278 atoms.  Visualization of the buried surfaces was achieved by using  

the intersection Boolean operation in the Maestro software package (Schrodinger, LLC).   
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