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Abstract 

Cancer is one of the most devastating diseases in modern society, with over 1.6 

million new cancer cases occurring in the US alone each year. DNA-damaging agents are 

often the first line of defense against rapidly dividing cancer cells. However, cancer cells 

can become resistant to chemotherapy by up-regulating an error-prone DNA-repair 

process called translesion DNA synthesis (TLS). The Rev1 polymerase orchestrates this 

pathway by recruiting one of three inserter polymerases and the extender polymerase 

(Pol ζ) to bypass the lesion. Here we report the discovery and characterization of an 

inhibitor of the protein-protein interaction between Rev1 and Rev7, a subunit of Pol ζ, 

using biochemical and biophysical techniques. Our X-ray crystallographic structural 

analysis of the Rev1 and the inhibitor (JH-RE-06) complex reveals that the inhibitor 

blocks Rev7 binding by inducing Rev1 dimerization. Such an unexpected observation is 

confirmed by an in vitro crosslinking assay. In vitro cell-killing assays show that JH-RE-

06 enhances sensitivity of a variety of cancer cell lines to a wide range of 

chemotherapeutic agents; furthermore, co-administration of JH-RE-06 with cisplatin 

significantly suppresses melanoma growth in mice and prolongs the survival time of 

tumor bearing mice, highlighting the therapeutic potential of translesion synthesis 

inhibitors as a novel class of cancer adjuvant therapeutics to enhance the outcome of 

chemotherapy currently available to cancer patients. 
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Due to their compromised immune systems, cancer patients are particularly 

susceptible to opportunistic bacterial infections, many of which are becoming rapidly 

resistant to current antibiotic therapies. We describe the combined use of X-ray 

crystallography and NMR spectroscopy to delineate a cryptic inhibitor envelope for 

optimization of a small molecule inhibitor of LpxC, an enzyme essential to the survival 

of Gram-negative bacteria. The resulting inhibitor shows vast improvement over its 

parent compound over a wide range of bacterial orthologs.  

In summary, we demonstrate successful structural characterization and 

structure-guided design and optimization of lead compounds in two different systems. 

These studies have profound implications for drug discovery and lead optimization in 

other disease-relevant systems as well. 
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Chapter 1. Introduction 

With the development of X-ray crystallography, nuclear magnetic resonance 

(NMR) spectroscopy, Cryo- electron microscopy (EM), and computational modeling 

leading to an exponential increase in available 3D structures of protein targets, structure-

guided drug design has become a vital part of lead compound discovery, generation and 

optimization. 

Despite this, there is no one size fits all strategy. Each relevant biological 

pathway has its own characteristics, intricacies, and varying degrees of 

interconnectedness with other pathways. It is essential to understand the system at a 

molecular level, including protein-protein interactions that regulate it, in order to 

develop effective inhibitors. 

The first step to structure-guided drug design is target identification. One of the 

ways in which this can be done is with genome analysis. In 1985, when rational drug 

design was still in its infancy, Mellor et al.1 identified a yeast transposon that produces a 

fusion protein by fusing two out-of-phase open reading frames (ORFs) via frame-

shifting. The authors noted that this was remarkably similar to a process used by 

retroviruses. Toh et al.2 used this information to identify the gene for the retroviral 

protease, bringing it on the radar of several groups, who almost simultaneously solved 

the crystal structures of the homologous Rous Sarcoma Virus and Human Immuno-
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deficiency Virus (HIV) proteases in 1989.3-6 Analysis of the retroviral and HIV genome 

was thus critical to the discovery of a protease that was essential to AIDS antiviral 

development.7 Since then, computational genomic techniques have become much more 

powerful and many whole genome sequences are readily available, and homologs both 

close and distant are relatively easily identifiable.8 However, this approach is now 

increasingly considered “reductionist” as target proteins rarely act alone, so many target 

identification trials now focus on a more “holistic approach”. Since many powerful 

small molecule inhibitors were discovered as a result of chemical genetics, “phenotype-

based drug discovery,” which is the retrospective identification of the molecular targets 

responsible for phenotypic responses, is now considered the more powerful approach to 

target discovery. This “target deconvolution” strategy involves the investigation of 

signaling pathways in a systems-based manner for elucidating biological mechanisms of 

disease and, it is argued, is more conducive to the development of structure–activity 

relationship studies by allowing optimization of target-specific assays.9 Examples of this 

approach include proteomics analysis, yeast-two hybrid, phage display and tandem 

affinity purification (TAP). 

Proteomics analysis is a powerful and emerging tool for target identification. For 

example, the global protein composition of a healthy cell can be compared to that of a 

diseased one to identify the molecular basis of disease. This has been especially useful in 
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identifying protein networks involved in cancer progression for novel therapeutic target 

discovery.10  

As stable protein complexes are often vital for cellular function, finding 

important protein-protein interaction networks is a useful tool in target discovery. High-

throughput experimental techniques are used to map protein-protein interaction 

networks, most notably the yeast two-hybrid system, created in 1989 by Fields and 

Song.11 Another method to map important interactions is TAP followed by mass 

spectrometry. Krogan and colleagues used TAP, followed by matrix-assisted laser 

desorption/ionization–time of flight, and liquid chromatography-mass spectroscopy 

(MALDI-TOF, LC-MS), and machine learning, to undertake the massive task of 

analyzing 4,562 different tagged proteins of Saccharomyces cerevisiae (S. cerevisiae), to 

identify protein-protein interactions with high confidence, leading to a core dataset of 

7,123 protein–protein interactions involving 2,708 proteins.12 Phage display can also be 

used for high-throughput screening of protein interactions. It involves the insertion of 

gene fragments into capsid-encoding genes. The resulting fusion gene encodes a capsid 

protein displayed on the phage surface and exposed to a library of proteins or peptides. 

This strategy has also shown success in identifying specific targets of small molecules, as 

in the discovery of a calmodulin antagonist that was shown to inhibit cell cycle 

progression in colon cancer cells.13 
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Finally, there are emerging network-alignment algorithms that employ global 

and local network alignment methods to compare homologous protein networks that 

could serve as powerful tools in identification of disease-related sub networks for target 

discovery in the future.14 

Once a target is identified, and protein-protein interactions validated with in 

vitro direct binding studies, it is essential to obtain structural information to further the 

structure-based drug design campaign. Most structures are determined by x-ray 

crystallography, and, to a lesser degree, by NMR spectroscopy. Of the almost 150,000 

structures available on the protein data bank, more than 130,000 were determined by 

crystallography, with about a tenth (~13000) determined by nuclear magnetic resonance 

(NMR) spectroscopy and about a fourth of that by EM (~3000 structures), with the rest 

solved with a combination of different structural biology techniques (rscb.org).15 The 

first success stories utilizing structural information for drug design started appearing in 

the early 90’s, with a good example being the use of the HIV protease crystal structure in 

the development of a “potent and orally bioavailable” retroviral protease inhibitor.16 

At the early stage, even low-resolution structures (worse than 3-4 Å) can provide 

valuable information, such as overall architecture and existence of potential binding 

pockets and their composition, and critical protein-protein interactions. These low-

resolution structures can be used for “virtual” screening using in silico docking and 
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design, which can be used for identification of desired epitopes or pharmacophores and 

important interactions-which can then be incorporated with binding, activity and 

pharmacological assays to aid in lead compound discovery.17 Virtual docking can also be 

done for fragment-based screening, in which simple and small fragments are used to 

identify a scaffold that can be used as a starting point for lead compound development. 

Of course, this must be validated with experimentally derived X-ray or NMR structures. 

An example of a successful campaign led by this approach is the identification of a 

methylpyridine-derived inhibitor of bromodomains, which are involved in many 

malignant cancers.18 In the absence of a structure, homology modeling can be used to 

determine important structural information. Powerful search tools allow the detection of 

homologs on the basis of both sequence and structure. Malhotra and colleagues 

demonstrated the usefulness of this approach by modeling an adenosine triphosphate 

(ATP)-dependent mycobacterium enzyme purC from a homologous S. cerevisiae 

structure and validated the modeled ATP-binding pocket by superposition with the 

known ATP-bound crystal structure.19 Lower resolution structures can be used in 

molecular dynamics simulations, computational structure minimization, calculations of 

probable loop or rotamer configurations, or in identification of the position of chemically 

relevant waters.20-21 Cryo-EM has recently emerged as an accessory tool to 

crystallography and NMR in structure-guided drug design. Its biggest limitation is 
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resolution, although it is improving every day. In its current state, EM can be used to get 

initial low-resolution structures, especially for large macromolecular complexes and 

potentially provide information on different conformations experienced by the complex, 

even within the same sample. This can give valuable insight into protein function. 

However, this information is not enough to expose atom-atom interactions, changes in 

atom positions, or main chain or side chain motions, which occur on as small a scale as 

0.5-1.5 Å. This is essential to structure-based drug design.22 For example, Tordai and 

colleagues noted that the pioneering structures of cystic fibrosis transmembrane 

conductance regulator, though impressive, are not enough at below 8 Å to understand 

the effects of mutations, prohibiting studies for lead compound development. However, 

they showed that molecular dynamics simulations can prove to be a useful tool in 

analyzing these low-resolution structures which can potentially aid in structure-guided 

drug design in the future.23 The combination of low-resolution experimental structures 

and computational modeling can become a powerful tool for rational drug design, 

especially when independent validation techniques are available. 

Armed with initial structural information (by experimental or homology 

modeling techniques), high-throughput screening can commence using compound 

libraries with specific chemical properties, or even diverse small molecule compound 

libraries aimed at an observed binding pocket. An increasingly popular approach is 
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fragment-based screening, where small molecules that are an average of half the size of 

traditional libraries can be used for screening, and initial hit scaffold can be modified 

and expanded to increase affinity with crystallography or NMR.24 Primary high 

throughput screening can use high-density arrays of microreaction wells and employ 

various techniques such as fluorescence resonance energy transfer or homogenous time 

resolved fluorescence. NMR-based screening techniques such as measuring of chemical 

shift perturbation or saturation transfer difference NMR can be extremely useful as they 

can detect even weak interactions (in the mM range), which is helpful in the case of the 

small scaffolds in fragment-based screening, with the added advantage of providing 

information on the location of binding, as well as epitope mapping.25 

 An initial hit must be validated with secondary screening using adopted 

biological or biochemical tests. For example, an assay testing the abrogation of a known 

protein-protein interaction vital for function can be used in this regard. Some of the most 

reliable and sensitive assays are multi-protein assays or functional cell-based assays, 

which measure the change in protein function in response to a potential inhibitor.26An 

example is the discovery of a class of benzimidazolinone compounds that were found to 

open small conductance potassium ion channels, which are associated with a range of 

diseases such as cancer and hypertension, in whole-cell patch-clamp ion current assays.27 
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With a compound identified and validated, high resolution structural 

information is essential for the elucidation of molecular details of inhibition, such as 

contacts responsible for binding, and conformational changes in the protein such as 

sidechain or main chain movement. This is to understand the basis of inhibition as well 

as to optimize receptor-ligand interactions with chemical modification to improve 

affinity for the target. This is an iterative process that involves several rounds of 

inhibitor modification and structure-activity relationship studies. High-quality inhibitor-

bound crystal structures at each step are useful in validating the modifications made to 

an inhibitor. NMR spectroscopy is particularly useful at this step of the process, termed 

“lead compound optimization,” as it can be used to assess the following parameters: 

ligand quality (such as solubility and integrity using 1D spectra), protein quality in the 

presence of ligand (aggregation, degradation, etc.), and binding ability (both protein-

observed through experiments measuring chemical shift changes with HSQC 

experiments, and ligand-observed-such as changes in rotational tumbling measured by 

relaxation experiments such as R2 and NOE).28 

 The overall aim is to improve “drug-like” qualities, such as strong inhibition, 

high stability and solubility, specificity (to minimize off-target effects and toxicity), and 

good bioavailability. The drug must be validated in vitro in cellular models and in vivo in 

animal models to exhibit its ability to affect disease outcomes. There are many examples, 
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and the following are two instances of successful campaigns. The first case involves the 

development of an inhibitor of the BCl-2/BCl-xL interaction, which is frequently 

upregulated in tumor cells. Fragment based screening was used to identify simple 

chemical scaffolds that blocked BCl-2 interaction with BCl-xL and x-ray crystallography 

used to validate the mode of binding. The inhibitor was improved by expanding the 

scaffold with linkers for higher affinity to the target and better solubility and stability in 

solution. The mode of binding was validated again by crystallography. The inhibitor 

was tested functionally in cellular models to assess its ability to induce apoptosis. It was 

tested in vivo in an animal model to assess its anti-tumor ability. Several rounds of 

optimizing for affinity, solubility, stability, selectivity and anti-tumor activity, using 

crystallography, chemical modification, in vitro and in vivo validation resulted in a 

potent, orally bioavailable anti-cancer drug, ABT-263, which is currently in clinical 

trials.29-30 

The second example tells the story of the discovery and characterization of an 

inhibitor of the BCR-ABL1 fusion oncoprotein, known to be a factor in chronic myeloid 

leukemia. Wylie and colleagues performed fragment-based NMR screening, and 

optimized hits using virtual docking, crystallography and NMR analysis. Using 

previous knowledge that auto-inhibited kinases have a “bent” conformation, they 

developed a conformational NMR assay to further narrow down the list of candidates. 
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The bent conformation was cross-validated with crystallography. Several rounds of 

optimization were carried out to improve specificity, affinity and in vivo potency. The 

resulting compound (ABL001) showed tight binding in NMR and other biophysical 

assays, lack of activity against all other kinases tested (high specificity), anti-proliferative 

activity in tumor cell lines, and in vivo efficacy in a mouse xenograft model. The inhibitor 

was also tested against tumors resistant to an older drug targeting the same kinase and 

showed a 100-fold slower increase in resistance and also a completely independent 

resistance profile; thus it was shown to be a truly novel inhibitor. It is currently in 

clinical trials in lymphomas, leukemia and myeloma.31-32 

The two major challenges facing structure-based drug discovery are two factors 

that are essential to the obtaining of a bigger picture and better understanding of protein 

function, i.e. protein movement, and protein interaction with other protein. 

It is challenging to visualize or account for movement/dynamics using current 

structural methods for drug development. Information on protein flexibility can be vital 

to understanding its function, or understanding how drugs exert their biological effects. 

This information can be crucial for developing increased affinity between drug and 

target. One way to address this is to “freeze” the target in certain conformations to 

obtain snapshots of it in different stages of it performing its function, such as when 

bound to substrate or product. For example, several crystal structures of the ATP-
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binding cassette transporters suggested a mechanism of substrate export (important to 

drug extrusion in drug resistant bacteria and cancer cells). The ATP-bound structure of a 

bacterial drug exporter (Staphylococcus aureus Sav1866) had an “outward facing 

conformation,” whereas the nucleotide-free structure of a different transporter 

(Escherichia coli MalK) suggested an “inward-facing conformation,” hinting at a 

propagation of conformational changes driven by ATP.33 A follow-up study used 

crystallographic snapshots of a transporter, P-glycoprotein, in complex with several 

rationally-designed ligands to investigate how it can recognize diverse substrates and 

couple their binding to ATP hydrolysis and subsequent helical movement to transport 

the substrates across. The study acted as a structure-activity relationship analysis, 

showing how altering size and hydrophobicity in functional groups can impact the 

interaction with this clinically important exporter, by, for example, binding to the 

transporter but inhibiting propagation of conformational change to the outer side, which 

has implications for future drug design.34 However, this type of information with 

“indicated movement”, while important, does not show true movement and certain 

conformations can be “enriched” in these frozen structures. Additionally, these 

structures cannot be used in the visualizing of flexible regions of protein, which are 

often important to function.35 
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One might intuit that NMR studies would be widely used to address these 

concerns in drug development campaigns, as NMR has the ability to reveal atomic 

motions on a wide range of time scales, and has clearly shown many times that clinically 

relevant proteins require internal movements for function and drug binding.36-38 Despite 

this, NMR “flexibility-function” studies are rare in rational drug design. One reason is 

the “lower throughput” quality of NMR, and the limitation of meaningful data extracted 

from larger proteins. Many therapeutic targets have large molecular weights and exhibit 

crowded and broad signals, leading to a difficulty in signal interpretation and long 

acquisition times. Additionally, protein dynamic metrics like exchange rates and 

correlation times do not translate easily to pharmaceutical optimization, whereas fixed 

structural coordinates can be used to rationalize addition or removal of functional 

groups.39 Of course, there are examples of innovative use of NMR to extract dynamic 

information relevant to drug design. For example, Mauldin et al. used backbone 15N 

dispersion experiments for dihydrofolate reductase bound to cofactor nicotinamide 

adenine dinucleotide phosphate and observed collective motion of loops surrounding 

the cofactor and substrate binding sites, corresponding to exchange between known 

closed and open states, representing communication between the cofactor and substrate 

pockets. When two known drugs that bind to the substrate site were added, distant 

conformational exchange with the cofactor site was eliminated. Additionally, fast 
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exchange along the backbone was affected between the substrate binding pockets and 

residues important for catalysis. Further, there was localized exchange detected in the 

substrate pocket but at a much slower pace. Thus, the experiments showed a “dynamic 

dysfunction” and a breakdown of communication within the protein network as a 

mechanism of inhibition. Such studies highlight the importance of dynamic studies to 

reveal novel inhibition modes and to expand on traditional strategies of drug design.40 It 

is important to note, additionally, that structure-based drug design is the iterative 

modification of inhibitors, but very few studies have focused on the dynamics of the 

ligand. A study used natural abundance 13C relaxation NMR to characterize the 

conformational dynamics of a ligand in its free and receptor bound states, suggesting 

new possibilities for the use of ligand flexibility profiles to analyze the effect of 

dynamics on potency or pharmacokinetic properties. However, this strategy has not 

been successfully demonstrated for tight-binding inhibitors or the identification of 

minor conformations.41 Thus, the incorporation of both receptor and ligand dynamics is 

an outstanding problem in rational drug design but one that has the potential to add 

significantly to inhibitor optimization. 

A second major challenge in rational drug design is that of targeting protein-

protein interactions. Proteins do not work alone, and their interactions with other 

proteins are essential to their function, making protein-protein interfaces (PPI) attractive 
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targets. For a time, PPI’s were considered undruggable, due to the large buried surface 

area involved. However, a critical development in understanding PPIs was the 

realization that interactions driving affinity between proteins are not evenly distributed 

across the entire surface. Rather, certain residues or areas, within the PPI, that are 

generally evolutionarily conserved, provide the majority of the energy of binding. These 

residues or clusters are called “hot spots” and can be experimentally determined by 

alanine scanning, a sequential mutational analysis, also known as hot spot analysis.42-43 

Where experimental analysis is infeasible due to the time-consuming nature of alanine 

scanning and difficulty in purifying each protein component, in silico hotspot analysis 

approaches may be used. These techniques are becoming increasingly powerful at 

predicting hot spots as we gather more and more information about known PPIs. 

Predicted hot spots can be verified with orthogonal validation methods,44 such as with 

mutational analysis done with the help of co-immunoprecipitation. 

 Knowledge of hot spot regions made the targeting of PPI more tractable but still 

challenging. Some of the challenges are briefly described here. When the PPI is that of 

two globular proteins, the task of targeting them with a small molecule is still a 

formidable one. The interaction surface appears generally flatter on average and 

potentially less amenable to the binding of a small molecule.45 There are very few 

examples of successful targeting of globular-globular interaction. A clever approach was 
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used by researchers at Sunesis pharmaceuticals to target interleukin-2 (IL-2), a cytokine 

important for immune response. IL-2 interacts with its associated cell-surface receptors, 

which are expressed by activated T cells, and together trigger an immune response. IL-2 

residues at the perimeter of its hot spot were mutated to cysteines and screened against 

a library of disulfide-containing fragments. This “tethering” fragment-based screening 

strategy led to the identification of compounds containing aromatic carboxylic acids, 

which were shown by crystallography to bind at the end of a conserved hydrophobic 

channel. In silico modeling with the help of the crystal structure was used to optimize 

the fragments and obtain a powerful inhibitor (SP4206), with an IC50 of 60 nM for the 

inhibition of the IL-2-IL-2Rα (associated receptor) interaction. These studies also showed 

that while no binding pocket is visible in the absence of inhibitor, “cryptic” binding 

pockets can appear on flat surfaces upon inhibitor binding.46-47 

By contrast, PPIs involving a globular protein and a peptide (peptidic region on 

another protein) have been proposed to be more druggable, as the interface is “simpler” 

and usually includes an easily identifiable “groove” to target with small molecules.48 An 

example is the interaction of caspase 9 (apoptotic protein) with XIAP (apoptosis 

inhibitor upregulated in tumor cells) via a tetrapeptide motif. Using the knowledge that 

a natural inhibitor of this interaction exists (DIABLO), small molecule inhibitors were 

derived based on the natural tetrapeptide inhibitory motif, which exhibited low 
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nanomolar affinity.49 Other inhibitors have been developed using fragment based 

methods with lower affinity but better bioavailability.50 The problem with targeting an 

interaction like that where binding is based on an epitope without other interactions 

improving affinity to a specific protein is the lack of selectivity- indeed, while some of 

these inhibitors are in clinical trials, most are not selective for XIAP and recent studies 

have shown toxic side effects of these inhibitors such as activation of tumor-necrosis 

factor.51 Achieving better selectivity is more feasible when the peptide partner binds via 

multiple epitopes, as is the case with Bcl-2 and Bcl-xL. As outlined earlier, researchers 

used a fragment-based approach to identify suitable chemotypes/epitopes and used 

linkers to combine these epitopes, followed by extensive optimization to obtain a 

selective, orally bioavailable inhibitor ABT-263, which currently in clinical trials.29-30 The 

major drawback of multi-valent inhibitors with linkers is the difficulty in making them 

bioavailable due to their larger size. 

Most PPI inhibitor design is aimed at disrupting the interactions between 

proteins. This is challenging for the aforementioned reasons: difficulty in targeting pairs 

of globular proteins, achieving selectivity for a specific PPI to minimize side-effects, and 

designing inhibitors that are small enough to be bioavailable and potent in cells. 

Additionally, obligate PPIs are exceptionally difficult to target because obligate/tight 



 

17 

 

interactions are dominated by hydrophobic interactions, similar to the core of globular 

proteins. The penalty of exposing those residues is high.52 

A promising future approach may be to stabilize PPIs, rather than to disrupt 

them. The following arguments endeavor to make a case for such an approach. A 

compelling argument in favor of PPI stabilization is the existence of numerous natural 

compounds that have been in use for years, which, through recent advances, have been 

revealed to act by stabilizing specific PPIs.53 An example of this is Swinholide A, a 

compound that inhibits actin polymerization. Since actin remodeling is associated with 

malignant phenotypes, it has anti-cancer properties. It has a macrocyclic structure with a 

2-fold axis of symmetry, and is found in marine sponges. It disrupts actin 

polymerization by freezing G-actin in a homo-dimer complex. The protomers have no 

contacts with each other, with each half of the inhibitor making hydrophobic contacts 

with both protomers.54-56  

There are also synthetic inhibitors that were retrospectively found to act by 

stabilizing certain PPIs, either by stabilizing interfaces that prevent the binding of a 

different binding partner (e.g. RO2443, which prevents p53 binding to anti-apoptotic 

MDM2 and MDMX by promoting dimerization),57 or stabilizing inactive conformations 

of a protein (e.g. ICRF-187, which locks topoisomerase II in its inactive or “closed 

clamp” dimer conformation to reduce oxidative stress induced by chemotherapeutics).58 
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Despite the promising potential of PPI stabilizers, there are scarce examples of 

their ab inito discovery. This is because the idea of targeting PPI for stabilization and not 

disruption is still very new and not a generally considered strategy during rational drug 

design. Additionally, most compound libraries consist of traditional “drug-like 

chemicals” whereas the bulk of PPI stabilizers have scaffolds derived from “natural 

compounds” with very different shapes and chemical properties.53 An example of 

successful intentional design of a PPI stabilizer is Compound 24 (Bosch 

pharmaceuticals). Researchers did in silico screening of possible molecules that could 

stabilize the interaction between an aldolase and a transmembrane adhesion in 

Plasmodium falciparum, which would prevent pathogen gliding on the host membrane 

and inhibit cellular invasion. Candidates were tested with biochemical assays and in 

vitro parasite assays. Compound 24 reduced liver cell invasion by 95% and a crystal 

structure confirmed the mode of inhibition as being PPI stabilization, although a very 

high concentration of inhibitor was used (500μM).59 As very little is known about PPI 

stabilizers, and current chemical libraries belong to a specific type of chemical space, it is 

currently challenging to target PPIs for stabilization; however, focusing on motifs that 

are known for their dimerization properties (e.g. 14-3-3 proteins, that are known for 

their homo- and hetero- dimerization properties, and, additionally, are known to be 

stabilized by fusicoccin A, a fungal product)60 and screening with in silico docking to 
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expand the chemical space, as well as expanding current chemical libraries by including 

natural compound mimetics such as symmetric macrocylic compounds, could help 

increase the likelihood of discovery and design of PPI stabilizers. 

In this thesis, I address two of the challenges described above that are faced 

during structure-guided drug design: use of ligand dynamics for finer iterative 

modification of ligands, and the targeting of a featureless PPI of two globular partners. I 

describe my research on two pathways relevant to the treatment of cancer patients: the 

translesion DNA synthesis pathway in human cells, and the Lipid A biosynthesis 

pathway in bacterial cells. 

The translesion DNA synthesis pathway is of interest, particularly with respect 

to tumors that are resistant to chemotherapy, as genetic ablation of key proteins in the 

translesion DNA synthesis pathway sensitizes cancer cells to DNA-damaging 

chemotherapeutics. Translesion DNA synthesis is dependent on the interaction between 

the Rev1 polymerase and Rev7, an accessory subunit of polymerase ζ. We report the 

discovery of a small molecule inhibitor of this interaction (JH-RE-06), and the crystal 

structure of JH-RE-06 in complex with Rev1. We show that the compound acts by 

forcing Rev1 to dimerize, converting the ostensibly shallow binding pocket at the Rev1-

Rev7 interface into a deep cavity that engulfs the small molecule. We also show that JH-

RE-06 enhances the chemosensitivity of various tumor cell lines to different types of 
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chemotherapeutic agents, thus validating it as a promising adjuvant to traditional 

chemotherapy. 

Another challenge to successful treatment of cancer patients is the opportunistic 

bacterial infection, as patients frequently become immunocompromised due to 

chemotherapy. Infections caused by Gram-negative bacteria pose the most serious 

health threat as these bacteria are becoming increasingly multi-drug resistant, posing 

life-threatening risks to cancer patients. There is an urgent need for novel antibiotics to 

overcome existing resistance mechanisms. The Lipid A biosynthetic pathway is of 

special interest, as it is essential to the survival of Gram-negative bacteria. The enzyme 

that catalyzes the first committed step in this pathway is the metal-dependent 

deacetylase LpxC. It is an excellent target for antibiotic development as it is essential for 

bacterial viability, has a unique structure, and has no similarity with any other 

metalloenzymes, including human deacetylases. While many high-resolution crystal 

structures of inhibitors in complex with LpxC exist, and have been used in lead 

compound optimization, these static structures overlooked the conformational flexibility 

of both the inhibitor and the enzyme. In this work we combine the technique of X-ray 

crystallography with solution NMR spectroscopy to reveal minor conformations and 

utilize it to delineate a solvent-accessible inhibitor envelope. Using this strategy, we 



 

21 

 

have developed an inhibitor that exhibits significant improvement in binding affinity 

and antibiotic activity over its parent compound.  

Taken together, my thesis research has revealed two strikingly different 

strategies for the development of novel therapeutics against challenging targets. In the 

first case, we show that seemingly intractable protein-protein binding interfaces (such as 

a the shallow binding pocket at the Rev1-Rev7 interface) can be viable targets for lead 

compound development through compound-induced dimerization, strengthening the 

case for PPI stabilization as a mechanism of inhibition. In the second case, we show that 

by combining static and dynamic information obtained using X-ray crystallography and 

solution NMR spectroscopy, we can gain insight on the dynamics of ligand binding, and 

delineate a hidden, dynamically accessible envelop to guide lead compound 

optimization. 
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Chapter 2. DNA-damaging Agents as 

Chemotherapeutics and Mechanisms of Resistance 

Based on the statistics from the International Agency for Research on Cancer 

(IARC), there were ~17 million new cancer cases and ~9.5 million cancer deaths in 2018. 

Due to population growth and aging, projected annual cancer cases and death will reach 

27.5 million and 16.3 million by 2040, respectively, highlighting the urgent need for 

more effective cancer therapeutics.61 

Tumor cells are often treated with DNA-damaging agents. Different DNA-

damaging agents can inflict varying types of DNA damage, such as double-stranded 

breaks (DSB) induced by the UV-mimetic 4-Nitroquinoline 1-oxide (4-NQO), inter- and 

intra-strand cross-links induced by cisplatin and cyclophosphamide (CTX), aberrant 

methylation induced by alkylating agents such as methylmethane sulfonate (MMS) and 

N-methyl-N-nitro-N-nitrosoguanidine (NMNG), and oxidative damage induced by 

drugs such as methotrexate (Figure 1). 62-64 Such DNA-damage will result in stalling of 

replication, which will lead to cellular dysfunction and, eventually, cell death.63, 65  
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Figure 1: DNA-Damaging Therapeutic Agents.  

Many cancer drugs kill cancer cells by inducing DNA damage, leading to cellular 

dysfunction and activation of apoptotic signaling. 

 

However, tumor cells can become resistant to chemotherapy by dysregulating 

different cellular pathways, such as suppression of apoptotic proteins, inhibiting drug 

uptake, enhancing secretion or metabolism of drugs, and upregulating DNA repair 

pathways, including the translesion DNA synthesis.66,67 

2.1 Translesion DNA Synthesis as an Error-prone DNA Repair 
Process 

Replicative polymerases are high fidelity and seldom make mistakes. Their 

catalytic pocket is small and fits undamaged DNA snugly. Since damaged DNA bases 

usually lead to distortion of DNA strands, nearly all types of DNA damage or lesions 

halt replication. On the contrary, Y family polymerases, though low fidelity, have a 
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solvent-exposed catalytic pocket that can accommodate DNA damage with even bulky 

lesions.68 When a replication fork is stalled in normal cells, it is preferable to bypass it in 

a potentially mutagenic way than to let the fork collapse, turning it into a double-

stranded break, which triggers cell death. To initiate bypass, a replicative switch 

happens, whereby the processivity factor, PCNA, gets monoubiquitinated, increasing its 

affinity to Y-family polymerases.69 The Y-family polymerase, Rev1, which has catalytic 

ability but functions primarily as a scaffold, recruits one of three inserter Y polymerases- 

POL ι, POL κ, or POL η, to insert a base opposite the lesion. It then recruits POL ζ, via its 

accessory subunit, Rev7. The catalytic subunit, Rev3, adds additional nucleotides past 

the lesion and extends beyond it to a point where the correct base-pairing is restored, 

and the replicative polymerase is able to take over, continuing replication (Figure 2).69-74 
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Figure 2: Translesion DNA synthesis.  

PCNA gets ubiquitinated at the stalled replication fork, resulting in the 

replicative polymerase being switched out. Translesion bypass is dependent on the Rev1 

polymerase and its function as a scaffold that recruits other inserter polymerases, and 

the extender polymerase, POL ζ. Once the lesion is bypassed, the replicative polymerase 

is switched back in and replication proceeds as normal. 
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2.2 Rev1- POL ζ Mediated TLS as a Mechanism of Resistance to 
Chemotherapy 

A wealth of evidence points towards the involvement of the Rev1-mediated TLS 

in cancer progression and developing resistance to chemotherapy. Elevated levels of 

Rev1 protein are a predictor of unfavorable prognosis and poor response to treatment in 

patients with prostate cancer.75 Genetic missense mutations in the Rev1 gene are 

associated with increased risk for cervical carcinoma.76 Ovarian carcinoma cells 

engineered to express higher levels of Rev1 (2.7 to 6.2 fold higher), showed marked 

increase in resistance to killing by cisplatin and enhanced cisplatin-induced 

mutagenesis.77 Lung adenocarcinoma cells resistant to cisplatin treatment were re-

sensitized when Rev3 expression was suppressed using short-hairpin RNA. These cells 

also displayed reduced levels of cisplatin-induced mutagenesis.78 B cell lymphoma 

tumors transplanted into mice were more sensitive to cyclophosphamide treatment in 

Rev3 knockdown cells.79 Ovarian clear cell carcinoma (CCC) cells were more sensitive to 

cisplatin treatment when Rev7 expression was suppressed. Additionally, CCC tumors 

xenografted into mice showed enhanced reduction in volume upon cisplatin treatment 

in Rev7 knockdown cells compared to control cells.80 

Additionally, B-cell lymphoma cells that survived chemotherapy were much 

more likely to become resistant in subsequent rounds of chemotherapy in the presence 
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of Rev1 as opposed to when Rev1 expression was suppressed. This indicates that not 

only does Rev1- POL ζ mediated TLS promote chemoresistance by bypassing normally 

destructive DNA damage, but also helps the acquiring of new cancer drug resistance.79 

Taken together, these compelling pieces of evidence show that Rev1-mediated 

TLS is a key factor in promoting chemoresistance and is therefore an important pathway 

to target for the development of novel cancer adjuvant therapeutics.81 

2.3 Important Protein-protein Interactions in the Rev1- POL ζ- 
POL κ Translesionsome Complex 

The interactions between Rev1 and the inserter and extender polymerases occur 

at the C-terminal domain of Rev1. Each of the inserter polymerases interacts with Rev1 

via a Rev1-interacting-region (RIR). The extender polymerase ζ interacts with Rev1 via 

its accessory subunit, Rev7. The quaternary structure of Rev1, a fragment of POL ζ (Rev7 

with a peptide of Rev3) and the RIR region of POL κ shows that the flexible N-terminal 

region of the Rev1 C-terminal domain (CTD), as well as the alpha helices 1, 2 and the 

loop connecting them, forms hydrophobic and some polar interactions with the POL κ 

RIR. The alpha-helices 2,3 and 4, as well as the flexible loop between helices 2 and 3 and 

the flexible C-terminal tail of the Rev1 C-terminal domain (CTD) form the majority of 

the interface between Rev1 and Rev7 (Figure 3), forming a conserved, shallow 

hydrophobic pocket.82-85 
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Since the Rev1-Rev7 binding interface has only one interacting partner (Rev7) 

and is evolutionarily conserved, we focused our efforts on targeting this interface for 

lead compound discovery (Figure 4). 

 

Figure 3: The Translesionsome Complex (PDBID 4FJO).  

The quaternary complex structure shows that the C-terminal end of Rev1 CTD 

interacts with Rev7, while the N-terminal end interacts with the RIR of POL K. 
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Figure 4: The Hydrophobic Pocket at the Rev1/Rev7Interface.  

At its interface with Rev7, Rev1 forms a shallow hydrophobic pocket which 

interacts favorably with hydrophobic residues on Rev7. We aimed to target this pocket 

for lead compound development. 
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Chapter 3. Discovery and Characterization of An 

Inhibitor of the Rev1-Rev7 Interaction 

Using a high-throughput Enzyme-linked immunosorbent (ELISA) assay 

(described below), we screened about 10,000 compounds in the LOPAC, PRESTWICK 

and Korean Chemical Bank libraries and identified a promising small molecule 

inhibitor. 

3.1 Small Molecule Inhibitor Identification and Validation 

In our ELISA assay, the His8-tagged Rev7 co-expressed with a Rev3 fragment 

(His.Rev7/3) was immobilized onto Ni2+-NTA-coated wells. We then probed whether a 

construct with the FLAG-tagged Rev1-CTD chimerically fused with a POL κ RIR 

fragment (FLAG.κ.Rev1) could stay attached to His.Rev7/3 in the presence of a potential 

inhibitor after vigorous washing, using a horseradish peroxidase (HRP) conjugated 

antibody (Figure 5). Using this strategy, we identified a dihydroquinolone compound, 

JH-RE-06 (Figure 6). This work was done by Dr. Jessica Wojtaszek and a former Duke 

Undergraduate Yaohua Xue. JH-RE-06 was synthesized at a large scale through our 

collaboration with Dr. Jiyong Hong’s group in the Department of Chemistry at Duke 

University. The synthesis was done by Dr. Minhee Lee. 
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Figure 5: High-throughput ELISA Assay 

His8-tagged Rev7 co-expressed with a Rev3 peptide was attached to Ni2+-NTA 

wells and incubated with a mixture of a potential inhibitor and FLAG-tagged Rev1-CTD 

with a POL κ peptide. After vigorous washing, the wells were probed with an anti-

FLAG HRP-conjugated antibody, which could convert its substrate TMB blue, which 

could then be treated with acid to yield a yellow color that could be read at 420nm. 
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Figure 6: Structure of JH-RE-06. 

(8-chloro-2-((2,4-dichlorophenyl)amino)-3-(3-methylbutanoyl)-5-nitroquinolin-

4(1H)-one), or JH-RE-06 was identified as a potential inhibitor of the Rev1-Rev7 

interaction. 

To independently validate the hypothesis that JH-RE-06 was inhibiting Rev1 

binding to Rev7 in vitro, and to extract a value of the IC50 of inhibition, we performed an 

AlphaScreen assay, in which an anti-FLAG-coated donor bead attached to FLAG.κ.Rev1 

could transfer energy via an unstable oxygen species to an anti-His6-coated acceptor 

bead attached to His.Rev 7/Rev 3, unless the interaction was abrogated by JH-RE-06 

(Figure 7). Analysis of the dose-dependent inhibition curve yielded an IC50 value of 0.78 

+/- 0.15 µM. 
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Figure 7: Alpha Screen Assay 

JH-RE-06 was titrated into a mixture of donor beads attached to FLAG.κ.Rev1 

and acceptor beads attached to His.Rev7/3. An increase in JH-RE-06 concentration 

corresponded to a decrease in signal as the interaction between the protein partners, 

and, as a result, the beads was interrupted. Using this strategy, we were able to obtain 

an IC50 value of 0.78 +/- 0.15 µM 
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3.2 Molecular Basis of Inhibition of Rev1 by JH-RE-06 

To probe the molecular details of the inhibition of Rev1 by JH-RE-06, we used X-

ray crystallography to visualize the inhibitor-protein interaction. We obtained 

diffraction quality crystals through sitting-drop vapor diffusion (Figure 8, Table 1). With 

these crystals, we were able to obtain a high-resolution picture of the interaction 

between Rev1 and JH-RE-06. Unexpectedly, the inhibitor is bound to not one but two 

molecules of Rev1. Two Rev1 monomers form a tail-to-tail asymmetric dimer with the 

flexible C-terminal tails forming an anti-parallel beta sheet at the interface, stabilizing 

the structure further (Figure 9). To accommodate the inhibitor, one of the C-terminal 

tails is pushed outward by ~16° (Figure 10). Together, the two monomers completely 

engulf the inhibitor, with different residues involved in favorable hydrophobic and 

polar interactions with the inhibitor (Figure 11 and 12). The previously identified 

hydrophobic pocket on one monomer is effectively doubled in size as a result of the 

induced dimerization process.  

Superimposing the inhibitor-bound Rev1-CTD structure with the 

translesionsome structure gives a further indication about the mechanism of inhibition: 

by forcing Rev1 to dimerize, the inhibitor effectively blocks the Rev1 interface at which 

Rev7 would bind (Figure 13). 
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Figure 8: Diffraction Quality Inhibitor-bound Protein Crystals were obtained 

by Sitting-drop Vapor Diffusion 
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Table 1: X-ray Data Collection and Refinement Statistics for the Rev1-JH-RE-06 

Complex Structure. 

Data collection Refinement 

Wavelength (Å) 0.9778 Rwork/Rfree 0.164/0.191 

Space group P 21 21 21 No. of atoms 2396 

Cell dimensions 

 

Protein 1938 

a,b,c (Å) 48.55, 51.02, 98.92 Ligand/ion 30 

α, β, γ (°) 90, 90, 90 Water 428 

Resolution (Å) 

(35.17-1.50 Avg. B-factors 19.25 

(1.55-1.50) Protein 16.55 

Rsym or Rmerge 0.07146 (0.3938) Ligand/ion 15.79 

Mean I/ơI 16.54 (4.06) Water 31.71 

Completeness (%) 99.84 (99.85) R.m.s. deviation 

 Redundancy 7.7 (5.6) Bond length (Å) 0.007 

Total reflections 309510 (21842) Bond angle (°) 1.1 

Unique reflections 40047 (3914) Ramachandran 

 
  

Favored (%) 99.12 

Values in parentheses are for high Allowed (%) 0.88 

resolution shells Outliers (%) 0 
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Figure 9: The Rev1-JH-RE-06 Complex. 

This crystallographic model shows that the inhibitor is bound to two molecules 

of Rev1, with the C-terminal tails forming an anti-parallel beta sheet. The monomers are 

shown in ribbon form, the inhibitor in stick form, with an enlarged model showing an 

omit map (2mFo-DFc) at 1ơ. 
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Figure 10: Monomer 1 C-terminal Tail Pushed Out. 

This superimposition between monomer 1 and 2 of the inhibitor-bound structure 

and Rev1 from the translesionsome complex shows that while one monomer is almost 

exactly like in the translesionsome complex, in the other the C-terminal tail is pushed 

out by ~16 degrees to accommodate the inhibitor. 
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Figure 11: JH-RE-06 Fits Snugly in Pocket. 

A surface-filling model shows that the interface of the Rev1 monomers forms a 

pocket ideally suited for the shape of JH-RE-06 

 

Figure 12: Rev1-JH-RE-06 Interactions. 

The residues from both monomers form favorable hydrophobic and polar 

interactions with JH-RE-06, as shown in the above schematic. 
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Figure 13: Rev1 Dimerization Blocks Rev7 Interaction. 

This superimposition of Rev1 monomer 1 (yellow), monomer 2 (green) and Rev1 

in complex with Rev7 (pink with Rev7 faded gray in background) shows that by 

inducing Rev1 dimerization, JH-RE-06 blocks the interface where normally Rev7 would 

bind. 
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3.3 In Vitro Validation of Rev1 Dimer Induction in the Presence of 
JH-RE-06. 

To confirm that the dimer observed in our crystal structure was not an artifact of 

crystal packing, we tested whether the presence of JH-RE-06 would enhance the Rev1 

CTD dimer formation in the presence of a cross-linking agent, disuccinimidyl suberate 

(DSS) in vitro. Our results showed that dimerization was indeed enhanced in the 

presence of JH-RE-06 (Figure 14). 

 

Figure 14: JH-RE-06 Enhances Rev1-CTD Dimerization In Vitro. 

In the presence of JH-RE-06, Rev1 dimerization was enhanced with the addition 

of increasing concentrations of the cross-linking reagent, DSS. 
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3.4 JH-RE-06 Enhances Tumor Sensitivity to Cisplatin and other 
DNA-damaging Agents in Tumor Cells and Mouse Xenograft 
Model. 

Next, we investigated whether JH-RE-06 could enhance chemosensitivity of 

tumor cells to cisplatin. To test this, we exposed various tumor cell lines to cisplatin 

alone, JH-RE-06 alone, or cisplatin and JH-RE-06 together, and counted surviving 

colonies. Our results showed that JH-RE-06 enhanced cisplatin cytotoxicity over a 

variety of tumor cell lines (Figure 15). 

Next, we showed that JH-RE-06 suppresses spontaneous and cisplatin-induced 

mutagenesis by using the HPRT mutagenesis assay. In this assay, spontaneous or 

treatment-induced mutations that inactivate the hypoxanthine 

phosphoribosyltransferase (HPRT) gene will prevent cells from incorporating a toxic 

guanine analog, 6-thioguanine (6-TG), into DNA and allow cells to survive in 6-TG 

selection medium. As a result, an increase in the number of surviving cells is correlated 

with enhanced mutagenicity. The ability of HT1080 cells to incorporate 6-TG was 

measured when treated with cisplatin or JH-RE-06 alone, or cisplatin and JH-RE-06 

together. Cells that survived and formed colonies were able to do so as a result of 

mutagenesis that blocks nucleotide incorporation. Our results showed that not only does 

JH-RE-06, on its own, suppress background levels of mutation, but also, in conjunction 

with cisplatin, reduces cisplatin-induced mutagenesis in HT1080 cells (Figure 16). 
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Moreover, we showed using a luminescence-based cell viability assay that JH-

RE-06 was effective in enhancing the cytotoxicity of other DNA-damaging agents 

besides cisplatin, including the bulky DNA-damaging agent benzo[a]pyrene-7,8-

dihydrodiol-9,10-epoxide (BPDE), the UV-mimetic 4-nitroquinolone 1-oxide (4-NQO), 

and the alkylating agent methyl methanesulfonate (MMS) to KrasmutP53-/- cells, which are 

extremely aggressive and highly resistant to chemotherapy (Figure 17). 

Taken together, these results show that JH-RE-06 sensitizes various tumor cells 

not only to cisplatin but other DNA-damaging agents and suppresses cisplatin-induced 

mutagenesis in HT1080 cells. This work was done by Dr. Nimrat Chatterjee as a result of 

our collaboration with the Graham Walker group at MIT. 
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Figure 15: JH-RE-06 Enhances Cisplatin Chemosensitivity in Different Cancer 

Cell Lines. 

Various tumor cell lines (HT1080: human fibrosarcoma, KP: human lung 

carcinoma, A375: human melanoma, LNCap: human prostate carcinoma) were exposed 

to cisplatin or JH-RE-06 alone, or cisplatin and JH-RE-06 together. The colony-forming 

ability of these cells was then measured by staining. Results showed that JH-RE-06 

significantly enhances cytotoxicity of cisplatin. 
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Figure 16: JH-RE-06 Suppresses Cisplatin Induced Mutagenesis in HT1080 

Cells 

Using the hypoxanthine phosphorybosyl transferase (HPRT) mutagenesis assay, 

we probed whether JH-RE-06 could suppress mutations caused by cisplatin. HT1080 

cells grown in a 6-TG media were treated with cisplatin and/or JH-RE-06. Mutant cells 

were able to survive on the media. Our results showed that not only does JH-RE-06, on 

its own, suppress background levels of mutation, but also, together with cisplatin, 

reduces cisplatin-induced mutagenic activity in HT1080 cells. 
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Figure 17: JH-RE-06 Sensitizes KrasmutP53-/- Cells to Various DNA-Damaging 

Agents. 

We used the luminescence-based CellTiter-Glo cell viability assay to determine 

whether JH-RE-06 could enhance the killing of KP cells in the presence of various DNA-

damaging agents and found that it did indeed sensitize these cells to methyl 

methanesulfonate (MMS, which methylates DNA), benzo[a]pyrene-7,8-dihydrodiol-

9,10-epoxide (BPDE, which binds to Guanine nucleobases, forming an adduct), and 4-

Nitroquinoline 1-oxide (4-NQO, which is a UV-mimetic that causes DSB by inducing 

reactive oxygen species or ROS) 
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We next examined whether JH-RE-06 was effective in vivo in terms of killing 

tumor cells. A375 (human melanoma) cells were injected into NCRNU-F (nude) mice to 

grow xenograft tumors approximately 100 mm3 in size. The mice were randomly 

distributed into 4 groups to receive twice-weekly injections of saline, cisplatin alone, JH-

RE-06 alone, and a JH-RE-06 and cisplatin combination for 5 weeks. Tumors treated with 

a combination of both shrank to a significant degree. Moreover, mice treated with a 

combination of both survived longer (Figure 18). This work was done by Nimrat 

Chatterjee and Azucena Ramos through a collaboration with the Graham Walker and 

Michael T. Hemann groups at MIT. 

 

Figure 18: JH-RE-06 Enhances Cisplatin Sensitivity in Murine Xenograft 

Tumor Model. 

Aggressive A375 melanoma cells were injected into mice to form xenograft 

tumors. These tumors were then injected with either JH-RE-06 or cisplatin alone, or with 
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both in combination. Combined treated tumors shrank in size significantly relative to 

tumors that were treated by either alone and mice treated with both survived longer. 

3.4 Discussion 

Accumulating evidence supports the notion that Rev1 and its interaction with 

POL ζ via Rev7 plays an essential role in TLS. Suppression of Rev1 or Rev7 expression in 

tumor cells makes them hypersensitive to chemotherapy. This makes the interface 

between Rev1 and Rev7 an attractive target for inhibitor development. Protein-protein 

interfaces are notoriously hard to target, with the large surface area and conformational 

flexibility involved.86 The Rev1-Rev7 interface is no different, with the solvent-accessible 

interface being ~890 Å2 and the solvent-excluded surface area being ~480 Å2 (Figure 19). 

While much of the interaction comes from the smaller, buried surface area, the 

hydrophobic pocket defined by that interface is shallow and seemingly intractable for 

small molecule targeting. Additionally, the C-terminal tail of Rev1-CTD is highly 

flexible, another apparent hindrance to inhibitor targeting. Contrary to what 

conventional wisdom would dictate, we have now shown that the Rev1-Rev7 interface is 

suitable for small-molecule inhibitor targeting. JH-RE-06 forces Rev1 to dimerize, 

effectively doubling the size of the shallow hydrophobic pocket at the interface. The 

inhibitor is then ensconced in the cavity formed by the two Rev1 monomers. 

Additionally, the normally disordered C-terminal tails of the two monomers are ordered 
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into an anti-parallel beta sheet, further stabilizing the structure. As a direct result of this 

induced dimerization, the Rev7 binding interface is effectively blocked. All these factors 

lend JH-RE-06 superb specificity and effectiveness in blocking the Rev1-Rev7 binding 

interface.  

Such specificity is translated to potential future therapeutic benefits of JH-RE-06. 

We show that tumor cell response to cisplatin treatment is significantly improved in the 

presence of JH-RE-06. Cisplatin-induced mutagenesis is also suppressed in the presence 

of JH-RE-06. Since cancer cells may respond to DNA damage caused by cisplatin and 

other chemotherapeutics by upregulating TLS, recruiting TLS proteins (like Rev1 and 

POL ζ) to the site of the DNA damage, JH-RE-06 has the advantage of being an effective 

adjuvant to sensitize cancer cells to cisplatin and other DNA-damaging 

chemotherapeutics and at the same time to suppress the acquisition of new treatment-

induced resistance mechanisms in relapsed tumors. The therapeutic potential of 

translesion synthesis inhibition is strongly supported by the striking in vivo data 

showing that a combination of JH-RE-06 and cisplatin significantly delayed the growth 

of xenograft tumors in mice and prolonged the animal survival window. 

Although our specific example was demonstrated for the Rev1-Rev7 interface in 

the context of translesion DNA synthesis, ligand induced receptor dimerization may be 

a general approach that can be applied to many other systems to enable the discovery 
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and development of novel small molecule modulators targeting protein-protein 

interfaces, including shallow and flexible ones, that were often considered intractable. 

Our future work will focus on other protein-protein interfaces that are involved 

in the TLS pathway and other inter-connected pathways involved in tumor cell 

proliferation and resistance to chemotherapy, that can be exploited for drug discovery. 

  

Figure 19: The Rev1-Rev7 Interface. 

The interface between Rev-CTD and Rev7 (both solvent-accessible and solvent-

excluded) is shown as a red surface. The solvent-excluded interface provides most of the 

energy of interaction and forms a shallow hydrophobic pocket that we targeted for 

inhibitor development. 



 

51 

 

3.5 Methods 

3.5.1 Genetic Cloning and Protein Purification 

The gene encoding the mouse POL κ RIR (K564-N577), a di-glycine linker, and 

the mouse Rev1-CTD (F1150-T1249) was synthesized and cloned into an in-house 

pET15b vector, resulting in an N-terminally His10-GB1-tagged fusion protein, with the 

tag separated by a TEV protease site. Adding the FLAG tag after the TEV protease site 

generated the FLAG-tagged chimeric POL κ RIR-Rev1-CTD construct. Both constructs 

were verified by Sanger sequencing. The chimeric POL κ RIR-Rev1-CTD, as well as the 

FLAG-tagged POL κ RIR-Rev1-CTD, were purified using Ni-NTA affinity 

chromatography, the His10-GB1 tag was cleaved using TEV protease, and the cleaved 

product purified to homogeneity using size-exclusion chromatography. This was first 

done by Dr. Jessica Wojtaszek and the description has been modified from a manuscript 

draft. 

The His8-tagged Rev7/3 protein was purified using Ni-NTA affinity 

chromatography and size-exclusion chromatography as described previously24. 

3.5.2 High-throughput ELISA Screen 

The ELISA screening assay for potential inhibitors was performed thus: 50 nM 

His8-tagged Rev7/3 in 200 μL phosphate-buffered saline (PBS, Gibco) with 0.2% BSA 

(Sigma) was added to a Ni-NTA coated 96-well plate (Qiagen) and incubated for 30 
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minutes. Excess His8-tagged Rev7/3 was washed away with PBS buffer containing 0.05% 

Tween-20 (Omnipur). This step was repeated four times. In a separate 96-well plate, 80 

nM FLAG-tagged POL κ RIR-Rev1-CTD was incubated with 10 μM potential small 

molecule inhibitors in 200 μL PBS containing 2% DMSO (Thermo) for 30 minutes. This 

mixture was then transferred to the His8-Rev7/3 coated wells and incubated for 30 

minutes. The wells were then washed with PBS containing 0.05% Tween-20 to remove 

unbound FLAG-tagged POL κ RIR-Rev1-CTD. 200 μL of the anti- FLAG HRP-

conjugated antibody (Sigma) in PBS containing 0.2% BSA was then added to the wells, 

and incubated for 1 hour. The antibody was then washed off with PBS containing 0.05% 

Tween-20. This step was repeated four times. 200 μL of the The HRP substrate, 3,3’,5,5’-

tetramethylbenzedine (TMB, Seracare) was added to the wells. After an incubation 

period of 20-30 minutes, during which a blue color developed, the reaction was 

quenched with 1 M HCl, resulting in a color change to yellow. A SpectraMax plate 

reader was used to quantitate the intensity of the yellow color by measuring absorbance 

at 450 nm. 

The ELISA assay was used to screen several compound libraries, including the 

LOPAC library (Sigma-Aldrich) of 1,280 pharmacologically active compounds, the 

PRESTWICK library (Prestwick Chemical) of 1,200 FDA-approved drugs, and ~8,000 

compounds from the Korea Chemical Bank representative of ~430,000 diverse 
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compounds. Among several hit compounds, JH-RE-06 was selected for further 

characterization due to its potency. 

The assay was developed by Dr. Jessica Wojtaszek and further optimized by us. 

The screening was done by Dr. Wojtaszek and Yaohua Xue. 

3.5.3 Chemical Synthesis of JH-RE-06 

(8-chloro-2-((2,4-dichlorophenyl)amino)-3-(3- methylbutanoyl)-5-nitroquinolin-

4(1H)-one), or JH-RE-06, was prepared from the commercially available Meldrum’s acid. 

The synthesis was initiated with the preparation of the acyl Meldrum’s acid, which was 

heated with 2-chloro-5-nitroanline under reflux. The reaction took place with the release 

of CO2 to provide the β-oxo amide, which was subsequently transformed into the 

acyl(arylcarbamoyl)-ketene dithioacetal by using CS2 and Me2SO4 in the presence of 

K2CO3. Thermal cyclization in 1,2-dichlorobenzene followed by oxidation using H2O2 

yielded the sulfoxide intermediate. Coupling with 2,4-dichloroaniline completed the 

synthesis of JH-RE-06. The purity and the chemical identity of the compound were 

verified by LC/MS and NMR. This description is adapted from a manuscript draft. JH-

RE-06 synthesis was done by Dr. Minhee Lee in the Jiyong Hong group at the Duke 

University Department of Chemistry. 
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3.5.4 AlphaScreen Assay for Dose-Dependent Inhibition of the Rev1-

Rev7 Interaction 

FLAG-tagged mouse POL κ RIR-Rev1-CTD was diluted in PBS buffer with 1mM 

Tris(2- carboxyethyl)phosphine (TCEP, Hampton) and 0.005% TWEEN-20. The final 

protein concentration in the reaction was 1 nM. Inhibitor solution that had been serially 

diluted in 50% DMSO was added to the protein solution in individual wells of a 96-well, 

half-area, white plate (PerkinElmer) to yield final concentrations of 0-25 μM of inhibitor 

in the final solution. The final DMSO concentration was 2%. Protein was incubated with 

the inhibitor for 30 min. Anti-FLAG Donor Beads (PerkinElmer) were added to each well 

to a final concentration of 20 ng/μL and incubated for an hour. His8-tagged mouse 

Rev7/3 was subsequently added to the reaction mix to a final concentration of 10 nM and 

incubated for 30 min. Anti-His6 Acceptor beads (PerkinElmer) were added to a final 

concentration of 20 ng/μL and incubated for an hour. The plate was read for 

chemiluminescence with the excitation wavelength of 680 nm and detection wavelength 

of 615 nm. This was done with a PerkinElmer Enspire Reader. 

3.5.5 X-ray Crystallography 

Apo POL κ RIR-Rev1-CTD crystals were obtained via sitting-drop vapor 

diffusion at 20°C by mixing 0.6 mM mouse POL κ RIR-Rev1-CTD in 25 mM HEPES (pH 

7.2), 100 mM KCl, 30 mM CHAPS, and 2 mM TCEP with the mother liquor containing 
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0.1 M sodium acetate, 25% w/v PEG 4000 and 8% w/v isopropanol at a 1:1 drop ratio. 

This crystallization condition was optimized by Dr. Jessica Wojtaszek. 

The apo protein crystals were used to perform random micro-seed matrix 

screening. A sample solution containing a mixture of 0.6 mM mouse POL κ RIR-Rev1-

CTD and 4 mM JH-RE-06 NaOH salt in a crystallization buffer of 25 mM HEPES (pH 

7.0), 100 mM KCl, 16.7% 2-methyl-2,4-pentanediol (MPD) and 0.1% β-mercaptoethanol 

(BME), was mixed in a 1:1 ratio in the drop with various commercially available mother 

liquor solutions (Hampton, Qiagen). Diffraction-quality crystals were obtained in a 

mother liquor solution containing 20% PEG 3350 and 0.2 M magnesium formate. High-

quality diffracting crystals were obtained through repeated seeding, in the final 

condition of 12.5 mM HEPES (pH 7.5), 50 mM KCl, 8.35% MPD, 0.05% BME, 10% 

PEG3350 and 0.1 M magnesium formate. The crystals were harvested and cryo-

protected with the mother liquor containing 15% MPD and 1.88 mM JH-RE-06 NaOH 

salt. 

X-ray diffraction data were collected on the SERCAT 22-ID beamline at Argonne 

National Laboratory. The datasets were reduced using XDS87. The POL κ RIR-Rev1-CTD 

/JH-RE-06 complex structure was solved by molecular replacement using the molecular 

coordinates of the mouse Rev1-CTD and POL κ RIR components of the previously 

reported quaternary translesionsome structure (PDB ID 4FJO). The final coordinates 
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were built by iterative model building using COOT88 and refined using PHENIX89. The 

coordinates were deposited to the Protein Data Bank (PDB) with accession number of 

6C8C. 

3.5.6 In Vitro DSS Cross-linking Experiment 

FLAG-tagged POL κ RIR-Rev1 CTD in a buffer containing 25mM HEPES (pH 

7.0), 100 mM KCl, and 4 mM TCEP was mixed with either MPD (control, Hampton) or 

JH-RE-06 NaOH salt in MPD to yield a final solution containing 1 μM protein, 5% MPD 

(v/v), and either 0 or 100 μM compound. DSS (Thermo) was serially diluted in DMSO 

and added to the reaction mixture to yield DSS-to-protein molar ratios of 0:1, 0.5:1, 1:1, 

5:1, 10:1, and 50:1 and a final DMSO concentration of 5% (v/v). The reaction mixture was 

incubated for 30 min at room temperature and then quenched with 1 M Tris (pH 8.5). 

SDS-loading dye containing 4 mM TCEP and 10.8 mM iodoacetamide (Thermo) was 

added to each sample to block free cysteines and for loading onto a 4-20% gradient SDS-

PAGE gel (Bio-Rad). After gel electrophoresis, the samples were transferred to a 0.45 

micron nitrocellulose membrane (Bio-Rad) for Western blotting. The blots were probed 

with a mouse monoclonal anti-FLAG primary antibody (Sigma), and a goat-anti-mouse, 

HRP-conjugated secondary antibody (LI-COR). The membrane was imaged using the 

LI-COR Odyssey system. 
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3.5.7 Cell Culturing 

HT1080 cells (human fibrosarcoma cells, ATCC) were grown at 37 °C with 5% 

CO2 in the following media: RPMI 1640 (Gibco), 10% (v/v) FBS (HyClone), and 1% 

Penicillin-Streptomycin antibiotic (Corning). MEF (Mouse Embryonic Fibroblasts) wild-

type (Rev1+/+) and Rev1 knockout (Rev1-/-) cells, A375 cells (human melanoma), and KP 

cells (mouse KrasG12D;p53−/− lung adenocarcinoma) were grown at 37 °C with 5% CO2 in 

the following media: DMEM (Gibco), 10% (v/v) FBS, and 1% Pennicillin-Streptomycin 

antibiotic. LNCap cells (human prostate adenocarcinoma) were also grown at 37 °C with 

5% CO2 in RPMI 1640 (-phenol) (Gibco), 10% (v/v) FBS, and 1% Pennicillin- 

Streptomycin antibiotic. AG01522 cells (human primary cells, Coriell Institute) were 

grown at 37 °C with 5% CO2 in MEM (-Glutamine; +Earle’s Salts; +Non-Essential 

Amino Acids) (Gibco) and 20% (v/v) FBS. All cells were trypsinized with 0.25% 

Trypsin-EDTA (Corning) for passaging. 

This work was done by Dr. Nimrat Chatterjee from the Graham Walker group at 

MIT. 

3.5.8 Clonogenic Survival Assay 

Cells were plated in triplicate in 6-well plates at 37 °C for 24 hours. Cisplatin was 

added to the desired wells for 24 hours. Media was then changed, and JH-RE-06 (at 1.5 

μM concentration) was incubated with untreated or cisplatin-treated cells for 24 hours. 

Media was changed and cells were subsequently allowed to recover for 7 days. For 
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colony staining, media was removed and the fixing reagent (50% methanol and 10% 

glacial acetic acid) was added. After 10 minutes, 0.02% Coomassie brilliant blue R-250 in 

methanol, acetic acid and water in a ratio of 46.5:7:46.5 (v/v/v) was added. Colonies that 

stained blue and contained at least 40 cells were counted. Relative cell survival or colony 

formation was calculated by dividing colony counts from treated samples by the DMSO 

or untreated controls. 

This work was done by Dr. Nimrat Chatterjee from the Graham Walker group at 

MIT. 

3.5.9 Cell Viability Assay 

Relative viability of cells in response to JH-RE-06 and various DNA-damaging 

agents was assessed with the CellTiter-Glo Luminescence cell viability assay (Promega), 

which determines the number of metabolically active cells by measuring the relative 

amount of ATP in the culture. Cells were plated in each well of a 96-well, clear flat 

bottom plate (Corning). Increasing doses of drugs in various combinations were added to 

the plates after an incubation period of 24 hours. JH-RE-06 was dissolved in 0.1% 

DMSO and other drugs were dissolved in solvents recommended by the manufacturer. 

DMSO controls were run in parallel as control. The relative viability of cells was 

monitored after 24 hours of treatment by adding CellTiter-Glo Luminescence stain to an 

equilibrated plate. Luminescence was measured on a Tecan Spark 10M plate reader. 
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Relative luminescence was calculated by dividing the luminescence of treated samples 

with DMSO controls. 

This work was done by Dr. Nimrat Chatterjee from the Graham Walker group at 

MIT. 

3.5.10 HPRT Mutagenesis Assay 

Cells were grown in HAT media (complete media with 100 μM Hypoxanthine, 

0.4 μM Aminopterin and 16 μM Thymidine) for 14 days to weed out spontaneous HPRT 

mutants. Cells were then treated with cisplatin (0.5 μM) and incubated for 24 hours. 

Then, in fresh media, JH-RE-06 (1.5 μM) was added to cells. After 24 hours, cells were 

trypsinized and washed with PBS. While 200-600 cells were plated in complete media in 

triplicates in 6-well plates to determine clonal efficiency, the rest were plated in complete 

media to allow the expression of the phenotype for 8 days. 500,000 cells per treatment 

were plated in sextuplicate in 10 cm dishes in 6-TG media to allow the growth of HPRT+ 

cells. Colonies were fixed with 50% methanol and 10% glacial acetic acid, stained with 

0.02% Coomassie brilliant blue R-250 in methanol, acetic acid and water in a ratio of 

46.5:7:46.5 (v/v/v), and counted after 14-20 days. Relative HPRT mutation frequency 

was calculated as the ratio of the number of HPRT colonies in 6-TG media to the number 

of surviving colonies plated in complete media to determine clonal efficiency. 

This work was done by Dr. Nimrat Chatterjee from the Graham Walker group at 

MIT. 
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3.5.11 Mouse Xenograft Tumor Model 

NCRNU-F (nude) female, 6-8-week-old mice (Taconic Biosciences) were divided 

into 4 groups (6 animals/group) for saline (control), cisplatin alone (1 mg/kg per animal), 

JH-RE-06 alone (1.6 mg/kg per animal), and cisplatin and JH-RE-06 combination 

treatments. Three million A375 (human melanoma) cells mixed in matrigel (Corning) 

were injected into the flank of each of the 6 mice per group to generate 10-12 xenograft 

tumors. The tumors were allowed to grow to a total volume of at least 100 mm3, then the 

drugs or saline (in 10% Ethanol, 40% PEG 400, and 50% saline) were injected directly 

into the tumor (100 μL injection volume). Treatments were carried out twice per week 

for 5 weeks. On the dosing day, tumors were measured with calipers, tumor volume 

calculated, weights were recorded, and then drugs or saline were injected directly into 

the tumors. The mice were sedated with isofluorane beforehand. 

This work was done by Dr. Nimrat Chatterjee and Azucena Ramos from the 

Graham Walker and Michael T. Hemann groups at MIT. 
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Chapter 4. Risk of multidrug-resistant Bacterial 

Infections in Cancer Patients 

Bacterial infections are the most common life-threatening complication of cancer 

therapy. This is because cancer patients often develop neutropenia, or abnormally low 

levels of neutrophils, due to chemo and radiotherapy. Hence, many cancer patients are 

also immunosuppressed, and at an increased risk of bacterial infections. Use of invasive 

hospital equipment is another cause for increased risk of bacterial infections in cancer 

patients. The most frequent and serious type of infections are caused by Gram-negative 

bacteria, both community and hospital acquired.90-93 The necessary use of prophylactic 

treatment in cancer patients, along with the emergence of multidrug-resistant strains of 

Gram-negative pathogens, as well as difficulty in developing novel antibiotics, has 

significantly elevated the health risks of severe or fatal infections in cancer patients.94 For 

example, 100% of patients with lymphoma or solid tumors who contracted bloodstream 

infections as a result of a carbapenem-resistant Klebsiella pneumoniae outbreak at the US 

National Institutes of Health Clinical Center died.95 Similarly, 69% of patients with 

hematologic malignant tumors that contracted resistant Klebsiella pneumoniae infections 

at a cancer center died as a result of infection.96  
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As stated above, prophylactic treatment is another cause of drug-resistant 

infections in cancer patients. Fluoroquinolone prophylaxis has proved effective in high-

risk cancer patients but has resulted over time in the emergence of strains of Escherichia 

coli  and Pseudomonas aeruginosa resistant to fluoroquinolone and other extended-

spectrum β-lactam antibiotics.97-99 Yet another multidrug-resistant Gram-negative 

pathogen, Acinetobacter baumanii, which is becoming increasingly common, is mainly 

passed on to cancer patients  due to healthcare exposure (e.g. time under intensive care, 

or exposure to medical equipment such as dialysis tubing) and has a mortality rate of 

55% in general cancer patients, with a staggering mortality rate of 95% due to 

bloodstream infections in patients undergoing stem cell transplantation.100-101 

Thus, clinicians increasingly struggle to treat many bacterial infections in cancer 

patients, with fewer and fewer drugs remaining effective against a host of multidrug-

resistant Gram-negative pathogens. It is clear that therapeutic needs are currently unmet 

and the best way forward is through the introduction of novel antibiotics to replace or 

supplement current therapeutic options. 

4.1 The Lipid A Biosynthesis Pathway and LpxC in Gram-
negative Bacteria  

 An attractive novel target is the Lipid A biosynthesis pathway, which is essential 

for the survival of Gram-negative bacteria. Lipid A forms the hydrophobic membrane 
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anchor of lipopolysaccharide (LPS), which is the major component of the outer leaflet in 

the outer membrane of Gram-negative bacteria (Figure 20). The Kdo2-lipid A moiety is 

the minimal structure of lipid A required for bacterial growth. The biosynthetic pathway 

for this molecule consists of 9 enzymes in E. coli (Figure 21). Most enzymes in the 

constitutive lipid A biosynthesis pathway are conserved amongst Gram-negative 

bacteria. LpxA catalyzes the first step in the pathway, adding an acyl chain to the 

uridine diphosphate- N-acetylglucosamine (UDP-GlcNAc) moiety. This acylation step is 

unfavorable, therefore the next step, the deacetylation of UDP-3-O-GlcNAc, catalyzed by 

the enzyme LpxC, is the committing step. Seven more enzymes then complete the 

pathway to yield Kdo2-LipidA.102-104 
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Figure 20: The Structure of Lipopolysaccharide 

 

Figure 21: Kdo2 Lipid A Biosynthesis 

LpxC is a Zn2+ dependent metalloenzyme, which is important for the viability 

and virulence of Gram-negative bacteria. The structure of Aquifex aeolicus LpxC 
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(AaLpxC) shows two topologically similar domains, which form a novel four-layer α/β 

fold. Each domain has a distinct insert region, which combine to form the active site 

pocket (Figure 22). The Insert II region forms a unique hydrophobic passage to 

accommodate the acyl-chain of the substrate (as evidenced by a substrate-analog 

inhibitor bound solution structure and a myristyl-chain bound crystal structure.105-108 

 

Figure 22: AaLpxC in Complex with Substrate Analog Inhibitor 

Solution structure of AaLpxC in complex with TU-514 shows that two domains 

form a unique α/β fold, with unique insert regions that come together to form the active 

site. Insert region II forms a hydrophobic passage to bind the substrate acyl chain. 
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4.2 Targeting LpxC for Antibiotic Development 

LpxC is conserved across Gram-negative bacteria, with an invariant HKXXD 

zinc-binding motif. It is vital for cell viability. Moreover, it has a unique structure and 

does not show any sequence homology to other classes of enzymes, including human 

metal deacetylases, making it an excellent target for the development of novel antibiotics 

There are many known inhibitors of LpxC, many of which utilize a zinc-binding 

hydoxamic acid head group. The first reported inhibitor-bound structure of LpxC was 

with the substrate-analog inhibitor, TU-514. It chelates the catalytic zinc with its 

hydroxamic acid head group but did not show any antibacterial activity (Figure 23). 

Other hydroxamic acid inhibitors such as L-161,240 and BB-78485 showed activity 

against E. coli LpxC but not against other orthologs. The first reported inhibitor of LpxC, 

which showed antimicrobial activity against several orthologs, was CHIR-090.109-111 

CHIR-090 has a bulky distal phenyl ring (Table 2), which reduces its activity against 

Francisella tularensis, Acinetobacter baumannii and Rhizobium leguminosarum LpxC 

orthologs. The hydrophobic passage comprised of Insert II can vary in width depending 

on the ortholog. We improved the activity of CHIR-090 by employing a narrower 

chemical scaffold based on the diacetylene group to generate a compound called LPC-

011 (Table 2), which showed enhancement over its parent compound by many-fold over 

a wide variety of orthologs.112-113 
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Table 2: Chemical Structures of LpxC Inhibitors 

Name Structure 

CHIR-090 (Thr) 

 

LPC-011 (Thr) 

 

LPC-037 (β-hydroxy-
Val) 

LPC-040 (β-amino-
Val) 

 

LPC-023 (Ile) 

 

LPC-058 
 

LPC-083 
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Figure 23: LpxC Inhibitors Often Feature a Hydroxamate Head Group 

This view of the conserved active site of LpxC (AaLpxC) shows important 

residues that are involved in catalysis, coordination of the zinc atom and interacting 

with the substrate. It also shows the inhibitor TU-514 featuring a hydroxamic acid head 

group, frequently found in LpxC inhibitors, chelating the zinc atom. 

While crystal structures of both the CHIR-090 and LPC-011 bound LpxC 

molecules exist, the information obtained about protein-ligand interactions through 

these static models can only be used so far towards further optimizing inhibitors. In 

reality, both the protein and ligand are dynamic, sampling minor conformations in 

solution not detectable by crystallography. We propose that this dynamic information 
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can be gleaned through solution NMR spectroscopy, and in conjunction with 

information obtained from crystal structures, can be used to further optimize current 

inhibitors. 
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Chapter 5. Optimization and Characterization of an LpxC 

Inhibitor using Static and Dynamic Information 

We know from an analysis of the vast database of high-resolution protein 

structures that amino acid side-chains favor certain rotameric conformations.114 

Movement between conformations can happen over a wide range of timescales, 

happening fast (ns scale) in solvent-exposed residues, and much more slowly (ms) in 

proteins cores. Movement between rotameric conformations can be approximated to 

switching or flipping between states.115 High-resolution X-ray crystal structures show 

the predominant conformation that the side chains or functional groups of a protein or 

ligand can adopt, but this information is static, and we aimed to discover dynamic 

information to enhance our understanding of the binding of LpxC inhibitors using 

solution NMR, so as to design a better inhibitor. 

5.1 The χ1 Angle of the Threonyl Head Group of CHIR-090 and 
LPC-011 Favors the Trans Conformation but can Sample other 
Conformations 

To determine the dominant conformation of LPC-011 in complex with LpxC, and 

also to have a reference for our solution studies, we solved the crystal structure of LPC-

011 with AaLpxC. The structure showed that the threonyl head group of LPC-011 favors 
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a trans χ1 angle (180°) (Figure 24). This is surprising as the trans conformation is 

energetically unfavorable, found in only 7% of known protein structures.114  

 

Figure 24: Threonyl Head Group of LPC-011 Features Trans χ1 Angle 

The crystal structure of LPC-011 with AaLpxC exhibits an unfavorable, trans χ1 

angle of the threonyl headgroup. LpxC shown in ribbon, with important residues and 

LPC-011 shown in stick model. Purple mesh represents omit map (2mFo-DFc) at 1.0σ 

The unfavorable conformation observed in the crystal structure prompted us to 

assess whether the inhibitor could access other states in solution. To this end, we aimed 
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to determine the value of dihedral angles that define side chain conformations by 

measuring scalar J-coupling values between atoms that bound the three bonds that 

define the dihedral angle (3-bond J-coupling). Specific dihedral angles have 

characteristic J-coupling values (Table 3).116 A large 3JNCγ2 or 3JC'Cγ2 value is associated with 

a trans relationship between the amide nitrogen or carbonyl carbon and the Cγ2 methyl 

group of the threonyl head group, corresponding to a gauche- χ1 angle of -60°, whereas a 

small value is indicative of a gauche+ or gauche- relationship between the two atoms, 

corresponding to a trans χ1 angle of 180° or gauche+ χ1 angle of 60° respectively.114 Any 

value in between can be considered to be a weighted average of the trans and gauche 

conformations. Thus a combination of the 3JNCγ2 and 3JC'Cγ2 scalar coupling measurements 

can be used to determine the relative populations of all three rotamers of the threonyl 

head group. 

Table 3: Characteristic 3J coupling Values for Threonine Sidechain 

3-bond J-coupling Jtrans Jgauche 

3JNCγ2 1.9 0.2 

3JC'Cγ2 3.4 0.4 
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To measure scalar coupling values, we synthesized isotopically-labelled CHIR-

090 and LPC-011 (both have threonyl headgroups). The 3JNCγ2 and 3JC'Cγ2 coupling values 

of LPC-011 were 0.58±0.05 Hz and 0.77±0.04 Hz, respectively, corresponding to a 

preference for the trans χ1 angle (Figure 25a-b). This is consistent with the crystal 

structure of LPC-011 in complex with AaLpxC (Figure 24). These results additionally 

showed that the threonyl side chain of LPC-011 can access the gauche- and gauche+ χ1 

conformations to a smaller degree. CHIR-090 showed a similar distribution of 

conformational states, predominantly sampling the trans χ1 angle, with two minor 

conformations in both the gauche- and gauche+ χ1 states (Figure 25a-b). 

We used this information to optimize LPC-011, by combining the envelope that 

defines the conformations in the two most populated states (trans and gauche-) to 

delineate a new inhibitor envelope (Figure 25c). This strategy indicated that the Cβ 

position could accommodate three substitutions. To test this, we added two methyl 

substitutions at the Cβ position, with the third, solvent-accessible substitution being one 

of two hydrophilic groups: hydroxyl (LPC-037) or amino group (LPC-040) (Table 2). The 

crystal structure of LPC-040 with Pseudomonas aeroginosa Lpxc (PaLpxC) confirmed our 

prediction. The two methyl groups form favorable hydrophobic interactions with 

conserved residues (F191PaLpxC (F180AaLpxC) and K238PaLpxC (K227AaLpxC)). The amino group 
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forms a water-mediated hydrogen bond with the carbonyl oxygen of F191PaLpxC 

(F180AaLpxC) (Figure 26). 

 

Figure 25: LPC-011 and CHIR-090 Access Minor Conformations in Solution, 

Defining an Inhibitor Envelope 

(a) Visual representation of the conformations dynamically accessible by LPC-

011 and CHIR-090, (b) Specific 3J coupling values, along with population 

sizes, visually represented in (a), and (c) Combining the two most populated 

conformations yields a hidden, dynamically accessible inhibitor envelope, 

suggestive of three substitutions at the Cβ position. 



 

75 

 

 

Figure 26: LPC-40 in Complex with PaLpxC 

The two methyl substitutions at the Cβ position form favorable hydrophobic 

interactions with conserved residues and the amino group substitution forms a water-

mediated hydrogen bond with a conserved residue. PaLpxC shown in ribbon, with 

important residues and LPC-040 shown in stick model. Purple mesh represents omit 

map (2mFo-DFc) at 1.0σ. Residue numbers in parentheses, with corresponding AaLpxC 

residue numbers shown. 
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5.2 Triple Substitution at Cβ Position of Threonyl Side-chain 
Yields Enhanced Inhibitors 

We tested the ability of LPC-037 and 040 to inhibit Escherichia coli LpxC (EcLpxC) 

by using an enzymatic assay. CHIR-090 and LPC-011 both exhibit two-step time-

dependent binding, with a rapid step leading to a transient “EI” complex, followed by a 

slowly formed, stable “EI*” complex.
110 

Therefore, we measured inhibition by measuring 

Ki* values, focusing on the formation of the EI* complex. CHIR-090 and LPC-011 have 

Ki* values of 153±8 pM and 26±1 pM, respectively. The triple- Cβ-substituted compounds 

LPC-037 and LPC-040 both showed enhanced LpxC inhibition, with Ki* values of 

14±1 pM and 12±1 pM, respectively (~2-fold improvement over LPC-011, ~10–fold 

improvement over CHIR-090) (Figure 27, Table 5). This is exciting as our elucidation of 

minor states using solution NMR led to discovery of a space that the inhibitor could 
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occupy and aided in new substitutions that yielded markedly more potent inhibitors.

 

Figure 27: LPC-037 and LPC-040 are Better Inhibitors than LPC-011 

The triple substitutions at the Cβ position yield more potent inhibitors than 

parent compound 

5.3 Expansion of the Inhibitor Envelope is a Successful Strategy 
for Improving LpxC Inhibitor in the γ Position 

After the successful optimization of LpxC inhibitors in the Cβ position of the 

threonyl head group using the strategy of delineating a hidden, dynamically accessible 

inhibitor envelope, we investigated whether the envelope could be further expanded at 

the γ position. For this we used LPC-023, which contains an isoleucine-hydroxamate 

head group (Table 2). Isoleucine can be considered as having a threonine scaffold, with a 

substitution of the Oγ1 group of threonine with the Cγ1-Cδ1 group of isoleucine. We 
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determined the complex structure of LPC-023 with AaLpxC (Figure 28). We saw two 

copies of the complex in the asymmetric unit, in one of which the catalytic H253 is 

flipped outwards, away from the active site. Since such a distorted active site has not 

been seen previously, we believe it to be a crystallization artifact, and therefore focused 

our attention on the other protomer. The structure shows that the LPC-023 head group is 

in a trans χ1 state, similar to the CHIR-090 and LPC-011 threonyl group. The Cδ1 methyl 

group exhibits a gauche+ χ2 conformation relative to the Cα atom. Since the gauche+ χ2 

rotamer is only observed in less than 5% of known protein structure, this rotamer 

represents a high-energy state of the inhibitor. We therefore tested whether the Cδ1 

group could access alternative χ2 states in solution. 

The isoleucine Cδ1 chemical shift is dependent on its χ2 angle. A downfield 

shifted chemical shift is indicative of a gauche+ or trans rotamer, and an upfield shifted 

chemical shift is indicative of the gauche- rotamer (Table 4, Figure 28a).117 The LpxC-

bound inhibitor has a Cδ1 chemical shift of 15.2 p.p.m., indicating that it exists entirely 

either in the trans or gauche+ conformation. However, the free inhibitor has a Cδ1 

chemical shift of 12.8 p.p.m., which would indicate an averaging between the three 

possible rotameric states. To determine the exact conformations, we measured the scalar 

coupling value between the Cδ1 and Cα atoms. A trans conformation results in a large 

scalar coupling value of ∼3.7 Hz, whereas a gauche conformation yields a small coupling 
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of ∼1.5 Hz. Our 3JCαCδ1 measurement yields a value of of ~2.05 Hz, corresponding to ~75% 

of the population being in the gauche+ χ2 state and ~25% in the trans state (Figure 28b). 

Thus, we concluded that the inhibitor is able to sample both the gauche+ and trans states 

of the χ2 rotamers, whereas the gauche- state is dynamically inaccessible. 

Our NMR studies thus expand the inhibitor envelope, and indicate room for two 

methyl-sized substitutions to form interactions with the catalytically important histidine 

and lysine residues. We chose fluorine as a substituent, as its size is comparable to the 

methyl group, and the fluorine atom is both strongly hydrophilic and lipophilic. This 

makes it ideal for forming potential hydrophobic interactions with the protonated 

histidine side chain and the lysine stem, or electrostatic interactions with a protonated 

histidine imidazole ring and a positively charged lysine side chain ammonium group 

(Figure 28c). We therefore introduced a di-fluoro substitution to the methyl group of 

LPC-037 to yield LPC-058 (Table 2). The complex structure of LPC-058 with PaLpxC 

shows that the inhibitor adopts the expected ligand conformation, with the β-methyl 

group occupying the hydrophobic pocket, forming van der Waals interactions with F191 

(F180AaLpxC), the β-hydroxyl occupying the solvent pocket, forming a water-mediated 

hydrogen bond with the backbone of F191 (F180AaLpxC), and the difluoromethyl group 

facing towards the catalytically important H264 (H253AaLpxC) and K238 (K227AaLpxC). One 

of the fluorine atoms exhibits a gauche+ rotamer relative to the Cα atom and forms a 
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hydrogen bond with Nɛ1 atom of the protonated H264, while the second fluorine atom 

adopts a trans rotamer and forms an electrostatic interaction with the ammonium group 

of K238. Thus the expanded inhibitor envelope elucidated with our NMR studies yields 

an inhibitor that forms optimal and favorable interactions with the active site residues of  

LpxC (Figure 29). 

Table 4: Cδ1 Chemical Shift, Depending on χ2 Rotameric Angle 

Trans gauche+ gauche- 

>14.8 <9.3 
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Figure 28: Optimization of LPC-023 with Help of Extended Inhibitor Envelope 

Crystal structure of AaLpxC in complex with LPC-023 exhibits a gauche+ 

χ2 rotamer. AaLpxC shown in ribbon, with important residues and LPC-023 shown in 

stick model. Purple mesh represents omit map (2mFo-DFc) at 1.0σ. (b) Cδ1 chemical 

shift and 3JCαCδ1 coupling measurements of protein-bound of LPC-023 reveal a 

dynamic equilibrium between gauche+ and trans χ2 rotameric states (75 and 25% 

respectively), and (c) Delineation of hidden inhibitor envelope and suggested 

substitutions. 
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Figure 29: LPC-058 Forms Optimal Interactions with LpxC Active Site 

Residues 

LPC-058 optimally occupies the PaLpxC binding pocket (residue numbers in 

parentheses, with corresponding AaLpxC residue numbers shown). PaLpxC shown in 

ribbon, with important residues and LPC-058 shown in stick model. Purple mesh 

represents omit map (2mFo-DFc) at 1.1σ. 
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5.4 LPC-058 Exhibits Enhanced Inhibition and Antibiotic Activity 
in Comparison to LPC-011 and CHIR-090 

To examine whether the added interactions as a result of the expanded envelope 

translate into a better inhibitor, we measured the kinetics of LPC-058 binding to EcLpxC. 

LPC-058 is a staggeringly potent inhibitor.  Similar to LPC-011 and CHIR-090, it 

displayed slow-binding kinetics consistent with the fast step of the formation of an 

initial encounter complex (EI) followed by a slow isomerization to the EI* complex, with 

an inhibition constant (Ki*) of 3.5±0.2 pM. This is 7-fold more potent than LPC-011 and 

44-fold more potent than CHIR-090 (Table 5).  

We also measured the minimum inhibitory concentration (MIC) values of LPC-

058 against a range of Gram-negative pathogens to see how it compares in antibiotic 

activity with LPC-011 and CHIR-090. LPC-058 showed improvement against all Gram-

negative bacterial strains tested, with an enhancement of 2- to 25-fold compared to LPC-

011 and 5- to 128-fold relative to CHIR-090 (Figure 30). Of special note is the antibiotic 

activity of LPC-058 against Acinetobacter baumannii (MIC=0.39 μg ml−1), making it the first 

reported LpxC inhibitor with an MIC value below 1 μg ml−1 against this clinically 

important pathogen in vitro.  
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5.5 Discussion 

It is well known that proteins are not static molecules and residues and even 

entire chains and secondary and tertiary structures can have dynamic movements and 

sample different conformations. On the contrary, the conformational dynamics of small 

molecules bound to proteins has been rarely investigated and certainly not exploited for 

drug design. In this work we show that small molecule inhibitors of LpxC are able to 

access alternative, minor configurations in solution, using which information we have 

been able to define a dynamically accessible inhibitor envelope not seen in crystal 

structures. This expanded inhibitor envelope provides new insights and suggests 

molecular substitutions to optimize inhibitors. For LpxC inhibitors, we have shown that 

the expansion of the inhibitor envelope yields an extraordinarily potent inhibitor, LPC-

058, which exhibits enhancement over its parent compounds LPC-011 in terms of 

inhibition (7-fold improvement) and antibiotic activity (2- to 25-fold improvement) with 

just three additional substitutions. This makes LPC-058 the most potent LpxC inhibitor 

in vitro and with the most broad-spectrum antibiotic characteristics in vitro. This 

highlights the therapeutic potential of LPC-058 as a broad-spectrum antibiotic against 

many clinically relevant Gram-negative bacteria. 

It can be argued that some features of the inhibitor envelope can be intelligently 

guessed from the structural information available of the CHIR-090 and LPC-011 bound 
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LpxC complex structures, such as the hydrophilic substitution in the solvent-accessible 

pocket at the Cβ position. Indeed, inhibitors with head groups similar to LPC-037 and 

LPC-040 have been previously reported. 118-119 However, the delineation of two methyl-

sized pockets at the Oγ1 position of the threonyl head group could have not been 

predicted based on the analysis of the crystal structure alone. In fact, the most widely 

used substitution of a pro-R-methyl group is the CF3 group, in contrast to the CF2 group 

employed in LPC-058. A compound with the CF3 substitution (LPC-083, Table 2) was a 

worse inhibitor than LPC-037 by ~9-fold, and by ~5-fold than LPC-011. It is also a worse 

antibiotic than LPC-011 by ~2.5-fold in E.coli. (Figure 31). 

This work highlights the potential of drug optimization with the use of dynamic 

information, which can reveal a hidden, dynamically accessible inhibitor envelope. This 

is unique from the singular use of static information obtained from crystallographic 

structures for inhibitor optimization. This strategy can be used in various systems for 

lead drug optimization, especially with peptide or peptidomimetic inhibitors. 

This work also highlights the therapeutic potential of LpxC inhibitors and their 

ability to fill the void of antibiotics for current and future therapeutic needs for multi-

drug resistant infections. Future work will include optimization efforts for the tail group 

of LpxC, so as to aid in the development of better broad-spectrum antibiotic properties, 

and optimization to enhance inhibitor solubility, stability, and to decrease toxicity. 
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Future work will also focus on the development of substrate-analog inhibitors of LpxC, 

which will serve the dual purpose of providing more concrete evidence for the catalytic 

mechanism of LpxC and of elucidating a new class of LpxC inhibitors. 

Table 5: Inhibition Constants for LpxC Inhibitors 

Compound Ki*(pM) 

CHIR-090 152 ± 8 

LPC-011 26 ± 1 

LPC-037 14 ± 1 

LPC-040 12 ± 1 

LPC-058 3.5 ± 0.2 

LPC-083 125 4 
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Figure 30: LPC-058 is a Better Antibiotic at a Broad Spectrum Level than CHIR-

090 and LPC-011 

*Minimum chlamydicidal concentration (MCC) measured 
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Figure 31: LPC-058 is a Potent Inhibitor Compared to Parent Compound 

The difluoro-substituted LPC-058 is a much more potent inhibitor than its parent 

compound LPC-011, and grandfather compound, CHIR-090. In contrast, the trifluoro-

substituted LPC-083 is worse than both LPC-058 and LPC-011. 

5.6 Methods 

5.6.1 Crystallographic Studies 

Protein samples of AaLpxC and PaLpxC were prepared as described 

previously111. To prepare the crystallographic samples, inhibitors dissolved in DMSO 

were mixed to four-fold excess with 8 mg ml−1 AaLpxC (1-275, C181A) in the following 

buffer: 100 mM potassium chloride, 2 mM dithiothreitol (DTT)  and 25 mM HEPES (pH 

7.0) or 12 mg ml−1 PaLpxC (1-299, C40S) in the following buffer: 50 mM sodium 

chloride, 2 mM TCEP and 25 mM HEPES (pH 7.0), respectively. For PaLpxC, 10 mM zinc 

sulfate was added as a crystallization additive. The protein-inhibitor mixture was 
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incubated at room temperature for 30 min. Sitting-drop vapor diffusion trays were 

incubated at 20 °C. Crystallization trials were done with commercially available screens 

(Hampton, Qiagen). The protein-inhibitor sample was mixed 1:1 with the mother liquor 

solution in the drop well. The crystal screening yielded microcrystals for the 

AaLpxC/LPC-011 complex (mother liquor: 0.1 M HEPES (pH 7.0) and 15% PEG 8000) 

and for the AaLpxC/LPC-023 complex (mother liquor: 0.18 M ammonium chloride, 

11.8% PEG3350 and 4% 1,3-propanediol). The microcrystals were used to prepare micro-

seeding stocks by the Seed-Bead protocol (Hampton). Diffraction quality crystals were 

obtained by using streak-seeding with a fine streaking wand (Hampton) The final 

crystallization reservoirs were as follows: 0.05 M ammonium acetate and 10% PEG3350 

(AaLpxC/LPC-011) and 0.18 M ammonium chloride, 11.8% PEG3350 and 10% 1,3-

propanediol (AaLpxC/LPC-023). Diffraction-quality crystals of the PaLpxC/LPC-040 and 

PaLpxC/LPC-058 complexes were obtained in the following mother liquor: 0.1 M 

sodium acetate trihydrate (pH 4.8–5.1) and 2.4–2.6 M ammonium nitrate. Crystals were 

cryoprotected using the respective mother liquor solutions with 30% MPD 

(AaLpxC/LPC-011), 30% ethylene glycol (AaLpxC/LPC-023) or 10% glycerol 

PaLpxC/LPC-040 and LPC-058), before flash-freezing. 

Data sets of the PaLpxC/inhibitor complexes were collected in-house at the X-ray 

core facility with a Rigaku MicroMax-007 HF rotating anode generator and R-Axis IV++ 
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detector. Data sets of the AaLpxC/inhibitor complexes were collected at the SER-CAT 

22-ID beamline at the Advanced Photon Source at Argonne National Laboratory. The X-

ray diffraction data were reduced using HKL2000117 or XDS86. The crystal structures 

were solved by molecular replacement with Phaser80 using previously known LpxC 

structures for the AaLpxC/inhibitor complexes (PDBID 3P3C) and PaLpxC/inhibitor 

complexes (PDBID: 3P3E). Iterative model building and refinement was carried out 

using COOT87 and PHENIX88. The 2mFo-DFc omit maps were generated using PHENIX. 

X-ray data are summarized in Table 6.  The coordinates for the X-ray structures have 

been deposited to the PDB with accession codes of 5DRO (AaLpxC/LPC-011), 5DRQ 

(PaLpxC/LPC-040), 5DRP (AaLpxC/LPC-023) and 5DRR (PaLpxC/LPC-058). 

The PaLpxC/inhibitor complex structures were determined by Dr. Chul-jin Lee. 
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Table 6: X-ray data collection and refinement statistics for LpxC inhibitors 

 

AaLpxC/ LPC-

011  

 PaLpxC/ LPC-

040 

AaLpxC/ LPC-

023  

PaLpxC/ LPC-

058 

Data collection 
 

   Space group P 21 21 21 P 21 21 21 P1 P 21 21 21 

Cell dimensions 

    a,b,c (Å) 54.8, 74.8, 135.9 52.4, 74.0, 88.6 45.7 50.4 61.7 52.8, 73.9, 88.2 

α, β, γ (°) 90, 90, 90 90, 90, 90 80.3, 71.7, 88.9 90, 90, 90  

Resolution (Å) 
67.94-2.01 50.00-1.63 50.00-1.84 28.32-1.59 

(2.08-2.01) (1.66-1.63) (1.87-1.84) (1.68-1.59) 

Rsym or Rmerge 11.9 (51.3) 5.4 (40.3) 5.3 (31.1)  4.7 (42.4)  

Mean I/ơI 21.67 (5.05) 16.56 (4.25) 24.5 (3.2)  15.01 (2.45)  

Completeness 

(%) 
97.2 (92.1)  

99.7 (99.6)  97.7 (96.5) 97.7 (94.5) 

Redundancy 14.4 (11.1)  6.3 (6.6) 4.4 (4.4) 5.0 (4.8) 

Unique 

reflections 
36885 (3708)  

43373 (4171) 40342 (3995) 46039 (4405) 

Refinement 

   Rwork/Rfree 0.156/0.186  0.170/0.203 0.156/0.192 0.179/0.210 

No. of atoms 4840 2742 4619 2690 

Protein 4370 2332 4296 2328 

Ligand/ion 70 147 64 101 

Water 400 263 259 261 

Avg. B-factors 21.9 26.6 34.9 26.5 

Protein 20.8 24.8 34.5 25.5 

Ligand/ion 70 37.2 37.3 31.8 

Water 31.9 36.6 40.9 33.7 

R.m.s. 

deviation 

    Bond length (Å) 0.002 0.009 0.006 0.004 

Bond angle (°) 0.69 1.16 0.99 0.8 

Ramachandran 

    Favored (%) 96.8 97.4 97 97.7 

Outliers (%) 0 0 0 0 
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parentheses values are for high resolution shells 

 

5.6.2 NMR Measurements 

Deuterated AaLpxC was expressed and purified as described previously107. The 

AaLpxC-inhibitor solutions were prepared by adding inhibitor to the purified protein in 

5% deuterated DMSO in a 1:2 protein-inhibitor molar ratio, and incubated initially at 

room temperature and then at 45 °C. Samples were concentrated and exchanged into 

NMR buffer (25 mM sodium phosphate pH 7.0, 100 mM KCl, 5% deuterated DMSO and 

100% D2O). The NMR sample concentration was ∼1 mM. 

The scalar coupling measurements (3JC'Cγ2 and 3JNCγ2) for the AaLpxC-CHIR-

090/LPC-011 complexes were obtained on a Bruker 700 MHz NMR spectrometer at 

45 °C, using J-modulated 1H–13C constant-time HSQC experiments122,123. The reference 

and scalar coupling-modulated CT-HSQC spectra were recorded in an interleaved 

manner (constant-time delay (2T) = 57.4 ms, 13C maximum evolution time = 12.1 ms). 

Data were processed using NMR pipe124 with eightfold zero-filling in the 13C (indirect) 

dimension. The peak intensities were measured using Sparky 3125, and the 3JC'Cγ2 and 

3JNCγ2 couplings were calculated from the reference spectrum (Iref) and the J-modulated 

spectrum (Imod) according to equation (1): 
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Rotameric populations were calculated using the three-site jump model115 using 

self-consistent parameterization of 3J coupling values116. 

The scalar coupling value (3JCαCδ1) for the AaLpxC/LPC-023 complex was 

obtained with an Agilent 800 MHz NMR spectrometer at 37 °C using a J-modulated 

constant-time 13C HSQC experiment using selective Ile-Cα inversion pulses. The 

3JCαCδ1 coupling was calculated using equation (1). Since the Cδ1 chemical shift of 

LPC-023 (15.2 p.p.m.) excludes the gauche- χ2 rotamer, the remaining rotamers were 

calculated from 3JCαCδ1 based on the two-site jump model between the gauche+ and 

trans configurations117. 

The NMR study was done by Dr. Qinglin Wu and the description is adapted 

from our published manuscript126. 

5.6.3 Enzymatic Assays 

The radio-labelled substrate for the LpxC enzymatic assays, [α-32P] UDP-3-O-

[(R)-3-hydroxymyristoyl]-N-acetylglucosamine, and the un-labelled carrier substrate 

were prepared as described previously127. The assays were performed with 5 μM 

substrate at 30 °C in the following buffer: of 25 mM HEPES (pH 7.4), 100 mM KCl, 

1 mg ml−1 BSA and 2 mM DTT. Inhibitors serially diluted in DMSO were added to the 

reaction mixture with a 10-fold dilution. LpxC protein was added to the reaction 

mixture with 1:4 dilution to the final concentration as specified below. 
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The KM value was determined by varying substrate concentrations (0.4- 50 μM) with 

0.2 nM of LpxC. To study the slow, tight-binding inhibition, LpxC activity was 

measured in the presence of varying inhibitor concentrations. The product conversions 

were determined from 15 s up to 2 h after addition of 0.2 nM enzyme for CHIR-090 and 

LPC-011 in the presence of 5 μM substrate. LPC-058 inhibition was assayed in the 

presence of 30 μM substrate and 0.1 nM enzyme such that kobs (rate of transition from EI 

to EI*) can be extracted under the slow, but not tight-binding conditions128. Equation (2), 

defined by t (time), vs (steady-state rate), vi (initial rate), kobs (rate of transition from EI to 

EI*) and c (baseline constant), was used to fit the data: 

 

The Ki* was determined by studying the rate of product accumulation after the EI* 

complex formation. IC50 curves for were determined in the presence of 20 pM the 

enzyme and varying inhibitor concentrations. The Morrison's quadratic equation (3), 

defined by [E]T (total enzyme concentration) and [I]T (total inhibitor concentration), was 

used to determine Ki*app: 

 

The inhibition constant Ki* is extracted from Ki*app using the following equation (4): 
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For two-step slow-binding inhibition, kinetic parameters (k5, k6 and Ki) were calculated 

from curve fitting of experimental kobs values to inhibitor concentrations based on 

equations (5 and 6). 

 

 

 The enzymatic assays were done by Dr. Jinshi Zhao and the description is 

adapted from the published manuscript126. 

5.6.4 Minimum Inhibitory Concentration (MIC) Measurements 

The MIC assay protocol was adapted for 96-well plates from methods described 

in National Committee for Clinical Laboratory Standards (NCCLS)129. Bacteria were 

grown in the Mueller–Hinton medium with 5% DMSO at 37 °C in the presence of 

varying concentrations of inhibitors. To obtain more accurate readings of the MICs, 

three series of two-fold serial dilutions of inhibitors were used. The starting 

concentrations of the three series are different by factors of 1.33 and 1.67, respectively. 

MICs were reported as the lowest compound concentration that inhibited bacterial 

growth. 
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The MIC measurements were done by Dr. Jinshi Zhao and the description is 

adapted from our published manuscript126. 
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Chapter 6. Conclusions 

Structural biochemistry has evolved exponentially over the years, with almost 

150,000 structures available in the Protein Data Bank and growing every day. The 

information obtained from these structures has been used to address important 

biological needs, including the advancement of therapeutics through structure-aided 

design of novel compounds.  

However, there are certain roadblocks that can hinder the development of highly 

selective (non-toxic) and bioavailable inhibitors. Our current vision is often limited by 

the static and reductionist picture that is available to us with current rational drug 

design techniques, such as lack of information on dynamics or protein-protein 

interaction networks. These challenges arise due to the difficulty of translating protein 

or ligand dynamics information to medicinal chemistry and the complexity of selectively 

and potently targeting protein-protein interaction networks due to our still limited 

understanding of the behavior of protein-protein interfaces. My thesis work illustrates 

through two very different examples, that information that may not be visible in crystal 

structures can be useful in providing additional information for designing novel 

therapeutics. 

In the first example of inhibitor-induced dimerization, we illustrate that receptor 

dimerization that can block protein-protein interfaces may be useful as a general 
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principle to design inhibitors that target “intractable” large, shallow and dynamic 

protein interfaces. It is one of the few examples of successful inhibitor-induced PPI 

stabilization. One of the ways in which this can be incorporated in ab inito drug 

discovery campaigns is by targeting known protein-protein interaction domains. For 

example, researchers utilized the knowledge that the fungal natural product fusicoccin 

stabilizes interaction between a plant ATP’ase with proteins containing the 14-3-3 

protein-protein interaction domain to design a screen aimed at complex stabilization. 

They identified a pyrrolidone compound, which they then optimized and validated by 

crystallography. This compound was significantly more potent than its parent 

compound and shows that PPI stabilizers can be identified with screens targeting a 

specific known interaction and optimized with conventional chemical optimization 

techniques.130-131 It should be noted that in the case of Rev1-CTD dimerization, JHRE-06 

stabilized a conformation that is not found in nature, so PPI stabilizers may be used even 

in cases where the PPI is not found in physiological conditions, as such a stabilization 

would almost certainly be disruptive to target function. It is conceivable that new 

dynamics measurements may capture the low population states of dimerized receptors 

and enable rational prediction of the feasibility of inhibitor-induced receptor 

dimerization in such cases. 
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Another way to screen for PPI stabilizers could be by including products with 

naturally derived or symmetric scaffolds in chemical libraries. It is encouraging that 

natural product libraries are growing and emerging. Despite this development, since 

most libraries contain conventional “drug-like chemicals,” in silico screening may also be 

used in docking experiments and has been shown to be a successful strategy in at least 

one instance.59  

A target that we are interested in is Rev7, the accessory subunit of POL ζ. Rev7 is 

interesting because it is implicated in double-stranded break repair, not just through TLS 

via its interaction with Rev3 and Rev1, but also by non-homologous end-joining (NHEJ) 

via its interaction with SHLD3 (also known as RINN1) of the shieldin complex.132 Both 

pathways can get upregulated to promote resistance to chemotherapeutic agents.133,79 

Additionally, Rev7 is involved in spindle assembly during mitosis via its interactions 

with p31comet and Mad2, and all three proteins have been shown to be important for cell 

cycle progression, as well as been implicated in tumorigenesis and resistance to anti-

mitotic cancer drugs.134-136 Importantly, Rev7 function in these three pathways (TLS, 

NHEJ and mitotic spindle assembly) via the crucial HORMA (Hop1, Rev7, Mad2) 

domain, a known protein-protein interaction domain also found in p31comet and Mad2.137 

The HORMA domain is a structurally conserved domain that is known to dimerize. It is 

composed of a “core domain” which is involved in dimerization, and a C-terminal 
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“safety belt” domain, which can have an open or closed configuration. In the open state, 

the safety belt folds into two β-strands that lie over one side of the core β-sheet. In the 

closed state, the safety belt engulfs the core domain. This allows a peptide from a 

binding partner to interact with the HORMA domain core; and is completely wrapped 

around by the safety belt.138-139 HORMA domain dimerization is required for 

conformational switching between open and closed states, and is essential for the proper 

functioning of HORMA proteins.140-142 There is strong evidence to suggest that two 

copies of Rev7 bind to one unit of Rev3 which tuck it underneath the seatbelt region, and 

that Rev7 dimerization is required for proper TLS.141,143 Rev7 likely binds to SHLD3 in a 

manner similar to its interaction with Rev3. Mutation of a conserved residue in the Rev7 

seatbelt region abrogates SHLD3-Rev7 binding, and SHLD3 has two N-terminal Rev3-

like RBM motifs and predicted structural folds.142 Since conformational switching 

between open and closed states is likely required for the interaction between Rev7 and 

Rev3 (TLS) and Rev7 and SHLD3 (NHEJ), the idea of an inhibitor that locks Rev7 in a 

closed conformation is an attractive one. Additionally, Rev7, Mad2 and p31comet interact 

with each other during mitotic spindle assembly with their HORMA domains, and a 

stabilized Rev7 dimer would prevent such an interaction from occurring. To screen for a 

compound that could stabilize a Rev7 dimer, an assay similar to that used by Rose and 

colleagues130 to find a PPI stabilizer could be used: monitoring the binding of green 
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fluorescent protein (GFP) fused protein A with‐immobilized glutathione S‐transferase 

(GST) tagged protein B against a large compound library. Since it is known that Rev7 

and SHLD3 rapidly accumulate at sites of DNA damage, a functional screen to identify a 

compound that blocks Rev7 and SHLD3 interaction could be the assessment of SHLD3 

recruitment to sites of induced DSBs in the presence of a candidate compound. DSB 

recruitment assays are well developed and one was recently used to characterize Rev7-

mediated recruitment of SHLD2 (another component of the shieldin complex) to DSBs.144 

The likelihood of an identified compound being a PPI stabilizer could be enriched by 

employing one of the available naturally-derived product libraries, such as Reaxys or 

Chinese Natural Product Database.145 

In the second-example of the delineation of a dynamically-accessible inhibitor 

envelope, we demonstrate one of the first examples of successful incorporation of ligand 

dynamics information in iterative structure-based drug optimization. This strategy can 

be used to aid in rapid lead compound optimization, particularly with peptide or 

peptidomimetic inhibitors. Examples of where this strategy can be particularly useful is 

with peptides or peptidomimetics that disrupt PPI. A drawback of these inhibitors is 

their low selectivity for their targets unless they are expanded in size with linkers, in 

which case they exhibit poor solubility and bioavailability. Additionally, current peptide 

inhibitors exhibit low proteolytic stability, with rapid targeting for cleavage by 
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endogenous proteases. Successful optimization with the substitution of appropriate 

functional groups to side chains and backbone has the potential of addressing all those 

issues: improved selectivity, stability and bioavailability.146 An example of inhibitors that 

could be improved with this strategy are peptide inhibitors of the caspase-9/XIAP 

complex mentioned previously. Many inhibitors are non-specific and have been 

reported to have toxic side-effects.50-51 Another example is the peptide inhibitor of HIV 

envelope protein gp41 (enfuvirtide), which suffers from rapid clearance from renal cells 

and low bioavailability.147 Improvement of side chain functional groups with ligand 

dynamics as illustrated by our example could be used to enhance the potency of this 

drug. Additionally, the part of gp41 being targeted by enfuvirtide is only exposed 

transiently, and a highly selective and tight-binding inhibitor would have the advantage 

of being able to potentially stabilize the “vulnerable” conformation of the target.   

In summary, with today's growing and urgent needs for the development of 

novel therapeutics, these two examples break new ground in illustrating how to 

innovate the strategy for structure-guided drug design, which may find further 

applications in other bio-medically relevant systems. 
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