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 Metalloenzymes represent an important target space for drug discovery.  However, a 

major limitation to the development of metalloenzyme inhibitors has been the lack of 

established structure-activity relationships (SARs) for the metal ion cofactor(s) of a 

metalloenzyme.  To address this shortcoming, a >350-component metal-binding 

pharmacophore (MBP) library was developed and used to both identify trends in 

metalloenzyme inhibition and to identify ideal fragment leads for fragment-based drug 

development (FBDD) campaigns.  This library has proven a useful tool for FBDD, and library 
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screens against over 25 therapeutically relevant metalloenzyme targets have routinely produced 

high hit rates, often in excess of 15% at 200 µM screening concentration. 

Using influenza RNA polymerase PAN endonuclease as a representative 

metalloenzyme, we employed a bioinorganic perspective of metalloenzyme metal ion 

coordination to identify SARs unique to inhibition of this metalloenzyme.  Identified trends 

highlighted the importance of ligand electronics (i.e., donor ability) of MBPs, in addition to 

MBP sterics, for achieving improved metalloenzyme inhibition and selectivity.  By optimizing 

MBP preferences for PAN, we developed new classes of highly selective inhibitor fragments 

(MW <200) that display IC50 values <50 nM that also show good selectivity over other 

metalloenzymes.  Based on these highly active MBPs for PAN inhibition, a FBDD campaign 

was pursued.  Guided by principles of inorganic coordination chemistry and structure-based 

drug design (SBDD), MBP scaffolds were elaborated to further improve activity and selectivity.  

SARs were established and used to generate PAN inhibitors with unprecedented picomolar 

binding affinities.  The activity of these inhibitors were analyzed and validated using a 

combination of FRET-based nuclease activity assays and differential scanning fluorometry 

(DSF), which was also shown to be a valuable tool for evaluating highly active inhibitors 

against this target.  Lead compounds were found to be highly selective for PAN over several 

related dinuclear and mononuclear metalloenzymes.  Several of these inhibitors were assayed 

against live virus in MDCK cells and were found to inhibit influenza viral infection.  Combining 

principles of bioinorganic and medicinal chemistry has ultimately resulted in the development 

the most active in vitro influenza endonuclease inhibitors reported to date. 

 



1 
 

 

 

 

 

 

 

Chapter 1:  Fragment-Based Metalloenzyme Drug Discovery 
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1.1 A Brief History of Drug Discovery 

The development of new drug candidates is a difficult task.  Despite huge scientific 

gains in the fields of chemistry and biology, coupled with improved ‘brute-force synthetic 

efficiency’1 increasing both the quantity and quality of small molecule organic synthesis, the 

rate of development of new molecular entities with clinical effect in man has not significantly 

improved in 50 years.1  Since the 1960’s, the average number of new molecular entities (NME) 

approved annually by the FDA has remained relatively constant.2  Further, between 1950 and 

2010 the number of NMEs approved per 1 billion dollars of pharmaceutical industry R&D 

expenditure (inflation adjusted) has decreased by half every ~9 years.  This is known as 

‘Eroom’s Law’.3  Despite herculean efforts and expenditures by the pharmaceutical industry, 

there are currently only ~1,000 drug molecules with regulatory approval that reproducibly 

produce a clinical effect in humans.4  Many factors, including the academic reproducibility 

crisis,5-8 difficulty in identifying appropriate preclinical models,9-11 and the progressive 

exhaustion of biological models that are highly predictive of clinical outcomes1 have all 

influenced the increasing difficulty of developing NMEs that show clinical efficacy.  To 

overcome these limitations, new paradigms in drug discovery are critically important.  

Since the 1980’s several new paradigms in drug discovery have accelerated small 

molecule development.  The maturation of the field of structure-guided drug discovery has 

facilitated the identification of lead compounds and subsequent rational development.1  The 

process of collecting and solving three-dimensional protein X-ray structures requires >1000 

times fewer person-hours today as compared to 50 years ago.1, 12  The number of deposited X-

ray structures in the Protein Data Bank (PDB) has likewise increased by over two orders of 

magnitude since 1990, with the current number of deposited X-ray structures well in excess of 
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100,000 structures.13  Improvement to high-throughput screening (HTS) techniques has 

increased the pace and reduced overall cost of screening large compound libraries by more than 

tenfold since its first advent in the mid-1990’s, with many proprietary HTS compound libraries 

now numbering in the millions of compounds.14  The combination of HTS and structure-guided 

drug discovery resulted in an improved rate of identification and development of high quality 

lead molecules in the 2000’s, particularly against established classes of targets.15  However, the 

use of HTS against newer or more difficult targets has not proven as fruitful.15  About half of 

all HTS campaigns fail,16-17 often because the chemical space covered by the screening library 

is not sufficiently broad to adequately cover the target space18 or because the few identified hits 

are later recognized as false positives.19  These shortcomings are further complicated by high 

costs associated with developing, maintaining, and screening HTS libraries, particularly for 

smaller organizations or academic labs.17  The quality of HTS hits, when identified, often 

justifies the continued use of HTS; however, an understanding of the vastness of chemical space 

(prompted by increasing numbers of failed HTS screens)16-17 has necessitated the development 

of innovative discovery techniques, especially for proteins that have not been historic targets of 

drug discovery.  Based on conservative guidelines of druglikeness, early estimates of the 

number of possible druglike molecules with thirty non-hydrogen (a.k.a., ‘heavy’) atoms are 

>1060, more than the probable number of stars in the universe.15, 20  In comparison to this 

unfathomable number of compounds, a HTS library of even 100 million compounds will 

provide a woefully inadequate sampling of chemical space.  This is especially true because the 

individual components of most HTS library are primarily repurposed molecules from lead 

development against known targets, which has the effect of biasing HTS libraries towards 

known target space.15 
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1.2 Fragment-Based Drug Discovery 

Rather than screening millions of elaborated, drug-sized molecules that do not 

adequately cover the full target chemical space, a more thorough sampling of chemical space 

can be achieved by screening smaller molecules (a.k.a., fragments).  For instance, estimates of 

total possible druglike molecules containing 17 heavy atoms is approximately 170 billion.21  

While this number is still quite large, a representative sampling of all chemical space for 

fragment-sized molecules is much more achievable than for ‘drug-sized’ molecules.  This is the 

basic premise of fragment-based drug discovery (FBDD), which has emerged over the past 20 

years in response to the shortcomings of HTS.  In FBDD, libraries of ‘fragment like’ molecules 

(generally composed of <20 heavy atoms) are screened using similar assays and techniques as 

employed in HTS screens (Figure 1.1).  Hits from FBDD screens are then subsequently 

elaborated to generate inhibitor molecules with greater activity and better physical properties.  

While the size of reported fragment libraries varies widely from 500 to over 20,000 

molecules,22-23 most fragment libraries contain between 1,000 and 5,000 molecules.23  Libraries 

of this size have been shown to reliably produce appropriate numbers of hits without requiring 

excessive screening resources.23  The more manageable size of FBDD libraries has also allowed 

for the development of libraries that do not suffer from the same biases towards known target 

space that are present in many HTS libraries.  This, coupled with higher hit rates in FBDD 

screens allows for new or difficult target classes to be more effectively explored.  The low cost 

and high efficiency associated with FBDD approaches has enabled their extensive use in 

academia as well as industry.15 
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Figure 1.1.  A comparison of HTS and FBDD hits.  Top:  HTS hits gain binding affinity via a 
number of (often suboptimal) interactions.  During lead development, the core scaffold of the 
HTS hit must be systematically modified to remove unnecessary functional groups to then 
enable optimization of any productive protein interactions.  Bottom:  By contrast, FBDD hits 
make fewer, but more optimal or efficient, interactions with a target protein.  Fragment hits can 
then be individually optimized via fragment-growth strategies, or can be linked or merged with 
other fragment hits identified in FBDD screens.  A clear advantage of FBDD is the rapid 
identification of multiple highly favorable interactions through different fragment hits.  This 
information can further aid in lead development by highlighting key binding pockets. 
 

The molecular characteristics that define ‘good’ fragment-like molecules are still 

somewhat debated and the design of appropriate fragment libraries has been extensively 

reviewed.24-25  While many proponents of FBDD argue that maintaining a fragment molecular 

weight range of 150-250 Da is essential to better sample chemical space,25 others argue that 
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molecules in the regime of 250-350 Da are appropriate for identifying hits with higher activity 

and more SAR, despite the cost of diminished representation of chemical space.17, 26  

Nevertheless, most FBDD libraries follow the ‘rule of three’.27  Derived from Chris Lipinski’s 

‘rule of five’,28 the rule of three proposes that fragment-like molecules should have a molecular 

weight <300 Da, <3 hydrogen bond donors and acceptors, a cLogP <3, and <3 rotatable bonds.27  

Of all these criteria, molecular weight is likely the most important single factor, and is often 

described in terms of either total molecular weight or by heavy atom count.15  

The small molecular size of compounds in FBDD libraries has an added benefit of 

avoiding unnecessary ‘molecular complexity’.29-30  As inhibitor compounds grow in size and 

increase in molecular complexity, they are able to make more potential interactions with a given 

protein target.  While some of these interactions may be favorable, most will be unfavorable.  

Hence, it is possible to imagine a molecule that is nearly a perfect ligand for a specific target, 

but because of the unfortunate positioning of a small chemical substituent such as a methyl or 

carbonyl group, such ideal interactions are greatly hindered or entirely quashed (Figure 1.2).  

The potential for such events increases rapidly as an inhibitor molecule becomes more 

complex.29  By employing smaller fragment molecules in screens, fewer interactions between 

fragments and targets are possible.  This generally results in overall lower activity for any 

identified hits, but also leads to higher overall hit rates, as the lower molecular complexity of 

fragment molecules precludes fewer favorable interactions.29-30  Because identifying a suitable 

starting point for development is often a bottleneck for discovery, this approach more reliably 

affords hits for further development. 
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Figure 1.2.  Left: A hypothetical ‘ideal’ HTS lead molecule tightly bound to an arbitrary protein 
active site pocket.  Center: The addition of a single methyl group (highlighted) to the 
hypothetical ‘ideal’ lead molecule would result in steric clashing with the active site.  To 
accommodate this steric clash, the molecule must assume a binding pose such that many, if not 
all, other optimal interactions are precluded.  Despite containing the same functional groups as 
the unmodified ‘ideal’ ligand, the methyl-modified ligand would not appear as a hit in HTS or 
similar screens due to the increase in molecular complexity.  Right: By employing a fragment-
based approach, a smaller subset of compounds can be used to identify the same high-value 
interactions as the ‘ideal’ HTS lead molecule without the negative effects associated with 
increased molecular complexity.  This approach can also identify interactions that would not 
have been identified by HTS approaches. 
 

The lower inhibitory activity of hits identified in FBDD, as opposed to HTS, screens 

can be interpreted as a primary disadvantage to FBDD techniques.  However, it is inappropriate 

to directly compare the activities of fragment-based and HTS hits in this way.  Fragment hits 

may have low absolute binding efficiency, but hits may bind very tightly relative to their size.15  

Hence, it is necessary to properly quantify binding affinity in terms of molecular weight for 

these molecules.  The most common metric used in FBDD to quantify activity relative to 

molecular weight is ligand efficiency (LE).31  LE is defined as the free energy of ligand binding 

divided by the number of heavy atoms in the ligand molecule.  This is usually calculated by 

using experimental Kd (or IC50 values in lieu of true Kd values) to calculate ΔGbinding and 

dividing by the number of heavy atoms in the molecule.  This metric allows for an evaluation 

of the quality of ligand-protein interactions as opposed to the absolute magnitude.  In this way, 

high quality fragment leads can be selected for further development.  It is important to note the 

significance of high LE values in FBDD hit development.  Hits identified in HTS screens often 
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obtain good inhibitory activity against their target through a mixture of high quality interactions 

and low quality or non-specific interactions, which generally results in low LE values.  Thus, it 

is not uncommon early in the HTS discovery process to pare down any validated hits to a 

‘minimum active pharmacophore’ in which non-specific or unnecessary interactions are 

remove from the initial hit to subsequently allow for identification of new useful interactions to 

achieve improved LE.32-33  In contrast, hits identified in FBDD presumably select for only high 

quality (i.e., high LE) interactions and hence serve as good starting points for lead development.  

By continuing to evaluate LE during further structural elaboration and development, any gains 

in activity can be weighed against costs of added molecular weight.  Thus, only high quality 

interactions will be retained during development, which should result in highly active lead 

molecules with reasonable molecular weights.  Lower molecular weight lead molecules can be 

especially valuable in late stage development, where concerns of absorption, distribution, 

metabolism, excretion and toxicity (ADME-Tox or ADMET) may require sacrifices in absolute 

ligand affinity or the addition of further chemical moieties (e.g., pro-moieties or solubilizing 

moieties) to produce the desired clinical effect.1  Small and efficient lead molecules are more 

easily modified while maintaining reasonable activity and LE than those suffering from 

‘molecular obesity’.34-35  For instance, a hypothetical drug molecule with a Kd of 10 nM and 

molecular weight of 500 Da would have a LE value of ~0.3.  If a hit from an FBDD screen 

identified a fragment with a LE of ~0.3 against a target, maintaining this level of LE throughout 

development would result in a high quality lead similar to our hypothetical drug molecule.  

Recent work has demonstrated that LE maintenance is generally achievable during 

development of clinical lead compounds, and that beginning development with leads with high 

LE generally results in desirable ligand properties in candidate molecules.36 
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 An important factor in FBDD library development is the exclusion of compounds that 

are likely to interfere with protein activity assays and produce false hits.  Compounds such as 

these are known in the literature by several names, including ‘bad actors’ and pan-assay 

interference compounds (PAINS).15, 37-38  PAINS encompass nonspecific protein binders, 

aggregators and self-aggregators, reactive covalent modifiers, Michael acceptors, redox active 

species, and metal chelators.  However, the exclusion of all metal coordinating fragments as 

PAINS is inappropriate given the numerous, distinct chemotypes that are known to coordinate 

to metal species and the increasing number of validated metalloenzyme targets of interest.39  

Indeed, a large number of reported inhibitor molecules and approved therapeutics contain 

metal-binding pharmacophores (MBPs) and inhibit their target, in part, through metal 

coordination (see Chapters 2-5).40-41  Nevertheless, certain metal chelators have been identified 

as PAINS through empirical experience, which has led to their recommended exclusion from 

FBDD libraries.38, 42  At high screening concentrations, metal chelators may behave as bad 

actors via two primary mechanisms: metal chelators may introduce transition or heavy metal 

ions into a biological assay (which are known to cause false hits and erroneous results43-44), and 

a small subset of metal chelators (e.g., some catechols) are known redox cyclers.37   

 While compounds containing MBPs may have limited use in general FBDD libraries, 

MBPs can be effectively used in target-directed FBDD for metalloenzyme targets.  The concept 

of target-directed FBDD is generally controversial.15  Many practitioners argue that target-

directed approaches in FBDD are unnecessary, as targeting often requires added molecular 

complexity that may limit or unintentionally bias identified interactions towards known 

chemical space.15  FBDD libraries are, in theory, designed to be universal, and few reported 

target-directed FBDD libraries have actually achieved more successful screening results than 
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generally observed with non-targeted FBDD libraries.15, 45-46  Nevertheless, metalloenzymes 

present a unique chemical space that is particularly suited to FBDD, and targeted libraries for 

metalloenzymes have been very successful (see chapter 2).47 

 

1.3 MBP-Based FBDD For Metalloenzyme Inhibitor Development 

 Use of FBDD strategies in metalloenzyme inhibitor development was initially reported 

by Fesik et al..48  In this report, using a ‘SAR-by-NMR’ approach, the authors identified several 

active fragment inhibitors of stromelysin-1 (a.k.a., MMP-3), a metalloenzyme that employs a 

catalytic Zn2+ ion to facilitate hydrolytic cleavage of protein amide backbones.  Among all 

fragment hits identified in this library screen, only a single fragment (acetohydroxamic acid) 

was found to inhibit MMP-3 (KD = 17 mM) by coordinating to the active site Zn2+ ion.  Using 

a ‘fragment-linking’ strategy, the acetohydroxamic acid moiety was linked with another 

modestly active, functionalized biphenyl fragment (KD = 20 µM) that was found to bind in the 

S1 substrate-biding pocket (Figure 1.3).  This linking strategy generate a lead molecule that 

inhibited MMP-3 with IC50 = 15 nM that interacted with both the active site metal ion and the 

canonical S1 pocket.48-49  While this report did contribute to the pervasive use of hydroxamic 

acid MBP groups in metalloenzyme inhibitor development, the use of fragment libraries based 

on MBPs has not been widely studied,47, 50 despite the demonstrated utility of small molecule 

MBPs as inhibitors of metalloenzymes.51-52 
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Figure 1.3.  A summary of the SAR by NMR method as applied to discovery of stromelysin 
inhibitors.48  Reprinted with permission from Discovery of Potent Nonpeptide Inhibitors of 
Stromelysin Using SAR by NMR, P. J. Hajduk and S. W. Fesik, et al..  J. Am. Chem. Soc. 
1997 119 (25), 5818-5827.  DOI:  10.1021/ja9702778.  Copyright 1997 American Chemical 
Society. 
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 MBP molecules are particularly well-suited for use in FBDD strategies against 

metalloenzymes.  Compounds that bind tightly to a metalloenzyme metal center effectively 

inhibit catalytic activity.40  Hence, despite their small size, small MBP molecules are capable 

of forming very favorable interactions with metalloenzyme metal centers because of the high 

bond enthalpy of dative bonds.  MBPs have repeatedly been shown to exhibit suitable, and even 

excellent, binding affinities for FBDD screening,47, 50-52 and MBP molecules can be designed 

to cover a very wide range of chemical space – both in terms of sterics and overall structure, 

but also in terms of electronic properties which are highly important in metal coordination 

interactions.53-55  Further, the relatively predictable binding of MBP molecules (i.e. coordinated 

to the active site metal ion) is useful for early development and SAR studies of MBP-based 

metalloenzyme inhibitors, particularly in the absence of experimental structural data. 

 Based on general principles of fragment design for FBDD libraries,27 a prototype 

fragment library of MBP compounds (initially termed ‘chelator fragment’ library or CFL-1) 

was developed to probe the utility of an MBP-FBDD approach.47, 56  CFL-1 was composed of 

96 MBP fragments that possessed between two and four Lewis-basic donor atoms capable of 

coordinating to metalloenzyme metal centers (Figure 1.4).  These fragments were 

predominantly sourced from commercial suppliers, though 14 total fragments were synthesized.  

The CFL-1 library was organized in a modular format, with six primary ‘chelator’ (i.e., MBP) 

classes represented by 12 fragments each (picolinic acids, hydroxyquinolones, pyrimidines, 

hydroxypyrones, hydroxypyridinones, and salicylic acids), with 24 additional miscellaneous 

fragments from well-established classes of metalloenzyme inhibitors, such as hydroxamic 

acids, sulfonamides, catechols, and beta-diketones. 
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Figure 1.4.  Chelator fragment library (CFL-1).  A 96 component MBP library used to assess 
the viability of a MBP-FBDD approach. 
 
 
 In an initial report, CFL-1 was screened against MMP-2 at a fragment concentration of 

1 mM.56  Of the 96 compounds screened, 31 compounds were identified as ‘hits’ (which was 

defined as exhibiting >50% inhibition at 1 mM) and were used for further inhibitor 

development.  This high hit rate, at an inhibitor concentration consistent with many other FBDD 

reports, validated the utility of using a targeted MBP library for metalloenzyme discovery 

despite the fact that a number of the identified hits had been previously reported as MMP-2 

inhibitors.51-52  In a subsequent study, a slightly modified47 CFL-1 library was screened against 

a panel of nine metalloenzymes, composed of five MMP isoforms (MMP-1, -2, -3, -8, and -9) 

as well as anthrax lethal factor, arachidonate 5-lipoxygenase, mushroom tyrosinase, and 

inducible nitric oxide synthase (iNOS), as a control.47  This library screen resulted in hit rates 
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of between 29%-43% for MMP isoforms (with little isoform selectivity) and between 24%-

60% for all other non-heme metalloenzymes.  As expected, the CFL-1 library identified few 

(only 3) hits against the heme metalloenzyme iNOS.  As a heme metal center is coordinatively 

saturated on the axial plane, chelating MBP molecules were predicted to have little utility for 

coordinating tightly to the active site heme iron. 

 The results of these reports highlight the utility of MBP-based FBDD for metalloenzyme 

targets.  Indeed, these finding demonstrated that a targeted MBP library can afford a large 

number of high quality fragment hits that are superior to results obtained in HTS screening 

campaigns of tens of thousands to millions of compounds.  Nevertheless, there remain several 

shortcomings with the prototype CFL-1 library.  First, the library was limited in terms of 

accessible chemical space and focused on only a small number of MBP classes.  Second, the 

library contained a variety of fragments that could be classified as PAINS, even by non-metal-

binding metrics.  A subset of  fragments were repeatedly shown to interfere with assays because 

of solubility and aggregation, several fragments contained reactive halides, and a small number 

of fragments were potential Michael acceptors or redox cyclers.  In an effort to address these 

issues, extensive synthetic efforts were expended to expand the chemical and structural 

diversity of the library.  Ultimately, a ~350 component MBP library was designed and 

synthesized, with the majority of the fragment compounds (~200) synthesized as opposed to 

purchased.  These MBP fragments were designed to coordinate strongly to a metalloenzyme 

metal center without the liability of metal-stripping, be drug-like and bio-compatible, be stable 

under conditions employed in standard protein- and cell-based bioactivity assays, and serve as 

viable starting points for derivatization and subsequent drug development.   
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In the three years since the development of the MBP library, screening campaigns 

against various metalloenzymes have been pursued, which has resulted in the development of 

several novel lead inhibitor molecules against relevant targets.57-59  The expanded MBP library 

has routinely identified fragment leads with low micromolar (1-50 µM) and occasionally 

nanomolar activity, with very high hit rates often in excess of 15% at 200 µM screening 

concentration against over 25 therapeutically relevant metalloenzyme targets.  Very 

interestingly, some of the most active MBP inhibitors identified in library screens have achieved 

unprecedented fragment LE, with the most ligand efficient MBPs achieving LE values 

approaching 0.9 (see chapter 5).60  While a variety of therapeutically relevant metalloenzymes 

have been explored using the MBP library to initiate FBDD campaigns, a dinuclear Mn2+ 

metalloenzyme, the influenza A virus RNA-dependent RNA polymerase PA N-terminal 

endonuclease (PAN), was selected as a representative and relevant target for extensive MBP-

FBDD studies.  This enzyme can be expressed and purified relatively easily from E. coli, can 

be crystallized for use in X-ray studies, and has a literature precedent for biochemical activity 

assays.58 

 

1.4 Application of Metalloenzyme FBDD Towards Drug Discovery 

 This thesis will describe work towards the development and implementation of new 

MBP-based tools for metalloenzyme inhibitor development using FBDD methods.  The MBP 

library has been employed as a discovery tool against a wide variety of metalloenzyme targets 

and several representative examples will be discussed.  In particular, the influenza virus PAN 

endonuclease has been extensively explored as a prototypical system for the development of 

MPB-based metalloenzyme inhibitors via a FBDD approach.  These studies have led to the 
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discovery of several distinct classes of PAN inhibitors with nanomolar inhibitory activity.  Of 

special note, extensive work on the optimization of MBP-metal interactions for PAN has 

resulted in the identification of several optimized inhibitor molecules with IC50 <20 nM.  

Combining these optimized metal-ligand interactions with previously reported structural (X-

ray) data regarding optimal protein-inhibitor interactions allowed for the development of a new 

class of inhibitor molecules that display inhibitory activity of IC50 <50 pM and LE of ~0.60.  

This achievement highlights the need for a paradigm shift in the field of metalloenzyme 

inhibitor development away from primarily optimizing only canonical medicinal chemistry 

interactions and towards a more detailed understanding and optimization of metal-ligand 

interactions. 
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2.1 Metalloenzymes As Targets For Inhibitor Development 

 A large number of proteins require metal ion cofactors to function properly, and these 

are broadly categorized as metalloproteins.  Generally, metalloproteins employ metal ions in 

either structural or functional roles.  Structural metal ions in proteins can serve to increase 

protein stability, aid in proper protein folding, facilitate multimerization or protein-

protein/protein-nucleic acid binding, and occasionally serve in a regulatory capacity.1  

Functional metal ions are generally found in the active site of a protein and can aid in such roles 

as promoting substrate or cofactor binding, enabling electron transport, or facilitating Lewis 

acid catalysis.1  In the special case where the metal ion serves as the site of catalysis, the 

metalloprotein can be classified as a metalloenzyme.  Metalloenzymes are ubiquitous across all 

domains of life, and are consequently implicated in a wide variety of human diseases (Table 

2.1).
2  This includes both pathogenic diseases, where the metalloenzyme plays a critical role in 

the lifecycle of the pathogenic organism, and in nonpathogenic diseases where overexpression, 

misregulation, or hyperactivation of endogenous metalloenzymes are implicated in disease 

pathology.2  As a result, metalloenzymes represent prime target space for drug discovery; 

however, the clinical development of metalloenzyme inhibitors is rather limited.  In the past 

five years, only ~9% of new molecular entities approved by the FDA target metalloenzymes, 

and <5% of all FDA approved drugs inhibit metalloenzymes.2-3  Furthermore, those drugs that 

target metalloenzymes were cumulatively designed to inhibit a total of 10 metalloenzymes, and 

of these 83% of FDA approved metalloenzyme inhibitors target only three proteins:  lanosterol 

14α-demethylase, angiotensin converting enzyme, and carbonic anhydrase (Table 2.2).3  

Because metalloenzymes represent as much as 30% of all known enzymes, one would expect 

that a similar proportion of all drug molecules would target a metalloenzyme.1  However, the 
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difficulty associated with addressing the metal ion in the active site of these enzymes has 

contributed to the vast underrepresentation of metalloenzyme inhibitors in drug space.4 

 

Table 2.1.  Representative list of therapeutically relevant metalloenzymes, their metal ion 
cofactor(s), and disease implication(s). 
Metalloenzyme  Metal(s) Disease Implication 
ACE Zn2+ Hypertension 
Arginase Mn2+ Mn2+  Cancer metabolism 
Botulism lethal factor Zn2+ Botulinum infection 
Carbonic anhydrase Zn2+  Glaucoma 
Glyoxylase Zn2+  Cancer / Depression 
Influenza endonuclease Mn2+ Mn2+  Influenza infection 
HDAC Zn2+  Cancer 
HIV integrase Mg2+ Mg2+  AIDS 
Insulin degrading enzyme Zn2+  Diabetes / Alzheimer's 
Jumanji lysine deamethylase Fe2+  Cancer 
LPxC Zn2+  Bacterial infection 
Metallo-β-lactamase Zn2+ Zn2+  “Superbug” infection 
MMP Zn2+  Cancer 
RPN-11 Zn2+  Cancer 
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Table 2.2.  Current FDA-approved metal binding metalloenzyme inhibitors.  Adapted and 
updated from Liao et al.5 and Chen et al.3 

 

 

Compounds that are able to strongly bind metal ions can effectively inhibit the catalytic 

activity of metalloenzymes, by both disrupting substrate access to the active site and preventing 

metal-mediated catalysis.6  Metal binding inhibitors are reversible, not covalent, inhibitors that 

are capable of forming strong interactions due to the large bond enthalpy of metal-ligand dative 

(i.e., coordinate covalent) bonds.  Within the context of metalloenzyme inhibitors, a major 

shortcoming to the development of new inhibitors has been an over-reliance on a very limited 

 
 

Metalloenzyme 
Target 

FDA-Approved, Metal-Binding 
Metalloenzyme Inhibitors (~64 Total) 

Number of 
Inhibitors (%) 

 Lanosterol 14α-
demethylase 

Albaconazole, Bifonazole, Butoconazole, 
Clotrimazole, Econazole, Efinaconazole, 

Fenticonazole, Fluconazole, Isavuconazole, 
Isoconazole, Itraconazole, Ketoconazole, 
Luliconazole, Miconazole, Omoconazole, 

Oxiconazole, Posaconazole, Ravuconazole, 
Sertaconazole, Sulconazole, Terconazole, 

Tioconazole, Voriconazole  

23 (~37%) 

 
Cytochrome 

P4503A4  Ritonavir 1 (~1.5%) 

Tyrosinase Hydroquinone  1 (~1.5%) 

 
HIV-1 integrase Elvitegravir, Dolutegravir, Raltegravir 3 (~5%) 

Phosphodiesterase 
4  Crisaborole 1 (~1.5%) 

 

Angiotensin 
converting 
enzyme a 

Benazepril, Captopril, Enalapril, Fosinopril, 
Lisinopril, Moexipril, Perindopril, Quinapril, 

Ramipril, Trandolapril 
10 (~16%) 

Matrix 
metalloproteinase  Periostat 1 (~1.5%) 

 
Histone 

deacetylase  
Belinostat, Panobinostat, Romidepsin, 

Vorinost 4 (~6%) 

Lipoxygenase Zileuton 1 (~1.5%) 

 
Carbonic 
anhydrase 

 

Acetazolamide, Bendroflumethiazide, 
Benzthiazide, Brinzolamide, Chlorothiazide, 

Cyclothiazide, Diazoxide, Diclofenamide, 
Dorzolamide, Ethoxzolamide, Furosemide, 
Hydrochlorothiazide, Hydroflumethiazide, 

Methazolamide, Methyclothiazide, 
Quinethazone, Topiramate, 

Trichlormethiazide, Zonisamide 

19 (~30%) 
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number of MBPs, including thiols, carboxylates, and most notably hydroxamic acids.1, 7  In 

addition, despite the importance of metal-ligand interactions in the development of 

metalloenzyme inhibitors, relatively little work has been focused on the development and 

optimization of MBPs, with a general lack of structural diversity in the MBP chemical space.8-

9  To address these shortcomings, MBP libraries, consisting of fragment-like compounds 

designed to bind metal ion cofactors in metalloenzyme active sites, have been developed.10  

These MBP libraries have been used in FBDD to identify novel inhibitors of several 

metalloenzymes.10 

One such library, the chelator fragment library or CFL-1 (see Chapter 1), served in the 

genesis of the MBP-FBDD approach used in the Cohen research group, in which a library of 

MBP fragments is screened against a metalloenzyme of interest to identify hits based on metal-

ligand interactions, as depicted in Figure 2.1.  These MBP fragment hits then serve as lead 

scaffolds for further inhibitor development.  This initial CFL-1 library was useful in proving 

the viability of MBP-FBDD;8-9 however, this prototype library was limited in several respects, 

primarily in its representation of available MBP chemical space.  The CFL-1 library was 

comprised of only 96 compounds representing 6 primary MBP classes.  As discussed in Chapter 

1, the utility of any FBDD library is primarily measured by its ability to effectively probe a vast 

swath of chemical space.  As such, there was a desire within our research program to expand 

the CFL-1 library to generate a MBP fragment library better suited to FBDD. 
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Figure 2.1.  Pictorial representation of a MBP-FBDD screening approach, in which a library 
of MBP fragments is screened against a metalloenzyme of interest to identify the best metal-
ligand interactions.  MBP hits then serve as leads for further inhibitor development. 
 

2.2 MBP Library Design Parameters and Development 

 Proper selection of the individual components of a FBDD library is of paramount 

importance, and the identification of key design parameters for the development of such 

libraries has been extensively studied.11-13  Most of these fundamental design parameters 

highlighted in the FBDD literature (see also Chapter 1) apply directly to the MBP library.  As 

general rules, four principal factors have been proposed as essential for the design and 

evaluation of all FBDD libraries:11 

1)  Fragment libraries must be chemically diverse and numerically large enough to 

sample adequate chemical space.   

2)  Libraries must contain an appropriate distribution of differently shaped fragments 

that are able to make varied interactions with differently shaped target active sites.   

3)  Library compounds must possess a diversity of synthetically accessible growth 

vectors for use in hit development towards lead compounds.14   
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4)  Fragments must, in order to minimize the potential for assay interference, attain a 

certain level of biocompatibility and druglikeness.12  Compounds that are not 

sufficiently stable or soluble,12 or that interact indiscriminately with biological systems 

through mechanisms such as aggregation,13 are not suitable for use in FBDD. 

 

Most compounds present in the CFL-1 library were compatible with factors 3 and 4 

mentioned above.  However, the library as a whole was lacking in relation to factors 1 and 2.  

The primary means to remedy this was to both expand the number of total compounds in the 

library and to expand the number of different MBP chemotypes represented therein.  While 

general FBDD libraries are designed to interact with chemically and structurally diverse pockets 

present in various protein targets (see factor 2 above), compounds in the MBP library must, in 

addition, be designed to possess varied metal binding character.  The overall fragment shape, 

the identity and relative geometry of coordinating Lewis basic atoms, and the overall electronic 

character of the MBP must all be sufficiently diverse and adequately sampled in a MBP-FBDD 

library.  Further, the library must achieve this chemical diversity while simultaneously assuring 

that none of the component MBPs therein is likely to non-selectively strip metal ions from a 

metalloenzyme target, or to degrade and/or cross-react non-specifically under the conditions 

commonly employed in biological activity assays. 

 Considering these design constraints, an extensive synthetic campaign was commenced 

with the goal of developing a viable MBP library from the initial CFL-1 starting point.  CFL-1 

compounds that were found to be possible PAINS (see Chapter 1) were excluded from the MBP 

library.  Metal ion affinity trends for various metal-coordinating chemotypes, principally from 

siderophore literature,15-17 gave insight into what chemical motifs and structural parameters for 



29 
 

MBPs would allow for moderately high metal-ion affinity without the liability of metal-

stripping (i.e., maintaining MBP metal ion affinities below the Kd threshold where competition 

with metalloenzyme active site for complete metal removal becomes significant).  Chemotypes 

extant in the CFL-1 library were expanded upon to more thoroughly probe chemical space and 

to allow for bioinorganic SAR to be established from library screens, and novel MBP 

chemotypes identified from siderophore and organometallic chemistry literature were 

synthesized and iteratively elaborated to expand the library’s representation of chemical space.  

Ultimately, a MBP library of ~350 fragment molecules was developed, of which ~70% were 

synthesized, while the rest were obtained from commercial suppliers. 

 The MBP library has been used extensively, both by the Cohen research group and 

outside collaborators, in screening campaigns against various metalloenzyme targets.1, 10, 18-19  

The MBP library has repeatedly proven to be a useful tool for MBP-FBDD, and its use in FBDD 

campaigns is detailed in Chapters 4-6.  This chapter will describe representative syntheses of 

select MBP fragments (in lieu of a full report of all MBP fragment synthesis), and will give a 

brief overview of the analytical evaluation of the fitness of the MBP library for use in bioactivity 

assays.  Selected library screening results against several metalloenzyme systems will also be 

included.  

 

2.3 Synthesis of Representative MBP Fragments 

 The development of the MBP library encompassed the synthesis of hundreds of 

individual molecules, including synthetic intermediates.  While one goal of this synthetic 

campaign was simply to synthesize as many different MBP molecules as feasible in the shortest 

amount of time, the broad goals of expanding total represented chemical space and developing 
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‘built-in’ SAR within library chemotypes principally directed the overall choice of MBPs to be 

synthesized.  One shortcoming of the initial CFL-1 library was the very limited number of MBP 

molecules possessing a suitable triad of donor atoms to enable multi-coordinate interactions 

with both metals of dinuclear metalloenzymes.  There were also many MBP compounds that 

had not been designed to be easily derivatized.  Considering this, new classes of compounds 

were explored that possessed donor atom triads capable of chelating both metals of a dinuclear 

metalloenzyme, and derivatives of MBP chemotypes already present in the CFL library were 

expanded to include fragments with chemical handles suitable for subsequent elaboration.  A 

balance was also sought between developing large and systematically chemically diverse 

chemotype groups and expanding the number of different chemotypes represented in the 

library.  While, ultimately, large and fully developed chemotype groups were desired for all 

different MBP classes represented in the library, preference was given to generating chemical 

diversity in total number of MBP chemotypes, with further systematic development of 

chemotype families set as an ongoing goal for the future.  In this section, the synthesis of several 

notable compounds will be discussed.  These include novel and challenging synthetic schemes 

that were developed and adapted to generate multiple MBP fragments, as well as representative 

syntheses that highlight the general chemical characteristics that were sought to be included 

when designing MBP fragments in general. 

Pyrone MBPs were one of the 6 major classes of MBPs represented in the CFL-1 library.  

However, several of these were ultimately excluded from the MBP library due to the presence 

of reactive chemical moieties within the MBP molecule (see PAINS in Chapter 1).  To account 

for this exclusion, and based on the wealth of published pyrone synthesis,20-21 a large number 

of pyrone MBPs were synthesized for the MBP library.  The synthesis of a representative and 
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versatile series of pyrone fragments is detailed in Scheme 2.1.  Beginning from kojic acid (a 

commodity natural product derived from Aspergillus oryzae as a biproduct of fermentative soy 

sauce and Sake production) chlorination and reduction of the allyl alcohol group resulted in the 

production of the MBP fragment A2.  Introduction of an allyl alcohol group alpha to the 

hydroxyl group via a reductive electrophilic addition with formaldehyde (compound 3) 

introduced a new synthetic handle for derivatization.  This allyl alcohol can be oxidized to 

generate a carboxylic acid via a Jones oxidation with poor yields or via stepwise, TEMPO-

mediated hypochlorite oxidation with good yields to give compound 4.  Compound 4 can 

likewise be derivatized via amide functionalization or related chemistry.  The benzyl protecting 

group of either 4 or 5 can be removed by hydrogenation or with a mixture of strong acids.  Acid 

deprotection is preferred as it does not introduce palladium metal, which can be easily 

sequestered by the deprotected MBP and is known to negatively affect many biological activity 

assays. 
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Scheme 2.1.  Synthesis of 2-carboxypyrone MBPs.  Reagents and conditions:  (a) thionyl 
chloride, CH2Cl2, rt, 4-6 h, 91% yield; (b) Zinc dust, HCl, water, 70 ºC, 4-6 h, 85% yield; (c) 
NaOH, CH2O, BnBr, TBA-Cl, water/ MeOH, 0-20 ºC for 18 h, 70 ºC for 3 h, 51% yield; (d) 
NaCO3H, KI, TEMPO, TBA-Cl, NaOCl, CH2Cl2 water, 5 ºC, 18h, 67% yield; (e) 5:5:1 
HOAc:HCl:TFA, rt-40 ºC, 24-48 h; (f) HATU, triethyl amine, methylamine, DMF, 60 ºC, 18 
h, 70% yield. 
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The synthetic route depicted in Scheme 2.1 was selected, in part, due to facile 

modification of the MBP and chemical intermediates, which is useful for further MBP 

elaboration during an FBDD campaign (see Chapter 4).  Compound 1 can be derivatized via 

SN2 addition reactions at the allyl chloride.  Compound 1 is also compatible with metal-

catalyzed cross coupling reactions, and was used for both Suzuki and Sonogashira cross 

coupling reactions.  Compound 2 can be derivatized via dehydration reaction at the endocyclic 

pyrone oxygen with any primary amine or aniline, and can also be functionalized via 

asymmetric Mannich addition reactions, alpha to the phenolic oxygen, under similar conditions 

used to install the allylic alcohol in 3.  Compound 3 can further undergo similar derivatization 

as compound 1 and kojic acid.  Both kojic acid and 3 can also be oxidized and subsequently 

derivatized at the carboxylic acid moiety, as shown for 4 and 5.   

 Scheme 2.2 depicts the synthesis of other pyrone MBPs, in this case generating the 

pyrone ring beginning from acyclic starting materials, and was adapted from literature 

precedent.22  While the elaboration of already formed heterocycles was often desirable and 

synthetically more tractable than heterocycle synthesis from linear starting materials, many 

MBPs included in the library were synthesized by ring-forming or ring-expansion reactions.  In 

many cases, this provided the only means to generate desired chemical diversity.  Beginning 

from bromopyruvic acid, protection of the β-carbonyl as a diethyl acetal (compound 6) and 

subsequent carboxylic acid activation afforded 7 in good yields.  This activated intermediate 

can undergo cyclization reactions with β-diketones or β-keto-acids, as illustrated by the 

synthesis of 8 from tert-butyl acetoacetate.  By employing the acid sensitive tert-butyl 

protecting group, the carboxylic acid can be selectively deprotected to generate 9.  This 

intermediate can be used to generate amide derivatives such as 10, or can be further deprotected 



33 
 

hydrolytically to afford the α,β-diketone, which tautomerizes to generate A13.  Amide 

derivative 10 can be similarly deprotected to afford A14. 
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Scheme 2.2.  Synthesis of 3-carboxypyrone MBPs.  Reagents and conditions: (a) triethyl 
orthoformate, H2SO4 (catalytic), rt, 24 h, 95% yield; (b) 4-nitrophenyl trifluoroacetate, 
pyridine, rt, 18 h, 81% yield; (c) tert-butyl acetoacetate, NaH, reflux in dry THF, 4-6 h, 69% 
yield; (d) TFA, CH2Cl2, rt, 2-4 h; (e) 10:1 HCOOH:H2O, 80 ºC, 12-18 h, 99% yield;  (f) HATU, 
triethyl amine, methylamine, DMF, 60 ºC, 18 h, 48% yield; (g) 10:1 HCOOH:H2O, 80 ºC, 2-6 
h, 44% yield. 
 

 The synthetic route in Scheme 2.2 facilitated the generation of derivatives of A13 or 

A14.  While compound 7 could not be further derivatized prior to cyclization, the carbon alpha 

to the pyrone hydroxyl group (both of which originate from the pyruvate starting material) can 

be functionalized post cyclization as detailed in Scheme 2.1.  Acid, ester, amide, and ketone 

derivatives at the carbon -ortho to the 2-position methyl group (e.g., tert-butyl ester moiety of 

compound 8) can be synthesized based on selection of the desired β-diketones or β-keto-acid 

starting materials for the cyclization reaction.  Other functional groups, particularly aliphatic 
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groups, can also be introduced at this position via the same reaction conditions so long as the 

β-carbon of the desired starting material is basic enough to generate the electrophilic enol 

required to initiate cyclization via attack of the activated ester 7.  The 2-position methyl group 

can also be derivatized through choice of keto-derivatized β-diketones or β-keto-acid starting 

materials, and the endocyclic pyrone oxygen was found to be compatible with dehydration 

reactions with primary amines and anilines to afford further derivatives of this class of 

compounds. 

 Quinolones are a known drug class and, while able to coordinate metal centers, 

quinolones are primarily used as non-coordinating topoisomerase inhibitor antibiotics.3  The 

chemistry for synthesizing and derivatizing quinolones is mature, and this scaffold was 

attractive both as a novel MBP class and to serve as synthetic analogues of salicylic acid MBP 

chemotypes that were already well-represented in CFL-1.  Beginning from aniline or 

functionalized aniline derivates such as 3-methoxyaniline (Scheme 2.3), nucleophilic addition 

with methylene malonates (e.g., compound 11) followed by thermal cyclization at high 

temperatures generates the quinolone moiety gave 12.  Deesterification of 12 afforded the MBP 

fragment B8, and subsequent demethylation employing BBr3 at elevated temperatures (due to 

solubility limitations) afforded the multi- coordinate binding MBP B7.  
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Scheme 2.3.  Synthesis of quinolone MBPs.  Reagents and conditions: (a) DEEMM, neat, 100 ºC, 
recrystallized in hexanes, 99% yield; (b) DPE (solvent), reflux (255 ºC), 24 h, recrystallized in hexanes, 
40% yield; (c) 4% KOH solution, THF, rt, 18h, 67% yield; (d) BBr3, toluene, -78 ºC then 110 ºC, 18 h, 
41% yield. 
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 The quinolone core of this class of MBPs provides a good handle for synthetic 

derivatization.  Functionalized anilines are readily available and easy to synthesize, proving 

ready means to functionalize any ring position of the quinolone MBP directly from the aniline 

starting material.  This functionalization strategy also enables the synthesis of MBPs such as 

B7, which possess the proper triad of donor atoms to fully coordinate a dinuclear 

metalloenzyme metal center.  Furthermore, the existence of multiple FDA approved quinolone 

antibiotics alleviates potential concerns of this MBP chemotype possessing indiscriminate 

metal binding properties when introduced in living organisms. 

 Hydroxypyridinones (HOPOs) are a well-known class of MBP molecules and have been 

extensively explored as siderophore mimetics and for iron chelation therapy,16-17 including the 

FDA approved iron-overload treatment deferiprone.  Several HOPO regioisomers were 

included in the CFL-1 library, and these were selected for further elaboration for the MBP 

library due to their representation in literature as metal coordinating agents and the unique 

electronic SAR generated by comparing 1,2-, 2,3- and 3,4-HOPO regioisomers.15  Derivatives 

of each HOPO regioisomer were synthesized for the MBP library, including variants able to 

fully coordinate to dinuclear metal centers.  Scheme 2.4 details representative synthesis of two 

of these, specifically the 2,3-HOPOs B11 and B12.  These MBPs were synthesized from linear 

starting materials via a AlCl3 catalyzed Friedel-Crafts alkylation and subsequent NH3-

promoted ring closing.  The formed HOPO compound 13 was unexpectedly incompatible with 

the basic conditions initially used for ester hydrolysis.  Acid catalyzed hydrolysis was more 

tolerated, but the heat required to drive the reaction also induced degradation of the starting 

materials.  As an alternative, a protecting group swap was performed.  The benzyl ether 14 was 

generated with good selectivity for the phenol over the endocyclic amine, though some benzyl 
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amine side product was observed (<20%).  Subsequent base-mediated hydrolysis of the ester 

group gave the desired carboxylic acid 15 in quantitative yields.  Compound 15 was then 

compatible with acid-catalyzed debenzylation at mild temperatures to generate B11.  

Compound 15 could also be used to prepare amide derivatives, such as 16.  These were found 

to be compatible with acid-catalyzed debenzylation conditions.  As with other representative 

synthesis in this chapter, the synthetic pathway in Scheme 2.4 was chosen for its synthetic 

versatility in terms of potential derivative synthesis, and derivatives functionalized at each ring 

position are known.15 
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Scheme 2.4.  Synthesis of 4-carboxypyridinone MBPs.  Reagents and conditions: (a) NH3, 
AlCl3·6H2O, THF, rt, 5 d, recrystallized in EtOH, 25-31% yield; (b) K2CO3, TBA-Cl, BnBr, 1:1 
CH2Cl2:water, 40 ºC, 18 h, 62% yield; (c) 4% KOH solution, THF, rt, 18h, 94-99% yield; (d) 5:5:1 
HOAc:HCl:TFA, rt-40 ºC, 24-48 h, 95% yield; (e) HATU, triethyl amine, methylamine, DMF, 60 ºC, 
18 h, 83% yield. 
 

Similar to HOPOs, hydroxypyrimidinones are another well-known MBP chemotype, 

and the first FDA approved HIV integrase inhibitor, Raltegraivr, employs a 

hydroxypyrimidinone MBP to coordinate the active site Mg2+ cations present in the integrase.3  

Hydroxypyrimidinones were not present in the CFL-1 library despite their similarities to 

HOPOs.  As such, several different hydroxypyrimidinones were synthesized for the MBP 
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library; however, an early limitation to this chemotype was the lack of viable points of 

functionalization.  Indeed, the synthetic routes reported for the development of various 

hydroxypyrimidinones often afforded only one position for subsequent MBP 

functionalization.23  In order to increase chemical diversity, and as a means to enable further 

functionalization of the MBP core, a biaryl-hydroxypyrimidinone (hydroxyquinazolone) 

chemotype was pursued, as detailed in Scheme 2.5.  Beginning with methyl aminopicolinate, 

the aniline nitrogen was functionalized with neat acetic anhydride.  The acetamide intermediate 

17 was heated in the presence of hydroxylamine at elevated temperatures in a microwave 

reactor to afford B20 in good yields. 
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Scheme 2.5.  Synthesis of hydroxypyrimidinone MBPs.  Reagents and conditions: (a) Acetic 
anhydride, neat, 55 ºC, 4-6h, 92% yield; (b) KOH, NH2OH-HCl, MeOH, 120 ºC MW, 46% 
yield. 
 

Functionalized 2-aminobenzoic acids are readily available and synthesizable starting 

materials, and the reaction conditions employed to generate hydroxyquinazolone MBPs are 

tolerant of many different functional groups, including potentially reactive Lewis basic 

moieties, such as used in B20 and related compounds.  Derivatization at the methyl group 

moiety of B20 is tolerant of carboxylate, ketone, or aliphatic moieties, all of which can be 

installed through selection of the proper anhydride or aldehyde starting materials.  The short 
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reaction sequence shown in Scheme 2.5 is advantageous for the synthesis of a large number of 

derivatives, but the direct installation of the free (i.e., not protected) MBP can potentially hinder 

purification, especially for more polar derivatives.  In such cases, the cyclization reaction was 

found to proceed equally well with O-benzyl hydroxylamine as with hydroxylamine.  This 

flexibility in reaction conditions indicates that a wide variety of functional groups at different 

positions of the methyl aminobenzoate ring can be accommodated for derivative synthesis. 

 Hydroxythiopyrone and Hydroxypyridinthione (HOPTO) MBPs have been studied as 

zinc metalloenzyme inhibitors, due to their high affinity for zinc ions.24  This chemotype was 

well represented in the CFL-1 library; however, the majority of the HOPTO compounds 

previously used in the CFL-1 library were synthesized from HOPO analogues using P4S10 as a 

dehydrative thionation agent.  While these dehydrative thionation reactions are generally 

straightforward when using pyrone starting materials, the synthesis of HOPTOs is more 

challenging and often required high temperatures and produced poor yields.8-9  As an alternative 

method for producing HOPTOs, a 2-bromopyridine moiety can be oxidized and subsequently 

thionated with a nucleophilic thiol (e.g., NaSH, para-methoxybenzylthiol) to produce the 

corresponding HOPTO molecule.  These reactions are compatible with a SNAr mechanism due 

to the electron-withdrawing nature of the formally positive pyridine N-oxide and the tautomeric 

trapping of the SNAr reaction product as the formally uncharged HOPTO tautomer.  This 

reaction sequence is demonstrated in Scheme 2.6.  Beginning from a 2-bromonicotinic acid 

starting material, peroxide oxidation to 18 followed by room temperature thionation affords D8 

in good yields.  This late-stage introduction of the MBP moiety is compatible with further 

functionalization, so long as derivatives are stable to moderate oxidative conditions.  Using this 

synthetic method, a wide variety of HOPTO MBPs were synthesized. 
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Scheme 2.6.  Synthesis of HOPTO MBPs.  Reagents and conditions:  (a) H2O2, TFA, 40 ºC, 48 h, 
42% yield; (b) NaSH, rt, 3h, 35% yield. 

 

Hydroxytropolones are a class of primarily natural product polyphenolic molecules that 

have been routinely identified as inhibitors of various metalloenzymes, including the dinuclear 

metalloenzymes HIV IN and HIV RNaseH.3  The total synthesis of hydroxytropolone natural 

products has proven challenging;  however, the Murelli research group has reported excellent 

work on solving many tropolone-related synthetic challenges.25  Based on these reports of 

similar tropolone compounds, several hydroxytropolone MBPs were developed via a ring 

expansion dipolar cycloaddition pathway, as shown in Scheme 2.7.  Beginning with allomaltol 

(or similar 3,4-hydroxypyrone starting materials), the pyrone carbonyl oxygen can be 

selectively methylated with methyl triflate to generate 19.  This trapped carbonyl ylide 

intermediate readily undergoes 2+3 dipolar cycloadditions with functionalized alkynes to yield 

[5.6]fused-bicyclic ring system such as 20.  Extensive optimization of this reaction has also 

permitted the use of elaborated alkynes to generate highly functionalized intermediates.  Ring 

opening of the fused-bicycle 20 can be accomplished selectively by use of BCl3 at temperatures 

below 0 ºC to afford the methoxytropolone 21, which can then be hydrolyzed to yield E5 

quantitatively.  Synthesis of hydroxytropolone MBPs such as E6 can be accomplished from 

methoxytropolone intermediates with BBr3, but are limited by compound solubility in 
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halocarbon or hydrocarbon solvents (e.g., chloroform, toluene).  Alternatively, acid stable 

methoxytropolone MBPs such as E5 can be solvolytically converted to the corresponding 

hydroxytropolone in aqueous HBr and acetic acid at 105 ºC.  This reaction scheme was also 

found to be compatible with various functionalized 3,4-hydroxypyrone starting materials, and 

a variety of allomaltol derivatives functionalized with aliphatic functional groups at the 2-

position (i.e., methyl group position in allomaltol) have been explored. 
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Scheme 2.7.  Synthesis of hydroxytropolone MBPs.  Reagents and conditions: (a) methyl triflate, 
CH2Cl2/chloroform, reflux, 18 h, 83% yield; (b) ethyl propiolate, TEA, chloroform, microwave 100 ºC, 
25 min, 82% yield; (c) BCl3, CH2Cl2, 0-20 ºC, 30 min, 89% yield; (d) 1:1 4% KOH:THF, rt, 12 h, 54% 
yield; (e) HBr/HOAc, neat, 95 ºC, 6-8 h, 41% yield. 
 
 

Bipyridine (bpy) is a common bidentate ligand that has been used extensively in 

coordination chemistry.26  Bpy and several related compounds, were included in the CFL-1 

library; however, the chemical diversity among these MBP ligands was minimal.  To expand 

the chemical space represented by this chemotype, an expanded series of 5- and 6-membered 

biaryl nitrogen heterocycles were synthesized.  Representative examples are shown in Scheme 

2.8.  MBP compounds based on the bipy chemotype all maintained the characteristic pyridine 

or pyridine-like coordinating nitrogen atoms, but a large number of different heterocycles 

containing a properly positioned nitrogen donor atom were explored.  Various synthetic routes 

were used to generate these ligands, including condensation reactions, metal catalyzed cross-

couplings, and other ring-forming reactions.  One synthetic method, shown in Scheme 2.8,  

employed a Co2+ catalyst, picolinonitrile, and various dinucleophiles heated neat to 125 ºC in a 
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microwave reactor to afford the desired deamination products including L8, L9, and L12.  This 

facile reaction was used to generate a wide variety of MPBs from the stable and inexpensive 

picolonitrile starting material.  This reaction was used to generate both saturated and 

unsaturated bipy analogues, and further elaboration of the chemotype to include an additional 

aromatic ring (e.g. compound L12) afforded another handle for further derivatization of 

potential MBP hits. 
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Scheme 2.8.  Synthesis of bpy-analogue MBPs.  Reagents and conditions:  (a) amine, 
Co(NO3)2·(H2O)6, neat 125 ºC, 1h, 21-66% yields. 

 

 

2.4 Purity, Absorbance, & Fluorescence Analysis 

To assess the purity and intrinsic stability of the fragments comprising the MBP library, 

and to probe the aqueous stability of library compounds under simulated assay conditions, each 

MBP fragment was aged in DMSO at 50 mM for one week and, separately, in 5 mM phosphate 

buffer (pH = 7.5) for 48 h at ambient conditions, and was then analyzed by HPLC and HRMS.  

These conditions are surrogates for both long-term storage conditions (frozen DMSO stock 

solutions) and general bioactivity assay conditions.  From an aged DMSO solution (50 mM), 

fragments were prepared in 1:1 MeOH:H2O  for analysis.  Fragments were first evaluated by 

ESI-TOF-HRMS;  if HRMS analysis gave positive results, the samples were further analyzed 

via HPLC.  Positive HRMS hits were likewise analyzed by HPLC from aged phosphate buffer 
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solutions, prepared and analyzed in 1:1 MeOH:H2O at 0.10 mg/mL after ‘ZipTip®’ salt removal 

according to manufacturer’s recommendation (Experimental Section).  Three of ~350 MBP 

fragments were identified as having purity <95% (likely due to compound degradation over 

time at ambient temperatures) and were resynthesized.  Four other MPB fragments were found 

to have one major ‘impurity’ by HPLC; however, further analysis revealed that these 

compounds (all of which contained a thione/thionyl moiety) had formed disulfide dimers and 

were in fact >95% pure accounting for disulfide formation.  These data suggest that the MBP 

library is sufficiently stable and compatible with general enzyme activity assay conditions to 

permit use in MBP-based HTS assays. 

 In order to probe the potential for assay interference due to light absorbance or emission 

by fragments, absorbance and fluorescence studies were conducted.  Each fragment was 

prepared as a 200 µM sample in an aqueous buffer (50 mM HEPES, pH = 7.5).  These 

conditions are typical in terms of both fragment concentration and buffer composition for 

representative enzyme  activity assays. The majority of MBP fragments were found to have 

negligible absorbance as compared to baseline measurements.  Approximately 25 fragments, 

out of ~350 total MBPs, were found to absorb with OD >0.5 at wavelengths <350 nm.  These 

fragments have minimal potential to interfere in general assays, even where the excitation 

wavelength of fluorophores is <350nm so long as absorbance background controls are in place.  

Approximately 15 other fragments were found to absorb with OD >0.5 at wavelengths from 

350-650 nm.  These fragments have the potential to interfere with assays that rely on either 

absorbance and fluorescence measurements if the proper controls are not included, particularly 

if the assay is endpoint- and not kinetic-based.27-29  Nevertheless, at inhibitor concentrations 
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<500 μM (highest concentration analyzed), the intrinsic absorbance of these compounds can be 

adequately accounted for by the use of background-subtracting controls. 

Fluorescence analyses were also carried out in 50 mM HEPES (pH = 7.5) buffer at 200 

µM MBP fragment concentration.  Each MPB was analyzed at various combination of 

excitation and emission wavelengths corresponding to commonly used fluorophores 

(Experimental Section).  In order to ascertain if intrinsic fluorescens levels were sufficiently 

high to merit concern, fully activated MMP substrate (fluorogenic MMP substrate OmniMMP, 

Enzo Life Sciences) was included as a control in each experiment at the concentration used in 

MMP-2 assays per manufactures recommendations (4 µM final concentration; see 

Experimental Section).  This provided realistic signal levels with regards to actual enzymatic 

activity assays with which to compare fragment fluorescence.  Fragments that exhibited 

fluorescence with an intensity of greater than ~30% of the control signal were identified as 

potential sources of interference. 

Fluorescence analysis of the MBP library revealed several important trends in 

fluorescence profiles.  While most of the fragments in the library showed negligible background 

fluorescence at most wavelengths, many (>100) fragments showed significant background 

fluorescence, on par with fluorophore controls, at excitation/emission wavelengths of 360 and 

460 nm, respectively.  A similar number of fragments also showed moderate background 

fluorescence (between 30-99% relative to control) at an excitation/emission wavelength of 530 

and 590, respectively.  These results are not surprising given the overall chemical nature (i.e., 

functionalized aromatic small molecules) of the MBP molecules.  Nevertheless, these data 

highlight the need for secondary kinetic-based or orthogonal confirmatory assays to validate 

any hits observed with the MBP library with endpoint assays.  However, this level of 
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background fluorescence is not predicted to be a major source of interference for kinetic-based 

fluorescence assays.  

Absorbance and fluorescence analysis of the MBP library revealed that multiple 

fragments exhibit some potential for assay interference; however, with the proper controls, 

concern about erroneous data—particularly false positives—can be greatly alleviated.  It is 

suggested that when the MBP library is screened against a target metalloenzyme, that a specific 

negative control well for each fragment be used to help account for background signal resultant 

from the fragment itself or fragment-substrate interactions.  It is also imperative that, when 

possible, assays be run as kinetic experiments in lieu of endpoint experiments.27-29  Calculating 

activity as a function of signal change over time, as opposed to a function of a single 

absorbance/fluorescence intensity measurement, helps to negate many potential causes of 

interference, especially when observed signal is ‘blanked’ (or background-subtracted) against 

a negative control containing the same potential source(s) of systematic interference.  Finally, 

it is suggested that dose-response (IC50) measurements be evaluated early in the hit-

identification process.  Dose-response curves of inhibitory activity as a function of inhibitor 

concentration for enzymes manifesting Michaelis-Menten kinetics will not be linear, but rather 

sigmoidal.  If the activity relationships are observed as linear, the observed effect is most likely 

a result of assay interference as opposed to competitive inhibition. 

 

2.5 Preliminary Library Screening 

 After establishing the stability of the MBP library in simulated assay conditions and 

evaluating the potential for assay interference, two model metalloenzyme systems (human 

carbonic anhydrase and a matrix metalloproteinase) were chosen for initial validation 
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experiments.  These enzymes have been well studied and their assays optimized.30,31-32  The 

assay for screening human carbonic anhydrase II (hCAII) activity is based off of a procedure 

described by Verpoorte, et al. in which the esterase activity of the enzyme is measured as a 

function of p-nitrophenyl acetate (PNPA) hydrolysis.30,31  Briefly, hCAII was incubated with 

inhibitors in buffer (50 mM HEPES, pH = 8.0) followed by the addition of PNPA substrate.  

Upon cleavage of the acetyl group, the p-nitrophenlate anion absorbs strongly at 405 nm.  

Monitoring the rate of change of absorbance at 405 nm allows for a quantification of the enzyme 

activity.  Results as shown in Figure 2.2.  Screening the MBP library against hCAII identified 

four active inhibitors (>80% inhibition) of hCAII, all of which have previously been reported, 

as well as two previously unidentified inhibitors, F14 and F11, that both displayed ~40% 

inhibition (Table 2.3).  The re-identification of previously reported hits, specifically benzene 

sulfonamides and free thiols, stands as validation for the library as a whole. 

 

 
Figure 2.2.  Summary of hCAII inhibition at 200 µM fragment concentration.  Values for each 
MBP fragment are given as vertical bars depicting percent inhibition relative to an uninhibited 
control. 
 



46 
 

Table 2.3.  Fragment hits identified in the MBP library screen against hCAII.  Values are given 
as percent inhibition at 200 µM inhibitor concentration. 

 

 

The assay used for screening matrix metalloproteinase (specifically, MMP-2) activity 

is similar to that reported by Jacobson, et al.32  (Figure 2.3).  The results of the MBP library 

screen against MMP-2 identified >20 fragments as hits (inhibition >80% at 200 µM fragment 

concentration; Figure 2.3, Table 2.4).  While thiopyrones and 8-hydroxyquinolies (e.g., C4 and 

I6-I8, respectively) have previously been shown to inhibit MMPs,9, 33 several bipyridine-like 

and sulfonamide MBPs (e.g., L11-L12 and M11, respectively) were newly identified as active 

inhibitors of MMP-2 at this concentration.   
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Figure 2.3.  Summary of MMP-2 inhibition data at 200 µM fragment concentration.  Values 
for each MBP fragment are given as vertical bars depicting percent inhibition relative to an 
uninhibited control. 
 
 
Table 2.4.  Representative fragment hits identified in the MBP library screen against MMP-2.  
Values are given as percent inhibition at 200 µM inhibitor concentration. 

 
 

Number Percent Inhibition Number Percent Inhibition

C4 >95% L4 >95%

I6 87% L11 >95%

I7 94% L12 >95%

I8 >95% L18 83%

I13 81% M3 >95%

M11 >95%

Compound Compound
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 Based on the results obtained in these initial validation screens of the MBP library 

against established metalloenzyme targets, the MBP library appears to be a useful tool for 

FBDD against general metalloenzyme targets.  Since initial validation, the MBP library has 

been screened against many other metalloenzyme targets.10, 18-19, 34  A retrospective analysis of 

eight of these library screens (Figure 2.4) highlights a significant trend in MBP selectivity for 

several metalloenzyme targets.  Early criticisms of the CFL-1 and MBP libraries included the 

concerns that MBP-containing compounds would be intrinsically promiscuous or that only a 

select number of ‘privileged’ MBP scaffolds would be found as ideal ligands for nearly every 

metalloenzyme system.  These concerns were based primarily on the disproportionate use of 

perceived ‘privileged’ MBP scaffolds in early metalloenzyme inhibitor development (e.g. 

hydroxamates).1  However, based on numerous library screens, these concerns have proven 

unfounded.  As shown in Figure 2.4, the MBP library was screened against eight metalloenzyme 

targets (PAN, IDE, NDM-1, VIM-1, hCAII, MMP-2, HIV IN, RPN-11; see Experimental 

Section) at 200 µM MBP concentration, and results are represented as bar graphs of percent 

inhibition for each MBP fragment.  This representation allows for the identification of a ‘MBP 

library-fingerprint’ for each metalloenzyme.  These fingerprints visually demonstrate MBP 

preferences for each metalloenzyme and highlight that each metalloenzyme displays distinct 

preferences for MBP ligands.  Furthermore, as the MBP library is grouped by chemotype, visual 

inspection of library fingerprints highlight SAR trends of active inhibitors often appearing as 

clusters (indicating several active inhibitors of the same chemotype), but with distinct 

preferences still evident in each chemotype cluster.  Taken together, these data show the utility 

of both the MBP library as a screening tool and the potential for future MBP-FBDD. 
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Figure 2.4.  Summarized MBP library screening results against eight different metalloenzyme 
targets (PAN, IDE, NDM-1, VIM-1, hCAII, MMP-2, HIV IN, RPN-11).  Percent inhibition of 
enzyme activity at 200 µM MBP concentration for each MBP fragment is given in bar graph 
form.  This visual representation of library inhibitory activity is referred to as a ‘MBP library-
fingerprint’ and serves to highlight both SAR trends and overall library selectivity for each 
metalloenzyme target.  MBP library compounds are organized by chemotype, with structurally 
related MPB fragments clustered together along the x-axis. 
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2.6  Conclusions 

 The MBP library is a useful tool for the development and identification of 

metalloenzyme inhibitors, and is compatible with standard FBDD design principles and HTS 

assay techniques.  Extensive synthetic work was done to elaborate the previously reported CFL-

1 library to generate an expanded MBP-FBDD library.  While the MBP library remains small 

compared to many FBDD libraries, its utility in identifying novel and distinct MBP inhibitors 

has been shown herein.  Ongoing development and expansion of this library, particularly by 

employing isosteric replacement techniques,34 will further increase the utility of the MBP 

library.  Since the initial development of the MBP library, screening campaigns against a variety 

of metalloenzyme targets have been completed.  These screens have routinely produced high 

hit rates, often in excess of 15% at 200 µM screening concentration, against over 25 

therapeutically relevant metalloenzyme targets, and library screens generally identify very 

ligand efficient hits with IC50 values routinely below 100 µM.  Several of these campaigns have 

resulted in the development of novel metalloenzyme inhibitors with nanomolar inhibitory 

activity against relevant targets (see Chapters 4-6).10, 18-19  Based on these initial results, it is 

likely that the MBP library will enable further identification and development of highly active 

metalloenzyme inhibitors in the future. 

   

2.7 Experimental Section 

General Experimental Details.  All solvents were obtained from commercial sources 

and used without further purification.  All reagents, unless otherwise noted, were obtained from 

commercial sources and used without further purification.  All reactions, unless otherwise 

stated, were done under nitrogen atmosphere.  Silica chromatography was performed using a 
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CombiFlash Rf Teledyne ISCO system.  Eluents included hexane, ethyl acetate, methylene 

chloride, or MeOH as noted in experimental details.  C18 reverse phase chromatography was 

performed using the same instrument using 0.1% formic acid in MeOH, acetonitrile, or water as 

eluent.  Separations were monitored by mass spectrometry via a Teledyne ISCO RF+ PurIon 

ESI-MS detector with 1 Da resolution.  1H and NMR spectra were obtained on a Varian (400 

MHz) spectrometer or Jeol (500 MHz) spectrometer in the Department of Chemistry and 

Biochemistry at U.C.  San Diego.  1H NMR data is expressed in parts per million (ppm) relative 

to the residual non-deuterated solvent signals, and spin multiplicities are given as s (singlet), d 

(doublet), dd (doublet of doublets), t (triplet), dt (doublet of triplets), q (quartet), m (multiplet), 

and bs (broad singlet).  Available coupling constants (J) are reported in hertz (Hz).   The purity 

of all compounds used in assays was determined to be ≥95% by HPLC-MS analysis.  Standard 

resolution MS was performed either at U.C. San Diego Molecular Mass Spectrometry Facility 

or on the aforementioned Teledyne ISCO RF+ PurIon MS.  HRMS analysis was performed 

using an Agilent 6230 Accurate-Mass LC-TOFMS located at the U.C. San Diego Molecular 

Mass Spectrometry Facility.   

 

2.7.1 Synthesis 

Kojic chloride (1).  To a rapidly stirring suspension of Kojic acid  (10 g, 70.4 mmol) 

in CH2Cl2 (250 mL) at rt was added thionyl chloride (5.91 mL, 81 mmol), dropwise over the 

course of 25 min.  Throughout the addition, the suspension tends to clump.  When clumping 

occurred, the addition was paused to allow the solution to return to homogeneity.  After 4 h of 

stirring, the suspension was filtered, and the solids were recrystallized from EtOH to afford 
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kojic chloride as white needles in 91% yield.  1H NMR (400 MHz, DMSO-d6): δ 8.12 (s, 1H), 

6.56 (s, 1H), 4.65 (s, 2H).  ESI-MS Experimental: 159.14.  Calculated for [C6H6ClO3]+: 159.99 

Allomaltol (2).  1 (10 g, 62.3 mmol) and water (75 mL) were added to a 250 mL flask 

and stirred at 40 ºC.  Zinc dust (8.14 g, 125 mmol) was added and the reaction was stirred 

vigorously and heated to 60 ºC.  Concentrated HCl (15.4 mL, 187 mmol) was added dropwise 

via an addition funnel over ~30 min.  Effervescing hydrogen gas was observed.  The slurry was 

left to stir for 2-3 h after HCl addition was complete, at which time the excess zinc was removed 

from the pale green reaction by hot filtration.  The filtrate was adjusted to pH 1 and extracted 

with CH2Cl2 3x50 mL.  The extracts were dried over magnesium sulfate and concentrated under 

vacuum, and the product was isolated by silica chromatography in 85% yield.  1H NMR (400 

MHz, Acetone-d6): δ 7.82 (s, 1H), 6.21 (s, 1H), 2.28 (d, J = 0.5 Hz, 3H).  ESI-MS Experimental: 

125.22.  Calculated for [C6H5O3]-: 125.03 

3-(Benzyloxy)-2-(hydroxymethyl)-6-methyl-4H-pyran-4-one (3).  Allomaltol (1.261 

g, 10 mmol) was added to a solution of NaOH (0.44 g, 11 mmol) in water (60 mL) and the 

mixture was cooled to 0 ºC.  Formaldehyde (1.64 mL, 22.0 mmol) was added dropwise.  The 

mixture was stirred and allowed to warm to room temperature after addition of formaldehyde.  

A solid began to appear after 1.5 h.  MeOH (30 mL) was added and the mixture was left stirring 

overnight.  The mixture was then heated to 40 ºC to effect dissolution of all insoluble solids.  

Benzyl bromide (1.30 mL, 10.9 mmol) and tetra-N-butylammonium chloride (69 mg, 0.25 

mmol) were added and the mixture was heated to reflux for 3.5 h.  The solution was then cooled 

and the pH of the solution adjusted to pH = 1.  A solution of sodium hydroxide (0.25 g) in 10 

mL water was added.  Benzyl bromide (0.2 mL) was added and the mixture was heated to reflux 

for 1.5 h.  The pH of the solution was found to be ~12.5.  The solution was then cooled to room 
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temperature and MeOH was removed by evaporation under vacuum.  The reaction mixture was 

then further cooled to 0 ºC and extracted with CH2Cl2 3×100 mL.  The CH2Cl2 fractions were 

washed with brine and dried over magnesium sulfate and evaporated yielding a red oil.  The oil 

was taken up in hot ethyl acetate and dissolved.  The solution was then cooled slowly with 

stirring to room temperature.  A solid appeared.  The mixture was then cooled in an ice-bath 

for one h and the solids were isolated by vacuum filtration to yield 3 as a white solid in 51% 

yield (1.28 g, 5.11 mmol).  1H NMR (400 MHz, DMSO-d6) δ 7.42 – 7.29 (m, 5H), 6.26 (d, J = 

0.8 Hz, 1H), 5.45 (s, 1H), 4.99 (s, 2H), 4.24 (d, J = 5.2 Hz, 2H), 2.25 (s, 3H). 

3-(Benzyloxy)-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (4).  In a 250 mL round 

bottom flask, 3-(benzyloxy)-2-(hydroxymethyl)-6-methyl-4H-pyran-4-one (1) (3 g, 12.18 

mmol) was dissolved and stirred in CH2Cl2 (15 mL).  A solution of sodium bicarbonate (2.56 

g, 30.5 mmol) and potassium bromide (0.14 g, 1.21 mmol) in water (5.00 mL) was added and 

the reaction mixture was stirred in an ice bath at 0 ºC.  TEMPO (19 mg, 0.12 mmol) and tetra-

N-butylammonium chloride (0.16 g, 0.60 mmol) were added.  A solution of 4.7% sodium 

hypochlorite (19.9 mL, 14.6 mmol) was added dropwise over 30 min, maintaining the internal 

temperature of the reaction below 7 ºC.  The pH of the solution was checked, and had lowered 

to ~6.  Sodium bicarbonate (4 g) was added and the pH rose to 7.5.  TLC analysis showed that 

all the starting alcohol had converted to the aldehyde.  A 4.7% solution of sodium hypochlorite 

(19.9 mL, 14.6 mmol) was added dropwise again over 20 min, maintaining ice bath 

temperatures.  One drop of solution was tested in KI in acetic acid.  The solution turned yellow 

indicated that little hypochlorite remained.  2.5 h after the start of the experiment, the two phases 

were separated.  The aqueous layer was mixed with a solution of sodium thiosulfate (1 g) in 

water (2 mL) to remove residual sodium hypochlorite.  The solution was evaporated under 
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vacuum for 5 min to remove any residual organic solvent, and was then acidified to pH=1 while 

stirring in the ice bath with concentrated HCl.  A white precipitate formed, which was isolated 

after 1 h of cooling in the ice bath.  The white solid was washed with cool water and dried to a 

constant weight to yield 4 (2.11 g, 8.1 mmol) in 67% yield.  1H NMR (400 MHz, DMSO-d6) δ 

7.42 (d, J = 7.3 Hz, 2H), 7.33 (ddd, J = 9.4, 7.5, 3.7 Hz, 3H), 6.39 (s, 1H), 5.08 (s, 2H), 2.27 (s, 

3H). 

3-Hydroxy-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (A10):  In a 50 mL RBF 3-

(benzyloxy)-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (100 mg, 0.38 mmol) was dissolved 

in a 5:5:1 mixture of Hydrochloric Acid, 37% (5 mL), Acetic Acid (5 mL), and TFA (1 mL).  

The mixture was stirred overnight at rt.  Upon deprotection, the reaction was dried under 

vacuum and the residue purified by reverse phase chromatography (C18) eluting with a water- 

MeOH system to yield A10 as a white solid in 89% yield.  1H NMR (400 MHz, DMSO-d6) δ 

6.34 (s, 1H), 2.28 (s, 3H). 

3-(Benzyloxy)-N,6-dimethyl-4-oxo-4H-pyran-2-carboxamide (5):  To 3-

(benzyloxy)-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (200 mg, 0.76 mmol) in CH2Cl2 (15 

mL) was added EDC (177 mg, 0.92 mmol), HOBt (141 mg, 0.92 mmol), and N,N-

dimethylpyridin-4-amine (9 mg, 0.07 mmol) and the mixture was stirred for 15 min.  

Methylamine (0.57 mL, 1.15 mmol) was then added, and the reaction was stirred overnight.  

Upon completion, the reaction was washed with saturated sodium bicarbonate, and the organic 

portions were dried under vacuum.  The resulting solid was purified by silica column 

chromatography yielding the desired product in 70% yield.  1H NMR (400 MHz, Acetone-d6) 

δ 7.90 (s, 1H), 7.51 – 7.45 (m, 2H), 7.37 (ddd, J = 8.4, 7.7, 3.8 Hz, 3H), 6.27 (d, J = 0.6 Hz, 

1H), 5.31 (s, 2H), 2.80 (d, J = 4.8 Hz, 3H), 2.29 (d, J = 0.5 Hz, 3H). 
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3-Hydroxy-N,6-dimethyl-4-oxo-4H-pyran-2-carboxamide (A12):  3-(benzyloxy)-

N,6-dimethyl-4-oxo-4H-pyran-2-carboxamide (140 mg, 0.512 mmol) was stirred in a 5:5:1 

mixture (11 mL) of HCl, HOAc, and TFA overnight.  Upon deprotection, the acids were 

evaporated under vacuum and co-evaporated with MeOH twice to yield A12 as a white solid in 

quantitative yields.  1H NMR (400 MHz, CD3OD) δ 6.37 (s, 1H), 2.94 (s, 3H), 2.40 (s, 3H). 

Ethyl 3,3-diethoxy-6-methyl-4-oxo-3,4-dihydro-2H-pyran-5-carboxylate (8):  To a 

suspension of sodium hydride (0.33 g, 8.3 mmol) in dry THF (25 mL) was added tert-butyl 

acetoacetate (1.1 mL, 8.3 mmol) dropwise over 10 min.  Dry 4-nitrophenyl-3-bromo-2,2-

diethoxypropanoate (1.5 g, 4.2 mmol) in dry THF (10 mL) was added dropwise over 15 min to 

the stirring mixture at room temperature.  Upon addition, the mixture was stirred for 15 min.  

After stirring, the reaction was heated to reflux for 4 h.  The reaction turned orange and some 

precipitate formed.  After removal of solvent, water (50 mL) was added to the residue and 

mixture was immediately extracted with chloroform, 3×50 mL, and dried over MgSO4 and 

concentrated.  The residue was purified by column chromatography, eluting between 10 and 

20% ethyl acetate in hexanes affording 8 in 61% yield.  1H NMR (400 MHz, CDCl3) δ 4.31 (s, 

2H), 3.69 – 3.50 (m, 4H), 2.16 (s, 3H), 1.50 (s, 9H), 1.20 (t, J = 7.1 Hz, 6H). 

3,3-Diethoxy-6-methyl-4-oxo-3,4-dihydro-2H-pyran-5-carboxylic acid (9):  To a 

solution of tert-butyl 3,3-diethoxy-6-methyl-4-oxo-3,4-dihydro-2H-pyran-5-carboxylate (1.1 g, 

3.66 mmol) in CH2Cl2 (50 mL) was added TFA (2.82 mL, 36.6 mmol).  The mixture was stirred 

at rt for 30 min.  The mixture was washed once with water and twice with brine.  After drying 

over MgSO4, the organic portions were concentrated under vacuum to afford a pure, yellow 

solid in quantitative yields.  1H NMR (400 MHz, CDCl3) δ 4.47 (s, 2H), 3.64 (dd, J = 14.0, 7.0 

Hz, 3H), 2.67 (s, 3H), 1.23 (t, J = 7.1 Hz, 6H). 
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5-Hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxylic acid (A13):  3,3-diethoxy-6-

methyl-4-oxo-3,4-dihydro-2H-pyran-5-carboxylic acid (9) was stirred in a 1:10 mixture of 

water and formic acid, and was heated to 80 ºC for 12 h.  The reaction was then evaporated to 

dryness under vacuum, and the residue purified by reverse phase (C18) chromatography to yield 

A13 as a white solid in 61% yield.  1H NMR (400 MHz, DMSO-d6) δ 6.34 (s, 1H), 2.28 (s, 3H). 

3,3-Diethoxy-N,6-dimethyl-4-oxo-3,4-dihydro-2H-pyran-5-carboxamide (10):  To 

a solution of 3,3-diethoxy-6-methyl-4-oxo-3,4-dihydro-2H-pyran-5-carboxylic acid (5) (200 

mg, 0.769 mmol) in CH2Cl2 (15 mL) was added EDC (180 mg, 0.92 mmol), HOBt (140 mg, 

0.92 mmol), and N,N-dimethylpyridin-4-amine (9 mg, 0.07 mmol) and the mixture was stirred 

for 15 min.  Methylamine (0.57 mL, 1.15 mmol) was then added, and the reaction was stirred 

overnight.  Upon completion, the reaction was washed with saturated sodium bicarbonate, and 

the organics were dried under vacuum.  The resulting solid was purified by silica column 

chromatography yielding 10 in 48% yield.  1H NMR (400 MHz, CDCl3) δ 4.19 (s, 2H), 3.77 – 

3.59 (m, 4H), 3.11 (d, J = 5.1 Hz, 3H), 2.52 (s, 2H), 1.21 (t, J = 7.1 Hz, 6H). 

5-Hydroxy-N,2-dimethyl-4-oxo-4H-pyran-3-carboxamide (A14):  3,3-diethoxy-

N,6-dimethyl-4-oxo-3,4-dihydro-2H-pyran-5-carboxamide (40 mg, 0.155 mmol) was stirred in 

formic acid/water (5 mL/0.5 mL) at 80 ºC for 2 h.  The mixture was then diluted with CH2Cl2, 

washed with brine, and dried over magnesium sulfate.  The organic portion was then 

concentrated, and the product was isolated by recrystallization from CH2Cl2/hexanes affording 

A14 in 44% yield.  1H NMR (400 MHz, CD3OD) δ 7.25 (s, 1H), 3.23 (s, 3H), 2.68 (s, 3H). 

Diethyl 2-(((3-methoxyphenyl)amino)methylene)malonate (11).  In a 50 mL RBF, 

diethyl 2-(ethoxymethylene)malonate (7.16 mL, 35.4 mmol) and aniline (2.94 mL, 32.2 

mmol) were heated with stirring at 100 ºC for 4 h.  Upon consumption of aniline by TLC, the 
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reaction mixture was cooled to 60 ºC and 20 mL of hexanes were added.  The hexanes 

mixture was further heated at 60 ºC to ensure complete dissolution, and the mixture was then 

placed in a freezer to induce crystallization of the product.  The solids were allowed to warm 

to room temperature, and were then filtered and washed with hexanes affording 11 as white 

solids in quantitative yields.  1H NMR (400 MHz, CDCl3) δ 10.84 (d, J = 12.9 Hz), 8.52 (d, J 

= 13.7 Hz), 7.32 (t, J = 8.1 Hz), 6.97 – 6.87 (m), 6.80 – 6.72 (m), 4.24 (d, J = 7.1 Hz), 4.16 (d, 

J = 7.1 Hz), 3.85 (s), 1.29 (dt, J = 10.2, 7.1 Hz). 

Ethyl 5-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylate (12).  Compound 11 

was dissolved in diphenyl ether (25 mL) in a nitrogen atmosphere.  The reaction was heated to 

near reflux (~250º C) with the aid of a heating mantle for 24 h without a condenser.  After 24 

h, the reaction was cooled to rt and diluted with 25 mL of hexanes.  The diluted mixture was 

allowed to crystalize overnight at -20 ºC.  Solids were washed with hexanes and dried, affording 

the product as a white solid in 40% yield.  1H NMR (400 MHz, DMSO-d6) δ 8.45 (d, J = 18.2 

Hz, 1H), 8.03 (d, J = 9.4 Hz, 1H), 6.99 (d, J = 7.9 Hz, 2H), 4.18 (q, J = 7.1 Hz, 2H), 3.85 (s, 

3H), 1.26 (dd, J = 6.7, 3.6 Hz, 3H). 

Ethyl 5-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylate (B8):  Ethyl 5-

methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylate (12) (1.5 g, 6.72 mmol) was stirred in 60 

mL of a 1:1 mixture of THF:4% KOH for 18 h under nitrogen, after which time organic solvents 

were evaporated under vacuum.  The resulting aqueous solution was acidified to pH<2 with 4M 

HCl, resulting in a white precipitate which was collected by filtration in 69% yield.  1H NMR 

(400 MHz, DMSO-d6) δ 8.82 (s, 1H), 8.18 (d, J = 9.7 Hz, 1H), 7.22 – 7.16 (m, 2H), 3.90 (s, 

3H). 
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5-Hydroxy-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (B7):  In a flame-dried 

RBF was dissolved 5-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (B8) (300 mg, 

1.37 mmol) in toluene (20 mL) and the solution was cooled to -78 ºC.  BBr3 (9.58 mL, 9.58 

mmol) was added dropwise, and the reaction was stirred at -78 ºC for 30 min, after which time 

the reaction was allowed to warm slowly to room temperature and stir for 30 min.  The mixture 

was then heated to reflux for 12-18 h.  The mixture was then cooled to RT and quenched by the 

slow addition of MeOH.  After quenching, the mixture was evaporated under vacuum and co-

evaporated with MeOH several times.  The resulting solid was further purified by reverse phase 

(C18) chromatography affording B7 in 41% yield.  1H NMR (400 MHz, DMSO-d6) δ 10.89 (s, 

1H), 8.73 (d, J = 6.7 Hz, 1H), 8.11 (d, J = 8.8 Hz, 1H), 7.21 – 7.14 (m, 2H). 

Ethyl 3-hydroxy-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylate (13).  Sodium 

diethyloxylacetate (1.14 g, 5.4 mmol) was dissolved in THF (30 mL).  Chloroacetone (0.60 g, 

6.51 mmol) was added to the stirring solution.  Upon stirring for 10 min, saturated ammonia 

(32 mL, 16 mmol) solution was added and AlCl3·6H2O (0.13 g, 0.54 mmol) was then carefully 

added.  The reaction was stirred under nitrogen for 5 d over which time the reaction turned a 

bright orange and an orange precipitate appeared.  The resulting orange solid was filtered and 

taken up in 1M HCl and stirred for 30 min.  The suspension was then filtered and rinsed with 

distilled water and crystalized from hot EtOH to afford 13 in 25-31% yield.  1H NMR (400 

MHz, CD3OD):  δ 6.21 (s, 1H), 4.31 (q, J = 7.0 Hz, 2H), 2.34 (s, 3H), 1.20 (dd, J = 15.5, 8.0 

Hz, 3H).  ESI-MS Experimental:  198.  Calculated for [C9H12NO4]+:  198.20. 

Ethyl 3-(benzyloxy)-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylate (14).  

Ethyl 3-hydroxy-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylate (1.0 g, 5.1 mmol) and 

potassium carbonate (0.77 g, 5.6 mmol) were dissolved in water (60 mL) with the aid of 
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sonication.  To this solution was added a solution of benzyl bromide (0.66 mL, 5.6 mmol) in 

CH2Cl2 (50 mL).  Tetrabutylammonium chloride, hydrate (0.75 g, 2.5 mmol) was added as a 

phase transfer catalyst for the reaction.  The solution was stirred at 40 ºC overnight, and when 

the reaction was complete by TLC, the two layers were separated.  The aqueous layer was 

washed twice with CH2Cl2 and all organic portions were combined and dried, then concentrated 

under vacuum.  The resulting solid was purified by column chromatography affording 14 in 

62% yield.  1H NMR (400 MHz, DMSO-d6):  δ 7.56 – 7.48 (m, 2H), 7.32 (dt, J = 8.5, 6.9 Hz, 

3H), 6.18 (s, 1H), 5.26 (s, 2H), 4.28 (q, J = 7.1 Hz, 2H), 2.34 (s, 3H), 1.27 (dd, J = 15.1, 8.0 Hz, 

3H).  ESI-MS Experimental:  288.  Calculated for [C16H18NO4]+:  288.32. 

3-(Benzyloxy)-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylic acid (15).  Ethyl 

3-(benzyloxy)-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylate was stirred in 60 mL of a 1:1 

mixture of THF:4% KOH overnight under nitrogen, after which time organic solvents were 

evaporated under vacuum.  The resulting aqueous solution was acidified to pH <2 with 4M 

HCl, resulting in 15 as a white precipitate which was collected by filtration in 94% yield.  1H 

NMR (400 MHz, DMSO-d6):  δ 7.52 (d, J = 7.3 Hz, 2H), 7.39 – 7.29 (m, 3H), 6.12 (s, 1H), 

5.35 (s, 2H), 2.29 (s, 3H).  ESI-MS Experimental:  260.  Calculated for [C14H13NO4]+:  260.26. 

3-Hydroxy-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylic acid (B11).  3-

(Benzyloxy)-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylic acid (15) was dissolved in a 

5:5:1 mixture of hydrochloric acid, 37% (5 mL), acetic acid (5 mL), and TFA (1 mL).  The 

mixture was stirred overnight at room temperature.  Upon full deprotection as evidence by silica 

TLC and FeCl3 stain analysis, the reaction was dried under vacuum and the residue purified by 

C18 chromatography eluting with a water-MeOH system to yield B11 as a white solid in 95% 
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yield.  1H NMR (400 MHz, DMSO-d6):  δ 6.39 (s, 1H), 2.21 (s, 3H) HR-ESI-MS Experimental: 

168.0303.  Calculated for [C7H6NO4]-: 168.0302.  Δ =  0.6 ppm. 

3-(Benzyloxy)-N,6-dimethyl-2-oxo-1,2-dihydropyridine-4-carboxamide (16).  3-

(Benzyloxy)-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylic acid (250 mg, 0.96 mmol) was 

dissolved and stirred in DMF (25 mL) in a round bottom flask.  Triethylamine (0.20 mL, 1.4 

mmol) and HATU (550 mg, 1.4 mmol) were added and stirred for 10 min.  Methylamine (0.72 

mL, 1.4 mmol) was then added and the reaction was stirred overnight under nitrogen at 55 ºC.  

Upon completion, all solvents were removed under vacuum and the residual solid was 

partitioned between ethyl acetate and saturated bicarbonate solution.  The organic layer was 

separated, and the aqueous layer was washed once with ethyl acetate.  The combined organics 

were dried and further purified by silica chromatography to yield the product as a white solid, 

83% yield.  1H NMR (400 MHz, DMSO-d6):  δ 7.32 (d, J = 7.8 Hz, 5H), 6.24 (s, 1H), 5.21 (s, 

2H), 2.74 (s, 3H), 2.22 (s, 3H).  ESI-MS Experimental:  273.  Calculated for [C15H17N2O3]+:  

273.30. 

3-Hydroxy-N,6-dimethyl-2-oxo-1,2-dihydropyridine-4-carboxamide (B12).  3-

(Benzyloxy)-N,6-dimethyl-2-oxo-1,2-dihydropyridine-4-carboxamide) was dissolved in a 

5:5:1 mixture of hydrochloric acid, 37% (5 mL), acetic acid (5 mL), and TFA (1 mL) and was 

stirred for 12 h under nitrogen at 40 ºC.  Upon deprotection, all solvent acid was removed, and 

the resulting solid was co-evaporated exhaustively with MeOH.  Resultant solids were 

confirmed as pure B12 in quantitative yield.  1H NMR (400 MHz, DMSO-d6):  δ 11.79 (s, 1H), 

8.35 (d, J = 4.7 Hz, 1H), 6.22 (s, 1H), 2.76 (d, J = 4.7 Hz, 3H), 2.07 (d, J = 0.8 Hz, 3H).  HR-

ESI-MS Experimental: 181.0620.  Calculated for [C8H9N2O3]-: 181.0620.  Δ =  0.0 ppm. 
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Methyl 3-acetamidopicolinate (17).  Methyl 3-aminopicolinate (700 µl, 5.41 mmol) 

was stirred in acetic anhydride (5.1 mL, 54.1 mmol) neat for 4-6 h at 55 ºC.  Upon completion 

of the acetylation reaction, as indicated by TLC analysis and ninhydrin staining, the reaction 

mixture was concentrated to dryness under high vacuum.  The residual solids were taken up in 

CH2Cl2, washed once with saturated sodium bicarbonate, dried over magnesium sulfate, and 

concentrated to afford 50 as an off-white solid in 92% yield.  1H NMR (400 MHz, CD3OD):  δ 

8.72 (s, 1H), 8.46 (s, 1H), 7.92 (s, 1H), 3.74 (s, 3H), 2.28 (s, 3H).  ESI-MS Experimental:  

195.44.  Calculated for [C9H11N2O3]+:  195.20. 

3-Hydroxy-2-methylpyrido[3,2-d]pyrimidin-4(3H)-one (B20).  Potassium hydroxide 

(1.6 g, 29.4 mmol) and hydroxylamine hydrochloride (1 g, 14.7 mmol) were taken up in MeOH 

(10 mL) in a 35 mL microwave reaction vessel and were stirred at room temperature.  This 

reaction was highly exothermic.  After the hydrochloride salt had been neutralized and the 

temperature of the reaction cooled to < 40 ºC, methyl 3-acetamidopicolinate (950 mg, 4.9 

mmol) was added.  The reaction mixture was then irradiated at 120 ºC for 15 min in a 

microwave reactor with stirring.  Upon cooling to room temperature, acetic acid was used to 

acidify the mixture to pH ~4 and the mixture was concentrated to dryness under vacuum.  The 

residual solids were then purified by C18 chromatography to afford 3-Hydroxy-2-

methylpyrido[3,2-d]pyrimidin-4(3H)-one as a pink solid in 46% yield.  1H NMR (400 MHz, 

CD3OD):  δ 8.74 (d, J = 1.5 Hz), 8.03 (dd, J = 8.4, 1.5 Hz), 7.76 (dd, J = 8.4, 4.3 Hz), 2.52 (s).  

ESI-MS Experimental:  176.21.  Calculated for [C8H6N3O2]-:  177.16.  HR-ESI-MS 

Experimental: 176.0466.  Calculated for [C7H5O5]-: 176.0466.  Δ = 0.0 ppm. 

2-Bromo-3-carboxypyridine 1-oxide (18): 2-bromonicotinic acid (1 g, 4.95 mmol) 

was dissolved in TFA (25 mL) followed by the addition of hydrogen  peroxide (10.11 mL, 99 
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mmol) and the mixture was heated to 40 ºC for 3 days.  The solvent was then removed and the 

residue co-evaporated several times with MeOH.  The product was not soluble in MeOH, and 

so was isolated by filtration to afford 21 as a brown powder, 42% yield.  1H NMR (400 MHz, 

DMSO-d6) δ 8.57 – 8.50 (m, 1H), 7.58 – 7.43 (m, 2H). 

1-Hydroxy-2-thioxo-1,2-dihydropyridine-3-carboxylic acid (D8): 2-bromo-3-

carboxypyridine 1-oxide (300 mg, 1.38 mmol) was combined with water (10 mL) and NaSH 

(sat.  aq.) (10 mL, 6.88 mmol) and was stirred at RT for 2 h.  The reaction was monitored by 

TLC.  After consumption of starting material, the solution was acidified with 6M HCl.  The 

cloudy mixture was then extracted 3×50 mL ethyl acetate.  The combined organic fractions 

were dried and concentrated, then purified by silica column, 5% MeOH in CH2Cl2 mobile 

phase, to afford D8 in 35% yield.  1H NMR (400 MHz, DMSO-d6) δ 8.69 (d, J = 5.8 Hz, 1H), 

8.11 (d, J = 6.9 Hz, 1H), 7.03 (t, J = 7.1 Hz, 1H). 

5-Hydroxy-4-methoxy-2-methylpyrylium, Triflic acid-salt (19).  To a solution of 5-

hydroxy-2-methyl-4H-pyran-4-one (1.3 g, 10.3 mmol) in CH2Cl2 (15 mL) and chloroform (10 

mL) was added methyl trifluoromethanesulfonate (1.75 mL, 15.6 mmol).  The reaction mixture 

was heated to reflux and stirred for 4-6 h, cooled to room temperature, and evaporated under 

vacuum to yield an orange-to-yellow oil.  Crystallization of the oil from minimal ethyl acetate 

at -20 ºC afforded a colorless solid in 83% yield.  1H NMR (400 MHz, DMSO-d6) δ 8.98 (s, 

1H), 7.91 (s, 1H), 4.28 – 4.20 (m, 3H), 2.72 (d, J = 3.4 Hz, 3H). 

Ethyl 3-methoxy-5-methyl-2-oxo-8-oxabicyclo[3.2.1]octa-3,6-diene-6-carboxylate 

(20).  A solution of 5-hydroxy-4-methoxy-2-methylpyrylium, Triflic acid-salt (19) (400 mg, 

1.378 mmol) and ethyl propiolate (2.09 mL, 20.6 mmol) in chloroform (1.5 mL) was prepared 

in a microwave  vessel.  To this solution was added N-ethyl-N-isopropylpropan-2-amine (0.289 
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mL, 1.65 mmol).  The reaction was then irradiated at 100ºC for 15 min.  After cooling to room 

temperature, the mixture was evaporated under vacuum to afford an oil, which was purified via 

column chromatography in ~15% ethyl acetate in hexanes eluting system.  This afforded 20 as 

a light yellow solid, 82% yield.  1H NMR (400 MHz, Acetone-d6) δ 7.21 (d, J = 2.5 Hz, 1H), 

6.27 (s, 1H), 4.97 (d, J = 2.5 Hz, 1H), 4.23 (q, J = 7.1 Hz, 2H), 3.52 (s, 3H), 1.70 (s, 3H), 1.29 

(t, J = 7.1 Hz, 3H). 

Ethyl 6-hydroxy-4-methoxy-2-methyl-5-oxocyclohepta-1,3,6-triene-1-carboxylate 

(21).  A solution of boron trichloride (6.70 mL, 6.70 mmol) (1.0 M in CH2Cl2) was diluted in 

dry CH2Cl2 in a flame-dried flask, and cooled to 0 ºC.  In a separate dry flask, ethyl 3-methoxy-

5-methyl-2-oxo-8-oxabicyclo[3.2.1]octa-3,6-diene-6-carboxylate (22 mg, 0.95 mmol) was 

dissolved in dry CH2Cl2, cooled to 0 ºC, and transferred via cannula to the BCl3 solution.  After 

15 min of stirring at 0 ºC, the reaction was warmed to room temperature and quenched by the 

addition of 50 mL of water, and stirred for an additional 30 min.  The organic layer was isolated, 

and the aqueous layer was extracted thrice with CH2Cl2 and twice with ethyl acetate.  The 

combined organics were dried and concentrated.  The resulting solid was purified by silica 

column, affording 21 as a white solid.  1H NMR (400 MHz, CD3OD) δ 7.52 (s, 1H), 7.25 (s, 

1H), 4.02 (s, 3H), 3.91 (s, 2H), 2.53 (s, 3H). 

6-Hydroxy-4-methoxy-2-methyl-5-oxocyclohepta-1,3,6-triene-1-carboxylic acid 

(E5).  Ethyl 6-hydroxy-4-methoxy-2-methyl-5-oxocyclohepta-1,3,6-triene-1-carboxylate was 

dissolved in a 1:1:1 mixture of 4% KOH, MeOH, and THF.  The mixture was stirred at room 

temperature overnight.  The following morning, the organics were evaporated under reduced 

pressure, and the resulting aqueous solution was acidified to pH=1 with 4M HCl.  A white 
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precipitate formed and was isolated by filtration to afford E5 in 54% yield.  1H NMR (400 MHz, 

CD3OD) δ 7.58 (s, 1H), 7.29 (s, 1H), 4.02 (s, 3H), 2.59 (s, 3H). 

4,6-Dihydroxy-2-methyl-5-oxocyclohepta-1,3,6-triene-1-carboxylic acid (E6): In a 

flame-dried round bottom flask was dissolved 6-hydroxy-4-methoxy-2-methyl-5-

oxocyclohepta-1,3,6-triene-1-carboxylic acid (150 mg, 0.72 mmol) in toluene (20 mL) and the 

solution was cooled to -78 ºC.  BBr3 (5.0 mL, 5.0 mmol) was added dropwise, and the reaction 

was stirred at -78 ºC for 30 min, after which time the reaction was allowed to warm slowly to 

room temperature.  The mixture was then heated to 90 ºC for 6 h.  The mixture was then 

quenched by the slow addition of MeOH.  After quenching, the mixture was evaporated under 

reduced pressure, and co-evaporated several times with MeOH.  The resulting solid was 

purified via reverse phase (C18) chromatography with a water/ MeOH eluting system, affording 

E6 in a 41% yield.  1H NMR (400 MHz, CD3OD) δ 7.62 (s, 1H), 7.44 (s, 1H), 2.53 (s, 3H). 

 2-(4,5-Dihydro-1H-imidazol-2-yl)pyridine (L8) (General Procedure).  A mixture of 

picolinonitrile (230 µl, 2.4 mmol), ethylenediamine (178 µl, 2.64 mmol), and Cobalt Nitrate 

Hexahydrate (70 mg, 0.24 mmol) was stirred neat in a microwave vessel and irradiated at 125 

ºC for 1 h.  The resulting mixture was then taken up in ethyl acetate, filtered, and concentrated 

under vacuum.  The oily residue was then purified by silica column chromatography to afford 

L8 as a white solid, 59% yield.  1H NMR (400 MHz, CD3OD) δ 8.60 (d, J = 4.7 Hz, 1H), 7.99 

(d, J = 7.9 Hz, 1H), 7.86 (td, J = 7.8, 1.6 Hz, 1H), 7.46 (ddd, J = 7.5, 4.9, 1.1 Hz, 1H), 3.79 (s, 

4H). 

2-(Pyridin-2-yl)-4,5-dihydrooxazole (L9).  Compound L9 was prepared similar to L8.  

Purification yielded a yellow oil, 21% yield.  1H NMR (400 MHz, CD3OD) δ 8.63 (d, J = 4.5 
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Hz, 1H), 8.08 – 7.87 (m, 2H), 7.54 (dd, J = 6.9, 5.4 Hz, 1H), 4.55 (t, J = 9.7 Hz, 2H), 4.08 (t, J 

= 9.7 Hz, 2H). 

2-(Pyridin-2-yl)benzo[d]thiazole (L12).  Compound L12 was prepared similar to L8.  

Purification yielded a light yellow solid, 66% yield.  1H NMR (400 MHz, CDCl3) δ 7.16 (t, J 

= 7.0 Hz, 2H), 6.71 (d, J = 8.3 Hz, 1H), 6.59 (t, J = 7.5 Hz, 1H). 

 

2.7.2 Absorbance and Fluorescence Assays 

Absorbance spectra were measured in clear-bottom Costar 96-well plates, each well 

containing a total volume of 100 μL comprised of 50 mM HEPES (pH = 7.5) buffer and 200 

µM MBP fragment.  Absorbance was read on an HT Synergy plate reader at intervals of 10 nm 

from 300-700 nm.   

Fluorescence analyses were carried out in black Costar 96-well plates.  Each well 

contained a total volume of 100 μL comprised of 50 mM HEPES pH=7.5 buffer and 200 µM 

MBP fragment.  Fluorescence was read on the HT Synergy plate reader at various combinations 

of excitation and emission wavelengths based on commonly used fluorophore 

excitation/emission pairs, specifically every permutation of the following:  excitation (360 nm, 

485 nm, 530 nm, 590 nm); emission (460 nm, 528 nm, 590 nm, 645 nm); gain=75.  As a control, 

fully activated MMP substrate (fluorogenic MMP substrate, OmniMMP [4 μM, Mca-Pro-Leu-

Gly-Leu-Dpa-Ala-Arg-NH3
+CH3COO-, ENZO Life Sciences]) was included in each screening 

assay at various concentrations relevant to assay conditions (evaluated at 360/460 nm 

excitation/emission).  This provided realistic signal level with regards to actual enzymatic 

activity assays with which to compare fragment fluorescence.   
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2.7.3 hCAII and MMP-2 Assay Protocols 

The hCAII assay was carried out in clear-bottom Costar 96-well plates, each well 

containing a total volume of 100 μL comprised of:  buffer (50mM HEPES, pH=8.0), hCAII 

(100nM), inhibitor (200 μM) in buffer with 5% DMSO, and PNPA (500 μM).  The enzyme in 

buffer was incubated with the inhibitor for 10 min at 30 ºC prior to the addition of the substrate.  

Upon addition of PNPA, the change in absorbance (405 nm) was measured every 60 sec for 20 

min.  The negative control wells contained no inhibitor, and were set as an arbitrary 100% 

activity.  To account for the autohydrolysis of PNPA in the buffer—which has been known to 

be exacerbated by some library fragments—absorbance readings from background wells 

(containing no protein) were subtracted from all other wells.  To account for interference 

potentially caused by any individual fragment, each fragment was incubated with all assay 

components excluding protein, and was set as a background for other wells containing the 

specific fragment.  Each assay was performed in duplicate of triplicate, and the results averaged. 

Th MMP-2 assay was carried out in black NUNC 96-well plates with a total volume of 

100 μL comprised of: buffer (50 mM HEPES, 10 mM CaCl2, 0.05% Brij-35, pH=7.5), human 

recombinant  MMP-2 (ENZO Life Sciences; 1.16 U), MBP fragment (200µM), and fluorogenic 

MMP substrate (OmniMMP [4 μM, Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH3
+CH3COO-, 

ENZO Life Sciences]).  Briefly, MMP-2 and fragment inhibitor were incubated in buffer 

solution at 37 ºC for 30 min, followed by the addition of the substrate to initiate the reaction.  

The change in fluorescence was monitored for 30 min with excitation and emission wavelengths 

at 328 and 420 nm, respectively.  The negative control wells, containing no inhibitor, were 

arbitrarily set as 100% activity.  MMP activity was defined as the ratio of fluorescence increase 

in the inhibitor wells relative to the negative control wells containing neither fragment nor 
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protein.  To account for any potential interference by MBP fragments, each fragment was 

incubated with all assay component except protein, and was set as a background for other wells 

containing the specific fragment.  Assays were performed in duplicate of triplicate and the 

results given as a percent inhibition, with the positive control (no inhibitor) set as 100% activity. 

 

2.7.4 Other Biochemical Assays 

MBP library compounds were screened at a concentration of 200 µM against each target 

metalloenzyme.  PAN activity assays were performed as detailed in Chapter 3.  Other protein 

activity assays were carried out according to literature protocols or were previously reported, 

as follows:  HIV integrase;35  human carbonic anhydrase II (hCAII);36  human matrix 

metallopeptidase-2 (MMP-2);8  insulin degrading enzyme (IDE);37  human glyoxylase 1 (hGlo-

1);38  New Delhi metallo-β-lactamase-1 (NDM-1);19  RPN-11;18  histone deacetylase-6 (HDAC-

6);39  human arginase 1 (hArg-1);40  human methionine aminopeptidase 1 (hMetAP-1).41 
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Chapter 3:  PAN Endonuclease as a Target for Drug Discovery – Background and 
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3.1 Influenza PAN Endonuclease as a Representative Target for Metalloenzyme Drug 

Discovery  

To explore the utility of the MBP library as a tool for metalloenzyme drug discovery, it 

was necessary to identify a representative target for MBP-FBDD that was of both of clinical 

and academic interest and that was a viable system for in house bioanalytical analysis and 

structural biology studies.  Several classes of metalloenzymes were initially used to study the 

MBP library (see Chapter 2) based on previous inhibitor development work performed in the 

Cohen laboratory.1-4  However,  the influenza PA endonuclease (PAN) was ultimately chosen 

as a representative metalloenzyme target.  To enable a MBP-FBDD campaign, it was necessary 

to first address issues of PAN availability for biochemical and structural characterization, as 

well as develop reliable biochemical and biophysical activity assays to guide lead development.  

Extensive efforts were made to enable in house expression and purification of this protein, and 

crystallization of isolated PAN constructs for use in structural biology (X-ray crystallography) 

experiments was pursued.  Biochemical assays were also optimized from literature procedures 

and new biophysical assays were explored to enable the development of highly active PAN 

inhibitors.  A general introduction to the influenza PA endonuclease, as well as details regarding 

the development of general biochemical, biophysical, and crystallographic methods are 

discussed in depth in the remainder of this chapter.  Synthetic work related to inhibitor 

development is detailed in Chapters 4-6. 

 

3.1.1 The Influenza Virus and RNA Polymerase 

The influenza virus is a respiratory pathogen that is responsible for annual seasonal 

illness.  These epidemics cause substantial morbidity and mortality, particularly for the elderly 
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and other high-risk individuals, and are responsible for a significant financial burden 

worldwide.  While influenza infections themselves are generally not life-threatening, secondary 

opportunistic infection can easily occur in infected individuals, and these infections are the root 

cause of most influenza-related deaths.  Vaccinations can provide significant protection against 

the influenza virus, but must be annually re-administered and often lack efficacy due to rapid 

viral mutation or emergence of pandemic strians.5-6  Rapid mutation and antigenic variation 

also contribute to the advent of resistance to currently available antivirals.7-9  Several small 

molecule influenza antivirals have been approved by the FDA, namely, M2 ion-channel 

blockers and neuraminidase inhibitors.  In addition, two influenza RNA polymerase inhibitors, 

favipiravir and baloxavir marboxil, have recently been approved for use in Japan.10-11  However, 

some of these drugs are limited by viral resistance and a time-dependent effectiveness (i.e., 

duration of time between infection and being treated with the therapeutic).10, 12-15  Considering 

this, there is still a need for the development of new drugs to combat influenza infection. 

The influenza virus belongs to the orthomyxoviridae family that all contain a segmented 

single-stranded negative sense RNA genome.16  Within the viral capsid, each RNA segment 

binds to a single heterotrimeric RNA-dependent RNA polymerase complex, which is comprised 

of three district subunits (PA, PB1, PB2).17-18  The polymerase complex is responsible for viral 

genome replication, but cannot generate the 5′-mRNA cap necessary for eukaryotic 

translation.19-20  In order to transcribe viral RNA (vRNA) into mRNA recognizable by the host 

cell, the polymerase complex sequesters host mRNA which contains a 5′-mRNA cap and then 

cleaves the capped mRNA 8-14 nucleotides downstream.  This capped mRNA fragment then 

serves as a primer for viral transcription, and this mechanism is commonly referred to as ‘cap-

snatching’ (Figure 3.1).20-22  The influenza virus RNA-dependent RNA polymerase, particularly 
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the metal-dependent PA N-terminal endonuclease domain (PAN) of this enzyme, is an attractive 

target for the development of new influenza antivirals, as the PAN endonuclease domain is both 

indispensable for the viral lifecycle and highly conserved among various circulating and historic 

influenza strains. 

 

 

Figure 3.1.  Cap-snatching mechanism employed by the influenza RNA polymerase.  The PB1 
subunit (green) binds the viral RNA genome (green ribbon), while the PB2 subunit (blue) binds 
to the 5′-cap of host mRNA (blue ribbon).  The host mRNA is cleaved by the PAN endonuclease 
subunit (gray) to generate a primer for vRNA translation, which produces the chimeric viral 
mRNA that is ultimately transcribed by the host cell transcriptional machinery to generate new 
viral proteins. 
 

 

3.1.2 PAN Endonuclease Active Site and Structure 

The PA subunit contains two primary sub-domains, with the N-terminal domain (first 

196-202 residues) containing the PAN endonuclease active site and the C-terminal domain 

playing a structural role.  Upon 5′-cap binding of a host mRNA to the PB2 subunit, the 

nucleotide chain is cleaved 8-14 nucleotides downstream of the cap by the viral PAN 

endonuclease domain.20-22  The sequestered, capped RNA segment then serves as a primer for 

viral RNA synthesis by the PB1 domain of the polymerase complex.  Structural studies have 

shown the PAN endonuclease contains a dinuclear metal active site which binds to two Mg2+ or 

Mn2+ cations (Figure 3.2).  Mn2+ is the preferred metalloform both in terms of metal ion binding 

affinity and catalytic activity,20 and is proposed to be the biologically relevant metalloform,23 
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however the large excess of available Mg2+ compared to Mn2+ in a cellular environment makes 

the identification of the biologically relevant metalloform(s) difficult.23 The metal cations are 

bound in a pocket and coordinated by residues His41, Glu80, Asp108, Glu119, and Ile120.20, 24  

MnA coordinates to His41, the backbone carbonyl of Ile120, and the carboxylates of Asp108 

and Glu119, as well as two water molecules in an octahedral geometry.  MnB is likewise 

coordinated by the carboxylate of Asp108 as well as the carboxylate of Glu80 with four bound 

water molecules in an octahedral geometry (Figure 3.2).  A bound water molecule or hydroxide 

anion is the catalytic nucleophile employed in endonucleic hydrolysis of the phosphodiester 

backbone of RNA or DNA, and both metal centers stabilize the transition-state intermediate via 

coordination.  Both metal ions are essential for catalysis and most reported inhibitors PAN 

endonuclease function by coordinating one or both metal ions.25-29 
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Figure 3.2.  Left:  Structure of the influenza A RNA-dependent RNA polymerase heterotrimer 
complex.  The PA subunit is colored The PA subunit is colored yellow (C-terminal domain on 
the left, N-terminal domain on the right), the PB1 subunit is colored green, and PB2 subunit is 
colored blue (PDB 4WSB).  Center:  Structure of the active site of the PA subunit (PDB 5DES).  
Right:  Two-metal phosphodiesterase mechanism of the PAN endonuclease. The activated 
hydroxide anion coordinated to the metal center serves as the nucleophile and the reaction 
proceeds through a standard SN2 mechanism. 
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3.2 Optimization of PAN Endonuclease Expression and Purification 

 To enable enzymatic activity and structural studies of the PAN endonuclease, it was 

necessary to express this protein in-house as commercial sources were prohibitively expensive.  

It was previously known that the PA domain of endonuclease is catalytically active as a 

monomer despite all recognition domains for substrate binding being present on the PB1 and 

PB2 domains.26  It was also found that the structural C-terminal domain of the PA subunit was 

not necessary for catalysis (and directly contributed to the instability of the pure monomer), and 

N-terminal constructs have been widely reported for enzyme activity assays and protein 

crystallography studies.20, 26, 29-30  For these reasons an N-terminal truncated PA construct was 

selected for expression using an E. coli vector.  The construct used for protein expression was 

originally derived from an influenza A (A/California/04/2009) H1N1 clinical isolate which has 

been truncated at residue 196 to remove the C-terminal domain and modified such that PAN 

residues 52-64 were replaced by a single glycine residue, as reported by Kowalinski.25, 31  This 

Δ52-64:Gly modification removes a highly disordered protein loop that engages in protein-

protein interactions with other subunits of the RNA polymerase complex.  Loop removal was 

previously found to produce higher quality protein crystals and improve the solution stability 

of the isolated PAN domain.25, 31   

 

3.2.1 Transformation and Induction Protocol 

The pandemic H1N1 N-terminal PA endonuclease Δ52-64:Gly truncated construct was 

expressed from a pET-28a parent plasmid vector containing a kanamycin-resistance reporter 

gene, with expression inducible by the Lac 1 operon using isopropyl β-D-1-

thiogalactopyranoside (IPTG) as an allolactose surrogate.32,33  The endonuclease construct was 
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expressed with an 8-histidine tag connected with a TEV protease cleavage sequence, to 

facilitate protein isolation from cell lysates by an immobilized metal ion affinity (IMAC) 

column.  This construct was found to express as inclusion bodies in E. coli, which has not been 

previously identified, and attempts to optimize around this limitation were unsuccessful.  As 

such, large growths are required to produce enough endonuclease construct for protein intensive 

experiments, such as DSF and crystallography, although an expression in eukaryotic cell lines 

may allow for more efficient yields by remediation of inclusion bodies. 

A transformation protocol was adapted from pET system manual (Novagen) using 

single competent BL21* cells, with some optimizations.  Briefly, 1µL of 25 ng/µL recombinant 

plasmid was used for transformation.  Cells were mixed by agitating (i.e., flicking of centrifuge 

tube) with plasmid and were treated by heat shock at 42 ºC for 30 s followed by incubation on 

ice for 5 min.  Outgrowth was plated on LB agarose plates contain 50 µg/mL kanamycin and 

was incubated overnight at 37 ºC.  One colony was scraped from the LB plate and added to 50 

mL of SOC broth containing 50 µg/mL kanamycin and was incubated for 5 h at 37 ºC with 

shaking at 125 rpm.  Glycerol stocks of this culture were prepared (0.9 mL cultured media + 

0.1 mL 80% glycerol) and flash frozen for future expressions.  250 mL of SOC media 

containing 50 µg/mL kanamycin was combined with 1 mL frozen glycerol stock or 1 mL the 

previously mentioned 5 h growth and was incubated with shaking at 100-125 rpm overnight at 

23 ºC as a starter culture.  This starter culture was then equally divided into 9×1L batches of 

expression media (TB media with added 0.2% dextrose, 0.1 mM MnCl2, and 0.1 mM MgSO4) 

containing 50 µg/mL kanamycin.  Cells were grown to the beginning of log phase (OD600 = 

between 0.4-0.6) at 23 ºC with shaking at 100-125 rpm.  Expression of PAN endonuclease was 

then induced by the addition of IPTG to a final concentration of 0.1 mM.  A wide range of IPTG 
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concentrations were explored, and generally lower concentrations (0.05-0.2 mM) resulted in 

diminished inclusion body formation, good cell viability, and acceptable yields.  Even at 0.05 

mM IPTG, inclusion bodies were observed.  Trials of higher concentrations of IPTG (>0.5mM) 

resulted in low cell growth and poor yields, presumably due to genotoxicity of high levels of 

expression of indiscriminate endonuclease.  Exploration of early induction (OD600 <0.4) or late 

induction (OD600 = 0.8-1.2) did not result in better overall yields.  Early induction resulted in 

poor cell growth, likely due in part to the inherent toxicity of indiscriminate endonucleases such 

as PAN.  Late induction, however, was tolerated but resulted in some loss to final protein yields.  

Induced cell culture media was grown with shaking overnight at ~18 ºC.  After approximately 

18 h the cells were harvested by centrifuging at 2000g for 30 min at 4 ºC.  The resulting paste 

was stored at -80 ºC prior to lysis. 

 

3.2.2 Protein Purification Protocol 

Purification protocols were adapted from previous reports,32,33 as follows:  Cell paste 

was thawed in batches on ice for 2 h and re-suspended in 25-35 mL of lysis buffer (20 mM 

Na2PO4, 500 mM NaCl, 25 mM imidazole, 1 mM MgCl2, 2 mM dithiothreitol (DTT), 0.2% 

Triton-X, pH=7.4) plus EDTA free protease inhibitor (~1:1 mixture of pellet and lysis buffer) 

and lysozyme (1-10 mg) and was lysed with the aid of a bath sonicator for 8 cycles (1 min 

sonication with 1 min rest period on ice).  As opposed to literature reports, a combination of 

lysozyme- and detergent-based cell lysis with low intensity sonication (as opposed to high 

intensity probe sonication or other methods)32,33 was found to improve protein stability and 

overall yields.  To the cell lysates was added DNAse-1 to a final concentration of 10-100 

µg/mL, and the lysates were shaken at 125 rpm for 15-30 min on ice until the consistency of 
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the lysate became free-flowing.  Cell debris was then pelleted by centrifugation at 10000 rpm 

35-45 min at 4 ºC.  The supernatant was decanted from the pellet, and a HisTrap HP (Pharmacia) 

IMAC column was utilized to isolate His-tagged protein from the cell lysates according to the 

manufacturer’s recommendations.  Briefly, cell-free lysates from 3-4 L of growth were loaded 

on 1×5 mL column that had previously been charged with Ni ions.  The column was then 

washed with binding buffer (20 mM Na2PO4, 500 mM NaCl, 25 mM imidazole, pH=7.4) until 

fraction absorbance reached a steady baseline.  Tagged protein was then eluted over a 45 min 

gradient at a flow rate of 4 mL/min, from 0-100% elution buffer (20 mM Na2PO4, 500 mM 

NaCl, 500 mM imidazole, pH=7.4).  Pure target protein eluted between 40-60% elution buffer.  

Gradient elution was found to be necessary to avoid co-elution of several E. coli proteins that 

were found to display moderate affinity for the IMAC column.  These proteins were found to 

elute between 20-40% elution buffer.  SDS-PAGE analysis showed a band corresponding to 

PAN protein that ran at ~23 kD with several small impurities of higher molecular weight (Figure 

3.5). 
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Figure 3.3.  SDS-PAGE gel analysis of IMAC purified PAN-His tag construct (lane 1), cleaved 
PAN (lane 2), and size exclusion purified PAN (lane 3).  Lane 4 is a molecular weight ladder, 
with weights-labeled.  The PAN-His tag construct was found to elute with several impurities of 
higher molecular weight, some of which are present even after His tag cleavage.  These 
impurities were removed by size exclusion (gel permeation) chromatography to yield pure PAN, 
as shown in lane 3. 

 

Fractions containing endonuclease protein were combined in a 10K MWCO dialysis 

bag with a 1:100 ratio of TEV protease to target construct, and were dialyzed against dialysis 

buffer (100 mM NaCl, 1 mM DTT, 1 mM MnCl2, 20 mM Tris, 5% glycerol, pH=8.0) overnight 

with three buffer exchanges.  As TEV protease requires reducing thiols to maintain activity, it 

was necessary to add buffer containing DTT directly to the dialysis bag at the beginning of the 

TEV digest (1 mM final concentration).  Furthermore, the proteolytic cleavage of the fusion 

protein is slow, and greatly benefits from the addition of excess TEV protease, up to a 1:25 

ratio.  A white precipitate was observed to form over time within the dialysis bag; however, 

while this precipitate contains some precipitated endonuclease, it is composed primarily of 

insoluble imidazole complexes.  After buffer exchange, the solution was filtered through a 0.45 

µm filter and was concentrated to 5-10 mg/mL employing a pressurized amicon system and/or 

spin amicon systems.  The concentrated protein was then purified on a gel-permeation size 
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exclusion column (GE Superdex 75, 10/300 GL) according to manufacturer recommendations 

in buffer (150 mM NaCl, 2 Mm MgCl2, 2 mM MnCl2, 20 mM HEPES, pH=7.5).  A large peak 

corresponding to the cleaved endonuclease construct eluted at approximately 12 mL eluent.  A 

small shoulder before the main peak was occasionally observed, which contained primarily un-

cleaved and/or unfolded endonuclease construct (Figure 3.6).  Fractions containing pure 

cleaved product were combined and, depending on final concentration, concentrated to 3-5 

mg/mL for crystallization experiments and storage.  Stored protein was flash-frozen in liquid 

nitrogen and was kept at -80 ºC.  This protein was viable for use in nuclease and DSF assays or 

for crystallography experiments up to one year after initial freezing, and thawed stocks can be 

kept at 4 ºC for up to 1 month although significant precipitation occurs over this time. 

 

 

Figure 3.4.  Size exclusion (gel permeation) chromatogram of PAN endonuclease post His-tag 
cleavage.  While secondary purification of the PAN His-tag cleavage reaction resulted in mostly 
pure protein, several other species became apparent with size exclusion chromatography.  These 
small impurities greatly hindered protein crystallization, and subsequent removal via size 
exclusion afforded PAN protein that was readily crystallizable. 
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3.3 FRET-Based Nuclease Assay Development 

 A wide variety of different enzyme activity assays have been reported for the numerous 

known nucleases, though most rely on PAGE gel analysis of DNA or RNA nuclease reaction 

products.34  Terminal nucleases (exonucleases), such as RNase H variants, tend to show limited 

sequence/substrate selectivity, which facilitates the use of varied assay techniques.35  In 

contrast, most endonucleases are highly selective for specific nucleotide sequences.34  Indeed, 

indiscriminate endonucleases are rare in biology due to the genotoxicity associated with poorly 

regulated nuclease activity, and can be found most commonly as components of exotoxins and 

vennoms.34, 36  The PAN endonuclease is one example of a totally indiscriminate endonuclease 

and it will hydrolyze both DNA and RNA oligonucleotides of nearly any length or sequence so 

long as the oligonucleotide is single stranded.  However, as part of the influenza A RNA-

polymerase complex, the PAN endonuclease is quite specific for mature 5′-capped mRNA and 

only cleaves mRNA between 8-14 nucleotides downstream from the 5′-cap.  This selectivity is 

accomplished by what amounts to allosteric regulation:  the 5′-cap of mature mRNA binds 

tightly to the cap-recognition domain of the PB2 subunit and mRNA chain is positioned along 

a shallow groove in the polymerase complex that leads to the PAN active site (see 3.1.1 and 

3.1.2).  Without a previous 5′-cap binding event, the PB1 and PB2 domains of the RNA-

polymerase complex sterically hinder oligonucleotide access to the PAN nuclease active site.  

Hence, a major advantage to using the truncated PAN construct in isolation for protein-based 

nuclease activity assays is a greatly increased substrate scope for the nuclease reaction that 

includes nearly any oligonucleotide, both native or otherwise functionalized.  This has the 

added benefit of alleviating concerns of RNA stability and RNAse contamination common in 

standard RNA-based nuclease assays employed for influenza A polymerase complex activity 
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analysis,37 as more stable single-stranded DNA (ssDNA) oligonucleotides or plasmids can be 

effectively substituted in PAN assays.   

 FRET-labeled DNA oligonucleotides are a commonly used tool in molecular biology, 

primarily as probes for qPCR analysis.38  In qPCR reactions, during DNA replication steps, Taq 

polymerase exonuclease activity cleaves bound qPCR probes and separates the 

fluorophore/quencher pair attached to opposite terminal nucleotides in the probe 

oligonucleotide, which results in a fluorescent signal that directly relates to DNA replication.38  

qPCR probes can be made of nearly any length with nearly any FRET pair, are specifically 

designed to not form double stranded secondary structures, and are available from a wide 

number of commercial suppliers that provide custom probe synthesis services.  Leveraging the 

ready availability of qPCR probes and the indiscriminate nuclease activity of isolated PAN 

constructs, FRET-based endonuclease activity assays have been developed using qPCR probes 

as substrate.20, 29-30  In these assays, PAN cleaves ssDNA FRET probe molecules 

indiscriminately, which results in a separation of FRET pairs and a fluorescence ‘turn on’ that 

is directly proportional to PAN endonuclease activity (figure 3.7). 

 



85 
 

PAN

ssDNA 17-mer

5'-FAM
Fluorophore

3'-TAMRA
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Figure 3.5.  Schematic diagram of PAN endonuclease activity assay.  ssDNA 17-mer FRET 
probe molecules are incubated with PAN protein.  Non-specific cleavage of the ssDNA probe 
by PAN results in separation of the quenched FRET pair and is directly correlated to 
fluorescence turn-on observed at 528 nm. 
 

A wide range of different assay conditions were explored to optimize initial reported 

protocols for the FRET-based nuclease assay, including pH, salt concentration, inclusion of 

detergents or reducing agents, and assay buffer metal content.  It was found that pH has a 

moderate effect on PAN endonuclease activity.  This is consistent with the proposed mechanism 

of nucleotide hydrolysis for PAN (Figure 3.2) in which an activated water/hydroxide ion serves 

as the nucleophile to attack a coordinated backbone phosphate diester of the oligonucleotide or 

mRNA substrate.  More basic assay pH values correlated to improved rates of hydrolysis and 

higher signal, likely due to the increased favorability of deprotonation of the coordinated water 

nucleophile to generate the more active hydroxide nucleophile.  While pH values greater than 

8.0 were found to give higher signal, pH=8.0 was ultimately chosen as a best compromise 

between favorable reaction rates (and therefore higher signal) and maintaining reaction 

conditions that are realistic surrogates for physiological conditions. 
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PAN is not a solution stable protein, and even under optimal solvation conditions 

precipitation is found to occur over time.  To minimize confounding assay results due to protein 

instability, the effects of detergents and various salt conditions on PAN stability were explored.  

PAN was found to exhibit greater stability (based on 3 h enzyme activity assays and 18 h 

enzyme precipitation analysis) in a moderately high ionic strength environment, and a NaCl 

concentration of 150 mM was chosen for the assays to provide stability and mimic the ionic 

strength of human serum.  It was also found that various detergents further stabilized PAN.  

Both non-ionic detergents (e.g. Triton X-100) and zwitterionic detergents (e.g. CHAPS) were 

found to aid in PAN stability, and both behaved similarly.  PAN also contains 4 cysteine residues 

(Cys8, Cys39, Cys45, and Cys95) none of which engage in disulfide bonding.  As such, the 

presence of reducing agents in the assay buffer further aid stability and 10 mM β-

mercaptoethanol was used in all assay buffer, though 10 mM DTT gave similar results. 

PAN is a Mn2+ metalloenzyme; however, it retains some activity as the Mg2+ 

metalloform.23  Specifically, PAN has a >500-fold affinity preference for Mn2+ over Mg2+ and 

is far more active as the Mn2+ metalloform.23  Nevertheless, the much larger concentration of 

free Mg2+ (0.5-3 mM)39 in biological systems as compared to total concentration Mn2+ (20-53 

µM)40-41 gives rise to some doubt as to the precise metalloform(s) occurring during influenza 

infection.  To account for this, an extensive exploration of the effects of Mn2+ and Mg2+ 

concentration on PAN endonuclease activity, and subsequently on PAN inhibitor activity, was 

performed.  The absence of Mn2+ in assay buffer was found to result in lower overall enzyme 

activity; however, the presence of Mg2+ had very little effect on endonuclease activity, so long 

as a minimal concentration (≥50 µM; lowest tested concentration) Mn2+ was provided.  

Ultimately, a large excess (2 mM) of both Mn2+ and Mg2+ was chosen for final assay conditions, 
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to account for the possibility of mixed metalloform PAN and to rule out any complications from 

metal-stripping or solution metal-complex formation as potential sources of assay interference.  

Initial screens of various PAN enzyme concentrations revealed that a concentration of 

25 nM PAN (either His-tagged protein or cleaved PAN construct) gave good results.  

Exploration of lower concentrations of PAN revealed a lower limit for this assay of ~4 nM 

PAN.  At a concentrations of 1 nM, signal was not significantly different from noise (Figure 

3.8).  Interestingly, as the concentration of PAN decreases, a slight fluorescence signal turn-on 

period is observed in the first 10-15 min of the assay, as seen in Figure 3.9.  This turn-on is 

likely due to the ssDNA substrate FRET-quenching relationship changing slightly as the 

temperature of the reaction solution warms to the final assay temperature of 37 ºC, and the 

negative effect of increased temperature on FRET-quenching is well known.42-43  At PAN 

concentrations ≥25 nM, the effect of fluorescence turn-on is negligible relative to the assay 

signal (Figure 3.8).  However, at lower concentrations of PAN it becomes necessary to exclude 

the first ~10-15 min of assay data from analysis to obtain steady state rates due to the 

comparatively large effect of confounding fluorescence turn-on.  The total concentration of 

ssDNA FRET probe molecule had less of an effect on overall reaction rate, and substrate 

concentrations above 200 nM gave similar results, with substrate concentrations >500 nM being 

indistinguishable in terms of overall reaction rate.  To fully vet the utility of the FRET-based 

PAN nuclease activity assay, z-score analyses were performed for 25 nM and 4 nM PAN with 

200 nM ssDNA substrate.  As shown in Figure 3.9, the 25 nM PAN assay was very reproducible, 

with good signal and minimal noise resulting in an exceptional z-score of 0.932 over 4 

independent runs of 20 replicates.  The use of 4 nM PAN in activity assays resulted in 

substantially noisier data and gave a lower overall signal, as shown in Figure 3.8.  Optimization 
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of 4 nM conditions resulted in z-scores of 0.68-0.71.  While this z-score is worse than observed 

with 25 nM PAN, a z-score of ~0.7 is still considered excellent and indicates that the 4 nM 

assay still provides high quality data. 

 

 
Figure 3.6.  Raw fluorescence data from PAN endonuclease activity assays showing 
independent positive inhibition controls (blue and green; no nuclease activity) and negative 
inhibition controls (yellow, orange, and gray; full nuclease activity) for a variety of assay 
conditions.  Fluorescence intensity in arbitrary units is plotted on the y-axis vs time on the x-
axis.  Top left:  Representative example of low enzyme loading assay (4 nM PAN; 200 nM 
substrate).  The ssDNA probe background fluorescence turn on period is clearly visible in the 
first quarter of the assay plot, illustrating the necessity of excluding the first ~10 min of data to 
obtain steady state rates.  Bottom left:  Zoom in on a small portion (~14-25 min) of a 
representative low enzyme loading assay.  This plot highlights the noise inherent with lower 
enzyme loading.  Despite the increased noise, both positive and negative controls show 
acceptable linearity, as illustrated by the trendline overlays (dotted lines).  Top right:  
Representative PAN assay with optimal enzyme loading (25 nM PAN; 200 nM substrate).  Noise 
in the data is minimal and the effects of probe background fluorescence turn-on is minimal.  
Bottom right:  Assay data from a 1 nM enzyme concentration screen.  Signal from positive and 
negative controls are not significantly different to give reliable inhibition data, and probe 
background turn-on dominates all observed signal, illustrating the ~4 nM PAN concentration 
limit for this assay. 
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After optimization, all endonuclease activity assays based on FRET ssDNA probe 

hydrolysis were carried out in Black Costar 96-well plates.  Each well contained a total volume 

of 100 μL comprised of:  buffer (20 mM Tris, 150 mM NaCl, 2 mM MnCl2, 2 mM MgCl2, 10 

mM β-mercaptoethanol, 0.2% Triton-X100, pH=8.0), influenza PAN endonuclease (25 or 4 

nM), inhibitor (various concentrations) in buffer, and fluorescent ssDNA-oligo substrate (200 

nM).  A single-stranded, 17-mer DNA substrate labeled with a 5′-[6-carboxyfluorescein] (5′-

FAM) fluorophore and a 3′-[5-carboxytetramethylrhodamine] (3′-TAMRA) quencher ([6-

FAM]AATCGCAGGCAGCACTC[TAM]) synthesized by Sigma-Aldrich was employed to 

measure endonucleic cleavage.  Upon addition of the substrate, the change in fluorescence was 

measured over 45 min at 37 ºC (excitation:  485 nm; emission:  528 nm).  The gain was set to 

100 and the first ~10 min of data were excluded from the activity calculations.  Dose-response 

curves were generated, fitted, and analyzed using Origin16 graphing software. 

 

3.4 X-ray Crystallography 

 Structure-based drug design is a powerful tool when employed as part of a lead 

development campaign.  To facilitate the development of MBP-based PAN inhibitors, and based 

on previous reports of crystallographic studies of PAN,25-26 extensive work was done to enable 

in house crystallization of PAN for use in structure-based design.  Preliminary crystallization 

conditions for PAN were identified from high-throughput (Mosquito) crystallization screens.  

An initial crystallization hit was found using a 1:1 drop containing a precipitant solution 

composed of 25% PEG 4000, 200 mM NaOAc, 100 mM Tris pH=8.0 and a protein solution of 

10 mg/mL PAN, 150 mM NaCl, 2 mM MnCl2, 20 mM HEPES pH=7.5.  However, these 

conditions were unreliable and produced a significant amount of precipitation.  From this initial 
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hit precipitant solution, a large crystallization screen was performed evaluating the effects of 

PEG precipitant, protein concentration, pH, and crystallization temperature. 

 The concentration of PEG 4000 in the precipitant solution was found to have the greatest 

effect on protein precipitation and crystallization compared to all other conditions screened.  

Initial screenings from 10-40% PEG 4000 with 5 mg/mL PAN protein identified a PEG 

concentration range of 20-35% as optimal, with higher concentrations of PEG resulting in 

excessive precipitation and lower concentrations of PEG resulting in no crystal formation.  

Interestingly, an inverse linear relationship between PEG and protein concentration was 

observed in which lower PAN concentrations (ranging from 2.5-7.5 mg/mL) formed high 

quality crystals with higher concentrations of PEG 4000 (ranging from 33-22%), and vice-

versa.  Overall, crystal formation was observed over a wide range of PEG 4000 concentrations 

with 5 mg/mL protein (25-33%), with concentrations near 30% giving the most reproducible 

results. 

 Initial crystallization experiments were performed with 1:1 volumes of PAN and 

precipitant solutions in hanging drop experiments.  Further optimization of the relative protein 

versus precipitant drop composition indicated that ratios of 2:1 and 3:1 PAN to precipitant 

generally resulted in larger size and/or numbers of crystals with similar precipitation as 

observed in 1:1 drop experiments.  Increasing the ratio of precipitant (1:2 and 1:3 PAN to 

precipitant) resulted in high levels of precipitation with no crystal formation.  These 

experiments were repeated using both hanging drop and sitting drop crystallization methods.  

In all cases, more desirable results were always observed with a hanging drop crystallization.  

The pH of the crystallization drop was also found to have a subtle but important effect on 

crystallization.  Varying the pH from pH=7.0-8.5 (final drop pH) revealed that both high and 
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low pH values resulted in the formation of precipitant and thick ‘skins’ or films on the surface 

of the drop.  pH values ranging from 7.5-8.0 were found to result in good crystal formation, 

with pH=7.75 being optimal. 

Because a large amount of precipitation was commonly observed even in wells that gave 

good crystals, despite extensive attempts at optimization, a screen of different crystallization 

temperatures was explored.  Temperatures between 4-15 ºC resulted in extensive protein 

precipitation and no crystal formation.  Temperatures near room temperature (20-28 ºC) 

generally yielded some precipitation and the formation of a large number of small crystals.  It 

was found that temperatures above 30 ºC generally resulted in similar precipitation relative to 

room temperature experiments, but also enabled the formation of much larger (in many cases 

over 2-fold increase in each facet dimension) and overall well-formed crystals.  Ultimately, 

crystallization temperatures of between 32-35 ºC were found to consistently afford large, well-

formed trigonal bipyramidal crystals that measured ~100-150 microns in all dimensions as 

shown in Figure 3.9. 

 

 
Figure 3.7.  Representative PAN crystallization experiment results with optimized conditions, 
observed through an optical light microscope.  Successful crystallization drops generally 
afforded several moderately sized trigonal bipyramidal crystals, ranging in size from 50 to 150 
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microns.  Diffuse, white precipitate was nearly always observed throughout the drop in addition 
to protein crystals. 
 

After optimizing conditions, crystals for soaking experiments were obtained by utilizing 

a protein solution of 4-10 mg/mL in 150 mM NaCl, 20 mM HEPES pH 7.5, and 2 mM MnCl2 

and a precipitant solution of 25-30% PEG 4000, 200 mM sodium acetate, and 100 mM Tris, 

pH = 8.0.  The protein and precipitant solutions were combined in a 2:1 ratio in hanging drop 

24-well plates, with crystal forming within 3 days at 33-35 °C.  For co-crystallization 

experiments purified protein for crystallization was stored at 4-6 mg/mL at 4° C in buffer 

consisting of 150 mM NaCl, 20 mM HEPES at pH 7.5, and 2 mM MnCl2.  Co-crystallization 

experiments were set up in 24-well hanging drop plates with a 2:1 or 3:1 ratio of protein stock 

to reservoir solution.  Reservoir solution consisted of 0.5 mM inhibitor, 25-40% PEG 4000, 100 

mM Tris at pH 8.35, and 200-220 mM sodium acetate.  Protein crystals grew by vapor diffusion 

at 33° C in hanging drops.  Colorless crystals with octahedral morphology appeared within 24 

h and reached full size after 3-4 days with little to moderate protein precipitation observed.  

Crystals were typically 50 to 150 microns in each dimension.  For both soaking and co-

crystallization experiments, crystals were cryo-protected with precipitant solution 

supplemented with 10-20% ethylene glycol. 

 Crystals were screened for resolution and cryo-protection conditions on an in-house X-

ray generator.  For these experiments, diffraction data was collected on a Bruker X8 Proteum 

diffractometer at 100 K, using a Bruker Microfocus Rotating Anode (MicroSar FR-592) X-ray 

generator with a Bruker APEX II CCD detector at wavelength 1.54178 Ǻ.  Data sets were 

integrated, merged, and scaled within the Bruker APEXIII software package (Bruker, 2017) or 

with Mosflm and the CCP4 software suite.44  High resolution structures were collected at the 
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ALS 5.0.1 beamLine using a single-crystal Si(220) monochromator set to a wavelength of 1.00 

Ǻ with a Pilatus3 6M 25 Hz detector.  The data set was integrated with Mosflm.  Merging and 

scaling were performed within the CCP4 suite.44  For all structures phasing was determined by 

molecular replacement against a previously published PAN endonuclease structure (PDB ID:  

4AWM)45 using PHASER.  Structures were refined with REFMAC5.46  Detailed information 

regarding representative X-ray co-crystal structural experiments are detailed in Chapters 5 and 

6. 

 

3.5 DSF/Thermal Shift 

 FRET-based nuclease activity assays were useful for determining the activity of a wide 

variety of metal-binding inhibitor molecules; however, the lower limit of detection of our 

optimized assays was ~2 nM (or half the concentration of PAN used in the assay).  As 

development of several classes of PAN inhibitors progressed, it became necessary to explore 

orthogonal methods of assessing ligand affinity as a large number of inhibitor molecules with 

IC50 values of <2 nM were identified.  While isothermal calorimetry (ITC), surface plasmon 

resonance (SPR), and field-effect biosensing (FEB) were all explored as alternatives to the 

FRET-based assay, SPR and FEB were found to be incompatible with PAN due to protein 

instability associated with various protein immobilization/surface functionalization strategies 

despite extensive efforts towards optimization.  ITC was also found to be prohibitively time- 

and protein-intensive to serve as a first pass screening method.  As an alternative, differential 

scanning fluorometry (DSF) was employed as an orthogonal analysis of inhibitor binding 

affinity for lead validation.47-50   
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DSF, also known as ThermoFluor™ or Protein Thermal Shift™, refers to quantifying 

the difference in thermal denaturation temperature (melt temperature; TM) of a target protein 

based on variations in assay conditions or the presence of ligand molecules.  DSF assays can 

be useful in fragment-based and HTS screening of compound libraries, as the presence of 

inhibitor molecules that bind tightly to a target protein can cause a change in observed melting 

temperatures (ΔTM) between inhibitor-free and inhibitor-bound experiments.  ΔTM values 

observed in DSF experiments are proportional to both ligand concentration and ligand binding 

affinities.47, 49  The thermal stability of a protein is generally increased by thermodynamically 

favorable protein-ligand contacts made over the total interaction surface of the protein, with 

tighter-binding interactions (lower KD) generally resulting in larger increases to the observed 

melting temperature compared to the native protein (ΔTM).47, 49  This phenomenon is well 

understood and has been used previously to quantitatively determine protein-ligand binding 

constants in conjunction with other calorimetric data or to qualitatively identify and rank-order 

inhibitor activity.49, 51  Indeed the advantages of being a substrate-free assay that requires 

relatively small quantities of a target protein make DSF an attractive orthogonal assay. 

DSF analysis was found to be a useful orthogonal screening method for the development 

of PAN inhibitors.  PAN was found to have a high melt temperature of ~58-60 ºC (depending 

on assay heating rate and age of protein sample), which facilitates DSF analysis.  It was also 

found that metal-binding inhibitors, in particular, greatly stabilize PAN against thermal 

denaturation, and remarkable ΔTM values of 15-18 ºC were observed with several metal binding 

PAN inhibitors.  DSF analysis of highly active PAN inhibitors is extensively explored in Chapter 

6. 
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 The protocol for DSF experiments was as follows:  to each well of a 96-well 0.2 mL 

optical MicroAmp (ThermoFisher) thermocycler plate was added 9.5 µL buffer (150mM NaCl, 

2mM MnCl2, 20mM HEPES pH=7.5), 4 µL endonuclease solution (250 µg/mL in buffer), 4 

µL ligand (1 mM in buffer; 2% DMSO), and 2.5 µL 8x sypro orange Thermal Shift® dye 

(ThermoFisher) solution in buffer.  This results a final well volume of 20 µL containing 1 µg 

endonuclease, 200 µM ligand, and 1x dye in buffer with 0.4% DMSO final concentration.  The 

presence of a small concentration of DMSO was found to have a negligible effect on ΔTM 

values of native PAN, and to improve (i.e. minimize) background signal compared to DMSO-

free experiments.  Thermocycler plate wells were sealed prior to DSF analysis, and the plate 

was then heated in a thermocycler from 25 ºC to 99 ºC at a ramp rate of 0.15-0.03 ºC per second.  

Slower ramp rates were found to give more well-formed melt curves in most cases, though 

overall melt temperatures were found to be similar regardless of different ramp rates.  

Fluorescence was read using the ROX filter channel (excitation:  580 nm; emission:  623 nm) 

and fluorescence signal was fitted to a Boltzmann curve or first derivative curve to identify TM.  

Native PAN was generally observed to melt with a ΔTM = 58-60 ºC (depending on sample age).  

All assayed compounds were observed to cause either no significant ΔTM or a positive ΔTM. 

 

3.6 Conclusions 

 The PAN endonuclease domain of the influenza RNA polymerase is an exciting target 

for drug discovery, with expanding inhibitor development literature and at least one inhibitor 

molecule currently under investigation for therapeutic use in humans.  To facilitate further drug 

discovery efforts using a MBP-FBDD approach, in house protein expression and purification 

protocols were developed using an E. coli expression vector.  Despite the toxicity of the PAN 
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construct employed for protein expression and tendency towards inclusion body formation 

during expression, an optimized protocol was developed that enabled the isolation of sufficient 

PAN protein for the exploration of biochemical and biophysical activity assays as well as 

protein X-ray crystallography studies.  Extensive work towards robust protein inhibition and 

protein binding assays resulted in the optimization of a highly effective FRET-based activity 

assay improved from initial literature reports, and the first reported DSF analysis of ligand 

binding affinity for PAN.  Development of new crystallization conditions allowed for structure-

guided drug discovery efforts, and work towards the development of highly active metal 

binding inhibitors of PAN with be discussed in depth in Chapters 4-6.  
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Chapter 4:  Fragment-Based Identification of Influenza PAN Endonuclease Inhibitors  
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4.1 Introduction 

The influenza virus is responsible for annual seasonal epidemics, resulting in between 

3 - 5 million yearly cases of severe illness and an estimated 250,000 to 500,000 deaths 

worldwide.1  The last century alone has seen the advent of four influenza pandemics, each 

resulting in millions of deaths.2   While vaccinations are a reasonable prophylactic for healthy 

adults, they must be re-administered annually and are markedly less effective for individuals 

with compromised immunity or similar high-risk medical conditions.  In addition, efficacy of 

these vaccines is heavily dependent on correctly predicting the predominant infectious strains 

for any given year, and incorrect predictions can render vaccination less than 25% effective.3  

Existing antiviral drugs, such as zanamivir (GlaxoSmithKline) and oseltamivir (Roche), which 

target viral neuraminidase, can be useful in treating influenza infections, but must be 

administered within 1-2 days of infection to be effective.  These therapeutics also suffer from 

undesirable side effects, including unusual neurologic or psychiatric events such as delirium, 

hallucinations, confusion, and abnormal behavior (primarily in children).4,5,6  M2 ion channel 

blockers such as rimantadine (Sun Pharma) and amantadine (Endo) were previously effective 

at inhibiting viral replication; however, 100% of seasonal H3N2 and 2009 pandemic H1N1 

influenza strains now show resistance to these drugs.7,8  Considering this, there is an urgent 

need for the development of new drugs to prevent and treat influenza infection. 

The viral polymerase complex is an attractive target for new antiviral therapies.  It is 

highly conserved across all influenza strains and subtypes, and inhibitors should therefore have 

broad efficacy against multiple serotypes.  Of particular interest, the cap-snatching mechanism 

is essential to the virus lifecycle, is conserved in all members of the influenza virus family, and 

has no human analogue.4  Cap-snatching, and subsequent viral replication, has been shown to 
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be inhibited by inactivating one of two different domains of the viral polymerase complex:  

either inhibiting the 5′-mRNA cap binding site on the PB2 subunit,9,10,11 or inhibiting the N-

terminal endonuclease portion of the PA subunit (PAN).4,12,13  The PAN domain contains the 

endonuclease active site, and crystallographic and biochemical studies have shown the 

endonuclease to contain a dinuclear metal active site, employing either two Mn2+ or Mg2+ 

cations (see Chapter 3 for details).14  The structure of the endonuclease domain closely 

resembles type II restriction endonucleases,14 and it has been shown that coordinating the metal 

centers of the endonuclease active site effectively inhibits endonuclease activity.   

 

4.2 Current Advances in PAN Endonuclease Inhibitor Development  

In the past decade, many new structural classes of PAN inhibitors have been reported, 

nearly all of which inhibit PAN through metal coordination.  Although a variety of MBP 

scaffolds have been explored as inhibitors of PAN, there is no clear consensus on what 

constitutes an ideal MPB for this system or what aspects of specific MBPs impart the varying 

levels of activity and selectivity reported in the literature.  This, coupled with the wide interest 

in this target both in academia and industry, makes PAN an ideal, representative target for MBP-

FBDD approaches using the MBP library (see Chapter 2). 

There are currently no FDA approved PAN endonuclease inhibitors; however, one PAN 

inhibitor, baloxavir marboxil, is currently in Phase III clinical trials (NCT02954354, 

NCT02949011).  One common structural characteristic of nearly all reported PAN 

endonuclease inhibitors is a two oxygen atom metal coordination motif.  Mn2+ is a hard Lewis 

acid and is likely to make more favorable coordination interactions with harder Lewis base 

oxygen donor atoms as opposed to softer Lewis bases such as nitrogen or sulfur.  This trait is 
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shared with similar viral Mn2+- and Mg2+-dependent metalloenzymes such as HIV IN  and HIV 

RNaseH.15  Beyond the similarity shared by the MBPs of reported PAN endonuclease 

inhibitors, a wide variety of chemical space has been explored, with many inhibitors well 

characterized by both biochemical and crystallographic studies. 

As with many metalloenzyme targets, natural product polyphenols and catechols were 

among the first reported inhibitors of PAN endonuclease.  Among these natural product 

inhibitors, epigallocatechin gallate (EGCG) has been extensively studied (Figure 4.1).  EGCG 

is a major polyphenol component of green tea that has been found to inhibit PAN endonuclease 

activity with IC50 values between 1-10 µM and EC50 values between 20-50 µM (Table 4.1).16-

17  Deconstructive SAR indicated that the galloyl group is crucial for inhibitory activity; 

derivatives that blocked bidentate coordination by the phenolic moieties lost substantial 

activity.  This provided evidence that the galloyl group was responsible for metal binding, 

which was validated by subsequent X-ray structures (Figure 4.2).18  Through a combination of 

pharmacophore docking, virtual screening, and HTS several other catechol-based inhibitors of 

PAN endonuclease have been identified and extensively studied.19-21 
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Figure 4.1.  Representative inhibitors of PAN endonuclease. 

 

Diketo acids have also been previously identified as potent inhibitors of dinuclear 

metalloenzymes, such as HIV-1 integrase.22-23  Based on these reports, both benzoylpyruvic 

acid (BPA) and compound L-731,988 (Figure 4.1), which were initially identified as HIV IN 

inhibitors, were found to be inhibitors of PAN endonuclease.22-23  Further development of this 

scaffold ultimately produced L-742,001 as one of the most active inhibitors of PAN 

endonuclease (IC50 = 0.43 µM, EC50 = 0.35-5.2 µM).  Crystal structures of this class of inhibitor 

bound to PAN endonuclease reveals that the diketo acid moiety coordinates to both active site 

metal centers simultaneously, and that aryl and alkyl moieties interact favorably with Ala20 

and Tyr24 (Figure 4.2).  Unfortunately, these inhibitors suffer from a poor PK and toxicity 

profiles, which has limited their clinical development. 

Flutamide (Figure 4.1) is a fungal metabolite originally isolated from Delitschia 

confertaspora, that was found to have moderate activity against influenza virus.  Biochemical 

analysis indicated that flutamide inhibited the RNA polymerase PAN endonuclease domain 

(Table 4.1), with structural studies confirming a metal binding mode of inhibition.24-25  Based 
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on this lead, several other metal binding inhibitors were produced (compounds PANi-1 and 

PANi-2; IC50 = 12.7 µM and 15 µM, respectively) that employ a similar MBP, but show 

markedly lower cytotoxicity and improved PK properties compared to Flutamide. 

 

 
Figure 4.2.  Structure of EGCG (PDB 4AWM), L-742,001 (PDB 5CGV), PANi-10 (PDB 
4E5I), and PANi-11 (PDB 4M5U) bound to PAN. 
 

 Pyridinone-based inhibitors of influenza PAN endonuclease have become a very 

successful class of inhibitors, with the only inhibitor to enter clinical trials being a member of 

this class.  The first reports of hydroxypyridinone inhibitors of PAN endonuclease were largely 

scaffold hopping exercises employing different core MBPs.  These molecules exhibited 

analogous metal binding and were identified through a variety of methods, but these all 

capitalized on very similar SAR trends to generate highly active inhibitors.  A series of 2,3-

hydroxyquinolone inhibitors were identified based on the high activity of the parent MBP (IC50 

= 24 µM), with 6- or 7-position p-fluorobenzyl substituted derivatives (PANi-3) being the most 

active derivatives with an IC50 value of 0.5 µM.26  Structurally related 5,6-

hydroxypyrimidinone inhibitors were found to likewise be highly active against PAN 

endonuclease, such as PANi-4 (IC50 = 0.15 µM).  PANi-4 employs a phenyl tetrazole moiety 
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(Figure 4.1) that makes favorable interactions with basic residues near the active site pocket.27  

The tetrazole chemical functionality has since become a characteristic motif shared by many 

active inhibitors of this class.  Crystallographic fragment screening, in which protein crystals 

are soaked with high concentrations of fragment molecules as a means of inhibitor discovery, 

was employed to identify a 5-bromo-2,3-hydroxypyridinone MBP scaffold as a potential 

inhibitor of PAN endonuclease with an IC50 value of 16 µM.  Hit-to-lead modification 

ultimately resulted in PANi-5, which was found to inhibit PAN endonuclease activity with an 

IC50 value of 11 nM (see section 4.6).28-29   

 Very recently, novel inhibitors of PAN endonuclease have been disclosed by Shionogi.  

These fused ring inhibitors are based on a 2,3-hydroxypyridinone core MBP.  Compound RO-

7 (Figure 4.1) was first disclosed as a tool compound and was found to have very high efficacy 

against live virus in cell saving assays (EC50 = 5-15 nM).30  The clinical candidate, Baloxavir 

Marboxil, inhibits PAN endonuclease and influenza virus with similar activity as RO-7.  This 

drug candidate is currently in Phase III studies (NCT02954354, NCT02949011) and has 

displayed very promising results as a combination therapy with oseltamivir (a.k.a., Tamiflu). 
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Table 4.1.  Activity (IC50 values) of PAN endonuclease inhibitors. 
Compound Inhibition (µM) Ref. 

 
PANi-1 12.7 31 

 
PANi-2 15 32 

 
PANi-3 0.5 33 

 
PANi-4 0.15 27 

 
PANi-5 0.011 29, 34 

 
Baloxavir Marboxil 0.0005-0.0065a 35 

 
BPA 21.3 or 2.7 36-37 

 
EGCG 22-28a  38-39 

 
Flutamide 5.1 40-41 

 
L-731,988 0.8 36-37 

 
L-742,001 0.43 36-37 

 
RO-7 0.005-0.015a 42 

 
a EC50 value. 

 

In an effort to efficiently identify novel, potent inhibitors of influenza PA endonuclease, 

we carried out a FBDD campaign, using a designer MBP library.  This library is an expansion 

of our prior report,43 and consists of ~350 fragment molecules designed to interact with metal 

ions found in metalloenzyme active sites.  From this screening, pyromeconic acid was identified 

as a ligand-efficient scaffold for inhibitor development.  Guided by modeling and SAR 

identified in the initial library screen, a modest sublibrary of molecules was elaborated from the 

MBP hits.  Our metalloenzyme-focused FBDD approach ultimately leads to molecules with 

potent in vitro inhibitory activity (IC50 <50 nM) against viral PA endonuclease.  The most 

potent of these, 1-(4-(1H-tetrazol-5-yl)phenyl)-2-(((4-chlorophenyl)(methyl)amino)methyl)-5-

hydroxypyridin-4(1H)-one (71), was found to inhibit endonuclease activity with an IC50 of 14 

nM in enzymatic assays.  Compound 71 further showed good antiviral activity against H1N1 

influenza A virus in Marvin-Darby canine kidney (MDCK) cells with an EC50 value of 2.1 µM 

and a CC50 value of 280 µM.  These findings demonstrate that a bioinorganic FBDD approach 
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can result in a rapid and efficient identification of lead-like molecules, especially when 

compared to FBDD using unbiased libraries or high-throughput screening. 

 

4.3 MBP Library Screening and Inhibitor Development   

Fragments in the MBP library were initially screened for PAN inhibition.  The screen 

was performed using a FRET-labeled DNA oligonucleotide substrate based on previously 

reported protocols with some minor modifications (see Chapter 3.3).14,44  Compounds that 

exhibited >80% inhibition at a concentration of 200 µM were re-evaluated at a concentration 

of 50 µM.  Dose-response curves were compiled and IC50 values determined for fragments 

exhibiting >50% inhibition at 50 µM.  This screen identified pyromeconic acid (1) as a 

moderate inhibitor of endonuclease activity (IC50 = 22.5 µM; LE = 0.79), and unveiled 

important structure-activity trends associated with simple modifications to the hydroxypyrone 

ring (Table 4.2).  A proposed mode of metal coordination for 1 is shown in Figure 4.3.  This 

model is based on superposition of the donor-atoms in 1 with crystallographic water molecules 

present in X-ray structures of uninhibited PAN and superposition of the pyrone ring with other 

similar cyclic metal-binding inhibitors that have been crystallographically validated against the 

endonuclease.44 

It was found that the addition of a methyl group to the 6-position of the pyromeconic 

acid ring (2, allomaltol) had little effect on the potency of the fragment, while the addition of a 

methyl group to the 2-position (3, maltol) effectively abolished activity.  This is consistent with 

other endonuclease inhibitors that employ a similar MBP motif, which demonstrate that 

addition of substituents alpha to the hydroxyl donor atom reduces activity.45,46  Addition of 

hydrophilic substituents in the 6-position (4, 5) were very well tolerated.  The addition of a 
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carboxylic acid moiety to the 5-position, as in compound 6, afforded an increase in potency, as 

did a methyl amide derivative.  Other derivatives of 2 (6-position substituent) gave rise to 

modest improvements in potency (8, 9). 

 

Table 4.2.  Select MBP fragments that displayed potent inhibition against PAN.  pIC50 is 
defined as pIC50 = -log(IC50) and is included to allow a linear comparison between IC50 values.  
Ligand efficiency (LE) provides a measure of binding energy per non-hydrogen atom in the 
fragment molecule.47 

 

Number IC50 (µM) pIC50 LE Number IC50 (µM) pIC50 LE

1 22.5 ± 1.0 µM 4.6 0.79 6 3.5 ± 0.6 µM 5.5 0.62

2 17.1 ± 1.5 µM 4.8 0.73 7 4.4 ± 0.3 µM 5.4 0.56

3 > 200 µM < 3.7 N/A 8 12.3 ±1.5 µM 4.9 0.67

4 > 50 µM < 4.3 N/A 9 4.7 ± 0.8 µM 5.3 0.66

5 68 ± 11 nM 7.2 0.89 10 4.2 ± 0.5 µM 5.4 0.74
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Figure 4.3.  Left:  Structural model of the influenza RNA-dependent RNA polymerase PA 
subunit (PDB:  4M5Q).  The PAN active site employs two divalent metal cations to facilitate 
the hydrolytic cleavage of the phosphodiester backbone of nucleic acids.  Key active site 
residues and binding pockets are highlighted.  Pocket 2 is obscured by residue Tyr24.  Divalent 
metal cations are shown as orange spheres with the bridging hydroxide anion shown as a red 
sphere.  Right:  Proposed binding of pyromeconic acid (1) to the PA subunit active site.  Ring 
positions 5- and 6- were deemed amenable to further derivatization for targeting hydrophobic 
pocket 2 and key residues Tyr24 and Arg84.  Derivatization at the 1-position was proposed to 
probe interactions with pocket 4. 
 

Conversion of the pyrone ring to an N-methylpyridinone resulted in a marked increase 

in potency, as seen in 9 and 10.  Pyridinones, as compared to pyrones, have more aromatic 

character and greater electron density on the donating oxygen atoms.48  This change in the 

electronic structure of the ligand typically results in greater ligand basicity, which can lead to 

better interactions with hard Lewis acidic metal centers, such as the Mg2+ or Mn2+ found in the 

PAN active site.48  Based on this preliminary SAR, synthetically feasible elaborations were 

designed using pyromeconic acid derivatives as an MBP core.  Substitutions at the 1-, 5-, and 

6-positions were deemed most accessible, and were evaluated independently.  
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4.3.1  5- and 6-Position Derivatives 

Based on the SAR outlined in Table 4.2, initial efforts focused on exploring amide 

derivatives of compound 6/7.  Guided by modeling and prior crystallographic evidence,12,44 it 

was proposed that aryl substituents at the 5-position could favorably interact with residues 

Tyr24 or Arg84, or make favorable hydrophobic interactions with pocket 2 (Figure 4.3).  A 

sublibrary of 11 aryl amides derived from 6 were synthesized and evaluated for inhibitory 

activity (Table 4.3).  While the methyl amide 7 was equipotent to the parent fragment 6, all aryl 

amide derivatives were found to be less active.  This trend persisted regardless of additional 

functionalization of the aryl ring or the introduction of methylene spacers between the amide 

and aryl ring.  The only exception to this trend was compound 20, a tryptamine amide, but this 

derivative was not viewed as an attractive lead based on the substantial increase in molecular 

weight for little gain in activity.  The resulting SAR suggested that 5-position amide 

functionalization was not a productive route to more active inhibitors. 

Initial SAR (8, 9) indicated that hydrophilic substituents at the 6-position were well 

tolerated.  To continue probing interactions with pocket 2 (Figure 4.3) a series of 6-

aminomethyl derivatives were synthesized.  Starting with commercially available kojic acid, 

derivatives of the 6-position could be readily prepared with amine, amide, and sulfonamide 

linkages.  Amine, amide, and sulfonamide derivatives were between 3- to 18-fold more active 

than kojic acid (8), with compound 31 being the most potent of the set.  Aryl amine and ether, 

as well as benzyl amine derivatives displayed similar activity, with tertiary amine derivatives 

being slightly more potent than secondary amine derivatives (compound 26 vs. 27; 32 vs. 34).  

Functionalization of the aryl ring substituent in some cases provided added potency; however, 

the introduction of a pyridine substituent drastically decreased activity.  Ultimately, the SAR at 
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the 6-position was relatively flat among aryl derivatives, but did indicate some gains could be 

made, with compound 35 identified as the most potent derivative of this set with an IC50 value 

of 0.94 ± 0.08 µM. 
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Table 4.3.  Inhibition values of various 5- and 6-position derivatives of pyromeconic acid. 

 



116 
 

4.3.2 Pyridinone Derivatives   

Conversion of the pyrone ring to a pyridinone ring not only increases ligand basicity 

(and hence metal binding affinity at higher pH), but also affords a chemical handle for facile 

exploration of the large pocket located above the metal center active site of PAN (Figure 4.3).  

To probe this pocket, a sublibrary of N-substituted pyridinones was synthesized and screened 

against PAN (Table 4.4).  It was found that both N-aryl and N-cycloalkyl pyridinones 

(compounds 44 and 47) were significantly more active than the parent fragment compound 10.  

Simple extension of the aryl substituent (compounds 46 and 50) did not improve activity.  

Interestingly, compounds 45 and 48 showed a significant loss in activity, consistent with the 

previously observed negative effect of substituents at the 2-position (compound 3, Table 4.2). 

In addition to elongation of the substituent, a series of more polar, saturated, 

heterocyclic derivatives of 47 were prepared.  As detailed in Table 4.4, all of these derivatives 

showed poorer activity, with modifications to the cyclohexyl moiety not being well tolerated.  

The simple phenyl ring in compound 44 was deemed more suitable for further synthetic 

elaboration. 
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Table 4.4.  Inhibition values of various N-functionalized hydroxypyridinones.  (a) A sublibrary 
of N-functionalized pyridinones designed to probe shape and lipophilicity of PAN binding 
pocket.  (b) Saturated N-functionalized hydroxypyridinones.  Hydrophilic modifications of this 
ring system showed detrimental effects on activity. 

 

A series of derivatives were synthesized exploring substituents at either the 3′ or 4′ 

positions of the N-inserted phenyl ring (Table 4.5).  In general, 3′ modifications yielded flat 

SAR, with only small changes in activity.  The SAR around the 4′ derivatives was more varied, 

and revealed that the addition of an aryl ether (compound 60) or carboxylic acid (compound 

62) both afforded increases in activity.  While several other polar 4′ derivatives resulted in 

reduced activity (64, 65, 66), the addition of a tetrazole group to the 4′ position (63) resulted in 

a substantial increase in activity.  This finding is consistent with previous reports that phenyl 

tetrazoles make very favorable interactions with pocket 4.44-46  Compound 63 was identified as 

the most potent derivative of this series with an IC50 value of 36±7 nM against PAN. 
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Table 4.5.  Inhibition values and SAR of 3′ and 4′ derivatives of 5-hydroxy-2-methyl-1-
phenylpyridin-4(1H)-one.  (a) Derivatives of the 3′ position yielded flat SAR with effectively 
no gains in activity.  (b) Derivatives of the 4′ position revealed phenyl ether and carboxylic acid 
groups as active derivatives.  Other carboxylic acid isosteres were examined, and a tetrazole 
moiety (63) was identified as the optimal derivative at this position. 

 

 

4.3.3 Fragment Merging   

In an effort to maximize potency from derivatives of pyromeconic acid (1), a fragment-

merging strategy was pursued.  Computational modeling suggested that derivatives at the 5- 

and 6-position were likely interacting with pocket 2 in the PAN active site, and that N-

substituted derivatives at the 1-position were interacting with pocket 4.  It was decided to merge 

the most active 5- or 6-position derivatives with the most potent N-aryl derivative of the 1-
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position to interact with both pockets simultaneously.  Because amide derivatization of 

compound 6 showed effectively no improvement to potency, incorporation of a 5-position 

carboxylic acid to N-substituted compounds 44, 60, and 63 was pursued.  Ethyl esters 67, 68, 

and 69 surprisingly showed markedly decreased potency after the addition of the carboxylate 

group at the 5-position.  Base catalyzed hydrolysis of these compounds to produce the free 

carboxylic acid resulted in complete degradation of these molecules; however, 70 was 

synthesized via an alternate route.  Disappointingly, 70 showed no improvement over the parent 

compound 44.  Due to the poor inhibition shown by 70, further efforts towards 5-position 

carboxylic acids were abandoned. 

Extensive SAR of the 6-position revealed that aryl amine and sulfonamide derivatives 

were the most potent elaborations at this position, likely due to favorable hydrophobic 

interactions with pocket 2 and possible π-stacking interactions with Tyr24.  As detailed in Table 

4.6, the addition of a 4-chloro-N-methyl aniline substituent to the already potent 63 resulted in 

a one-half log increase in potency from an IC50 value of 36±7 nM to 14±3 nM for compound 

71.  While fragment merging did result in an overall more potent molecule, the fact that the 

observed activity increase was not more significant suggests either a conformational change in 

binding mode as compared to the original fragments or a possible overlap in binding pockets 

between the two substituents. 
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Table 4.6.  Inhibition values of fragment merged inhibitors.  

 

 

4.4 Docking Studies 

In lieu of a co-crystal structure of 71 with PAN (see Chapter 6), docking studies were 

performed to gain insight about the probable binding mode of 71.  Previously reported X-ray 

crystal structures of inhibitors with similar MBPs bound to the PAN active site were used as a 

starting point for these docking experiments.44  Using the Molecular Operating Environment 

(MOE) software, constrained docking and minimization studies were performed using a 

reported PAN crystal structure (PDB:  4M4Q, Figure 4.4).  These simulations employed 

constrained minimizations in which the metal-binding oxygen atoms were fixed in optimal 

geometries based on several parameters, primarily previous crystal structures of inhibitors with 

similar ligand donor atom identity and geometry.45,46  These constrained simulations ensure that 

a reasonable metal binding geometry is maintained, as MM-docking simulations do not 

appropriately account for metal-ligand interactions.49,50  Flexible receptor modeling (induced 
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fit) was employed in which active site residue side chains proximal to the inhibitor molecule 

were allowed to move to favorably interact with the inhibitor, while residue backbones were 

more constrained.  In the simulation the coordinating phenolic oxygen atom on inhibitor 71 was 

deprotonated, and the charge on each metal center was assigned as 2+ (Mn2+).  The water 

molecules coordinated to MnB were maintained in the simulation and were fixed relative to the 

metal center. 

Analysis showed that the MBP chelates one of the active-site metal ions, with the 

carbonyl oxygen atom replacing the bridging water molecule, and the hydroxyl oxygen atom 

binding one metal center and forming a hydrogen bond with Lys134.  The phenylaminomethyl 

moiety at the 6-position was found to be too short to allow for π-stacking with Tyr24, but 

allowed for hydrophobic interactions with pocket 2.  The 4-chloro substituent is also positioned 

to allow for halogen bonding with the backbone carbonyl of Arg82.  The N-phenyltetrazole 

moiety at the 1-position fits well into pocket 4, with the aryl ring making hydrophobic 

interactions with the hydrophobic wall of the pocket and the tetrazole making favorable contacts 

with the basic residues found at the end of the pocket (Figure 4.4).  It was found that the 4' 

tetrazole was able to hydrogen bond with two nitrogen atoms from the guanidine moiety of 

Arg124 and simultaneously hydrogen bond with the terminal nitrogen of Lys34.  The larger 

size and greater number of available hydrogen bond acceptors in the tetrazole ring, when 

compared to a carboxylic acid group, may account for the observed difference in activity 

between the compounds containing these isosteres (62 vs. 63). 
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Figure 4.4.  Docking analysis of 71 in influenza PAN (PDB:  4M4Q).  (a) Docked structure of 
71 bound to PAN.  Strong hydrophobic interactions were found between the 6-position 
phenylaminomethyl moiety and hydrophobic pocket 2, as well as halogen bonding with Arg82.  
The N-phenyltetrazole moiety was found to hydrogen bond simultaneously to Arg124 and 
Lys34.   (b) Ligand interaction diagram detailing ligand/protein/solvent interactions in rendered 
in 2-dimensions.  Interactions between the ligand and protein active site are displayed as colored 
dotted lines; coordination bonds in purple, hydrogen bonds and π-π interactions in green, and 
halogen bonds in blue.  Blue halos indicate a measure of ligand solvent-exposure, with larger 
halos indicating greater exposure. 
 

4.5 Cytotoxicity and Antiviral Activity 

Cytotoxicity and antiviral activity studies were performed in MDCK cells (see 

Experimental Section).  MDCK cells were incubated for a period of 48 hours in the presence 

of varying concentrations of compound 71 or the commercially available diketo acid compound 

89 (L-742,001), as a control.  Compound 89 is one of the most potent inhibitors of influenza 

PAN reported, both in cellular and protein based assays.13, 51  Cell viability was then determined 

using CellTiter-Glo luminescent assay (Promega).  Antiviral activity was determined by 

exposing MDCK cells to a lethal challenge of influenza virus, in the presence of varying 

concentrations of inhibitor.  Influenza A virus obtained from the American Tissue Culture 

Collection (H1N1, ATCC VR-1737) was used to infect healthy MDCK cells, and inhibitor 

molecules were co-administered in varying concentrations with the viral challenge.  The cells 
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were then incubated for 48 hours and analyzed for viability via luminescence assay.  Compound 

71 was found to have an EC50 value of 2.1 µM and a CC50 value of 280 µM (Figure 4.5).  Both 

of these values were comparable to the positive control (89), with 71 being 4- to 5-fold more 

potent than the control in the viral challenge assay. 

 

 
Figure 4.5.  Activity and cytotoxicity analysis of 71 and the reported diketo acid inhibitor 89 
in MDCK cell lines.  Cytotoxicity was determined by incubating cells in the presence of 
inhibitors for 48 h, followed by evaluating cell viability.  Potency was determined by co-
administration of inhibitor and a lethal challenge of virus particles, followed by a 48 h 
incubation and subsequent analysis of cell viability. 
 

4.6 Discussion 

Of the reported binding pockets in the influenza PAN active site, many inhibitors that 

have been structurally characterized in the active site interact with pocket 4.  This common 

interaction space is due to the open nature of pocket 4 (Figure 4.3, Figure 4.4), coupled with its 

proximity to the catalytic metal ions that many inhibitors also interact with.12,52,44  A number of 

reported inhibitors interact with pocket 3 for similar reasons.45,53  Fewer reported inhibitors 

have been shown to interact with pockets 1 or 2, with the only examples being dioxobutanoic 
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acid derivatives.12  Examples of inhibitors with good interactions with pockets 3 and 4 include 

compounds containing a phenyl tetrazole moiety for pocket 4 (Figure 4.6).45,44  Arnold and 

LaVoie initially identified a 5-chloro-3,2-hydroxypyridinone as a fragment hit against PAN 

using a crystallography-based fragment screening of 775 compounds.46  Fragment elaboration 

resulted in the development of Parhi-6 (Figure 4.6), which contains the aforementioned phenyl 

tetrazole moiety and displays a reported IC50 value of 368±41 nM.  In an effort to develop even 

more potent inhibitors of PAN, additional efforts lead to additional MBP heterocycle analogues 

in combination with a phenyl tetrazole substituent (Figure 4.6, Figure 4.7). 

 

 
Figure 4.6.  Chemical structure and inhibitory activity of several reported influenza PAN 
inhibitors that contain a phenyl tetrazole moiety.  Reported IC50 values for each compound are 
provided.  The MBP portion of each molecule is highlighted in blue.  Compounds were initially 
reported by Parhi et al.46 and Sagong et al.45 
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Figure 4.7.  Structural comparison of several phenyl tetrazole-containing influenza PAN 
inhibitors.  Left:  Crystal structure of Sagong-11 (PDB: 4W9S).  Middle:  Crystal structure of a 
more elaborated molecule based on Parhi-6 (PDB: 4M4Q).  Right:  Docking analysis of 71 
(PDB: 4M4Q).  Crystal structures of phenyl tetrazole-containing inhibitors show the binding 
orientation the phenyl tetrazole moiety to be conserved.  Docking analysis of 71 predicts a very 
similar binding mode for this moiety to that observed in crystallographically validated 
inhibitors. 
 

The MPB scaffolds and elaborated inhibitors shown in Figure 4.6 were the result of a 

‘scaffold hopping’ campaign, which is common in inhibitor development.54  Successful scaffold 

hopping requires the identification of more potent, yet functionalizable, core molecules.  As 

such, the FBDD approach reported here was able to further advance this strategy, using new 

MBP fragments, resulting in compound 63 that exhibits improved activity over all of these other 

derivatives shown in Figure 4.6.  Therefore, the MBP-based FBDD approach facilitates the 

identification of potent core molecules and can allow for more effective and rapid scaffold 

hopping, which also serves to further validate the pharmacophore model and SAR observed in 

these prior studies.45,44  The MBP library used here helps compliment the previous screening 

efforts by exploring a broader chemical space of metal-binding functionality, rapidly 

identifying novel MBPs, and providing significant improvements in activity.  Furthermore, by 

examining other fragment sublibraries, a ‘fragment growth’ strategy was applied here, as 

demonstrated by compound 71, which led to even greater enhancements in activity by 

exploiting less-targeted active site pockets (pocket 2). 
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4.7 Conclusions 

Employing a FBDD strategy, using a metalloenzyme-targeted MBP library, 

pyromeconic acid (1) and similar fragments were identified as active inhibitors against the 

influenza PAN.  Prior work in the field, along with modeling, allowed for the generation of a 

SAR, leading to the synthesis of several pyrone and pyridinone derivatives based on the initial 

fragment hits.  Ultimately, five small molecules with in vitro IC50 values of <200 nM, and two 

with IC50 values of <50 nM, were obtained.  The most active compound (71) was found to 

inhibit PAN activity with an IC50 of 14 nM.  Compound 71 showed minimal cytotoxicity with 

a CC50 of 280 µM and could rescue cells from a lethal challenge of H1N1 influenza virus with 

a viral EC50 of 2.1 µM.  As opposed to other reported screening methods, which generally 

involve much larger libraries and more costly methods (e.g. crystallography), the FBDD 

approach described here readily produced ligand efficient fragments that targeted the metal 

active site.  This targeted library screening method shows the potential to be a more time- and 

cost-effective route than those employed by traditional FBDD and HTS campaigns, yielding a 

similar number of active hits, and ultimately resulting in the development of effective lead 

molecules. 

 

4.8 Experimental Section 

All reagents and solvents were obtained from commercial sources and used without 

further purification.  All reactions, unless otherwise stated, were performed under a nitrogen 

atmosphere.  Reactions were monitored using either aluminum or glass-backed silica TLC 

plates impregnated with a fluorescent indicator, absorbing at 254 nm.  Silica gel column 

chromatography was performed on a CombiFlash Rf Teledyne ISCO system using hexane, 
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ethyl acetate, methylene chloride, or MeOH as eluent.  Reverse phase column chromatography 

(C18 column) was performed on the same instrument using 0.1% formic acid in MeOH, 

acetonitrile, or water as eluent.  Separations were monitored by mass spectrometry via a 

Teledyne ISCO RF+ PurIon ESI-MS or APCI-MS detector with 1 Da resolution.  1H NMR 

spectra were obtained on a Varian (400 MHz) spectrometers in the Department of Chemistry 

and Biochemistry at U.C. San Diego.  1H NMR data is expressed in parts per million (ppm) 

relative to the residual non-deuterated solvent signals, and spin multiplicities are given as s 

(singlet), d (doublet), dd (doublet of doublets), t (triplet), dt (doublet of triplets), q (quartet), m 

(multiplet), and bs (broad singlet).  Available coupling constants (J) are reported in hertz (Hz).  

The purity of all compounds used in assays was determined to be ≥95% by 1H NMR 

spectroscopy and confirmed by high-resolution mass spectrometry (HRMS) experiments using 

an Agilent 6230 Accurate-Mass LC-TOFMS located in the U.C. San Diego Molecular Mass 

Spectrometry Facility (MMSF).  Standard resolution MS was performed either at the 

aforementioned MMSF or Teledyne ISCO RF+ PurIon MS.  Microwave reactions were 

performed using a CEM Discover series S-class microwave reactor in pressure-sealed vessels.  

Docking simulations were performed using MOE version 2014.0901.  Flexible receptor 

modeling (induced fit) was employed in these simulations, and metal-binding atoms were fixed.  

Compounds 3 and 8 were obtained from commercial suppliers.  Compounds 1, 4, and 5 were 

previously reported,43 as was synthesis of compounds 6, 73-76.55 
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Scheme 4.1.  Synthesis of compounds 5-carboxy functionalized derivatives of pyromeconic 
acid.  Reagents and conditions: (a) triethyl orthoformate, H2SO4 (catalytic), rt, 24 h; (b) 4-
nitrophenyl trifluoroacetate, pyridine, rt, 18 h; (c) ethyl or tert-butyl acetoacetate, NaH, reflux 
in dry THF, 4-6 h; (d) TFA, CH2Cl2, rt, 2-4 h; (e) HATU, triethyl amine, DMF, 60 ºC, o/n; (f) 
1:1 HCOOH:H2O, 80 ºC, 2-6 h. 
 

Synthesis of 5-hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxamide derivatives is 

outlined in Scheme 4.1.  Bromopyruvic acid was transformed to bromodiethoxypropanoic acid 

by treatment with triethyl orthoformate in the presence of catalytic sulfuric acid.  The acetal-

protected propanoic acid was then activated as the p-nitrophenyl ester 74.  Pyrone ring 

formation was achieved over two steps by the slow addition of 74 to a solution of ethyl or tert-

butyl acetoacetate was previously deprotonated by sodium hydride.  After the initial 

nucleophilic attack of the activated ester by the acetoacetate, ring closing was accomplished via 

nucleophilic addition by heating the reaction mixture to reflux for 4-6 h.  The pyrone-acetal 75a 

was deesterified by stirring briefly with trifluoroacetic acid (TFA) in CH2Cl2.  The tert-butyl 

ester was removed selectively by controlling the time of the reaction, as the ester is more labile 

in the absence of water than the acetal.  Key intermediate 76 was used to prepare various amides 

using analogous conditions; specifically, 76 was activated with HATU and triethylamine in 

DMF.  Addition of the amine was followed by heating and stirring for ~18 h at 60 ºC.  After 



129 
 

isolation of the formed amide the acetal was deprotected in water and acid to reveal the 3-keto 

intermediate, which rapidly tautomerizes to form the desired 3-hydroxide species. 
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Scheme 4.2.  Synthesis of 6-position derivatives of pyromeconic acid.  Reagents and 
conditions: (a) benzyl bromide, K2CO3, DMF, 80 ºC, 8-12 h; (b) thionyl chloride, CH2Cl2, rt, 
8 h; (c) R1R2NH, triethyl amine, DMF, 75 ºC, o/n; (d) 5:5:1 HOAc:HCl:TFA, rt-40 ºC, 24-48 
h; (e) sodium azide, DMF, rt, o/n; (f) triphenylphosphine, THF, rt, 30-60 min; (g) acid chloride 
or sulfonyl chloride, CH2Cl2, rt, o/n; (h) BCl3, CH2Cl2, 0 ºC, 30 min, rt, 30 min. 
 

To acquire SAR at the 6-position, a library of amine derivatives was prepared from 

commercially available kojic acid (Scheme 4.2).  The phenolic oxygen of 8 was selectively 

protected as a benzyl ether by treatment with benzyl bromide in the presence of potassium 

carbonate in DMF at 80 ºC.  Compound 78 was prepared quantitatively by reacting 77 with 

thionyl chloride.  Nucleophilic addition of various primary and secondary amines, followed by 

selective hydrolysis of the benzyl ether in a mixture of TFA, concentrated HCl, and glacial 

acetic acid afforded aminomethyl pyrones in good yields.  Amide and sulfonamide derivatives 

were generated by the nucleophilic addition of sodium azide to 78, following by reduction of 

79 with triphenylphosphine to afford 80 as a key intermediate.  Compound 80 was reacted with 
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various acid chlorides and sulfonyl chlorides to generate 28-31, after deprotection of the phenol 

by boron trichloride. 
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Scheme 4.3.  Synthesis of N-functionalized hydroxypyridinones.  Reagents and conditions: (a) 
thionyl chloride, CH2Cl2, rt, 4-6 h; (b) Zinc dust, HCl, water, 70 ºC, 4-6 h; (c) benzyl bromide, 
K2CO3, DMF, 80 ºC, 8-12 h; (d) aryl or alkyl amine, HOAc, 3:1 EtOH:H2O, MW 125 ºC, 90-
120 min; (e) BCl3, CH2Cl2, 0 ºC, 30 min, rt, 30 min; (f) 5:5:1 HOAc:HCl:TFA, rt-40 ºC, 24-
48 h. 
 

Preparation of pyridinone derivatives of allomaltol (2) possessing N-aryl and -alkyl 

substituents is described generally in Scheme 4.3.  Kojic chloride (81) was derived from 8, and 

reduced to 2 using metallic zinc and strong acid.  While dehydration of the hydroxypyrone ring 

to afford hydroxypyridinone derivatives was shown to be possible, benzyl protection of the 

hydroxyl group prior to dehydration greatly improved yields and suppressed formation of side-

products.  Key intermediate 82 was irradiated in a microwave reactor in the presence of excess 

amine and acetic acid to produce a wide variety of pyridinone derivatives.  Microwave heating 

under increased pressure greatly accelerated reaction rates; dehydration using conventional 

heating could be accomplished, but required refluxing reactants in EtOH for a period of days.  

Removal of the benzyl ether after dehydration was shown to be accomplished quickly and 

efficiently employing boron trichloride as a dealkylating agent, or less efficiently using a 5:5:1 

mixture of concentrated hydrochloric acid, glacial acetic acid, and TFA—as a milder alternative 

to boron trihalides. 
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Scheme 4.4.  Synthesis of merged inhibitor compounds.  Reagents and conditions: (a) 1:1 
HCOOH:H2O, 80 ºC, 2-6 h; (b) benzyl bromide, K2CO3, DMF, 80 ºC, 8-12 h; (c) aryl amine, 
HOAc, 3:1 EtOH:H2O, MW 130 ºC, 3-5 h; (d) 5:5:1 HOAc:HCl:TFA, rt-40 ºC, 24-48 h; (e) 
4% KOH, 1:2:1 THF:MeOH:water, rt, o/n; (f) RCH3NH, triethyl amine, DMF, 75 ºC, o/n. 
 

Fragment merging was accomplished as shown in Scheme 4.4.  Merging of N-aryl 

pyridinones with 5-position carboxylates began with advanced intermediate 76a.  Hydrolysis 

of the acetal followed by tautomerization yielded 83.  After benzyl protection of the phenol, 

dehydration was accomplished with microwave heating using dry EtOH as a solvent.  

Hydrolysis of only the benzyl ether using strong acid afforded compounds 67-69 in moderate 

yields; hydrolysis of both ester and ether was not observed.  Further base catalyzed hydrolysis 

of the ethyl ester proved difficult, and ultimately resulted in the decomposition of the ring 

system.  As an alternative route, compound 86 was hydrolyzed to the free carboxylic acid by 

stirring in 4% KOH and MeOH for several hours.  This reaction proceeded almost quantitatively 
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with no apparent decomposition of the starting material.  Compound 86 was found to be stable 

to strongly acidic conditions, and was hydrolyzed to 70 using a mixture of strong acids with 

good yields.  Synthesis of compound 71 began with chloride compound 78.  Nucleophilic 

substitution with 4-chloro-N-methylaniline afforded pyrone 87.  Dehydration, as previously 

described, yielded 88 in moderate to low yields.  Hydrolysis in the presence of strong acid 

afforded 71. 

 

4.8.1 Synthetic Chemistry Details 

5-(Benzyloxy)-1,2-dimethylpyridin-4(1H)-one (10).  A mixture of 5-(benzyloxy)-2-

methyl-4H-pyran-4-one (82) (250 mg, 1.16 mmol), methylamine (0.155 mL, 3.4 mmol), and 

acetic acid (0.2 mL, 3.4 mmol) in EtOH (3 mL) and water (1.5 mL) was added to a 10 mL 

microwave vessel.  The reaction mixture was heated with stirring at 125 °C for 3 h.  After 

cooling, the solvent was evaporated under vacuum, and the resulting solid purified by silica 

chromatography (gradient of 0-10% MeOH in CH2Cl2) to yield 10 (188 mg, 71%) and was 

isolated as a light pink solid.  1H NMR (400 MHz, CD3OD):  δ  7.46 (s, 1H), 6.36 (s, 1H), 3.68 

(s, 3H), 2.35 (s, 3H).  HR-ESI-MS Experimental:  162.0522.  Calculated for [C7H9NO2Na]+:  

162.0525.  Δ = -1.8 ppm. 

General procedure for the preparation of 7, 11-20:  To a solution of 3,3-diethoxy-6-

methyl-4-oxo-3,4-dihydro-2H-pyran-5-carboxylic acid (76) (100 mg, 0.41 mmol) in 

dimethylformamide (DMF) (15 mL) was added triethylamine (TEA) (0.068 mL, 0.49 mmol).  

The mixture was stirred briefly, and 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate (HATU) (187 mg, 0.49 mmol) was added.  A 

primary amine or aniline (0.49 mmol) was then added and the mixture was heated to 55 ºC and 
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stirred overnight.  The reaction mixture was concentrated to dryness under vacuum, taken up in 

ethyl acetate, washed twice with saturated bicarbonate solution, and dried over MgSO4.  The 

organic solution was concentrated to dryness and purified by silica column chromatography 

(gradient of 0-50% ethyl acetate in hexanes).  This acetal intermediate was then taken up in 1:1 

water:formic acid (20 mL) and heated to 80 ºC for 2-6 h.  The reaction mixture was concentrated 

to dryness under vacuum, and the residue was purified by silica column chromatography eluting 

with a gradient of 0-10% MeOH in CH2Cl2. 

5-Hydroxy-N,2-dimethyl-4-oxo-4H-pyran-3-carboxamide (7).  Compound 7 was 

prepared according to the procedure described above in 68% (51 mg) yield over 2 steps, and 

was isolated as a white solid.  1H NMR (400 MHz, CD3OD):  δ  7.25 (s, 1H), 3.23 (s, 3H), 2.68 

(s, 3H).  HR-ESI-MS Experimental:  182.0456.  Calculated for [C8H8NO4]-:  182.0459.  Δ = -

1.6 ppm. 

5-Hydroxy-2-methyl-4-oxo-N-phenyl-4H-pyran-3-carboxamide (11).  Compound 

11 was prepared according to the procedure described above in 50% (49 mg) yield over 2 steps, 

and was isolated as a beige solid.  1H NMR (400 MHz, Acetone-d6):  δ  11.56 (s, 1H), 8.16 (s, 

1H), 7.72 (d, J = 7.7 Hz, 2H), 7.35 (t, J = 7.9 Hz, 2H), 7.11 (t, J = 7.4 Hz, 1H), 3.10 (s, 3H).  

HR-ESI-MS Experimental:  244.0613.  Calculated for [C13H10NO4]-:  244.0615.  Δ = -0.8 ppm. 

N-benzyl-5-hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxamide (12).   Compound 

12 was prepared according to the general procedure in 65% (76 mg) yield over 2 steps, and was 

isolated as a white solid.  1H NMR (400 MHz, CD3OD):  δ  9.72 (s, 1H), 7.93 (s, 1H), 7.35 (m, 

4H), 7.24 (t, J = 6.9 Hz, 1H), 4.54 (s, 2H), 2.56 (s, 3H).  HR-ESI-MS Experimental:  285.0772.  

Calculated for [C14H12NO4]-:  285.0772.  Δ = 0.0 ppm. 
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5-Hydroxy-2-methyl-4-oxo-N-phenethyl-4H-pyran-3-carboxamide (13). 

Compound 13 was prepared according to the procedure described above in 69% (77 mg) yield 

over 2 steps, and was isolated as a pink solid.  1H NMR (400 MHz, CD3OD)  δ:  9.36 (s, 1H), 

7.90 (s, 1H), 7.26 (bd, J = 2.4 Hz, 5H), 4.87 (t, J = 5.1 Hz, 2H), 3.59 (t, J = 5.2 Hz, 2H), 2.47 

(s, 3H). HR-ESI-MS Experimental:  272.0929.  Calculated for [C15H14NO4]-:  272.0928.  Δ = 

0.4 ppm. 

N-(4-fluorophenyl)-5-hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxamide (14).  

Compound 14 was prepared according to the procedure described above in 53% (57 mg) yield 

over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, Acetone-d6):  δ  11.58 (s, 

1H), 8.16 (s, 1H), 7.75 (dd, J = 8.9, 4.9 Hz, 2H), 7.13 (t, J = 8.8 Hz, 2H), 2.79 (s, 3H).  HR-

ESI-MS Experimental:  262.0522.  Calculated for [C13H9FNO4]-:  262.0521.  Δ = 0.4 ppm. 

N-(4-fluorobenzyl)-5-hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxamide (15).  

Compound 15 was prepared according to the procedure described above in 55% (62 mg) yield 

over 2 steps, and was isolated as a light brown solid.  1H NMR (400 MHz, CDCl3):  δ  9.78 (s, 

1H), 7.85 (s, 1H), 7.31 (dd, J = 8.4, 5.5 Hz, 2H), 7.01 (t, J = 8.7 Hz, 2H), 4.56 (d, J = 5.6 Hz, 

2H), 2.85 (s, 3H).  HR-ESI-MS Experimental:  276.0679.  Calculated for [C14H11FNO4]-:  

276.0678.  Δ = 0.4 ppm. 

N-(4-fluorophenethyl)-5-hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxamide (16).  

Compound 16 was prepared according to the procedure described above in 71% (84 mg) yield 

over 2 steps, and was isolated as a pink solid.  1H NMR (400 MHz, CDCl3):  δ  9.44 (s, 1H), 

7.78 (s, 1H), 7.20 (dd, J = 7.7, 5.7 Hz, 2H), 6.97 (t, J = 8.5 Hz, 2H), 3.66 – 3.60 (m, 2H), 2.87 

(t, J = 7.2 Hz, 2H), 2.80 (s, 3H).  HR-ESI-MS Experimental:  290.0835.  Calculated for 

[C15H13FNO4]-:  290.0834.  Δ = 0.3 ppm. 
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5-Hydroxy-N-(4-methoxybenzyl)-2-methyl-4-oxo-4H-pyran-3-carboxamide (17).  

Compound 17 was prepared according to the procedure described above in 65% (77 mg) yield 

over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, CD3OD):  δ  7.89 (s, 1H), 

7.25 (d, J = 8.2 Hz, 2H), 6.84 (d, J = 8.2 Hz, 2H), 4.44 (s, 2H), 3.73 (s, 3H), 2.54 (s, 3H).  HR-

ESI-MS Experimental:  288.0878.  Calculated for [C15H14NO5]-:  288.0877.  Δ = 0.3 ppm. 

5-Hydroxy-N-(3-methoxybenzyl)-2-methyl-4-oxo-4H-pyran-3-carboxamide (18). 

Compound 18 was prepared according to the procedure described above in 62% (73 mg) yield 

over 2 steps, and was isolated as a light yellow solid.  1H NMR (400 MHz, Acetone-d6):  δ  9.66 

(s, 1H), 8.09 (s, 1H), 7.24 (t, J = 7.9 Hz, 1H), 7.06 – 6.87 (m, 2H), 6.82 (dd, J = 8.2, 2.1 Hz, 

1H), 4.56 (d, J = 5.8 Hz, 2H), 3.78 (s, 3H), 2.72 (s, 3H).  HR-ESI-MS Experimental:  288.0878.  

Calculated for [C15H14NO5]-:  288.0877.  Δ = 0.3 ppm. 

5-Hydroxy-2-methyl-N-(naphthalen-1-yl)-4-oxo-4H-pyran-3-carboxamide (19).  

Compound 19 was prepared according to the procedure described above in 51% (62 mg) yield 

over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, DMSO-d6):  δ  11.69 (s, 

1H), 9.63 (s, 1H), 8.30 (d, J = 8.0 Hz, 1H), 8.10 (d, J = 7.5 Hz, 1H), 7.97 (d, J = 7.7 Hz, 1H), 

7.77 (d, J = 8.2 Hz, 1H), 7.55 (dt, J = 22.1, 7.7 Hz, 3H), 2.65 (s, 3H).  HR-ESI-MS 

Experimental:  294.0773.  Calculated for [C17H12NO4]-:  294.0772.  Δ = 0.3 ppm. 

N-(2-(1H-indol-3-yl)ethyl)-5-hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxamide 

(20).  Compound 20 was prepared according to the procedure described above in 47% (60 mg) 

yield over 2 steps, and was isolated as a red solid.  1H NMR (400 MHz, CD3OD):  δ  10.20 (s, 

1H), 9.34 (s, 1H), 7.91 (s, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.32 (d, J = 7.9 Hz, 1H), 7.11 (d, J = 

15.2 Hz, 1H), 7.07 (t, J = 7.4 Hz, 1H), 6.98 (t, J = 7.4 Hz, 1H), 3.81 – 3.57 (m, 2H), 3.04 (t, J 
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= 7.1 Hz, 2H), 2.46 (s, 3H).  HR-ESI-MS Experimental:  311.1036.  Calculated for 

[C17H15N2O4]-:  311.1037.  Δ = -0.3 ppm. 

5-(Benzyloxy)-2-(hydroxymethyl)-4H-pyran-4-one (77). Kojic acid (15g, 106 

mmol), potassium carbonate (32.1 g, 232 mmol) were dissolved in DMF (200 mL) and stirred.  

Benzyl bromide (15.07 mL, 127 mmol) was added and the mixture was heated to 80 ºC for 6-8 

h.  Solvent was then evaporated under vacuum, and the residue was recrystallized in water to 

give 77 in 72% (24.7 g) yield and was isolated as white, needle-like crystals.  1H NMR (400 

MHz, CDCl3):  δ  7.52 (s, 1H), 7.44 – 7.29 (m, 5H), 6.52 (s, 1H), 5.04 (s, 2H).  HR-ESI-MS 

Experimental:  255.0636.  Calculated for [C13H12O4Na]+:  255.0634.  Δ = 0.8 ppm. 

5-(Benzyloxy)-2-(chloromethyl)-4H-pyran-4-one (78).  To a rapidly stirring 

suspension of 77 (2.5 g, 10.7 mmol) in CH2Cl2 (100 mL) at room temperature was added 

thionyl chloride (0.90 mL, 12.3 mmol), dropwise over the course of 20 min.  Throughout the 

addition, the suspension tends to clump.  When clumping occurred, the addition was paused to 

allow the solution to return to homogeneity.  After addition, the reaction was stirred for 6-8 h, 

during which time the solution turned from cloudy white, to a pale translucent yellow, to a 

cloudy white.  After 6-8 h, the solution was dried under vacuum, co-evaporated with MeOH to 

remove all residual HCl, and purified via silica column chromatography, eluting with a gradient 

of 0-5% MeOH in CH2Cl2 to afford 78 as a white solid in 83% (2.2 g) yield.  1H NMR (400 

MHz, CDCl3):  δ  7.56 (s, 1H), 7.37 (dd, J = 12.9, 4.6 Hz, 5H), 6.48 (s, 1H), 5.08 (s, 2H).  ESI-

MS [M+H]+:  251.24 

General procedure for the preparation of 21-27, 32-42:  To a solution of 5-(benzyloxy)-

2-(chloromethyl)-4H-pyran-4-one (78) (250 mg, 0.99 mmol) and aryl or alkyl, primary, or 

secondary amine (1.99 mmol) in DMF (15 mL) was added TEA  (0.31 mL, 2.19 mmol).  The 
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mixture was heated to 75 ºC and stirred overnight.  The reaction was then evaporated to dryness 

under vacuum, and the residue purified by column chromatography (0-5% MeOH in CH2Cl2).  

The benzyl ether protected intermediate was then stirred in a 5:5:1 mixture of concentrated 

hydrochloric acid, glacial acetic acid, and TFA for 24-48 h.  Solvent was removed under high 

vacuum, the residue co-evaporated several times with MeOH, and resulting solids purified by 

C18 column chromatography in a MeOH-water system with added 0.1% formic acid. 

2-((Dimethylamino)methyl)-5-hydroxy-4H-pyran-4-one (21). Compound 21 was 

prepared according to the general procedure in 58% (97 mg) yield over 2 steps, and was isolated 

as a red oily solid.  1H NMR (400 MHz, CD3OD):  δ  8.08 (s, 1H), 6.71 (s, 1H), 4.38 (s, 2H), 

2.96 (s, 6H).  HR-ESI-MS Experimental:  170.0811.  Calculated for [C8H12NO3]+:  170.0812.  

Δ = -0.6 ppm. 

5-Hydroxy-2-(piperidin-1-ylmethyl)-4H-pyran-4-one (22).  Compound 22 was 

prepared according to the procedure described above in 78% (161 mg) yield over 2 steps, and 

was isolated as a beige solid.  1H NMR (400 MHz, CD3OD):  δ  7.96 (s, 1H), 6.47 (s, 1H), 3.41 

(s, 2H), 2.47 (s, 4H), 1.60 (dt, J = 11.0, 5.6 Hz, 4H), 1.45 (d, J = 5.1 Hz, 2H).  HR-ESI-MS 

Experimental:  210.1123.  Calculated for [C11H16NO3]+:  210.1125.  Δ = -0.9 ppm. 

5-Hydroxy-2-((isopropylamino)methyl)-4H-pyran-4-one (23).  Compound 23 was 

prepared according to the procedure described above in 66% (120 mg) yield over 2 steps, and 

was isolated as a red oily solid.  1H NMR (400 MHz, CDCl3):  δ  7.82 (s, 1H), 7.26 (s, 1H), 

6.49 (s, 1H), 3.68 (s, 2H), 2.82 (dt, J = 12.4, 6.3 Hz, 1H), 1.08 (d, J = 6.2 Hz, 6H).  HR-ESI-

MS Experimental:  184.0968.  Calculated for [C9H14NO3]+:  184.0968.  Δ = 0.0 ppm. 

2-((Cyclohexylamino)methyl)-5-hydroxy-4H-pyran-4-one (24).  Compound 24 was 

prepared according to the procedure described above in 74% (163 mg) yield over 2 steps, and 
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was isolated as a white solid.  1H NMR (400 MHz, CDCl3):  δ  7.82 (s, 1H), 7.26 (s, 1H), 6.50 

(s, 1H), 3.70 (s, 2H), 2.43 (dd, J = 12.0, 8.4 Hz, 1H), 1.86 (d, J = 11.6 Hz, 2H), 1.73 (d, J = 

13.0 Hz, 2H), 1.61 (d, J = 11.0 Hz, 1H), 1.21 (dd, J = 22.9, 10.7 Hz, 3H), 1.13 – 1.06 (m, 2H).  

HR-ESI-MS Experimental:  224.1280.  Calculated for [C12H18NO3]+:  224.1281.  Δ = -0.4 ppm. 

5-Hydroxy-2-((isobutylamino)methyl)-4H-pyran-4-one  (25).  Compound 25 was 

prepared according to the procedure described above in 62% (120 mg) yield over 2 steps, and 

was isolated as a pink solid.  1H NMR (400 MHz, CDCl3):  δ  7.83 (d, J = 5.8 Hz, 1H), 7.27 (d, 

J = 5.7 Hz, 1H), 6.50 (d, J = 5.6 Hz, 1H), 3.67 (d, J = 5.3 Hz, 2H), 2.43 (t, J = 6.1 Hz, 2H), 1.74 

(dd, J = 13.1, 6.6 Hz, 1H), 0.92 (t, J = 6.1 Hz, 6H).  HR-ESI-MS Experimental:  198.1122.  

Calculated for [C10H16NO3]+:  198.1125.  Δ = -1.5 ppm. 

2-((Benzylamino)methyl)-5-hydroxy-4H-pyran-4-one (26).  Compound 26 was 

prepared according to the procedure described above in 76% (242 mg) yield over 2 steps, and 

was isolated as a pink solid.  1H NMR (400 MHz, CD3OD):  δ  7.97 (s, 1H), 7.36 (d, J = 6.8 

Hz, 5H), 6.49 (s, 1H), 3.90 (s, 2H), 3.79 (s, 2H).  HR-ESI-MS Experimental:  323.0966.  

Calculated for [C13H14NO3]+:  323.0968.  Δ = -0.6 ppm. 

2-((Benzyl(methyl)amino)methyl)-5-hydroxy-4H-pyran-4-one (27).  Compound 27 

was prepared according to the procedure described above in 64% (155 mg) yield over 2 steps, 

and was isolated as a beige solid.  1H NMR (400 MHz, CD3OD):  δ  7.93 (s, 1H), 7.29 (d, J = 

6.7 Hz, 5H), 6.49 (s, 1H), 3.56 (s, 2H), 3.42 (s, 2H), 2.24 (s, 3H).  HR-ESI-MS Experimental:  

246.1120.  Calculated for [C14H16NO3]+:  246.1125.  Δ = -2.0 ppm. 

5-Hydroxy-2-((phenylamino)methyl)-4H-pyran-4-one (32).  Compound 32 was 

prepared according to the procedure described above in 51% (110 mg) yield over 2 steps, and 

was isolated as a white solid.  1H NMR (400 MHz, CD3OD):  δ  7.96 (s, 1H), 7.11 (t, J = 7.9 
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Hz, 2H), 6.70 – 6.58 (m, 3H), 6.41 (s, 1H), 4.86 (s, 6H), 4.23 (s, 2H), 3.31 (d, J = 1.5 Hz, 3H).  

HR-ESI-MS Experimental:  218.0813.  Calculated for [C12H12NO3]+:  218.0812.  Δ = -0.5 ppm. 

5-Hydroxy-2-(phenoxymethyl)-4H-pyran-4-one (33).  Compound 33 was prepared 

according to the procedure described above in 43% (92 mg) yield over 2 steps, and was isolated 

as a yellow oily solid.  1H NMR (400 MHz, CDCl3):  δ  7.88 (s, 1H), 7.31 (t, J = 7.9 Hz, 2H), 

7.02 (t, J = 7.3 Hz, 1H), 6.93 (d, J = 8.3 Hz, 2H), 6.65 (s, 1H), 4.88 (s, 2H).  HR-ESI-MS 

Experimental:  219.0651.  Calculated for [C12H11NO4]+:  219.0652.  Δ = -0.5 ppm. 

5-Hydroxy-2-((methyl(phenyl)amino)methyl)-4H-pyran-4-one (34).  Compound 34 

was prepared according to the procedure described above in 69% (157 mg) yield over 2 steps, 

and was isolated as a white solid.  1H NMR (400 MHz, CD3OD):  δ  7.96 (s, 1H), 7.19 (t, J = 

7.7 Hz, 2H), 6.81 – 6.66 (m, 3H), 6.24 (s, 1H), 4.43 (s, 2H), 3.05 (s, 3H).  HR-ESI-MS 

Experimental:  232.0968.  Calculated for [C13H14NO3]+:  232.0968.  Δ = 0.0 ppm. 

2-(((4-Chlorophenyl)(methyl)amino)methyl)-5-hydroxy-4H-pyran-4-one (35).  

Compound 35 was prepared according to the procedure described above in 55% (144 mg) yield 

over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, CD3OD):  δ  7.96 (s, 1H), 

7.16 (d, J = 9.1 Hz, 2H), 6.73 (d, J = 9.0 Hz, 2H), 6.24 (s, 1H), 4.44 (s, 2H), 3.05 (s, 3H).  HR-

ESI-MS Experimental:  266.0584.  Calculated for [C13H13ClNO3]+:  266.0578.  Δ = 2.3 ppm. 

2-(((3-Chlorophenyl)(methyl)amino)methyl)-5-hydroxy-4H-pyran-4-one (36).  

Compound 36 was prepared according to the procedure described above in 60% (157 mg) yield 

over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, CDCl3):  δ  7.84 (s, 1H), 

7.14 (t, J = 8.1 Hz, 1H), 6.75 (d, J = 7.8 Hz, 1H), 6.66 (s, 1H), 6.55 (d, J = 8.3 Hz, 1H), 6.32 (s, 

1H), 4.33 (s, 2H), 3.05 (s, 3H).  HR-ESI-MS Experimental:  266.0583.  Calculated for 

[C13H13ClNO3]+:  266.0578.  Δ = 1.9 ppm. 
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5-Hydroxy-2-(((4-methoxyphenyl)(methyl)amino)methyl)-4H-pyran-4-one (37).  

Compound 37 was prepared according to the procedure described above in 57% (134 mg) yield 

over 2 steps, and was isolated as a light yellow solid.  1H NMR (400 MHz, CDCl3):  δ  7.82 (s, 

1H), 6.82 (d, J = 9.1 Hz, 2H), 6.68 (d, J = 9.1 Hz, 2H), 6.37 (s, 1H), 4.24 (s, 2H), 3.74 (s, 3H), 

2.96 (s, 3H). HR-ESI-MS Experimental:  284.0891.  Calculated for [C14H15NO4Na]+:  

284.0893.  Δ = -0.7 ppm. 

5-Hydroxy-2-(((3-methoxyphenyl)(methyl)amino)methyl)-4H-pyran-4-one (38).  

Compound 38 was prepared according to the procedure described above in 68% (168 mg) yield 

over 2 steps, and was isolated as a light yellow solid.  1H NMR (400 MHz, CDCl3):  δ  7.83 (s, 

1H), 7.14 (t, J = 8.0 Hz, 1H), 6.44 – 6.29 (m, 3H), 6.24 (s, 1H), 4.33 (s, 2H), 3.78 (s, 3H), 3.47 

(s, 1H), 3.04 (s, 3H).  HR-ESI-MS Experimental:  284.0892.  Calculated for [C14H15NO4Na]+:  

284.0893.  Δ = -0.4 ppm. 

2-(((4-Fluorophenyl)(methyl)amino)methyl)-5-hydroxy-4H-pyran-4-one (39).  

Compound 39 was prepared according to the procedure described above in 62% (153 mg) yield 

over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, CDCl3):  δ  7.83 (s, 1H), 

6.94 (t, J = 8.7 Hz, 2H), 6.72 – 6.60 (m, 2H), 6.35 (s, 1H), 4.29 (s, 2H), 3.01 (s, 3H).  HR-ESI-

MS Experimental:  272.0692.  Calculated for [C13H12FNO3Na]+:  272.0693.  Δ = -0.4 ppm. 

2-(((3-Fluorophenyl)(methyl)amino)methyl)-5-hydroxy-4H-pyran-4-one (40).  

Compound 40 was prepared according to the procedure described above in 74% yield (183 mg) 

over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, CDCl3):  δ  7.85 (s, 1H), 

7.17 (dd, J = 15.5, 7.7 Hz, 1H), 6.57 – 6.30 (m, 4H), 4.34 (s, 2H), 3.06 (s, 3H).  HR-ESI-MS 

Experimental:  250.0876.  Calculated for [C13H13FNO3]+:  250.0874.  Δ = 0.8 ppm. 
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5-Hydroxy-2-((methyl(pyridin-4-yl)amino)methyl)-4H-pyran-4-one (41).  

Compound 41 was prepared according to the procedure described above in 48% (110 mg) yield 

over 2 steps, and was isolated as a pink solid.  1H NMR (400 MHz, CD3OD):  δ  8.33 (s, 1H), 

8.16 (s, 1H), 7.98 (s, 1H), 6.95 (s, 2H), 6.56 (s, 1H), 5.37 (s, 2H), 3.01 (s, 3H).  HR-ESI-MS 

Experimental:  233.0922.  Calculated for [C12H13N2O3]+:  233.0921.  Δ = 0.4 ppm. 

5-Hydroxy-2-((methyl(pyridin-3-yl)amino)methyl)-4H-pyran-4-one (42).  

Compound 42 was prepared according to the procedure described above in 53% (122 mg) yield 

over 2 steps, and was isolated as a pink solid.  1H NMR (400 MHz, CD3OD):  δ  8.33 (s, 1H), 

8.16 (s, 1H), 7.98 (s, 1H), 6.95 (s, 2H), 6.56 (s, 1H), 5.37 (s, 2H), 3.01 (s, 3H).  HR-ESI-MS 

Experimental:  233.0922.  Calculated for [C12H13N2O3]+:  233.0921.  Δ = 0.4 ppm. 

2-(Azidomethyl)-5-(benzyloxy)-4H-pyran-4-one (79).  To a stirring solution of 78 

(1.5g, 5.9 mmol) in DMF (25 mL) was added sodium azide (0.40 g, 6.3 mmol) slowly.  The 

mixture was left to stir overnight at room temperature.  To the reaction mixture was added 5 

mL of saturated sodium bicarbonate and the solution stirred for 5 min.  Solvent was removed 

under reduced pressure, and the residue was purified via a silica column chromatography, 

eluting with a gradient of 0-5% MeOH in CH2Cl2.  Purification yielded 79 as a light brown 

solid (1.2 g, 78%).  1H NMR (400 MHz, CDCl3):  δ  7.52 (s, 1H), 7.34 (dd, J = 26.9, 19.0 Hz, 

5H), 6.52 (s, 1H), 5.04 (s, 2H), 4.44 (s, 2H).  ESI-MS [M+H]+:  258.09 

2-(Aminomethyl)-5-(benzyloxy)-4H-pyran-4-one (80).  Compound 79 (1 g, 4 mmol) 

in THF (50 mL) was stirred at room temperature.  Triphenylphosphine (1.26 g, 4.8 mmol) was 

added slowing to the stirring solution, and was left to react for 30-60 min.  To the reaction was 

added 1M HCl, and the mixture was washed with 3 × 100 mL chloroform.  The organics were 

discarded, and the pH of the aqueous phase was raised to ~12 with 6M NaOH.  The basic 
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aqueous phase was extracted with 3 × 100 mL ethyl acetate.  Organics were combined and 

dried, then concentrated to yield 80 as a dark red, oily solid.  NMR analysis indicated traces of 

triphenylphosphine oxide were still present.  However, compound 80 was used without further 

purification.  ESI-MS [M+H]+:  232.16 

N-((5-(benzyloxy)-4-oxo-4H-pyran-2-yl)methyl)acetamide (28).  Compound 80 (250 

mg, 0.93 mmol) was dissolved in CH2Cl2 (15 mL) and stirred.  To the stirring mixture was 

added acetic anhydride (0.5 mL, 5.3 mmol) slowly, and the reaction mixed overnight.  The 

reaction was quenched by the addition of water (50 mL) and stirred 15 min.  To this mixture 

was added 1M NaOH (25 mL) and CH2Cl2 (100 mL).  The layers were separated and the 

organic layer was dried under reduced pressure.  This residue was then taken up directly in dry 

CH2Cl2 (25 mL) and cooled in an ice bath to 0 ºC.  Boron trichloride (1M in CH2Cl2, 3 mL) 

was then added dropwise and the reaction stirred for 30 min on ice and 30 min at room 

temperature.  The reaction was quenched by the slow addition of MeOH, concentrated under 

vacuum, co-evaporated with MeOH, and purified by C18 column chromatography, in a 

water:MeOH system with added 0.1% formic acid.  Purification yielded 28 in 59% (100 mg) 

yield as a white solid.  1H NMR (400 MHz, DMSO-d6):  δ  8.44 (s, 1H), 8.02 (s, 1H), 6.22 (s, 

1H), 4.10 (d, J = 5.8 Hz, 2H), 1.87 (s, 3H).  HR-ESI-MS Experimental:  184.0602.  Calculated 

for [C8H10NO4]+:  184.0604.  Δ = -1.1  ppm. 

N-((5-(benzyloxy)-4-oxo-4H-pyran-2-yl)methyl)benzamide (29).  Compound 29 was 

prepared similarly to compound 28, substituting benzoyl chloride for acetic anhydride, in 66% 

(150 mg) yield and was isolated as a white solid.  1H NMR (400 MHz, DMSO-d6):  δ  8.05 (s, 

1H), 7.88 (d, J = 8.0 Hz, 2H), 7.54 (d, J = 7.4 Hz, 1H), 7.48 (t, J = 7.5 Hz, 2H), 6.27 (s, 1H), 
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4.34 (d, J = 5.5 Hz, 2H), 3.35 (s, 3H).  HR-ESI-MS Experimental:  246.0760.  Calculated for 

[C13H12NO4]+:  246.0761.  Δ = -0.4  ppm. 

N-((5-(benzyloxy)-4-oxo-4H-pyran-2-yl)methyl)methanesulfonamide (30).  

Compound 30 was prepared similarly to compound 28, substituting methanesuflonyl chloride 

for acetic anhydride, in 47% (95 mg) yield and was isolated as an off-white solid.  1H NMR 

(400 MHz, DMSO-d6):  δ  8.06 (s, 1H), 6.36 (s, 1H), 4.05 (s, 2H), 2.94 (s, 3H).  HR-ESI-MS 

Experimental:  220.0279.  Calculated for [C13H12NO4]+:  220.0274.  Δ = 2.3 ppm. 

N-((5-(benzyloxy)-4-oxo-4H-pyran-2-yl)methyl)benzenesulfonamide (31).  

Compound 31 was prepared similarly to compound 28, substituting benzoyl chloride for acetic 

anhydride, in 52% (135 mg) yield and was isolated as a white solid.  1H NMR (400 MHz, 

DMSO-d6):  δ  7.87 (s, 1H), 7.82 – 7.75 (m, 2H), 7.61 (d, J = 7.0 Hz, 1H), 7.55 (t, J = 7.3 Hz, 

2H), 6.22 (s, 1H), 3.93 (s, 2H).  HR-ESI-MS Experimental:  282.0434.  Calculated for 

[C12H12NO5S]+:  282.0431.  Δ = 1.1 ppm. 

2-(Chloromethyl)-5-hydroxy-4H-pyran-4-one (81).  To a rapidly stirring suspension 

of Kojic acid (8) (10 g, 70.4 mmol) in CH2Cl2 (250 mL) at room temperature was added thionyl 

chloride (5.9 mL, 81 mmol), dropwise over the course of 25 min.  Throughout the addition, the 

suspension tends to clump.  When clumping occurred, the addition was paused to allow the 

solution to return to homogeneity.  After 4-6 h of stirring, the suspension was filtered, and the 

solids were recrystallized from EtOH to afford Kojic chloride in 81% (9.0 g) yield as white 

needles. 1H NMR (400 MHz, DMSO-d6):  δ  8.12 (s, 1H), 6.56 (s, 1H), 4.65 (s, 2H).  ESI-MS 

[M+H]+:  159.14 

5-Hydroxy-2-methyl-4H-pyran-4-one (2).  A stirring solution of 81 (10 g, 62.3 mmol) 

in water (150 mL) was heated to 50 ºC.  To this vigorously stirring solution was added zinc 
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powder (8.14g 125mmol) slowly, and the temperature was raised to 70 ºC.  To this solution was 

added concentrated HCl (25mL, 820 mmol) dropwise, maintaining the internal temperature of 

the solution below 80 ºC.  The mixture was stirred for a further 4 h at 70 ºC.  At this point the 

reaction was hot filtered to remove residual zinc.  The cooled filtrate was extracted 5 times with 

50 mL CH2Cl2 + 10 mL ethyl acetate.  The resulting organics were dried and concentrated, to 

yield 2 (allomaltol) as a white powder in 83% (6.5 g) yield.  1H NMR (400 MHz, Acetone-d6):  

δ  7.82 (s, 1H), 6.21 (s, 1H), 2.28 (d, J = 0.5 Hz, 3H). ESI-MS [M-H]-:  125.22 

5-(Benzyloxy)-2-methyl-4H-pyran-4-one (82).  Allomaltol (2) (2g, 15.86 mmol) was 

dissolved in DMF (100 mL) and stirred.  To this solution was added potassium carbonate 

(4.82g, 34.9 mmol) and benzyl bromide (2.26 mL, 19 mmol).  The reaction mixture was heated 

to 80 ºC overnight.  The reaction was then concentrated under vacuum, taken up in water, 

extracted 3 times with CH2Cl2.  The combined extracts were back-extracted once with 1M 

NaOH, dried, and concentrated to afford (82) as a white powder in 93% (3.2 g) yield.  1H NMR 

(400 MHz, Acetone-d6):  δ  7.88 (s, 1H), 7.46 – 7.42 (m, 2H), 7.41 – 7.31 (m, 3H), 6.16 (d, J = 

0.6 Hz, 1H), 5.03 (s, 2H), 2.25 (d, J = 0.5 Hz, 3H).  ESI-MS [M+Na]+:  239.27 

General procedure for the preparation of 43-66:  A mixture of 5-(benzyloxy)-2-methyl-

4H-pyran-4-one (82) (250 mg, 1.15 mmol), aryl or alkyl amine (3.47 mmol), and acetic acid 

(0.199 mL, 3.47 mmol) in EtOH (3 mL) water (1.5 mL) was added to a 10 mL microwave 

vessel.  The reaction mixture was irradiated with stirring at 125 °C for 3 h.  After cooling, the 

solvent was evaporated under vacuum, and the resulting solid purified by silica chromatography 

(0-5% MeOH in CH2Cl2).  The isolated benzyl ether intermediate was deprotected by one of 

two methods: 
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Method 1: The benzyl ether intermediate was stirred in a 5:5:1 mixture of concentrated 

hydrochloric acid, glacial acetic acid, and TFA for 24-48 h.  Solvent was removed under high 

vacuum, the residue co-evaporated several times with MeOH.   

Method 2: Alternatively, boron trichloride (1M in CH2Cl2, 3.3 mL) was added dropwise 

to the isolated intermediate and the reaction stirred for 30 min on ice and 30 min at room 

temperature.  The reaction was quenched by the slow addition of MeOH, concentrated under 

vacuum, and co-evaporated with MeOH.   

The resultant solids of either deprotection method were purified by C18 column 

chromatography, in a water:MeOH system with added 0.1% formic acid. 

5-Hydroxy-1-isopropyl-2-methylpyridin-4(1H)-one (43).  Compound 43 was 

prepared according to the general procedure described above employing deprotection method 

2 in 62% (120 mg) yield over 2 steps, and was isolated as a light orange solid.  1H NMR (400 

MHz, DMSO-d6):  δ  7.45 (s, 1H), 6.03 (s, 1H), 2.28 (s, 3H), 1.31 (d, J = 6.6 Hz, 6H).  HR-

ESI-MS Experimental:  190.0838.  Calculated for [C12H13N2O3Na]+:  190.0838.  Δ = 0.0 ppm. 

5-Hydroxy-2-methyl-1-phenylpyridin-4(1H)-one (44).  Compound 44 was prepared 

according to the procedure described above employing deprotection method 2 in 78% (181 mg) 

yield over 2 steps, as a white solid.  1H NMR (400 MHz, CD3OD):  δ  8.04 (s, 1H), 7.68 (s, 

3H), 7.53 (d, J = 4.1 Hz, 2H), 7.25 (s, 1H), 2.32 (d, J = 6.7 Hz, 3H).  HR-ESI-MS Experimental:  

202.0861.  Calculated for [C12H12NO2]+:  202.0863.  Δ = -1.0 ppm. 

3-Hydroxy-2-methyl-1-phenylpyridin-4(1H)-one (45).  Compound 45 was prepared 

according to the procedure described above employing deprotection method 2 in 78% (181 mg) 

yield over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, CD3OD):  δ  7.59 

(ddd, J = 5.5, 3.1, 1.4 Hz, 4H), 7.46 – 7.35 (m, 2H), 6.53 – 6.41 (m, 1H), 2.11 (d, J = 1.3 Hz, 
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3H).  HR-ESI-MS Experimental:  224.0681.  Calculated for [C12H11NO2Na]+:  224.0682.  Δ = 

-0.5 ppm. 

1-([1,1'-Biphenyl]-4-yl)-5-hydroxy-2-methylpyridin-4(1H)-one (46).  Compound 46 

was prepared according to the procedure described above employing deprotection method 2 in 

64% (200 mg) yield over 2 steps, and was isolated as a pink solid.  1H NMR (400 MHz, 

CD3OD):  δ  8.10 (s, 1H), 7.90 (t, J = 8.6 Hz, 2H), 7.75 – 7.66 (m, 2H), 7.59 (d, J = 7.8 Hz, 

2H), 7.48 (d, J = 7.2 Hz, 3H), 5.27 (s, 1H), 2.36 (s, 3H) .  HR-ESI-MS Experimental:  300.0997.  

Calculated for [C18H15NO2Na]+:  300.0995.  Δ = 0.7 ppm. 

1-Cyclohexyl-5-hydroxy-2-methylpyridin-4(1H)-one (47).  Compound 47 was 

prepared according to the procedure described above employing deprotection method 2 in 63% 

(151 mg) yield over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, DMSO-

d6):  δ  7.50 (s, 1H), 6.09 (s, 1H), 4.01 (t, J = 11.6 Hz, 1H), 2.30 (s, 3H), 1.78 (d, J = 11.1 Hz, 

4H), 1.74 – 1.52 (m, 3H), 1.38 (dd, J = 25.1, 12.5 Hz, 2H), 1.21 (t, J = 12.9 Hz, 1H).  HR-ESI-

MS Experimental:  208.1330.  Calculated for [C12H18NO2]+:  208.1332.  Δ = -1.0 ppm. 

1-Cyclohexyl-3-hydroxy-2-methylpyridin-4(1H)-one (48).  Compound 48 was 

prepared according to the procedure described above employing deprotection method 2 in 61% 

(146 mg) yield over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, CD3OD) 

δ 7.76 (d, J = 7.4 Hz, 1H), 6.44 (d, J = 7.4 Hz, 1H), 4.29 – 4.12 (m, 1H), 2.47 (s, 3H), 1.93 (dd, 

J = 23.4, 9.0 Hz, 4H), 1.82 – 1.64 (m, 3H), 1.52 (dt, J = 16.3, 13.1 Hz, 2H), 1.37 – 1.27 (m, 

1H).  HR-ESI-MS Experimental:  208.1333.  Calculated for [C12H18NO2]+:  208.1332.  Δ = 0.5 

ppm. 

1-Benzyl-5-hydroxy-2-methylpyridin-4(1H)-one (49).  Compound 49 was prepared 

according to the procedure described above employing deprotection method 1 in 65% (162 mg) 
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yield over 2 steps, and was isolated as a pink solid.  1H NMR (400 MHz, DMSO-d6):  δ  7.52 

(s, 1H), 7.37 (t, J = 7.4 Hz, 2H), 7.30 (d, J = 7.3 Hz, 1H), 7.07 (d, J = 7.4 Hz, 2H), 6.11 (s, 1H), 

5.14 (s, 2H), 2.14 (s, 3H).  HR-ESI-MS Experimental:  238.0837.  Calculated for 

[C13H13NO2Na]+:  238.0838.  Δ = -0.4 ppm. 

1-([1,1'-Biphenyl]-4-ylmethyl)-5-hydroxy-2-methylpyridin-4(1H)-one (50).  

Compound 50 was prepared according to the procedure described above employing 

deprotection method 1 in 55% (186 mg) yield over 2 steps, and was isolated as a white solid.  

1H NMR (400 MHz, DMSO-d6):  δ  7.65 (dd, J = 13.3, 7.8 Hz, 4H), 7.58 (s, 1H), 7.44 (t, J = 

7.4 Hz, 2H), 7.35 (t, J = 7.1 Hz, 1H), 7.17 (d, J = 7.9 Hz, 2H), 6.16 (s, 1H), 5.20 (s, 2H), 2.20 

(s, 3H).  HR-ESI-MS Experimental:  314.1153.  Calculated for [C19H17NO2Na]+:  314.1151.  

Δ = 0.6 ppm. 

5-Hydroxy-2-methyl-1-(tetrahydro-2H-pyran-4-yl)pyridin-4(1H)-one (51).  

Compound 51 was prepared according to the procedure described above employing 

deprotection method 1 in 51% (124 mg) yield over 2 steps, and was isolated as a white solid.  

1H NMR (400 MHz, DMSO-d6):  δ  7.46 (s, 1H), 6.05 (s, 1H), 4.28 (t, J = 11.6 Hz, 1H), 3.93 

(dd, J = 11.3, 3.9 Hz, 2H), 3.47 (s, 2H), 2.33 (s, 3H), 2.02 – 1.87 (m, 2H), 1.73 (d, J = 9.9 Hz, 

2H).  HR-ESI-MS Experimental:  232.0943.  Calculated for [C11H15NO3Na]+:  232.0944.  Δ = 

-0.4 ppm. 

5-Hydroxy-2-methyl-1-(1-methylpiperidin-4-yl)pyridin-4(1H)-one (52).  

Compound 52 was prepared according to the procedure described above employing 

deprotection method 1 in 42% (108 mg) yield over 2 steps, and was isolated as a white solid.  

1H NMR (400 MHz, DMSO-d6):  δ  11.49 – 11.23 (m), 8.07 (s), 7.28 (s), 4.87 (d, J = 2.2 Hz), 



148 
 

3.54 (s), 3.30 (s), 2.74 (s), 2.64 (s), 2.38 (s), 2.24 (s).  HR-ESI-MS Experimental:  223.1442.  

Calculated for [C12H19N2O2]+:  223.1441.  Δ = 0.4 ppm. 

5-Hydroxy-2-methyl-1-(1-(methylsulfonyl)piperidin-4-yl)pyridin-4(1H)-one (53).  

Compound 53 was prepared according to the procedure described above employing 

deprotection method 1 in 62% (206 mg) yield over 2 steps, and was isolated as a white solid.  

1H NMR (400 MHz, DMSO-d6):  δ  7.49 (s, 1H), 6.08 (s, 1H), 4.20 (s, 1H), 3.67 (d, J = 10.7 

Hz, 3H), 2.95 – 2.91 (m, 3H), 2.50 – 2.47 (m, 1H), 2.32 (s, 3H), 1.93 (dd, J = 39.8, 11.9 Hz, 

4H).  HR-ESI-MS Experimental:  309.0876.  Calculated for [C12H18N2O4SNa]+:  309.0879.  Δ 

= -1.0 ppm. 

1-(1-Acetylpiperidin-4-yl)-5-hydroxy-2-methylpyridin-4(1H)-one (54).  Compound 

54 was prepared according to the procedure described above employing deprotection method 1 

in 69% (200 mg) yield over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, 

CD3OD):  δ  8.47 (s), 7.30 (s), 4.75 (s), 4.52 (d, J = 12.1 Hz), 3.95 (d, J = 12.7 Hz), 3.25 (t, J = 

12.5 Hz), 3.02 (d, J = 5.3 Hz), 2.12 – 1.95 (m), 1.94 – 1.80 (m), 1.70 (d, J = 8.8 Hz), 1.18 (t, J 

= 7.1 Hz).  HR-ESI-MS Experimental:  273.1212.  Calculated for [C13H18N2O3Na]+:  

273.1210.  Δ = 0.7 ppm. 

5-Hydroxy-1-(3-methoxyphenyl)-2-methylpyridin-4(1H)-one (55).  Compound 55 

was prepared according to the procedure described above employing deprotection method 1 in 

76% (196 mg) yield over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, 

CD3OD):  δ  7.46 (dd, J = 18.5, 10.5 Hz, 2H), 7.19 – 7.08 (m, 1H), 7.06 – 6.91 (m, 2H), 6.44 

(s, 1H), 3.85 (s, 3H), 2.10 (s, 3H).  HR-ESI-MS Experimental:  254.0788.  Calculated for 

[C13H13NO3Na]+:  254.0788.  Δ = 0.0 ppm. 
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5-Hydroxy-2-methyl-1-(3-phenoxyphenyl)pyridin-4(1H)-one (56).  Compound 56 

was prepared according to the procedure described above employing deprotection method 1 in 

61% (210 mg) yield over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, 

DMSO-d6):  δ  7.53 (t, J = 8.4 Hz, 1H), 7.41 (dd, J = 8.4, 7.5 Hz, 2H), 7.33 (s, 1H), 7.19 (ddd, 

J = 6.3, 3.1, 1.5 Hz, 2H), 7.14 – 7.05 (m, 4H), 6.19 (s, 1H), 1.98 (s, 3H).  HR-ESI-MS 

Experimental:  316.0943.  Calculated for [C18H15NO3Na]+:  316.0944.  Δ = -0.3 ppm. 

Methyl 3-(5-hydroxy-2-methyl-4-oxopyridin-1(4H)-yl)benzoate (57).  Compound 

57 was prepared according to the procedure described above employing deprotection method 1 

in 52% (155 mg) yield over 2 steps, and was isolated as a light grey solid.  1H NMR (400 MHz, 

DMSO-d6):  δ  8.07 (d, J = 7.5 Hz, 1H), 7.92 (s, 1H), 7.76 (d, J = 7.7 Hz, 1H), 7.70 (d, J = 7.8 

Hz, 1H), 7.34 (s, 1H), 6.22 (s, 1H), 3.87 (s, 3H), 1.94 (s, 3H).  HR-ESI-MS Experimental:  

282.0736.  Calculated for [C14H13NO4Na]+:  282.0737.  Δ = -0.4 ppm. 

3-(5-Hydroxy-2-methyl-4-oxopyridin-1(4H)-yl)benzoic acid (58).  Compound 58 

was prepared according to the procedure described above employing deprotection method 1 in 

67% (190 mg) yield over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, 

DMSO-d6):  δ  8.04 (d, J = 7.0 Hz, 1H), 7.86 (s, 1H), 7.66 (d, J = 11.2 Hz, 2H), 7.34 (s, 1H), 

6.22 (s, 1H), 1.95 (s, 3H).  HR-ESI-MS Experimental:  268.0577.  Calculated for 

[C13H11NO4Na]+:  268.0580.  Δ = -1.1 ppm. 

5-Hydroxy-1-(4-methoxyphenyl)-2-methylpyridin-4(1H)-one (59).  Compound 59 

was prepared according to the procedure described above employing deprotection method 1 in 

53% (149 mg) yield over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, 

DMSO-d6):  δ  7.35 (d, J = 8.5 Hz, 2H), 7.23 (s, 1H), 7.05 (d, J = 8.5 Hz, 2H), 6.19 (s, 1H), 
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3.80 (s, 3H), 1.93 (s, 3H).  HR-ESI-MS Experimental:  254.0787.  Calculated for 

[C13H13NO3Na]+:  254.0788.  Δ = -0.4 ppm. 

5-Hydroxy-2-methyl-1-(4-phenoxyphenyl)pyridin-4(1H)-one (60).  Compound 60 

was prepared according to the procedure described above employing deprotection method 1 in 

81% (263 mg) yield over 2 steps, and was isolated as a pink solid.  1H NMR (400 MHz, 

CD3OD):  δ  7.43 (t, J = 7.7 Hz, 3H), 7.37 (d, J = 8.6 Hz, 2H), 7.22 (d, J = 7.5 Hz, 1H), 7.10 (t, 

J = 9.0 Hz, 4H), 6.44 (s, 1H), 2.10 (s, 3H).  HR-ESI-MS Experimental:  316.0943.  Calculated 

for [C13H13NO3Na]+:  316.0944.  Δ = -0.3 ppm. 

Methyl 4-(5-hydroxy-2-methyl-4-oxopyridin-1(4H)-yl)benzoate (61).  Compound 

61 was prepared according to the procedure described above employing deprotection method 1 

in 58% (168 mg) yield over 2 steps, and was isolated as a white solid.  1H NMR (400 MHz, 

DMSO-d6):  δ  8.08 (d, J = 8.3 Hz, 2H), 7.61 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 5.3 Hz, 1H), 6.23 

(s, 1H), 3.88 (s, 3H), 1.97 (s, 3H).  HR-ESI-MS Experimental:  282.0736.  Calculated for 

[C14H13NO4Na]+:  282.0737.  Δ = -0.4 ppm. 

4-(5-Hydroxy-2-methyl-4-oxopyridin-1(4H)-yl)benzoic acid (62).  Compound 62 

was prepared according to the procedure described above employing deprotection method 1 in 

57% (162 mg) yield over 2 steps, and was isolated as a beige solid.  1H NMR (400 MHz, 

DMSO-d6):  δ  8.08 (d, J = 8.5 Hz, 2H), 7.61 (d, J = 8.5 Hz, 2H), 7.54 (s, 1H), 6.51 (s, 1H), 

2.03 (s, 3H).  HR-ESI-MS Experimental:  268.0583.  Calculated for [C13H11NO4Na]+:  

268.0580.  Δ = 1.1 ppm. 

1-(4-(1H-tetrazol-5-yl)phenyl)-5-hydroxy-2-methylpyridin-4(1H)-one (63).  

Compound 63 was prepared according to the procedure described above employing 

deprotection method 1 in 42% (131 mg) yield over 2 steps, and was isolated as a white solid.  
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1H NMR (400 MHz, DMSO-d6):  δ  8.17 (d, J = 7.9 Hz, 2H), 7.69 (d, J = 7.8 Hz, 2H), 7.39 (s, 

1H), 6.27 (s, 1H), 2.02 (s, 3H).  HR-ESI-MS Experimental:  292.0806.  Calculated for 

[C13H11N5O2Na]+:  292.0805.  Δ = 0.3 ppm. 

4-(5-Hydroxy-2-methyl-4-oxopyridin-1(4H)-yl)-N-methylbenzenesulfonamide 

(64).  Compound 64 was prepared according to the procedure described above employing 

deprotection method 1 in 52% (117 mg) yield over 2 steps, and was isolated as a white solid.  

1H NMR (400 MHz, DMSO-d6):  δ  7.90 (d, J = 8.5 Hz, 2H), 7.70 (d, J = 8.4 Hz, 2H), 7.38 (s, 

1H), 6.24 (s, 1H), 3.15 (s, 3H), 1.98 (s, 3H).  HR-ESI-MS Experimental:  317.0567.  Calculated 

for [C13H14N2O4SNa]+:  317.0566.  Δ = 0.3 ppm. 

1-(4-(1H-1,2,4-triazol-1-yl)phenyl)-5-hydroxy-2-methylpyridin-4(1H)-one (65).  

Compound 65 was prepared according to the procedure described above employing 

deprotection method 1 in 66% (205 mg) yield over 2 steps, and was isolated as a white solid.  

1H NMR (400 MHz, CD3OD):  δ  10.44 (s, 1H), 8.98 (s, 1H), 8.28 (d, J = 6.4 Hz, 2H), 8.18 (s, 

1H), 7.90 (d, J = 6.5 Hz, 2H), 7.33 (s, 1H), 2.39 (s, 3H).  HR-ESI-MS Experimental:  291.0849.  

Calculated for [C13H14N2O4SNa]+:  291.0852.  Δ = -1.0 ppm. 

5-Hydroxy-2-methyl-1-(4-morpholinophenyl)pyridin-4(1H)-one (66).  Compound 

66 was prepared according to the procedure described above employing deprotection method 1 

in 74% (245 mg) yield over 2 steps, and was isolated as a red solid.  1H NMR (400 MHz, 

DMSO-d6):  δ  7.71 (s, 1H), 7.33 (d, J = 8.5 Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 6.82 (s, 1H), 

3.73 (d, J = 4.6 Hz, 4H), 3.20 (s, 4H), 2.09 (s, 3H).  HR-ESI-MS Experimental:  309.1211.  

Calculated for [C13H14N2O4SNa]+:  309.1210.  Δ = 0.3 ppm. 

Ethyl 5-hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxylate (83).   To a stirring 

solution of ethyl 3,3-diethoxy-6-methyl-4-oxo-3,4-dihydro-2H-pyran-5-carboxylate (75a) (1.5 
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g, 5.51 mmol) in EtOH (20 mL) and water (2.000 mL) was added formic acid (5 mL, 5.51 

mmol).  The mixture was heated to reflux for 2-3 h.  Solvent was removed under vacuum and 

the residue was purified by silica chromatography eluting with a gradient of 20-40% ethyl 

acetate in hexanes.  72% (786 mg) Yield.  1H NMR (400 MHz, CDCl3):  δ  6.93 (d, J = 9.0 Hz, 

1H), 3.61 (d, J = 7.1 Hz, 2H), 2.23 (s, 3H), 1.30 (s, 3H).  HR-ESI-MS Experimental:  197.0454.  

Calculated for [C9H9O5]-:  197.1450.  Δ = 2.0 ppm. 

Ethyl 5-(benzyloxy)-2-methyl-4-oxo-4H-pyran-3-carboxylate (84).  To a solution of 

ethyl 5-hydroxy-2-methyl-4-oxo-4H-pyran-3-carboxylate (4 g, 20.18 mmol) in DMF (20 mL) 

was added benzyl bromide (2.64 mL, 22.20 mmol) and potassium carbonate (5.86 g, 42.4 

mmol).  The mixture was heated to 85° C and stirred for 18 h.  Solvent was removed under 

vacuum and the residue was taken up in ethyl acetate, washed once with 1 M NaOH, dried and 

concentrated, then purified by silica column chromatography.  81% (4.7 g) Yield.  1H NMR 

(400 MHz, CDCl3):  δ  7.46 (s, 1H), 7.40 – 7.10 (m, 5H), 4.97 (s, 2H), 4.30 (d, J = 7.1 Hz, 2H), 

2.25 (s, 3H), 1.29 (t, J = 7.1 Hz, 3H).   HR-ESI-MS Experimental:  311.0892.  Calculated for 

[C16H16O5Na]+:  311.0896.  Δ = -1.3 ppm. 

Ethyl 5-(benzyloxy)-2-methyl-4-oxo-1-phenyl-1,4-dihydropyridine-3-carboxylate 

(85a).  To a 10 mL microwave vessel containing EtOH (3 mL) were added ethyl 5-(benzyloxy)-

2-methyl-4-oxo-4H-pyran-3-carboxylate (250 mg, 0.87 mmol), aniline (0.24 mL, 2.60 mmol), 

and acetic acid (0.15 mL, 2.60 mmol).  The mixture was irradiated with stirring to 130° C for 

2.5 h, after which time the mixture was concentrated under vacuum and purified by silica 

column chromatography.  61% (191 mg) Yield.  1H NMR (400 MHz, CDCl3):  δ  7.54 – 7.47 

(m, 3H), 7.39 (d, J = 6.9 Hz, 2H), 7.34 – 7.26 (m, 3H), 7.20 – 7.14 (m, 2H), 7.04 (s, 1H), 5.17 

(s, 2H), 4.41 (d, J = 7.1 Hz, 2H), 2.01 (s, 3H), 1.39 (s, 3H).  ESI-MS [M+H]+:  364. 
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Ethyl 5-(benzyloxy)-2-methyl-4-oxo-1-(4-phenoxyphenyl)-1,4-dihydropyridine-3-

carboxylate (85b).  Compound 85b was prepared similarly to 85a, substituting 4-

phenoxyaniline (480 mg, 2.60 mmol) for aniline and irradiating at 130 ºC for 8 h.  42% (165 

mg) Yield.  1H NMR (400 MHz, CDCl3):  δ  7.40 (d, J = 7.6 Hz, 3H), 7.35 – 7.25 (m, 3H), 7.21 

(t, J = 7.4 Hz, 1H), 7.15 – 6.97 (m, 7H), 5.17 (s, 2H), 4.41 (q, J = 7.1 Hz, 2H), 2.03 (s, 3H), 

1.38 (s, 3H).  ESI-MS [M+H]+:  456. 

Ethyl 1-(4-(1H-tetrazol-5-yl)phenyl)-5-(benzyloxy)-2-methyl-4-oxo-1,4-

dihydropyridine-3-carboxylate (85c).  Compound 85c was prepared similarly to 85a, 

substituting 4-(1H-tetrazol-5-yl)aniline (400 mg, 2.60 mmol) for aniline and irradiating at 135 

ºC for 8 h.  36% (134 mg) Yield. 1H NMR (400 MHz, CDCl3):  δ  7.54 – 7.47 (m, 3H), 7.39 (d, 

J = 6.9 Hz, 2H), 7.34 – 7.26 (m, 3H), 7.20 – 7.14 (m, 2H), 7.04 (s, 1H), 5.17 (s, 2H), 4.41 (d, J 

= 7.1 Hz, 2H), 2.01 (s, 3H), 1.39 (s, 3H).  ESI-MS [M+H]+:  432. 

Ethyl 5-hydroxy-2-methyl-4-oxo-1-phenyl-1,4-dihydropyridine-3-carboxylate 

(67).  Compound 85a was dissolved and stirred in a 5:5:1 mixture of concentrated hydrochloric 

acid, glacial acetic acid, and TFA for 24-48 h.  Solvent was removed under high vacuum and 

the residue co-evaporated several times with MeOH.  The resultant solids were purified by C18 

column chromatography, in a water :  MeOH system with added 0.1% formic acid.  84% (124 

mg) Yield.  1H NMR (400 MHz, CD3OD):  δ  7.59 (d, J = 6.2 Hz, 3H), 7.42 (d, J = 7.9 Hz, 3H), 

4.36 (d, J = 7.1 Hz, 2H), 2.07 (s, 3H), 1.35 (t, J = 7.1 Hz, 3H).  HR-ESI-MS Experimental:  

296.0898.  Calculated for [C15H15NO4Na]+:  296.0893.  Δ = 1.7 ppm. 

Ethyl 5-hydroxy-2-methyl-4-oxo-1-(4-phenoxyphenyl)-1,4-dihydropyridine-3-

carboxylate (68).  Compound 68 was prepared from compound 85b in a similar manner as 

compound 67.  74% (115 mg) Yield. 1H NMR (400 MHz, CD3OD):  δ  7.48 – 7.34 (m, 5H), 
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7.21 (t, J = 7.4 Hz, 1H), 7.16 – 7.05 (m, 4H), 4.36 (d, J = 7.1 Hz, 2H), 2.10 (s, 3H), 1.35 (t, J = 

7.1 Hz, 3H).  HR-ESI-MS Experimental:  388.1156.  Calculated for [C21H19NO5Na]+:  

388.1155.  Δ = 0.3 ppm. 

Ethyl 1-(4-(1H-tetrazol-5-yl)phenyl)-5-hydroxy-2-methyl-4-oxo-1,4-

dihydropyridine-3-carboxylate (69).  Compound 69 was prepared from compound 85c in a 

similar manner as compound 67.  69% (87 mg) Yield.  1H NMR (400 MHz, DMSO-d6):  δ  8.18 

(d, J = 7.1 Hz, 2H), 7.75 (d, J = 7.0 Hz, 2H), 7.44 (s, 1H), 4.25 (d, J = 7.1 Hz, 2H), 1.97 (s, 3H), 

1.25 (s, 3H).  HR-ESI-MS Experimental:  342.1196.  Calculated for [C16H15N5O4]+:  342.1197.  

Δ = -0.3 ppm. 

5-(Benzyloxy)-2-methyl-4-oxo-1-phenyl-1,4-dihydropyridine-3-carboxylic acid 

(86).  Compound 85a was dissolved and stirred in a 1:2:1 THF:MeOH:1M NaOH solvent 

mixture at room temperature for 18 h.  The reaction mixture was then neutralized with 1M HCl 

and concentrated under vacuum to yield a solid.  The crude solid was purified by C18 column 

chromatography, in a water:MeOH system with added 0.1% formic acid.  77% (76 mg) Yield.  

1H NMR (400 MHz, CD3OD):  δ  7.56 – 7.46 (m, 3H), 7.41 – 7.25 (m, 5H), 7.17 (d, J = 3.3 Hz, 

2H), 7.04 (s, 1H), 5.17 (s, 2H), 2.01 (s, 3H).  ESI-MS [M+Na]+:  358.38 

5-Hydroxy-2-methyl-4-oxo-1-phenyl-1,4-dihydropyridine-3-carboxylic acid (70).  

Compound 86 was dissolved and stirred in a 5:5:1 mixture of concentrated hydrochloric acid, 

glacial acetic acid, and TFA for 24-48 h.  Solvent was removed under high vacuum and the 

residue co-evaporated several times with MeOH.  The resultant solids were purified by C18 

column chromatography, in a water:MeOH system with added 0.1% formic acid.  Yield:  69% 

(52 mg).  1H NMR (400 MHz, DMSO-d6):  δ  7.69 (s, 1H), 7.59 (s, 3H), 7.54 (s, 2H), 2.44 (s, 
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3H).  HR-ESI-MS Experimental:  268.0582.  Calculated for [C13H11NO4Na]+:  268.0580.  Δ = 

0.7 ppm. 

5-(Benzyloxy)-2-(((4-chlorophenyl)(methyl)amino)methyl)-4H-pyran-4-one (87).  

To a solution of 5-(benzyloxy)-2-(chloromethyl)-4H-pyran-4-one (250 mg, 0.99 mmol) and 4-

chloro-N-methylaniline (282 mg, 1.99 mmol) in DMF (15 mL) was added triethylamine (0.30 

mL, 2.19 mmol).  The mixture was then heated to 60 ºC and stirred overnight.  The mixture was 

then evaporated to dryness under vacuum and purified by column chromatography.  Yield:  79% 

(201 mg).  1H NMR (400 MHz, CDCl3):  δ  7.52 (s, 1H), 7.36 (dd, J = 12.7, 4.4 Hz, 5H), 7.16 

(d, J = 9.0 Hz, 2H), 6.59 (d, J = 9.0 Hz, 2H), 6.26 (s, 1H), 5.05 (s, 2H), 4.25 (s, 2H), 3.01 (s, 

3H).  ESI-MS [M+H]+:  356. 

1-(4-(1H-tetrazol-5-yl)phenyl)-5-(benzyloxy)-2-(((4-

chlorophenyl)(methyl)amino)methyl)pyridin-4(1H)-one (88). 5-(benzyloxy)-2-(((4-

chlorophenyl)(methyl)amino)methyl)-4H-pyran-4-one (87) (300 mg, 0.84 mmol), 4-(1H-

tetrazol-5-yl)aniline (340 mg, 2.1 mmol), and acetic acid (0.075 mL, 1.27 mmol) in EtOH (3 

mL)water (1.5 mL) was added to a 10 mL microwave vessel.  The reaction mixture was 

irradiated with stirring at 140 °C for 18 h.  After cooling, the solvent was evaporated under 

vacuum, and the resulting solid purified by C18 column chromatography, in a water :  MeOH 

system with added 0.1% formic acid.  Yield:  27% (84 mg).  1H NMR (400 MHz, DMSO-d6):  

δ  8.15 (d, J = 8.1 Hz, 2H), 7.80 (d, J = 8.2 Hz, 2H), 7.43 (s, 1H), 7.10 (d, J = 8.9 Hz, 2H), 6.56 

(d, J = 8.9 Hz, 2H), 5.98 (s, 1H), 4.16 (s, 2H), 2.85 (s, 3H).  ESI-MS [M-H]-:  497. 

  1-(4-(1H-tetrazol-5-yl)phenyl)-2-(((4-chlorophenyl)(methyl)amino)methyl)-5-

hydroxypyridin-4(1H)-one (71).  Compound 88 was dissolved and stirred in a 5:5:1 mixture 

of concentrated hydrochloric acid, glacial acetic acid, and TFA for 24-48 h.  Solvent was 
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removed under high vacuum and the residue co-evaporated several times with MeOH.  The 

resultant solids were purified by C18 column chromatography, in a water :  MeOH system with 

added 0.1% formic acid.  Yield:  66% (38 mg).  1H NMR (400 MHz, DMSO-d6):  δ  8.15 (d, J 

= 8.1 Hz, 2H), 7.80 (d, J = 8.2 Hz, 2H), 7.43 (s, 1H), 7.10 (d, J = 8.9 Hz, 2H), 6.56 (d, J = 8.9 

Hz, 2H), 5.98 (s, 1H), 4.16 (s, 2H), 2.85 (s, 3H).  HR-ESI-MS Experimental:  431.0995.  

Calculated for [C20H17ClN6O2Na]+:  431.0994.  Δ = 0.2 ppm. 

 

4.8.2 Antiviral and Cytotoxicity Assays 

Influenza A virus was obtained from the American Tissue Culture Collection (H1N1, 

ATCC VR-1737).  Virus stocks were prepared by propagation of virus on Marvin-Darby canine 

kidney cells (MDCK; ATCC CCL-34) and infectious titers were determined by 

Hemagglutination assay.56 MDCK cells were cultured using DMEM/Ham’s F-12 (1:1) medium 

containing 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and 1% antibiotic-

antimycotic solution (10.000 Units/mL penicillin, 10 mg/mL streptomycin sulphate, 25 mg/mL 

amphotericin B) at 37 °C in an incubator with 5% CO2.  Cytotoxicity assays of compounds 

towards MDCK cells were measured using CellTiter-Glo luminescent cell viability assay 

(Promega) according to the manufacturer protocol.  To begin the assay, MDCK cells were 

counted with a hemocytometer and diluted with fresh medium to the proper concentration and 

seeded (2×104 cells/well) in an opaque-wall 96 well plate.  Cells were then incubated at 37 °C 

with 5% CO2 for 6 h prior to treatment with inhibitor fragments to allow for cell adhesion.  

Then the cells were treated with various concentrations of inhibitor compounds (ranging from 

0.5 μM to 512 μM) for 48 h.  Each concentration was screened in triplicate in one trial and 

repeated 2-3 times.  After 48 h the assay was concluded by the addition of 100 μL per well of 
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reconstituted reagent from the CellTiter-Glo luminescent assay kit.  The assay plate was gently 

shaken for 3 min and incubated for 10 min at room temperature before reading.  Luminescence 

was read using a BioTek Synergy HT microplate reader. 

For the antiviral assay, MDCK cells were seeded at 2×104 cells/well in an opaque-wall 

96 well plate, and were incubated for 5 h at 37˚C and 5.0% CO2 to form an 80% confluent 

monolayer.  Stock solutions of PAN inhibitors were diluted to various concentrations by 

infection medium (DMEM/Ham’s F-12 (1:1) containing 5 μg/mL trypsin, and 1% antibiotic 

solution).  Virus stock was diluted in infection medium (DMEM/Ham’s F-12 (1:1) containing 

5 μg/mL Trypsin and 1% antibiotics) to a theoretical multiplicity of infection (MOI) of 0.05.  

After removal of the culture medium and a washing step with PBS, diluted virus solution (50 

μl) and diluted inhibitor solution (50 μL) were added together to each well.  As a control, the 

virus suspension was replaced by infection medium in several wells.  Each treatment was 

conducted in four replicates.  After incubation at 37˚C and 5% CO2 for 48 h, each well was 

observed under microscope for apparent cytotoxicity and precipitate formation.  Cell viability 

was then determined using CellTiter-Glo luminescent cell viability assay (Promega).  100 μL 

of reconstituted reagent was added to each well, which contained 100 μL of infection medium, 

and plates were gently shaken for 3 min and incubated for 10 min at room temperature before 

reading.  Luminescence (RLU) was measured using Synergy HT plate reader (Biotek).   

Relative luminescence, as compared to control wells, was used to determine EC50 value 

using Origin 8.  Upper and lower asymptotes of the sigmoidal curve were defined by the relative 

luminescence of untreated uninfected cells and untreated infected cells, respectively.  CC50 

values were obtained by titrating inhibitor compound in uninfected MDCK cells and similarly 
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fitting the response, with the upper asymptote being defined by the RLU of untreated uninfected 

cells. 
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Chapter 5:  Structure-Activity Relationships in Metal-Binding Pharmacophores for 

Influenza Endonuclease 
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5.1 Introduction 

A major shortcoming to the development of new metalloenzyme inhibitors has been an 

over-reliance on a very limited number of MBPs in inhibitor design (see Chapters 1 and 2).1-2  

In addition, despite the importance of metal-ligand interactions in the development of 

metalloenzyme inhibitors, relatively little work has been focused on the development and 

optimization of MBPs, with a general lack of structural diversity in the MBP chemical space.3-

4  Indeed, few metalloenzyme targets have been addressed with significant chemical diversity 

with respect to the MBP of their metal-binding inhibitors.  A notable exception is HIV integrase 

and HIV reverse-transcriptase associated RNaseH inhibitors, with most of the MBP structural 

diversity reported in the patent literature.5-7  However, despite the modest structural diversity 

present in the patent literature, the reported activities of only fully elaborated inhibitors 

confounds any meaningful insight into the effects of varied MBP cores on metalloenzyme 

inhibition.  Furthermore, these reports generally do not detail development of the MBP core nor 

efforts towards core optimization.   

Little work has been reported on the optimization of specific metal-ligand interactions 

for other metalloenzymes, including well studied systems such as PAN.8  Despite some 

chemical diversity among the various reported PAN inhibitor MBPs, both in terms of chemical 

structure and coordination motif, there are few clear structure-activity trends that can be derived 

from the various reported inhibitor molecules.9.  This lack of consensus regarding preferred 

metal coordination interactions is not unique to PAN endonuclease, and has been a limitation to 

the development of inhibitors of many metalloenzymes.5  A more detailed understanding of the 

metal coordination preferences metalloenzyme metal centers would allow for optimization of 

MBP domains and produce highly active endonuclease inhibitors.  To this end, a targeted FBDD 
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screen was conducted employing a MBP library against PAN.10  This screen is an expansion of 

previous reports (see Chapter 4), and includes MBPs with the ability to fully coordinate (i.e., 

chelate) to both metals of the dinuclear metal active site simultaneously.  Using a FRET-labeled 

DNA oligonucleotide substrate, the endonuclease activity of the PAN was measured in the 

presence of MBPs to identify fragments that exhibit strong inhibition.  Several MBP fragments 

were found to have exceptional IC50 values of <500 nM.  SAR elucidated from the library 

screen and subsequent derivatization identified key chemical properties that were essential for 

tight binding to the metal cofactors in the PAN active site.  In addition, good selectivity for PAN 

inhibition over other dinuclear metalloenzymes was also achieved.  This resulted in the 

identification of an optimized chemotype for MBP-based inhibition of PAN, with several MBPs 

displaying IC50 values of <50 nM.  X-ray studies of MBPs in PAN were used to elucidate key 

binding interactions.  Ultimately, the identification of key metal binding preferences allowed 

for the predictive development of other chemically distinct, highly-active inhibitor chemotypes 

illustrating the value of a bioinorganic, coordination chemistry-based fragment discovery 

approach for metalloenzyme targets.  

 

5.2 MBP Library Screening Results 

Fragments in the MBP library were screened for endonuclease inhibition against a 

truncated N-terminal (PAN) endonuclease construct employing a FRET-labeled DNA 

oligonucleotide, as previously reported.10-12  This construct is derived from an influenza A 

(A/California/04/2009) H1N1 clinical isolate that has been modified such that residues 52-64 

were replaced by a single glycine residue.13-14  This truncation removes a highly disordered 

protein loop that engages in protein-protein interactions with other subunits of the RNA 
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polymerase complex.  Loop removal was found to produce higher quality protein crystals and 

improve the solution stability of the isolated PAN domain.13-14  

Approximately 20 MBP library compounds that exhibited >75% PAN inhibition at a 

fragment concentration of 200 µM and were predicted to simultaneously coordinate both metal 

centers in the endonuclease active site (i.e., possessed a suitable triad of donor atoms)15 were 

further analyzed with dose-response experiments to determine IC50 values.  The activity of 

several of these MBPs is shown in Table 5.1.  To ensure that the observed activity against PAN 

was not due to metal-stripping, all inhibition assays were performed with a large excess (2 mM) 

of both Mn2+ and Mg2+ metal cations in the assay media.  From these results, a characteristic 

pharmacophore model with a common donor triad chemotype was identified that is shared by 

the most active inhibitors produced in this study.  As shown in Figure 5.1, compounds sharing 

this chemotype were predicted to coordinate to the divalent metal centers as multicoordinate 

bridging ligands with the conserved phenolic oxygen atom replacing the bound hydroxide anion 

observed in the native protein.  To elucidate the mode of binding, crystallographic studies were 

performed on several of the most active MBP compounds.  The truncated PAN construct was 

co-crystalized or soaked with several ligands that share the active chemotype (Figure 5.1).  X-

ray structures validated the multi-coordinate bridged coordination mode hypothesis.  As shown 

in Figure 5.1, compound 3 was observed to coordinate simultaneously to both metal centers 

with the carbonyl oxygen atom coordinating to MnA at the open coordination site, the phenolic 

oxygen replacing the bound hydroxide anion as the bridging ligand, and the carboxylic acid 

group coordinating to MnB.  No steric clash was observed within the active site, and compound 

3 binds to both metals with an ideal, overall octahedral coordination geometry.  From this co-

crystal structure, it is inferred that the majority of the binding enthalpy for 3 is derived from 
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metal coordination and not from other interactions with the protein active site.  This is 

corroborated by the analogous binding mode and similar inhibitory activity of compound 1 

(Figure 5.1). 

 

Table 5.1.  Select MBP fragments with activity against PAN endonuclease.  

 
a pIC50 is defined as pIC50 = −log(IC50) and is included to provide a linear comparison of 
relative inhibition activity.  b Ligand efficiency (LE) provides a measure of binding energy per 
non-hydrogen atom in the fragment molecule. 
 

  

Number IC50 (µM) pIC50
a LEb Number IC50 (µM) pIC50

a LEb

1 0.043 ± 0.009 µM 7.4 0.84 10 11.8 ± 2.1 µM 4.9 0.56

2 3.5 ± 0.6 µM 5.5 0.63 11 13.6 ± 0.9 µM 4.9 0.48

3 0.068 ± 0.011 nM 7.2 0.89 12 >500 µM < 3.3 N/A

4 >200 µM < 3.7 N/A 13 >500 µM < 3.3 N/A

5 7.5 ± 1.2 µM 5.1 0.64 14 0.26 ± 0.04 µM 6.6 0.65

6 >100 µM < 4 N/A 15 >100 µM < 4 N/A

7 6.5 ± 0.9 µM 5.2 0.65 16 14.3 ± 1.7 µM 4.8 0.55

8 >100 µM < 4 N/A Allomaltol 17.1 ± 1.5 µM 4.8 0.73

 
9 4.2 ± 1.0 µM 5.4 0.61 Pyromeconic 22.5 ± 1.0 µM 4.6 0.79

Acid

Compound Compound
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Figure 5.1.  Top left:  Representative chemotype shared by active MBP fragments of influenza 
PAN highlighting the coordination motif of these MBPs to the dinuclear active site metal ions.  
Top right:  X-ray co-crystal structure of compound 3 (PDB ID:  6DCZ) in the PAN active site.  
MnB is also coordinated by two weakly bound water molecules at the open coordination sites 
(not shown).  Bottom:  X-ray co-crystal structure of compounds 1 (left; PDB ID:  6DZQ), 2 
(middle; PDB ID:  6DCY), and 3 (right; PDB ID:  6DCZ) in the PAN active site.  All ligands 
were found to coordinate in a similar manner.  Compound 2 coordinates MnB with the electron 
density (blue mesh; contoured to 1.5 σ) corresponding to the carboxylic acid moiety found to 
be diffuse above the metal center.  The poorer coordination ability of compound 2 is likely due 
to internal steric pressure exerted by the methyl group residing alpha to the carboxylic acid. 
 

 The inhibitory activity of compounds such as 1 is outstanding given the small molecular 

weight of the fragment (ligand efficiency of 0.84).  Generally, hits identified in FBDD screening 

campaigns have IC50 values >100 µM, and not infrequently >1 mM.4, 16  More striking is the 

comparison between 1 and the related MBPs allomaltol and pyromeconic acid (Table 5.1, IC50 
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= 17.1 µM and 22.5 µM, respectively), which were previously identified as PAN hits.10  It was 

observed that the addition of only three atoms (in the form of the coordinating carboxylate 

group) to these inhibitor scaffolds (to generate compounds 1 and 3, respectively) resulted in a 

~500-fold increase in activity.17  Interestingly, not every MBP that can present a donor atom 

triad to the PAN metal centers was found to display such tight binding affinities (e.g., 

compounds 4, 6, 8, Table 5.1).  This would suggest that the PAN metal centers have specific 

ligand preferences, which have not been previously identified for this metalloenzyme. 

 

5.3 Bioinorganic Approach to SAR 

Based on the exceptional activity observed with MBPs such as 1, other fragments were 

synthesized to obtain SAR to elucidate what aspects of these molecules were responsible for 

their tight binding affinity.  Beyond probing simple steric effects or attempting to introduce new 

protein contacts, changes to the electronic character of the MBP ring system were explored.  

The effect of changes to donor atom identity, Lewis basicity, and isosteric replacement of 

coordinating moieties were also investigated.  Multiple structural variants of the identified 

chemotype were ultimately designed and synthesized, and the effect of modulating each 

coordinating moiety was assessed by both biochemical and structural experiments to understand 

the observed trends. 

Conversion of a pyrone scaffold to a pyridinone scaffold has been shown to improve 

activity in previously reported endonuclease inhibitors.10  Pyridinones have a greater aromatic 

character than pyrones, which can result in greater electron density on the oxygen donor atoms.  

This change in ligand electronics generally results in greater ligand basicity, which can lead to 

stronger coordination to the hard Lewis acidic metal centers found in endonuclease.18  To probe 
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this effect, a series of analogs of 1 were synthesized and investigated (Table 5.2).  As expected, 

conversion of a pyrone oxygen to a pyridinone nitrogen (17) resulted in an approximately 3-

fold increase in activity relative to 1.  In addition, no change in the activity of compounds 1 and 

17 was observed as a function of the presence or absence of excess metal ions in solution (up 

to 25 mM).  This conclusively demonstrates that the high affinity of these inhibitor molecules 

is derived from a strong binding preference for the dinuclear Mn2+ PAN metal centers and not 

from general affinity for Mn2+ in solution state. 

 

5.3.1 Effects of Ligand Basicity on Metalloenzyme Inhibition 

The position of the nitrogen atom within the ring system strongly effects inhibitory 

activity.  While 3,4-hydroxypyridinones (17) did show an improvement in activity, 2,3-

hydroxypyridinones (18) and 4,5-hydroxypyrimidinones (19) showed markedly less activity 

than the 3,4-hydroxypyridinone or the parent hydroxypyrone fragments, with compounds 18 

and 19 showing a 25-fold and 100-fold loss in activity, respectively (relative to 17).  

Furthermore, N-hydroxy-1,2-hydroxypyridinones (5) were even less active, with a >400-fold 

loss in activity when compared to 17.  Analysis of the pKa of the phenolic and N-hydroxy 

protons in these compounds revealed that the donor oxygen in 5 is less basic (pKa ~7.0 

calculated;19 pKa = 7.51 reported)20 than the equivalent donor oxygen in compounds 16 (pKa 

~9.5 calculated)19, 17 (pKa ~11.3 calculated)19, 18 (pKa ~9.2 calculated)19, or 19 (pKa ~7.5 

calculated)19.  This change in ligand basicity is likely the electronic driving force behind the 

variation in inhibitory activity, with the most basic ligand 17 being the most active.  

Interestingly, the overall inhibitory activity (pIC50) of these fragments was found to be linearly 

correlated to the calculated pKa of the bridging oxygen atom (r = 0.96, n = 6, p < 2×10-3; Figure 
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5.2).  It was also found that catechol-based fragments, which contained no endocyclic 

heteroatoms (e.g., 7), were far less active than the parent pyrone or pyridinone fragments in 

spite of their high ligand basicity.  Compound 7 is likely too basic to fully deprotonate at 

physiological pH (pKa ~9.8, 14.3 calculated;19 pKa = 10.30, 13.48 reported)21 and hence may 

be unable to efficiently coordinate to the metal centers in the PAN active site.  Compound 7 

also ultimately coordinates as a trianionic species, as opposed to the other MBPs in Table 5.2, 

which all coordinate as dianions.8  This difference in overall charge of the final coordination 

complex (-2 vs -1) is substantial, and the vast disparity in activity between compounds 7 and 1 

may also be attributed to the formation of a highly anionic coordination center. 

While hydroxypyridine and hydroxypyrimidine MBP scaffolds have been explored as 

inhibitors of endonuclease,8, 10, 12, 22 no systematic study of the effects of their stereoelectronic 

differences on enzymatic inhibition has been performed previously.  Surprisingly, the subtle 

differences in the electronic character of these structurally analogous MBPs has been shown to 

have a substantial impact on inhibitory activity.  Similar relationships between small changes 

in ligand electronics and inhibitory activity have likewise not been well explored in other 

metalloenzyme systems;15 however, this new evidence would suggest that the exploration of 

such relationships would be extremely valuable in the development of metalloenzyme 

inhibitors. 
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Table 5.2.  Structure and activity of a series of MBP derivatives. 

 
a Calculated pKa values19 

Number IC50 (nM) pIC50 Phenol pK a
a

1 43 ± 9 nM 7.4 9.7

3 68 ± 11 nM 7.2 9.6

5 7500 ± 1200 nM 5.1 7.0

7 6400 ± 900 nM 5.2 9.8; 14.3

17 17 ± 3 nM 7.8 11.2

18 430 ± 20 nM 6.4 9.2

19 1600 ± 400 nM 5.8 7.5

Compound
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Figure 5.2.  Inhibition values (pIC50) of MBP isologues of compound 1 plotted against the pKa 
of their bridging phenolic oxygen atom.  A linear correlation (r = 0.96, n = 6, p < 2×10-3) was 
observed between pKa and pIC50, illustrating a ligand electronics-based justification for the 
observed disparity in inhibition values of otherwise structurally homologous inhibitors.   
 

5.3.2 Intramolecular Steric Effects 

Despite high structural similarity, a peculiar disparity in inhibitory activity was 

observed between several highly active MBPs (i.e., 1, 3, 17, 18) and compound 2.  Compounds 

1 and 2 are structurally nearly identical (the only difference is the position of the carboxylate 

moiety) but display a ~100-fold difference in activity.  A potential explanation for this is the 

steric pressure exerted on the carboxylic acid moiety by the α-methyl group of 2, which 

precludes an ideal coordination geometry.  The difference in bridging atom type (phenolic vs. 

carbonyl oxygen) could also be an underlying reason for the disparity in activity, as has been 

previously suggested for related inhibitor molecules in HIV integrase (HIV IN).15  Structural 
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determination using X-ray crystallography showed that 1 and 2 shared a similar mode of 

binding, except the electron density corresponding to the carboxylic acid moiety of compound 

2 is diffuse above that of the MnB metal ion (Figure 5.1).  This suggests that the carboxylic acid 

does not coordinate to the metal center with a preferred orientation, is not co-planar with the 

aromatic ring, and only makes weak ionic interactions with the MnB metal ion.  To further 

evaluate this effect, compound 20 was synthesized (Table 5.3).  Comparison of 17 and 20 shows 

a similar, ~200-fold difference in activity as observed with compounds 1 and 2 giving evidence 

that steric pressure by a proximal methyl group is a central cause of the dramatic decrease in 

activity.  To ensure that the disparity did not arise from a steric clash that was not observed 

crystallographically, compound 21 was synthesized.  Compound 21 should exert the same steric 

pressure on any active site protein residue or water network as compound 20, but can also 

stabilize the carboxylic acid moiety in the proper orientation for metal binding through an 

intramolecular hydrogen bond.  Compound 21 was found to exhibit activity similar to 

compounds 1 and 17.  This data suggests that intramolecular steric pressure on coordinating 

moieties can cause dramatic differences in the ability of MBP ligands to effectively coordinate 

active site metal centers.  This indicates that care must be taken during structural elaboration of 

MBP leads that employ coordinating carboxylic acid moieties to prevent inadvertent 

perturbations to the desired modes of metal coordination.  Despite the very strong binding 

enthalpy of coordination bonds, dative interactions are highly dependent on proper bond angle 

and orientation.23 
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Table 5.3.  Structure and activity of MBP inhibitor molecules. 

 

 

5.3.3 Effects of Donor Atom Identity 

Donor atom identity was also found to play a key role in MBP activity against PAN 

endonuclease.  A small comparison of MBP fragments with similar structures but different 

donor atom sets is detailed in Table 5.3.  It was found that oxygen donor atoms were preferred 

to sulfur donor atoms, with compound 22 displaying a 10-fold decrease in activity relative to 1.  

This trend is consistent with a hard-soft theory of Lewis acids and bases, where hard Mg2+ or 

Mn2+ Lewis acid metal centers are expected to form a more stable complexes with harder Lewis 

base oxygen donor atoms.24  Some MBPs containing nitrogen donor atoms were found to 

exhibit good activity against endonuclease (14), but only compounds containing borderline 

hard-soft Lewis basic pyridine-like aryl nitrogen atoms as the coordinating atom were found to 

be active.  Compounds containing softer Lewis basic alkyl or aniline donor nitrogen atoms were 

found to have very little inhibitory activity against endonuclease.  For example, 23 (IC50 >200 

µM, Table 5.3) was found to be a very poor inhibitor of PAN despite sharing a very high 

structural similarity with other highly-active fragments such as 1 and 14.  While these trends 

are not unexpected based on principles of inorganic chemistry, such structural relationships are 

not often explored, optimized, or reported during the development of metalloenzyme inhibitors, 

Number IC50 (nM) pIC50 Number IC50 (nM) pIC50 Number IC50 (nM) pIC50

20 3900 ± 900 nM 5.4 25 3800 ± 1100 nM 5.4 30 1200 ± 400 nM 5.9

21 85 ± 17 nM 7.1 26 >50000 nM < 4.3 31 1700 ± 400 nM 5.8

22 420 ± 60 nM 6.4 27 37 ± 8 nM 7.4 32 11 ± 1.8 nM 8.0

23 ~200000 nM < 3.7 28 ~19000 nM 4.7 33 8.0 ± 1.1 nM 8.1

24 2700 ± 600 nM 5.6 29 540  ± 80 nM 6.3

CompoundCompound Compound
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despite the clear effect of incorporating the correct donor atom type on improving inhibition 

values. 

Conversion of the coordinating carboxylic acid to N-H or N-alkyl amides was found to 

greatly impair inhibitory activity (24, 25) compared to the carboxylic acid (Table 5.3).  This 

trend was observed with all acid-to-amide conversions, regardless of the activity of the parent 

compound (e.g., 18, 26).  This transformation does not preclude metal coordination nor cause 

a conformational change in mode of binding; however, it does greatly alter the electronics of 

the coordinating moiety and the overall charge of the resulting coordination complex.  This 

change to the electronic character of the coordinating carboxylate is presumed to be the 

underlying cause for the observed decrease in activity.  This trend stands in contrast to that 

observed in HIV IN.  Structurally related hydroxypyridinone and hydroxypyrimidinone 

inhibitors of HIV IN with good inhibitory activity have been reported that contain both 

carboxylic acid and amide metal-coordinating groups, and the inclusion of a metal-coordinating 

4-fluorobenzyl amide is a characteristic motif found in many HIV IN inhibitors including the 

FDA approved inhibitors raltegravir and dolutegravir.15, 25  However, it should be noted that 

this 4-fluorobenzyl amide group also makes key interactions with active site nucleotides, and 

these favorable interactions may compensate for any potential loss in binding enthalpy from 

less favorable metal binding. 

Isosteric replacement is a common practice in medicinal chemistry to improve activity 

or overcome pharmacokinetic liabilities of specific functional groups, such as carboxylic 

acids.26  The effects of isosteric replacement in metalloenzyme inhibitors have not been widely 

studied.27  To further probe the carboxylic acid moiety, a small series of hydroxypyrone and 

hydroxypyridinone core scaffolds containing carboxylic acid isosteres were synthesized.  
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Compound 27 maintains an acidic tetrazole coordinating functional group and was found to 

have activity (IC50 = 37 nM) similar to that of 1.  However, structurally similar compounds that 

were less acidic, such as amides 24 and 25, or azoles 29 and 30 (Table 5.3), were all found to 

be between 10- and 100-fold less active.  Interestingly, the structurally similar but overall basic 

N-hydroxy amidine 28 (IC50 = 19 µM) was found to be substantially less active than all related 

isosteres, indicating a strong preference for acidic coordinating ligands in the PAN metal active 

site. 

 

5.4 Application of Bioinorganic SAR to New Inhibitor Chemotypes 

The identification of this optimized, highly active chemotype for the inhibition of PAN 

elucidated useful SAR for the coordination preferences of this enzyme active site, and these 

preferences can be used in the development of other PAN inhibitors.  The obtained SAR 

suggests that a tri-oxo, dianionic MBP that is aromatic and somewhat electron rich should be 

an ideal ligand for the PAN metal centers.  With this information, we were able to synthesize 

an unrelated MBP, α-hydroxytropolone (32), that matches the proposed SAR, but is chemically 

distinct from 1 or 17.  Indeed, 32 was found to inhibit PAN with an exceptional IC50 value of 

11 nM (Table 5.3).  As compared to compounds 1 or 17, compound 32 is more rigid, in terms 

of metal-coordinating atoms; in compounds 1 or 17 the coordinating carboxylic acid moiety 

can rotate whereas in 32 the three coordinating oxygen atoms are geometrically constrained in 

the proper orientation for metal binding.  The improved activity of 32 over 1 or 17 is likely due 

in part to the added rigidity of this MBP’s pre-organized binding pose for the two active site 

metal ions.  It is also worth noting that α-hydroxytropolone derivatives have been identified as 

inhibitors of other dinuclear metalloenzymes such as HIV IN and HIV RNaseH.28  However, 
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simple α-hydroxytropolone derivatives were shown to have 100- to 1000-fold less inhibitory 

activity against HIV IN or RNaseH than compound 32 displayed against PAN,28 highlighting 

that even similar metalloenzymes can display very specific ligand preferences and that ligand 

selectivity can be engineered into MBPs.  Further analysis of several MBPs that share a similar 

chemotype with 32 indicate that the electronic, as opposed to steric, aspects of this compound 

are responsible for its very high activity.  N-hydroxyphthalamide (16), which possesses a 

similar donor triad, but is mono-anionic and more acidic, and pyrogallol (31), which also 

possesses a similar donor triad, but is trianionic and more basic, are both significantly less active 

than 32.  Consistent with this SAR, gallic acid (9) was found to be much less active than the 

analogous α-hydroxytropolone compound 33.  Further crystallographic validation with PAN, 

which was performed using the same procedures described for compounds 1-3 (Figure 5.3) 

shows that 33 binds to the active site as a bridged multicoordinate complex, with the central 

carbonyl oxygen acting as a bridging atom and both hydroxyl moieties replacing the 

coordinating water molecules observed in the native structure.  This binding mode is analogous 

to compounds such as 1.  The carboxylic acid moiety of 33 was not observed to engage in any 

protein or water network interactions at the resolutions obtained, and the high inhibitory activity 

is attributed to the optimized metal coordination.  The identification of this novel inhibitor 

scaffold demonstrates that metal-centric SAR is useful for predictive development of 

metalloenzyme inhibitors and that similar analysis can be broadly applicable for any 

metalloenzyme inhibitor development. 
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Figure 5.3.  X-ray co-crystal structure of 33 bound to the active site metal centers of PAN (PDB 
ID:  6E0Q).  33 was observed to bind similarly to 1 and 17, with coordinating oxygen atoms 
replacing the three water molecules observed in the native structure.  The carboxylic acid 
moiety was not observed to make any interactions with the protein active site or water network 
at this resolution, and it is inferred that the tight binding of this compound is due primarily to 
optimized metal coordinating interactions.  Mn2+ ions are shown as purple spheres, dative bonds 
as yellow dashed lines, and electron density as blue mesh contoured to 1.0 σ. 
 

5.5  Selectivity and Cross-Inhibition 

 Finally, to validate the selectivity of this highly active MBP chemotype, a cross-

inhibition screen of compound 1 was performed as a representative example of the series (Table 

5.4).  Compound 1 was screened against eight other relevant metalloenzymes, specifically:  HIV 

integrase (HIV IN), human carbonic anhydrase II (hCAII), matrix metalloproteinase-2 (MMP-

2), human glyoxalyase 1 (hGlo-1), New Delhi metallo-β-lactamase-1 (NDM-1), histone 

deacetylase-6 (HDAC-6), human arginase 1 (hArg-1), and human methionine aminopeptidase 

1 (hMetAP-1).  At a concentration of 200 µM, no substantial cross-inhibition was observed 

with 1, even against other dinuclear metalloenzymes such as NDM-1 (Zn2+), hArg-1 (Mn2+), 

hMetAP-1 (Mn2+), and HIV IN (Mg2+).15  Despite the small size of these fragment molecules, 

which increases the likelihood of off-target binding, optimized PAN inhibitors were found to 

display surprising good selectivity.  The strong preference this chemotype displays for PAN 
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endonuclease over other metalloenzymes is evidence that target selectivity can be effectively 

engineered into MBP fragments by optimization for the specific coordination environment of a 

target metalloenzyme.  This is corroborated by other work investigating metalloenzyme 

inhibitor selectivity,29-30 and stands in contrast to the widely held belief that MBP-containing 

compounds are intrinsically promiscuous.  The data herein clearly suggest that the dogma that 

metal-coordinating metalloenzyme inhibitors may not be sufficiently selective over off-target 

metalloenzymes is not well substantiated. 

 

Table 5.4.  Cross-inhibition studies of compound 1 against PAN and eight different 
metalloenzyme.  Percent inhibition values from single concentration screens (200 µM) are 
shown. 

 

 

To further illustrate that target selectivity can be engineered by MBP optimization, 

isologues of 1 were screened against the related dinuclear metalloenzymes hArg-1, hMetAP-1, 

and NDM-1 (Table 5.5).  A total of 25 structurally related MBPs (Tables 5.2 and 5.3) were 

screened against these three enzymes (200 µM MBP concentration) and PAN endonuclease 

(500 nM MBP concentration).  Clear and distinct ligand preferences for each metalloenzyme 

are readily apparent, despite the high degree of structural similarity between these fragments.  

This highlights the effects of varied ligand electronics on selectivity profiles in different 

metalloenzyme systems.  Additional analysis shows that trends in donor atom preference 

remain, with compound 22 (which contains a sulfur donor atom) showing the expected 

preference for the soft Zn2+ metal centers of NDM-1 over the hard Mn2+ of hArg-1 and hMetAP-

Number Endonuclease HIV-IN          
3′-Processing

HIV-IN Strand 
Transfer hCAII MMP-2 Glo-1 NDM-1 HDAC-6 Human 

Arginase 1
Human  
MetAP1

1 100% No Inhibition 37% No Inhibition 11% 11% 13% No Inhibition 8% 27%
(IC50 = 43 ± 9 nM)

Compound
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1.  hArg-1 also clearly shows a preference for more highly basic MBP ligands, such as 7 and 

28, which stands in contrast to the preferences displayed by PAN, despite both metalloenzymes 

employing dinuclear Mn2+ centers.  This data further substantiates the hypothesis that activity 

and selectivity can both be achieved through proper optimization of metal-ligand interactions. 

 

Table 5.5.  Single concentration cross-inhibition studies of MBPs against PAN endonuclease 
and three other dinuclear metalloenzymes.  Final inhibitor concentration employed in assays is 
indicated in the table header for each enzyme.  Percent inhibition is listed and colored from 
yellow to red with increasing inhibition values. 

 
 

PAN 

Endonuclease 
(500 nM)

Human           
Arginase 1      
(200 µM)

Human MetAP1      
Mn2+ isoform     

(200 µM)

NDM-1            
(200 µM)

96 8 27 12
21 5 6 15
94 1 5 4
9 2 9 25

15 82 4 15
18 41 6 6
67 22 27 10
5 16 16 87

97 24 0 6
44 8 64 9
28 0 0 3
21 2 1 1
81 12 32 22
46 9 34 84
0 11 0 7

30 5 35 8
22 8 24 6
7 5 3 8

96 7 1 99
15 83 2 43
88 0 33 8
30 6 4 3
21 49 37 63
95 92 58 92
98 32 30 61

Compound

1
2
3
5
7
8

14
15
17
18
19
20
21
22
23
24

33

30
31
32

25
26
27
28
29
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The results obtained in this SAR campaign indicate that both steric and electronic ligand 

effects must be explored to optimize MBP inhibitory activity for a given metalloenzyme 

microenvironment and that different metalloenzymes will exhibit different electronic and steric 

preferences at their active site.  It was also found that small chemical modifications that might 

otherwise be considered innocuous in conventional inhibitor design (e.g., the position of a non-

hydrogen bonding nitrogen atom in an aryl ring) were found to have a substantial effect on 

metal coordination and hence the overall activity of a MBP.  This suggests that a more expanded 

view of which factors directly influence activity is absolutely necessary when developing and 

optimizing inhibitors of metalloenzymes as opposed to other classes of targets. 

 

5.6 Conclusions 

Based on the SARs described herein, it is apparent that a new paradigm of what 

constitutes appropriate SAR in the field of metalloenzyme drug discovery is necessary for 

inhibitors that directly interact with active site metal ions.  As opposed to probing primarily 

steric effects when preforming SAR analysis, the effects of modulating ligand electronics on 

metal coordination must also be considered.  Upon metal binding, an MBP forms a bioinorganic 

coordination complex, and this coordination complex (like any inorganic coordination 

complex) will display preferences for certain ligand interactions.31-33  In the field of 

metalloenzyme inhibitor development this has often been overlooked, due in part to a long-

standing focus on perceived ‘privileged’ scaffolds such as hydroxamic acids,1 but also because 

principles of inorganic chemistry are often not considered during development.  Nevertheless, 

these design principles can be readily applied to the development of metalloenzyme inhibitors 

to afford selectivity and activity, even at the fragment level (i.e., before hit-to-lead 
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development).  In this report, we have demonstrated that consideration of SAR derived from 

MBP electronic effects can have substantial impact on optimizing both activity and selectivity 

of metalloenzyme inhibitor fragments.  These effects will likewise translate in the development 

of more elaborated, lead-like inhibitors or the identification and optimization of other novel 

inhibitor scaffolds.  As shown by this MBP-FBDD approach, expanding the toolkit used by 

medicinal chemist working on metalloenzyme inhibitor development will allow for improved 

progress toward highly active and selective inhibitors and may help to overcome the barriers 

that have limited the clinical success of this class of drug target. 

 

5.7 Experimental Section 

All reagents and solvents were obtained from commercial sources and used without 

further purification.  All reactions, unless otherwise stated, were done under nitrogen 

atmosphere.  Reactions were monitored using glass-backed silica TLC plates impregnated with 

a fluorescent indicator, absorbing at 254 nm.  Silica gel column chromatography was performed 

on a CombiFlash Rf Teledyne ISCO system using hexane, ethyl acetate, methylene chloride, or 

MeOH as eluent.  Reverse phase column chromatography (C18 column) was performed on the 

same instrument using 0.1% formic acid in MeOH, acetonitrile, or water as eluent.  Separations 

were monitored by mass spectrometry via a Teledyne ISCO RF+ PurIon ESI-MS or APCI-MS 

detector with 1 Da resolution.  1H and NMR spectra were obtained on a Varian (400 MHz) 

spectrometers in the Department of Chemistry and Biochemistry at U.C.  San Diego.  The purity 

of all compounds used in assays was determined to be ≥95% by HPLC-MS analysis.  Standard 

resolution MS was performed either at U.C. San Diego Molecular Mass Spectrometry Facility 

or on the aforementioned Teledyne ISCO RF+ PurIon MS.  HRMS analysis was performed 
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using an Agilent 6230 Accurate-Mass LC-TOFMS located at the U.C. San Diego Molecular 

Mass Spectrometry Facility.  Compounds 4-5, 7-14, 16, 19, 23, 31, and 34 were obtained from 

commercial suppliers.  Compounds 1,34 2,35 3,3 15,3 32,36 and 3337 were previously reported.  

X-ray diffraction data for co-crystal structures were collected either on an in-house Bruker X8 

Proteum diffractometer at 100 K, using a Bruker Microfocus Rotating Anode (MicroSar FR-

592) X-ray generator with a Bruker APEX II CCD detector at wavelength 1.54178 Ǻ 

(compound 2), or ALS 5.0.1 beamLine using a single-crystal, cylindrically bent, Si(220) 

monochromator set to a wavelength of 0.977 Ǻ with a Pilatus 6M 25 Hz detector (compounds 

1, 33), or at ALS 5.0.2 beamLine using a double-crystal Si(111) monochromator set to a 

wavelength of 1.00 Ǻ with a Pilatus3 6M 25 Hz detector (compound 2).   
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5.7.1 Synthetic Details 
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Scheme 5.1.  Synthesis of hydroxypyrone, hydroxypyridinone, and hydroxytropolone MBPs. 
Reagents and conditions:  (a) thionyl chloride, CH2Cl2, rt, 6-8 h; (b) zinc dust, HCl, water, 70 
°C, 4−6 h; (c) NaOH, formaldehyde, water/MeOH, 0-20 ºC, 18 h; (d) benzyl bromide, TBACl, 
70 ºC, 3 h; (e) NaCO3H, KI, TEMPO, TBACl, NaOCl, CH2Cl2/water, 5 ºC, 2.5 h; (f) 5:5:1 
HOAc/HCl/TFA, 40 °C, 18 h. (g) NH4OH, MeOH/water, 75 ºC, 18-24 h; (h) methyl triflate, 
CH2Cl2/chloroform, reflux, 18 h; (i) ethyl propiolate, TEA, chloroform, microwave 100 ºC, 25 
min; (j) BCl3, CH2Cl2, 0-20 ºC, 30 min; (k) HBr/HOAc, neat, 95 ºC, 6-8 h. 
 

Kojic chloride (35).  To a rapidly stirring suspension of kojic acid (34) (10 g, 70.4 

mmol) in CH2Cl2 (250 mL) at rt was added thionyl chloride (5.91 mL, 81 mmol), dropwise 

over the course of 25 min.  Throughout the addition, the suspension tended to clump; when 

clumping occurred, the addition was paused to allow the solution to return to homogeneity.  

After 4 h of stirring, the suspension was filtered, and the solids were recrystallized from EtOH 

to afford kojic chloride as white needles in 91% yield.  1H NMR (400 MHz, DMSO-d6):  δ 8.12 

(s, 1H), 6.56 (s, 1H), 4.65 (s, 2H).  ESI-MS Experimental:  159.14.  Calculated for 

[C6H6ClO3]+:  159.99 

Allomaltol.  Kojic Chloride (35) (10 g, 62.3 mmol) and water (75 mL) were added to a 

250 mL RBF and stirred at 40 °C.  Zinc dust (8.14 g, 125 mmol) was added and the reaction 
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was heated to 60 °C with vigorous stirring.  Concentrated HCl (15.4 mL, 187 mmol) was added 

dropwise via an addition funnel over ~30 min.  Effervescing hydrogen gas was observed.  The 

slurry was left to stir for 2-3 h after HCl addition was complete, at which time the excess zinc 

was removed from the pale green reaction by hot filtration.  The filtrate was adjusted to pH 1 

and extracted with CH2Cl2 3 × 50 mL.  The extracts were dried over magnesium sulfate and 

concentrated under vacuum, and the product was isolated by silica chromatography in 85% 

yield.  1H NMR (400 MHz, Acetone-d6):  δ 7.82 (s, 1H), 6.21 (s, 1H), 2.28 (d, J = 0.5 Hz, 3H).  ESI-

MS Experimental:  125.22.  Calculated for [C6H5O3]-:  125.03 

3-(Benzyloxy)-2-(hydroxymethyl)-6-methyl-4H-pyran-4-one (36).  Allomaltol (1.26 

g, 10 mmol) was added to a solution of NaOH (0.44 g, 11 mmol) in water (60 mL) and the 

mixture was cooled to 0 °C.  Formaldehyde (37%, 0.83 mL, 11.1 mmol) was added dropwise 

maintaining the solution temperature at ~0 °C.  The mixture was stirred and allowed to warm 

to room temperature after addition of formaldehyde. A solid began to appear after 1.5 h, and 

MeOH (30mL) was added to solubilize the solids and the mixture was left stirring for 18 h.  The 

reaction was then heated to 40 °C and  benzyl bromide (1.3 mL, 10.9 mmol) and tetra-N-

butylammonium chloride (TAB-Cl) (0.07 g, 0.25 mmol) were added.  The reaction was then 

heated to reflux for 3.5 hr.  The reaction mixture was then cooled and the pH of the solution 

adjusted to pH=1 and MeOH was removed by evaporation under vacuum. The mixture was 

then extracted with CH2Cl2 3 × 100mL. The combined organic layers were washed with brine 

and dried over magnesium sulfate and evaporated yielding a red oil, which was purified by 

column chromatography to isolate the desired product in 61% yield.  1H NMR (400 MHz, 

DMSO-d6) δ 7.48 – 7.19 (m, 5H), 6.24 (s, 1H), 5.43 (t, J = 6.0 Hz, 1H), 4.98 (s, 2H), 4.23 (d, 
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J = 6.0 Hz, 2H), 2.24 (s, 3H).  ESI-MS Experimental:  247.27.  Calculated for [C14H15O4]+:  

247.09 

3-(Benzyloxy)-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (37).  3-(benzyloxy)-2-

(hydroxymethyl)-6-methyl-4H-pyran-4-one (36) (1.25 g, 5.08 mmol) was dissolved in CH2Cl2 

(60 mL) and stirred.  A solution of sodium bicarbonate (1.8 g, 21.8 mmol) and KI (84 mg, 0.51 

mmol) in water (60 mL) was added and the mixture was cooled in an ice bath to 0° C.  TEMPO 

(12 mg, 0.076 mmol) and TABCl (56 mg, 0.20 mmol) were added.  Sodium hypochlorite (14.67 

mL, 11.2 mmol) was added dropwise, in three portions, maintaining the internal temperature of 

the reaction below 7° C.  After each portion, the pH was measured and 10% NaCO3H solution 

was added after each portion to maintain basic pH.  Before the final portion of Hypochlorite 

was added, a half weight of TEMPO and KI were added, followed by CH2Cl2 (15mL).  The 

reaction was stirred at ice bath temperatures for one hour (3 h total reaction time). The reaction 

mixture was then filtered and the filtrate was transferred to a separatory funnel where the 

resultant two layers were separated.  The aqueous layer was mixed with a sodium thiosulfate 

solution to remove excess hypochlorite and was placed under reduced pressure for 5 min to 

remove residual organic solvent.  The solution was then cooled in an ice-bath with rapid stirring, 

and concentrated HCl was added until the pH reached ~1.  An white solid appeared and was 

isolated by filtration to afford the product in 73% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.42 

(d, J = 7.3 Hz, 2H), 7.33 (ddd, J = 9.4, 7.5, 3.7 Hz, 3H), 6.39 (s, 1H), 5.08 (s, 2H), 2.27 (s, 3H).  

ESI-MS Experimental:  259.48.  Calculated for [C14H11O5]-:  259.07. 

3-Hydroxy-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (1).  Compound 37 was 

taken up in a 5:5:1 mixture of concentrated HCl:HOAc:TFA and was stirred at room 

temperature for 48 h.  After this time, acids were removed under high vacuum, the resultant 



 
 

189 
 

solids were co-evaporated several times with MeOH.  The remaining solids were then purified 

by C18 chromatography eluting in a water/MeOH system to yield the target compound as a 

white solid in 93 % yield.  1H NMR (400 MHz, DMSO-d6) δ 6.34 (s, 1H), 2.28 (s, 3H).  HR-

ESI-MS Experimental:  169.0141.  Calculated for [C7H5O5]-:  169.0142.  Δ = -0.6 ppm. 

3-(Benzyloxy)-6-methyl-4-oxo-1,4-dihydropyridine-2-carboxylic acid (38).  3-

(Benzyloxy)-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (37) (200 mg, 0.77 mmol) was taken 

up in a 1:1 mixture of water (10 mL) and MeOH (10 mL) in a sealable vessel.  Ammonium 

hydroxide (30%) (328 µL, 2.3 mmol) was added and the vessel was sealed and heated to 75 ºC 

for 18-24 h.  After this time, the reaction was cooled and concentrated under vacuum, diluted 

with 1M HCl and concentrated under vacuum to remove ammonium salts, and the resultant 

solids were purified by C18 column chromatography utilizing a MeOH/water system to afford 

3-(benzyloxy)-6-methyl-4-oxo-1,4-dihydropyridine-2-carboxylic acid (122 mg, 0.47 mmol, 

69% yield) as a white powder.  1H NMR (400 MHz, CD3OD):  δ 7.45 (t, J = 5.6 Hz, 4H), 7.31 

(dd, J = 15.9, 6.3 Hz, 8H), 5.18 (s, 4H), 2.62 (s, 5H).  ESI-MS Experimental:  259.66  Calculated 

for [C14H14NO4]+:  259.27.   

3-Hydroxy-6-methyl-4-oxo-1,4-dihydropyridine-2-carboxylic acid (17).  

Compound 38 was taken up in a 5:5:1 mixture of concentrated HCl:HOAc:TFA and was stirred 

at room temperature for 48 h.  After this time, acids were removed under high vacuum, the 

resultant solids were co-evaporated several times with MeOH.  The remaining solids were then 

purified by C18 chromatography eluting in a water/MeOH system to yield the target compound 

as a white solid in 74 % yield.  1H NMR (400 MHz, DMSO-d6):  δ 6.92 (s, 1H), 2.48 – 2.38 

(m, 3H).  HR-ESI-MS Experimental:  168.0302.  Calculated for [C7H6NO4]-:  168.0302.  Δ = 0.0 

ppm. 
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5-Hydroxy-4-methoxy-2-methylpyrylium trifluoromethanesulfonate (39).  

Allomaltol (5.4 g, 42.8 mmol) was stirred in a mixture of CH2Cl2 (10 mL) and chloroform (30 

mL).  To the mixture was added fresh methyl trifluoromethansulfonate (7.07 mL, 64.2 mmol), 

slowly.  The reaction mixture was then heated to reflux and vigorously stirred.  Note:  Reaction 

mixture may form 2 layers at lower temperatures.  The mixture was heated to reflux for 18 h 

and the reaction progress was monitored by TLC (5% MeOH in CH2Cl2) and stained with iron 

chloride.  Iron chloride test alone can give false negatives for reaction progress as some residual 

allomaltol always remains unreacted and the free phenol of the product stains at high 

concentrations.  After ~18 h the reaction mixture was cooled and evaporated to dryness under 

high vacuum to remove solvent and residual methyl triflate.  The resultant dark oil was then 

taken up in minimal ethyl acetate and was heated to dissolve residual solids.  The mixture was 

then cooled to -20 ºC for 4 h to allow for crystallization.  White needle-like crystals were 

isolated by filtration and a second crop of crystals were isolated by the same method from 

concentrated mother liquor.  Drying the isolate white crystals afforded 5-hydroxy-4-methoxy-

2-methylpyrylium triflate (9.4 g, 32.4 mmol, 76 % yield).  1H NMR (400 MHz, DMSO-d6) δ 

8.99 (s, 1H), 7.91 (s, 1H), 4.25 (s, 3H), 2.73 (s, 3H).  ESI-MS Experimental:  141.45.  Calculated 

for [C7H9O3]+:  141.05. 

Ethyl 3-methoxy-5-methyl-2-oxo-8-oxabicyclo[3.2.1]octa-3,6-diene-6-carboxylate 

(40).  Compound 39 (250 mg, 0.861 mmol) was added to chloroform (1 mL) in a 10 mL 

microwave vessel.  To the mixture was added ethyl propiolate (0.611 mL, 6.03 mmol) followed 

by TEA (0.181 mL, 1.034 mmol).  The mixture was stirred briefly, sealed, and then irradiated 

at 125 ºC for 25 min with stirring in a microwave reactor.  Upon completion, the crude mixture 

was evaporated under high vacuum to remove ethyl propiolate and purified by silica 
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chromatography employing a stepwise gradient from 6% to 12% ethyl acetate in hexanes, 

affording the titled product in 67% yield (130 mg, 0.56 mmol) as a light-yellow solid.  1H NMR 

(400 MHz, CDCl3) δ 7.08 (d, J = 2.5 Hz, 1H), 6.08 (s, 1H), 5.01 (dd, J = 2.5, 0.5 Hz, 1H), 4.25 

(qd, J = 7.1, 6.6 Hz, 2H), 3.55 (s, 3H), 1.77 (s, 3H), 1.32 (td, J = 7.1, 0.6 Hz, 3H).  ESI-MS 

Experimental:  239.34.  Calculated for [C12H15O5]+:  239.08. 

Ethyl 7-methoxy-5-methyl-2-hydroxytropolone carboxylate (41).  Compound 40 

(1.5g, 6.30 mmol) was taken up in CH2Cl2 (20 mL) and was cooled to 0-5 ºC on an ice bath 

with stirring.  To the cooled solution was added boron trichloride solution (1M, 12.6 mL, 12.6 

mmol) dropwise.  After addition, the reaction mixture was removed from the ice bath and was 

allowed to warm to room temperature over 30 min, upon which time the reaction was quenched 

by the addition of MeOH.  Solvent was removed under high vacuum and the solids were co-

evaporated with MeOH three additional times and the resultant solids were purified by silica 

chromatography to afford 41 in 85% yield.  1H NMR (400 MHz, CD3OD) δ 7.49 (s, 1H), 7.08 

(s, 1H), 4.35 (q, J = 7.1 Hz, 2H), 3.98 (s, 3H), 2.50 (s, 3H), 1.36 (t, J = 7.1 Hz, 3H). ESI-MS 

Experimental:  239.61.  Calculated for [C12H15O5]+:  239.08. 

5-Methyl-2,7-dihydroxytropolone-4-carboxylic acid (33).  Compound 41 (200 mg, 

0.84 mmol) was taken up in a 1:1 mixture of acetic acid and 50% HBr (15 mL) and was heated 

to 95 ºC for 6-8 h.  After this time, solvent was removed under high vacuum and the residual 

solids were purified by reverse phase chromatography to afford 33 in 56% yield.  1H NMR (400 

MHz, CD3OD) δ 7.62 (s, 1H), 7.44 (s, 1H), 2.53 (s, 3H).   HR-ESI-MS Experimental:  195.0298.  

Calculated for [C9H7O5]-:  195.0299.  Δ = -0.5 ppm. 
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Scheme 5.2.  Synthesis of compound 6. 

 

Methyl 3-acetamidopicolinate (50).  Methyl 3-aminopicolinate (700 µl, 5.4 mmol) 

was stirred in acetic anhydride (5.1 mL, 54.1 mmol) neat for 4-6 h at 55 ºC.  Upon completion 

of the acetylation reaction, as indicated by TLC analysis and ninhydrin staining, the reaction 

mixture was concentrated to dryness under high vacuum.  The residual solids were taken up in 

CH2Cl2, washed once with saturated sodium bicarbonate, dried over magnesium sulfate, and 

concentrated to afford 50 as an off-white solid in 92% yield.  1H NMR (400 MHz, CD3OD):  δ 

8.72 (s, 1H), 8.46 (s, 1H), 7.92 (s, 1H), 3.74 (s, 3H), 2.28 (s, 3H).  ESI-MS Experimental:  

195.44.  Calculated for [C9H11N2O3]+:  195.20. 

3-Hydroxy-2-methylpyrido[3,2-d]pyrimidin-4(3H)-one (6).  Potassium hydroxide 

(1.6 g, 29.4 mmol) and hydroxylamine hydrochloride (1 g, 14.7 mmol) were taken up in MeOH 

(10 mL) in a 35 mL microwave reaction vessel and were stirred at room temperature.  This 

reaction was highly exothermic.  After the hydrochloride salt had been neutralized and the 

temperature of the reaction cooled to < 40 °C, methyl 3-acetamidopicolinate (950 mg, 4.9 

mmol) was added.  The reaction mixture was then irradiated at 120 °C for 15 min in a 

microwave reactor with stirring.  Upon cooling to room temperature, acetic acid was used to 

acidify the mixture to pH ~4 and the mixture was concentrated to dryness under vacuum.  The 
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residual solids were then purified by C18 chromatography to afford 3-Hydroxy-2-

methylpyrido[3,2-d]pyrimidin-4(3H)-one as a pink solid in 46% yield.  1H NMR (400 MHz, 

CD3OD):  δ 8.74 (d, J = 1.5 Hz), 8.03 (dd, J = 8.4, 1.5 Hz), 7.76 (dd, J = 8.4, 4.3 Hz), 2.52 (s).  

ESI-MS Experimental:  176.21.  Calculated for [C8H6N3O2]-:  177.16.  HR-ESI-MS 

Experimental:  176.0466.  Calculated for [C7H5O5]-:  176.0466.  Δ = 0.0 ppm. 
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Scheme 5.3.  Synthesis of N-functionalized 2-carboxypyridinone MBPs. 

 

3-(Benzyloxy)-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (51).  Compound 51 was 

prepared according to literature procedure.34 

3-(Benzyloxy)-6-methyl-4-oxo-1,4-dihydropyridine-2-carboxylic acid (52).  3-

(Benzyloxy)-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (200 mg, 0.77 mmol) was taken up 

in a 1:1 mixture of water (10 mL) and MeOH (10 mL) in a sealable vessel.  Ammonium 

hydroxide (30%) (328 µL, 2.3 mmol) was added and the vessel was sealed and heated to 75 ºC 

for 18-24 h.  After this time, the reaction was cooled and concentrated under vacuum, diluted 

with 1M HCl and concentrated under vacuum to remove ammonium salts, and the resultant 

solids were purified by C18 column chromatography utilizing a MeOH/water system to afford 

3-(benzyloxy)-6-methyl-4-oxo-1,4-dihydropyridine-2-carboxylic acid (122 mg, 0.47 mmol, 
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61% yield) as a white powder.  1H NMR (400 MHz, CD3OD):  δ 7.45 (t, J = 5.6 Hz, 4H), 7.31 

(dd, J = 15.9, 6.3 Hz, 8H), 5.18 (s, 4H), 2.62 (s, 5H).  ESI-MS Experimental:  259.  Calculated 

for [C14H14NO4]+:  259.27. 

3-(Benzyloxy)-1,6-dimethyl-4-oxo-1,4-dihydropyridine-2-carboxylic acid (53).  3-

(Benzyloxy)-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (200 mg, 0.77 mmol) was taken up 

in a 1:1 mixture of water (10 mL) and MeOH (10 mL) in a sealable vessel.  Methylamine (200 

µL, 2.3 mmol) was added and the vessel was sealed and heated to 75 ºC for 18-24 h.  After this 

time, the reaction was cooled and concentrated under vacuum, diluted with 1M HCl and 

concentrated under vacuum to remove methylammonium salts, and the resultant solids were 

purified by C18 column chromatography utilizing a MeOH/water system to afford 3-

(benzyloxy)-1,6-dimethyl-4-oxo-1,4-dihydropyridine-2-carboxylic acid (100 mg, 0.36 mmol, 

47 % yield) as a white solid.  1H NMR (400 MHz, CD3OD):  δ 7.47 – 7.26 (m, 6H), 5.16 (s, 

2H), 3.92 (s, 3H), 2.64 (s, 3H).  ESI-MS Experimental:  274.  Calculated for [C15H16NO4]+:  

274.31. 

3-(Benzyloxy)-1-hydroxy-6-methyl-4-oxo-1,4-dihydropyridine-2-carboxylic acid 

(54).  3-(Benzyloxy)-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (200 mg, 0.77 mmol) was 

taken up in a 1:1 mixture of water (10 mL) and MeOH (10 mL) in a sealable vessel.  

Hydroxylamine hydrochloride (160 mg, 2.3 mmol) was added and the vessel was sealed and 

heated to 75 ºC for 18-24 h.  After this time, the reaction was cooled and concentrated under 

vacuum and the resultant solids were purified by C18 column chromatography utilizing a 

MeOH/water system to afford 3-(benzyloxy)-1-hydroxy-6-methyl-4-oxo-1,4-dihydropyridine-

2-carboxylic acid (72 mg, 0.26 mmol, 34 % yield) as a white solid.  1H NMR (400 MHz, 
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CD3OD):  δ 7.45 (d, J = 6.7 Hz, 2H), 7.30 (s, 4H), 6.37 (s, 1H), 5.17 (s, 2H), 2.34 (s, 3H).  ESI-

MS Experimental:  276.  Calculated for [C14H14NO5]+:  276.27. 

General procedure for the deprotection of 17, 20-21.  Benzyl protected pyridinone 17, 

20-21 was taken up in a 5:5:1 mixture of concentrated HCl:HOAc:TFA and was stirred at room 

temperature for 48 h.  After this time, acids were removed under high vacuum, the resultant 

solids were co-evaporated several times with MeOH.  The remaining solids were then purified 

by C18 chromatography eluting in a water/MeOH system to yield the target compounds as off-

white solids. 

3-Hydroxy-6-methyl-4-oxo-1,4-dihydropyridine-2-carboxylic acid (17).  

Compound 17 was isolated as a white solid in 74 % yield, according to the general procedure.  

1H NMR (400 MHz, DMSO-d6):  δ 6.92 (s, 1H), 2.48 – 2.38 (m, 3H).  HR-ESI-MS Experimental:  

168.0302.  Calculated for [C7H6NO4]-:  168.0302.  Δ =  0.0 ppm. 

3-Hydroxy-1,6-dimethyl-4-oxo-1,4-dihydropyridine-2-carboxylic acid (20).  

Compound 20 was isolated as an off-white solid in 66 % yield, according to the general 

procedure.  1H NMR (400 MHz, DMSO-d6):  δ 6.98 (s, 1H), 4.13 (s, 3H), 2.48 (s, 3H).  HR-

ESI-MS Experimental:  182.0461.  Calculated for [C8H8NO4]-:  182.0459.  Δ = 1.1 ppm. 

 1,3-Dihydroxy-6-methyl-4-oxo-1,4-dihydropyridine-2-carboxylic acid (21).  

Compound 21 was isolated as an off-white solid in 57 % yield, according to the general 

procedure.  1H NMR (400 MHz, DMSO-d6):  δ 6.28 (s, 1H), 2.25 (s, 3H).  ESI-MS 

Experimental:  186.03  Calculated for [C7H8NO5]+:  186.15. 

3-Hydroxy-6-methyl-4-thioxo-4H-pyran-2-carboxylic acid (22).  3-Hydroxy-6-

methyl-4-oxo-4H-pyran-2-carboxylic acid (100 mg, 0.59 mmol) was dissolved in THF (15 mL) 

in a 50 mL round bottom flask.  1,1,1,3,3,3-Hexamethyldisiloxane (0.41 mL, 1.9 mmol) was 
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added and stirred.  Phosphorous pentasulfide (65 mg, 0.29 mmol) was added.  The reaction was 

monitored by TLC and ferric chloride test.  After one hour, the reaction mixture was evaporated 

under vacuum, and the residual solids were purified by silica column chromatography to afford 

22 as a yellow solid, 51% yield.  1H NMR (400 MHz, CD3OD):  δ 7.39 (s, 1H), 2.36 (s, 3H).  

HR-ESI-MS Experimental:  184.9916.  Calculated for [C7H5O4S]-:  184.9914.  Δ =  1.1 ppm. 
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Scheme 5.4.  Synthesis of compounds 18 and 26. 

 

Ethyl 3-hydroxy-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylate (55).  Sodium 

diethyloxylacetate (1.14 g, 5.4 mmol) was dissolved in THF (30 mL).  Chloroacetone (0.60 g, 

6.5 mmol) was added to the stirring solution.  Upon stirring for 10 min, saturated ammonia (32 

mL, 16 mmol) solution was added and AlCl3·6H2O (0.13 g, 0.54 mmol) was then carefully 

added.  The reaction was stirred under nitrogen for 5 d over which time the reaction turned a 

bright orange and an orange precipitate appeared.  The resulting orange solid was filtered and 

taken up in 1M HCl and stirred for 30 min.  The suspension was then filtered and rinsed with 

distilled water and crystalized from hot EtOH to afford 55 in 25-31% yield.  1H NMR (400 
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MHz, CD3OD):  δ 6.21 (s, 1H), 4.31 (q, J = 7.0 Hz, 2H), 2.34 (s, 3H), 1.20 (dd, J = 15.5, 8.0 

Hz, 3H) ESI-MS Experimental:  198.  Calculated for [C9H12NO4]+:  198.20. 

Ethyl 3-(benzyloxy)-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylate (56).  

Ethyl 3-hydroxy-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylate (1.0 g, 5.1 mmol) and 

potassium carbonate (0.77 g, 5.6 mmol) were dissolved in water (60 mL) with the aid of 

sonication.  To this solution was added a solution of benzyl bromide (0.66 mL, 5.6 mmol) in 

CH2Cl2 (50 mL).  Tetrabutylammonium chloride, hydrate (0.75 g, 2.5 mmol) was added as a 

phase transfer catalyst for the reaction.  The solution was stirred at 40 °C overnight, and when 

the reaction was complete by TLC, the two layers were separated.  The aqueous layer was 

washed twice with CH2Cl2 and all organic portions were combined and dried, then concentrated 

under vacuum.  The resulting solid was purified by column chromatography affording 56 in 62 

% yield.  1H NMR (400 MHz, DMSO-d6):  δ 7.56 – 7.48 (m, 2H), 7.32 (dt, J = 8.5, 6.9 Hz, 3H), 

6.18 (s, 1H), 5.26 (s, 2H), 4.28 (q, J = 7.1 Hz, 2H), 2.34 (s, 3H), 1.27 (dd, J = 15.1, 8.0 Hz, 3H).  

ESI-MS Experimental:  288.  Calculated for [C16H18NO4]+:  288.32. 

3-(Benzyloxy)-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylic acid (57).  Ethyl 

3-(benzyloxy)-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylate was stirred in 60 mL of a 1:1 

mixture of THF:4% KOH overnight under nitrogen, after which time organic solvents were 

evaporated under vacuum.  The resulting aqueous solution was acidified to pH <2 with 4M 

HCl, resulting in 57 as a white precipitate which was collected by filtration in 94% yield.  1H 

NMR (400 MHz, DMSO-d6):  δ 7.52 (d, J = 7.3 Hz, 2H), 7.39 – 7.29 (m, 3H), 6.12 (s, 1H), 

5.35 (s, 2H), 2.29 (s, 3H).  ESI-MS Experimental:  260.  Calculated for [C14H13NO4]+:  260.26. 

3-Hydroxy-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylic acid (18).  3-

(Benzyloxy)-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylic acid (57) was dissolved in a 
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5:5:1 mixture of hydrochloric acid, 37% (5 mL), acetic acid (5 mL), and TFA (1 mL).  The 

mixture was stirred overnight at room temperature.  Upon full deprotection as evidence by silica 

TLC and FeCl3 stain analysis, the reaction was dried under vacuum and the residue purified by 

C18 chromatography eluting with a water-MeOH system to yield 18 as a white solid in 95% 

yield.  1H NMR (400 MHz, DMSO-d6):  δ 6.39 (s, 1H), 2.21 (s, 3H) HR-ESI-MS Experimental:  

168.0303.  Calculated for [C7H6NO4]-:  168.0302.  Δ =  0.6 ppm. 

 3-(Benzyloxy)-N,6-dimethyl-2-oxo-1,2-dihydropyridine-4-carboxamide (58).  3-

(Benzyloxy)-6-methyl-2-oxo-1,2-dihydropyridine-4-carboxylic acid (250 mg, 0.96 mmol) was 

dissolved and stirred in DMF (25 mL) in a round bottom flask.  Triethylamine (0.20 mL, 1.4 

mmol) and HATU (550 mg, 1.4 mmol) were added and stirred for 10 min.  Methylamine (0.72 

mL, 1.4 mmol) was then added and the reaction was stirred overnight under nitrogen at 55 ºC.  

Upon completion, all solvents were removed under vacuum and the residual solid was 

partitioned between ethyl acetate and saturated bicarbonate solution.  The organic layer was 

separated, and the aqueous layer was washed once with ethyl acetate.  The combined organics 

were dried and further purified by silica chromatography to yield the product as a white solid, 

83% yield.  1H NMR (400 MHz, DMSO-d6):  δ 7.32 (d, J = 7.8 Hz, 5H), 6.24 (s, 1H), 5.21 (s, 

2H), 2.74 (s, 3H), 2.22 (s, 3H).  ESI-MS Experimental:  273.  Calculated for [C15H17N2O3]+:  

273.30. 

3-Hydroxy-N,6-dimethyl-2-oxo-1,2-dihydropyridine-4-carboxamide (26).  3-

(Benzyloxy)-N,6-dimethyl-2-oxo-1,2-dihydropyridine-4-carboxamide) was dissolved in a 

5:5:1 mixture of hydrochloric acid, 37% (5 mL), acetic acid (5 mL), and TFA (1 mL) and was 

stirred for 12 h under nitrogen at 40 ºC.  Upon deprotection, all solvent acid was removed, and 

the resulting solid was co-evaporated exhaustively with MeOH.  Resultant solids were 
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confirmed as pure 26 in quantitative yield.  1H NMR (400 MHz, DMSO-d6):  δ 11.79 (s, 1H), 

8.35 (d, J = 4.7 Hz, 1H), 6.22 (s, 1H), 2.76 (d, J = 4.7 Hz, 3H), 2.07 (d, J = 0.8 Hz, 3H).  HR-

ESI-MS Experimental:  181.0620.  Calculated for [C8H9N2O3]-:  181.0620.  Δ =  0.0 ppm. 
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 Scheme 5.5.  Synthesis of carboxylic acid containing analogues of compound 1.  

 

3-(Benzyloxy)-6-methyl-4-oxo-4H-pyran-2-carboxamide (59).  Compound 51 (500 

mg) was dissolved and stirred in DMF (25 mL).  Triethylamine (0.67 mL, 4.8 mmol) and HATU 

(890 mg, 2.3 mmol) were added and stirred for 10 min.  Ammonium chloride (155 mg, 2.9 

mmol) was then added and the reaction was stirred overnight under nitrogen at 60 ºC.  Upon 

completion, all solvents were removed under vacuum and the residual solid was partitioned 

between ethyl acetate and saturated bicarbonate solution.  The organic layer was separated, and 

the aqueous layer was washed once with ethyl acetate.  The combined organics were dried and 

further purified by silica chromatography to yield the product as a white solid, 60% yield.  1H 

NMR (400 MHz, DMSO-d6):  δ 7.94 (d, J = 48.4 Hz, 2H), 7.54 – 7.05 (m, 5H), 6.35 (s, 1H), 

5.15 (s, 2H), 2.26 (s, 3H).  ESI-MS Experimental:  260.  Calculated for [C14H14NO4]+:  260.26. 
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3-Hydroxy-6-methyl-4-oxo-4H-pyran-2-carboxamide (24).  3-(Benzyloxy)-6-

methyl-4-oxo-4H-pyran-2-carboxamide (59) was dissolved in a 5:5:1 mixture of HCl (37%, 5 

mL), HOAc (5 mL), and TFA (1 mL) and was stirred for 12 h under nitrogen at 25 ºC.  Upon 

deprotection, all solvent acid was removed, and the resulting solid was co-evaporated 

exhaustively with MeOH.  Resultant solids were confirmed as pure 24 in quantitative yield.  1H 

NMR (400 MHz, DMSO-d6):  δ 11.46 (s, 1H), 8.30 (s, 2H), 6.28 (s, 1H), 2.27 (s, 3H).  HR-

ESI-MS Experimental:  168.0303.  Calculated for [C7H6NO4]-:  168.0302.  Δ =  0.6 ppm. 

3-Hydroxy-N,6-dimethyl-4-oxo-4H-pyran-2-carboxamide (25).  Compound 25 was 

prepared according to the same procedure as 24, in 73% yield.  1H NMR (400 MHz, CD3OD):  

δ 6.37 (s, 1H), 2.94 (s, 3H), 2.40 (s, 3H).  HR-ESI-MS Experimental:  182.0459.  Calculated for 

[C8H8NO4]-:  182.0459.  Δ =  0.0 ppm. 

3-(Benzyloxy)-6-methyl-2-(oxazol-2-yl)-4H-pyran-4-one (60).  3-(Benzyloxy)-6-

methyl-4-oxo-4H-pyran-2-carboxamide (125 mg, 0.48 mmol) was taken up in dioxane (1 mL) 

in a 10 mL microwave vessel with a stir bar.  2-Bromo-1,1-diethoxyethane (0.5 mL, 3.4 mmol) 

was added and the mixture was irradiated at 155 ºC for 65 min.  Solvent was then removed 

under vacuum, and the resultant solids were take forward with no further purification. 

3-Hydroxy-6-methyl-2-(oxazol-2-yl)-4H-pyran-4-one (29).  3-(Benzyloxy)-6-

methyl-2-(oxazol-2-yl)-4H-pyran-4-one (60) was dissolved in a 5:5:1 mixture of HCl (37%, 5 

mL), HOAc (5 mL), and TFA (1 mL)  and was stirred for 12 h under nitrogen at 45 ºC.  Upon 

deprotection, all solvent acid was removed, and the resulting solid was co-evaporated several 

times with MeOH.  Resultant solids were purified by C18 chromatography to yield 29 as an 

off-white solid in 30% yield.  1H NMR (400 MHz, DMSO-d6):  δ 10.08 (s, 1H), 8.34 (d, 1H), 
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7.50 (d, 1H), 6.37 (s, 1H), 2.33 (s, 3H).  HR-ESI-MS Experimental:  216.0265.  Calculated for 

[C9H7NO4Na]+:  216.0267.  Δ =  -0.9 ppm. 
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Scheme 5.6.  Synthesis of carboxylic acid isostere analogues of compound 1. 

 

4-(Benzyloxy)-2-(1H-tetrazol-5-yl)pyridin-3-ol (62).  4-(Benzyloxy)-3-

hydroxypicolinonitrile (300 mg, 1.33 mmol) was dissolved in DMF (10 mL).  Ammonium 

chloride (105 mg, 2.0 mmol) and sodium azide (130 mg, 2.0 mmol) were added and the mixture 

stirred at between 110-120 ºC for 3-4 h.  The mostly-clear suspension turned opaque over this 

time.  When starting material was consumed by TLC analysis (50% EtOAc/hexanes) a new spot 

was identified that gave a positive iron chloride test.  DMF was removed under vacuum 

(Explosion hazard:  possible formation of azidic acid) and the residual was taken up in water 

and sonicated, maintaining the total possible concentration of azide in solution below 5%.  The 

mixture was put on ice with stirring and 4M HCl was added carefully  to adjust the pH to acidic.  
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The resultant solids were stirred on ice for 30 min and were isolated by filtration to afford 4-

(benzyloxy)-2-(1H-tetrazol-5-yl)pyridin-3-ol (140 mg, 0.52 mmol, 39% yield) as a white solid.  

1H NMR (400 MHz, DMSO-d6):  δ 8.20 (d, J = 5.5 Hz, 1H), 7.51 (d, J = 7.2 Hz, 2H), 7.41 (t, 

J = 7.5 Hz, 2H), 7.38 – 7.33 (m, 2H), 5.34 (s, 2H).  ESI-MS Experimental:  268.37.  Calculated 

for [C13H10N5O2]-:  268.24. 

3-Hydroxy-2-(2H-tetrazol-5-yl)pyridin-4(1H)-one (27).  Compound 27 was prepared 

according to the same procedure as 29, to afford 27 as a light-pink solid in 58% yield.  1H NMR 

(400 MHz, DMSO-d6):  δ 7.87 (d, J = 6.4 Hz, 1H), 6.77 (d, J = 6.4 Hz, 1H).  HR-ESI-MS 

Experimental:  178.0368.  Calculated for [C6H4N5O2]-:  178.0370.  Δ = -1.1 ppm. 

4-(Benzyloxy)-N',3-dihydroxypicolinimidamide (63).  Compound 61 (1g, 4.42 

mmol), hydroxylamine hydrochloride (0.614 g, 8.8 mmol), and triethylamine (1.23 mL, 8.8 

mmol) were taken up in EtOH (50 mL) and refluxed at 80 ºC for 4 h.  At this time solvent was 

removed under vacuum, and the residual solids were taken up in 1M HCl.  The aqueous solution 

was washed once with ethyl acetate, and the pH was adjusted to ~10 with 6M NaOH.  A solid 

precipitate formed and was isolated by filtration to yield 63 as a white solid in 74% yield.  1H 

NMR (400 MHz, DMSO-d6):  δ 12.11 (s, 1H), 10.18 (s, 1H), 7.96 (d, J = 5.3 Hz, 1H), 7.45 (d, 

J = 6.7 Hz, 2H), 7.39 (t, J = 7.3 Hz, 3H), 7.11 (d, J = 5.3 Hz, 1H), 6.33 (s, 2H), 5.18 (s, 2H).  

ESI-MS Experimental:  260.  Calculated for [C13H14N3O3]+:  260.27. 

N',3-Dihydroxy-4-oxo-1,4-dihydropyridine-2-carboximidamide (28).  Compound 

28 was prepared according to the same procedure as 29, to afford 28 as a pink solid in 42% 

yield.  1H NMR (400 MHz, DMSO-d6):  δ 11.94 (s, 1H), 10.08 (s, 1H), 7.81 (d, 1H), 6.78 (d, 

1H), 6.28 (s, 2H).  ESI- HR-ESI-MS Experimental:  168.0418.  Calculated for [C6H6N3O3]-:  

168.0415.  Δ = 1.8 ppm. 
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N-((4-(Benzyloxy)-3-hydroxypyridin-2-yl)(hydroxyimino)methyl)acetamide (64).  

To a 5 ºC solution of 63 (200 mg, 0.771 mmol) in dry THF (20 mL) stirring on ice was added 

acetic anhydride (0.073 mL, 0.77 mmol) dropwise.  The solution stirred 30 min on ice and then 

further 1.5h at room temperature.  Solvent was then evaporated under vacuum and the solid 

residue was purified by silica chromatography to give 64 in 83% yield.  1H NMR (400 MHz, 

DMSO-d6):  δ 11.73 (s, 1H), 8.04 (dd, J = 5.2, 1.1 Hz, 1H), 7.48 – 7.32 (m, 5H), 7.21 (d, J = 

5.2 Hz, 1H), 5.22 (s, 2H), 2.16 (d, J = 1.3 Hz, 3H).  ESI-MS Experimental:  302.  Calculated 

for [C15H16N3O4]+:  302.31. 

3-Hydroxy-2-(5-methyl-1,2,4-oxadiazol-3-yl)pyridin-4(1H)-one (30).  Compound 64 

was dissolved in a 5:5:1 mixture of HCl (37%, 5 mL), HOAc (5 mL), and TFA (1 mL) and was 

stirred for 18 h under nitrogen at reflux (85 ºC).  Upon completion, all solvent acid was 

removed, and the resulting solid was co-evaporated several times with MeOH.  Resultant solids 

were purified by C18 chromatography to yield 30 as a white solid in 41% yield.  1H NMR (400 

MHz, DMSO-d6):  δ 11.34 (s, 1H), 7.87 (d, J = 7.0 Hz, 1H), 6.29 (d, J = 6.9 Hz, 1H), 2.17 (s, 

3H).  HR-ESI-MS Experimental:192.0416.  Calculated for [C8H6N3O3]-:  192.0415.  Δ = 0.5 ppm. 
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5.7.2 Representative NMR Spectra 

 

 
Figure 5.4.  1H and 13C NMR spectra of compound 1. 
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Figure 5.5.  1H and 13C NMR spectra of compound 17. 
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Figure 5.6.  1H and 13C NMR spectra of compound 33. 
 

5.7.3 Protein Activity Assays.   

Endonuclease activity assays were performed as detailed in Chapter 3.  A cross 

inhibition screen was performed on compound 1 against a battery of eight different 
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metalloenzymes, including structurally related dinuclear metalloenzymes (Table 5.5).  

Experiments were carried out according to literature protocols or were previously reported.  

Compound 1 was screened at a concentration of 200 µM against each enzyme.  Percent 

inhibition, relative to positive and negative controls, is as follows:  HIV IN 3′-processing 

activity, no inhibition;15  HIV IN strand transfer activity, 37% inhibition;15  human carbonic 

anhydrase II (hCAII),23 no inhibition;  MMP-2, 11% inhibition;3  human glyoxylase 1 (Glo-1), 

11%;38  NDM-1, 13% inhibition;39  HDAC-6, no inhibition;29  human arginase 1, 8% 

inhibition;40  human methionine aminopeptidase 1, 27% inhibition.41 
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Chapter 6:  Development and Evaluation of Subnanomolar Inhibitors of PAN 

Endonuclease 
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6.1 Introduction 

Compound 1, which is reported to inhibit PAN with IC50 = 17 nM (Table 6.1; see 

Chapter 5),1 is a highly active MBP fragment that is a highly optimized ligand for the PAN 

endonuclease metal active site.  However, despite the exceptional activity of this fragment, 

compound 1 is not a viable candidate molecule for further use as a therapeutic;  Compound 1 

has a cLogD7.4 of -3.3,2 which indicates a very low probability of passive cell permeance.  

Compound 1 is also a fragment molecule (MW = 170 g/mol), and small sized molecules are 

much more likely to engage in off-target interactions than larger druglike molecules,3-4 despite 

the strong selectivity demonstrated by compound 1 for PAN over other similar metalloenzymes 

(see Chapter 5).  To generate more druglike molecules based on this lead, and to improve the 

already high activity of these inhibitors, a FBDD campaign was initiated based on compound 1 

and related scaffolds as a starting point.  As described in this chapter, elaboration and 

optimization of derivatives of 1 for inhibitory activity resulted in the synthesis of compounds 

that possess in vitro inhibitory activity with IC50 values of <1 nM against PAN in protein based 

nuclease assays.  To the best of our knowledge, these are the most active inhibitors of this 

enzyme (in vitro) reported to date.  To confirm the high binding affinity of these compounds, 

differential scanning fluorimetry (DSF; a.k.a., ThermoFluor™ or Protein Thermal Shift™) 

assays were used to identify the change in melting temperature between inhibitor-free and 

inhibitor-bound PAN endonuclease (ΔTM).  A strong linear correlation was observed between 

inhibitory activity (pIC50) and ΔTM across multiple inhibitor chemotypes.  Using this 

relationship, the pIC50 values of compounds with common chemical features could be 

extrapolated with a high degree of confidence, which was useful for estimating values that were 

otherwise below the detection limit of the fluorometric nuclease activity assay.  X-ray 
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crystallography studies of these inhibitors bound to PAN showed key interactions with active 

site residues including Lys34, Arg124, and a small pocket near Ile38.  Several of these lead 

molecules were assayed against live H1N1 influenza A in cell-based viral neutralization studies.  

The most active of these, compound 23, displayed an IC50 of 47 pM, and several inhibitor 

molecules were found to have EC50 values ranging from ~8-21 µM with no mammalian cellular 

toxicity below 500 µM, suggesting a wide therapeutic index for these compounds. 

 

6.2 Hit-to-Lead Development of PAN-Selective MBPs 

Compound 1, which was previously identified as having excellent features for optimal 

metal coordination within the PAN endonuclease active site,1 was chosen for further hit-to-lead 

development (see Chapter 5).  To help guide initial SAR, existing inhibitors were examined 

that share similar metal-binding motifs with compound 1 (see Chapter 5), including 

hydroxypyrimidinones, hydroxypyridinones, β-keto acids, dihydroxybenzoic acids, and 

catechol derivatives.5-6  An analysis of these compounds provided insight into what structural 

features could be incorporated into a PAN endonuclease inhibitor to achieve good activity.  Prior 

SAR studies on compound 1 indicated that the 6-position methyl group is optimal for further 

derivatization.1  Structural elaboration of other ring positions are reported to result in steric 

clashes with the PAN endonuclease active site or intramolecular disruption of metal binding 

donor atoms. 

Comparing known inhibitors with compound 1, an aryl-halide cross-coupling strategy 

for further elaboration was deemed most viable.  To generate the desired aryl-halide 

intermediate in sufficient quantities, an efficient and scalable synthetic route was developed 

beginning from commercially available furfural (Scheme 6.1).  Generation of the dibromo-
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hydroxypicolinonitrile intermediate 2 is typically performed over five discrete steps, but was 

optimized into a one-pot reaction with >50% overall yield.  This advanced intermediate can 

then be selectively functionalized at the 4-position with an activated alcohol through control of 

reaction temperature and choice of solvent to generate compound 3.  This protected species was 

found to be compatible with Suzuki and Sonogashira cross-coupling reactions (4a-24a), but did 

not undergo Buchwald-Hartwig amination despite numerous attempts.  The selection of 

compatible protecting groups for both the phenolic and carboxylic acid oxygen atoms allowed 

for facile, one step acid-catalyzed deprotection of all groups to generate the target 2-carboxy-

3,4-hydroxypyridinone derivative (4-24).  Deprotection can also be achieved using stepwise, 

reducing conditions if necessary (see Experimental Section). 
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Scheme 6.1.  Optimized, scalable synthesis of PAN inhibitors.  Reagents and conditions:  (a) 
NH4OAc, KCN, EtOAc:water, rt, 18 h; (b) Br2, HBr, 5 ºC 30 min, rt 18 h; (c) BnOH, NaH, 
DMSO, 60 ºC, 18-24 h; (d) K2CO3, PdCl2(dppf), SPhos, boronic acid, dioxanes:water, 95 ºC, 
18 h; (e) HCl, HOAc, TFA, neat, 85 ºC, 18h.   
 

Based on SAR established in the PAN endonuclease literature (see Chapters 4 and 5),5-

6 a library of functionalized derivatives of 1 was developed, as detailed in Table 6.1.  The 

addition of a phenyl ring at the 6-position of the core MBP scaffold (4) is well tolerated and 

resulted in a 3-fold increase in activity versus 1 in FRET-based nuclease assays, which is 

consistent with previously reported SAR.7-8  Addition of a methyl group showed that 

derivatization was tolerated at the 2′-, 3′-, and 4′-positions (5-7), with the 2′-methyl substituent 
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yielding a dramatic increase in inhibitory activity beyond the ~2 nM detection limit of the assay.  

This SAR trend was validated even with bulkier substituents on the phenyl ring, as illustrated 

by isopropyl (8-9, Table 6.1) and phenyl ether derivatives (10-12, Table 6.1).  These bulkier 

substituents were tolerated, with 2′-position derivatives generally producing the most active 

compounds. 

 

Table 6.1.  Activity and binding affinities of derivatives of compound 1. 

 

 

An extensive screen of 2′-substituents revealed that small alkyl substituents were most 

active, with 2′-methyl, -ethyl, and -trifluoromethyl derivatives (7, 13, 14, respectively) all 

resulting in IC50 values of <2 nM, which is the detection limit of the nuclease assay (Table 6.2).  

As the size or hydrophilicity of the 2′-substituents increased, the compounds tended to become 

less active, indicating that these groups are likely making interactions with a small, hydrophobic 

subpocket or active site residue.  For example, isopropyl and phenyl ether derivatives 8 and 12 

Number IC50 (nM) pIC50 ΔTM ( º C) Number IC50 (nM) pIC50 ΔTM ( º C)

1 17 ± 3 nM 7.8 11.1 º C 8 6.3 ± 1.8 nM 8.2 10.1 º C

4 5.6 ± 1.2 nM 8.3 8.5 º C 9 3.2 ± 1.1 nM 8.5 11.6 º C

5 7.2 ± 2.1 nM 8.1 10.3 º C 10 25 ± 6 nM 7.6 8.1 º C

6 4.8 ± 1.3 nM 8.3 10.7  º C 11 14 ± 3 nM 7.9 9.0 º C

7 < 2.0 nM > 8.7 13.2  º C 12 6.0 ± 1.6 nM 8.2 10.4 º C

Compound Compound
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were found to be less active than smaller methyl, ethyl, and methyl ether derivates 7, 13, and 

15.  However, many different functional groups were tolerated with limited loss to activity as 

compared to the parent molecule 4, indicating that 2′-substituents are potentially viable for late-

stage chemical modification as needed for adsorption, distribution, metabolism, excretion, and 

toxicity (ADMET) liabilities or similar issues.  Based on SAR found in other PAN inhibitors 

that show that polar and acidic 4′-substituents can make favorable contacts with basic active 

site residues, derivatives of 4 with either carboxylic acid or tetrazole groups at either the 3′- or 

4′-positions were synthesized.  All four derivatives (17, 18, 19, 20, Table 6.2) showed increased 

activity relative to 4, with activity at or below the limit of the assay (IC50 values of <2 nM).   

 

Table 6.2.  Activity and binding affinities of derivatives of compound 4. 

 

 

In an effort to maximize the activity of these inhibitors, and based on the assumption 

that the favorable 2′-alkyl and 4′-acidic interactions were distinct and not mutually exclusive, a 

fragment merging strategy was pursued.  As shown in Table 6.3, derivatives were synthesized 

combining a 2′-methyl group with a 4′-carboxylic acid (21), 4′-tetrazole (22), or 4′-

Number IC50 (nM) pIC50 ΔTM ( º C) Number IC50 (nM) pIC50 ΔTM ( º C)

13 < 2.0 nM > 8.7 13.1 º C 17 < 2.0 nM > 8.7 12.9  º C

14 < 2.0 nM > 8.7 13.3  º C 18 2.3 ± 0.4 nM 8.6 11.7 º C

15 2.3 ± 0.6 nM 8.6 11.9 º C 19 < 2.0 nM > 8.7 14.1  º C

16 3.2 ± 0.5 nM 8.5 11.8 º C 20 < 2.0 nM > 8.7 12.9  º C

Compound Compound
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oxadiazolone (24) group.  Gratifyingly, these inhibitors displayed IC50 values of <2 nM in 

nuclease activity assays, indicating that merged inhibitors were as least as active as parent 

compounds 7, 17, or 19, and that use of the two functional groups was likely having an additive 

effect.  However, these derivatives were too active to generate reliable inhibition data using the 

nuclease assay, despite efforts to optimize the assay (i.e., the IC50 value was found to be below 

the minimum usable concentration of enzyme employed in the assay).  This low nanomolar 

limit of detection is also shared by other previously reported assays used to determine PAN 

inhibitor binding, which precluded their use as orthogonal activity assays.9  Based on this, 

alternative biophysical methods that have not previously been employed with PAN were 

explored to generate reliable binding affinity values for these tight binding compounds.  While 

SPR and similar methods were attractive alternatives to our primary assay, the PAN 

endonuclease construct we employed in the biochemical assays was incompatible with various 

protein immobilization strategies despite extensive efforts.  As an alternative, differential 

scanning fluorometry (DSF) was employed as an orthogonal evaluation of inhibitor binding 

affinity.10-13 
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Table 6.3.  Activity and binding affinities of PAN inhibitors derived from ΔTM values. 

 

 

6.3 Differential Scanning Fluorometry 

Changes in TM values (ΔTM) in DSF experiments are proportional to both ligand 

concentration and ligand binding affinities.10, 12  The thermal stability of a protein is generally 

increased by favorable protein-ligand contacts made over the total interaction surface of the 

protein, with tighter-binding interactions (lower KD) generally resulting in larger increases to 

the observed melting temperature compared to the native protein (ΔTM).10, 12  DSF as an 

inhibitor screening method has been successfully demonstrated with other metalloenzymes 

such as human carbonic anhydrase I and II (hCAI/hCAII) with sulfonamide-based inhibitors.12  

In these studies, Kb values determined from ITC measurements were linearly correlated with 

Kb values calculated from DSF measurements using previously identified, calorimetrically-

determined binding enthalpies and heat capacities. 

DSF analysis of compounds 4-20 (Table 6.2) validated the relative binding affinities of 

these inhibitors and gave insight into compounds that were too active to properly rank-order 

Number ΔTM ( º C) pIC50 Extrapolated IC50 (pM) Number ΔTM ( º C) pIC50 Extrapolated IC50 (pM)

7 13.2 º C 9.0 920 ± 70 pM 21 15.3 º C 9.6 230 ± 20 pM

14 13.3 º C 9.1 860 ± 70  pM
22 16.5 º C 10.0 110 ± 10 pM

17 12.9 º C 8.9 1180 ± 90 pM

23 17.8 º C 10.3 47 ± 6 pM

19 14.1 º C 9.3 510 ± 40 pM

24 16.3 º C 9.9 120 ± 10 pM
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using the biochemical nuclease assay.  Comparison of ΔTM and pIC50 values (obtained from 

the nuclease assay) for compounds 4-20 resulted in a linear correlation (r = 0.98, n = 12, p < 

2×10-8) for all compounds with activity above the detection limit of the nuclease assay (Figure 

6.1; 4-20 are labeled as ‘series A’).  To evaluate the robustness of this correlative method across 

chemotypes, two more chemically distinct series of inhibitors were compared with respect to 

ΔTM and pIC50 value correlation.  One series of compounds (labeled ‘series B’ in Figure 6.1) 

is comprised of previously reported PAN inhibitors all bearing a functionalized 3,4-

hydroxypyridinone MBP core (Figure 6.2).8  Compounds in series B coordinate to the active 

site metal ions in endonuclease and make a variety of protein contacts, many of which are 

predicted to be similar to those made by compounds 4-20.  Series B also showed a linear 

correlation (r = 0.99, n = 8, p < 8×10-7) between ΔTM and pIC50 values over a wide range of 

pIC50 values.  A third grouping of compounds, (‘series C’, Figures 6.1 and 6.2) is comprised of 

various, non-elaborated MBP fragments.1  These molecules coordinate to both active site metal 

ions, but make few other interactions with the remainder of the protein active site.  Interestingly, 

this series also showed a strong linear correlation (r = 0.995, n = 9, p < 3×10-8) between ΔTM 

and pIC50 values despite gaining most of their binding affinity from metal coordination.  Taken 

together, the DSF results of compounds in series A, B, and C strengthen the hypothesis that 

quantitative inhibition data might be gained from extrapolation of interrelated ΔTM and pIC50 

data for influenza endonuclease inhibitors. 
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Figure 6.1.  IC50 values for three chemically distinct series of PAN endonuclease inhibitors are 
plotted versus corresponding ΔTM measurements obtained by DSF.  The data show linear 
correlations within each chemical series.  In series A (4-20), inhibition values corresponding to 
green diamonds were extrapolated from experimental ΔTM values using the linear correlation 
given by chemically similar inhibitors (shown as black triangles; see Tables 6.2 and 6.3).  This 
analysis allowed for prediction of inhibitor affinity for compounds too active to be assessed by 
the fluorometric nuclease assay.  Chemical structures of compounds in series B and C are 
provided in Figure 6.2. 
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Figure 6.2.  Chemical structures of PAN inhibitor molecules used in DSF analysis. Compounds 
are organized by series.  Compounds 30-46 have been previously reported (see Chapters 3 and 
4).8 
 

The validity of this method is corroborated by the literature precedent of DSF as an 

orthogonal indicator of ligand binding affinity.  This method is more time- and cost-effective 

than other techniques used to assess ligand binding and can give insight into the affinities of 

both weak binders and very tight binders.  The primary limitation of this technique is that 

interrelation of ΔTM and pIC50 values is only appropriate for compounds that bind with similar 

thermodynamic parameters.  However, compound sublibraries that differ by only small 

chemical permutations are likely to have similar thermodynamic binding parameters appear to 

be accurately quantified by interrelated DSF analysis without the need for experimentally 

derived binding enthalpies or heat capacities.12  This is clearly demonstrated in our system by 

the relationships shown in Figure 6.1, particularly by series B which comprises a chemically 

diverse inhibitor sublibrary yet maintains a linear relationship between ΔTM and pIC50. 
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Using the observed linear relationship between DSF ΔTM measurements and nuclease 

pIC50 values, we assigned extrapolated IC50 values for tight binding compounds from series A, 

as shown in Table 6.3 and Figure 6.1 (green diamonds).  Based on interrelated DSF 

extrapolation, 2′-methyl, -ethyl, and -trifluoromethyl derivatives (7, 13, and 14, respectively), 

were found to be nearly equipotent with IC50 values of ~1 nM.  Compound 19, which contains 

a 4′-tetrazole moiety was found to be approximately twice as active as the equivalent carboxylic 

acid containing analogue 17, which is consistent with literature reports.8, 14  Merging 2′-methyl 

or trifluoromethyl and 4′-acidic moieties (21-24) resulted in further improvements in activity, 

with 22 displaying an extrapolated IC50 value of ~110 pM and 23 displaying an exceptional 

IC50 value (extrapolated from Figure 6.1) of ~47 pM.  To date, these inhibitors are the most 

active compounds reported against this metalloenzyme target in vitro. 

 

6.4 X-ray Crystallography 

A subset of inhibitors were co-crystallized with PAN to elucidate the binding mode and 

establish a strong SAR foundation for these exceptionally active compounds.  Tables of data 

collection and refinement statistics for X-ray structures of PAN endonuclease bound with 

compounds 1, 7, 13, 18, 20, 22, 24, and 25 (Tables 6.6 and 6.7) are provided in the Experimental 

Section.  In the native protein structure, both Mn2+ ions are coordinated by residue sidechains 

and water molecules to achieve an overall octahedral coordination geometry for each metal ion.  

Inhibitor molecules based on compound 1 were found to coordinate to both Mn2+ metal centers 

by displacing the three coordinated water molecules found in the native protein with a triad of 

chelating oxygen atoms, including a carbonyl (coordinating to Mn1), a hydroxyl (bridging Mn1 

and Mn2), and a carboxylate (coordinating to Mn2), as shown in Figure 6.3. 
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X-ray co-crystal structures of elaborated inhibitors gave structural insight to SAR trends 

observed with PAN inhibition and DSF data.  Inhibitors that have the highest activity were 

observed to make two specific types of contacts with PAN:  tight van der Waals interactions 

with the side wall of the active site near Ile38 via 2ʹ-alkyl substitutions (e.g., compounds 7, 13, 

22, 24) and/or solvent-mediated contacts with basic active site residues (e.g., compounds 18, 

20, 22, 24).  Inhibitors with acidic 3′- and 4′-subsituents (i.e., 17-24) were observed to make 

favorable hydrogen bonding interactions with basic active site residues including Lys34, or 

solvent-mediated hydrogen bonding with Lys34, Arg124 and/or Arg196 (Figures 6.3 and 6.4).  

These types of interactions are consistent with the interactions observed with previously 

reported inhibitors bearing a phenyltetrazole moiety, such as compound 25.8  As shown in 

Figure 6.3, compounds 22 and 25 bind in a similar pose and were observed to make similar 

solvent-mediated hydrogen bonding interactions at the tetrazole moiety.  The van der Waals 

contact near the main chain (backbone) of Ile38, which has not been previously identified, is 

favorable based on the large increase in activity afforded to inhibitors that make this contact.  

The favorability of this contact is further demonstrated by comparing co-crystal structures of 

compounds 7 (2ʹ-methyl) and 13 (2ʹ-ethyl).  As shown in Figure 6.4, extending the methyl group 

to an ethyl group causes compound 13 to tilt slightly outward so that the terminal carbon of the 

2ʹ-ethyl group makes the same van der Waals contacts as the 2ʹ-methyl group in compound 7.  

This contact is maintained despite sacrificing favorable, highly enthalpic metal binding 

interactions; deviations from ideal coordination angle and geometry have previously been 

shown to have pronounced negative effects on the binding affinity of metal binding inhibitors.15  

Larger 2′-substituents (e.g., 9, 12) would require an even greater outward tilt to maintain the 
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same van der Waals contact, and this likely contributes to the lower affinity of larger 2′-

substituents as compared to smaller substituents (Table 6.1). 

 

 

Figure 6.3.  Compounds 1 (Left; pink; PDB ID: 6E6V), 25 (Middle; tan; PDB ID: 6E6X), and 
22 (Right; green; PDB ID: 6E6W) bound to the PAN endonuclease active site.  All derivatized 
inhibitor compounds based on 1 were found to coordinate the metal centers with the same 
coordination mode (compare 1 and 22; see also Figures 6.4 and 6.5).  Compounds 22 and 25 
were found to bind to the PAN active site with a similar pose, and the 4′-tetrazole moiety of 
each was found to make similar direct and solvent-mediated interactions with the PAN active 
site.  In all panels, the protein backbone is shown in gray cartoon.  Mn2+ ions and water 
molecules are shown as purple and red spheres, respectively.  Residues coordinating the Mn2+ 

ions are shown in sticks, and metal coordination bonds are shown in dashed yellow lines.  The 
electron density of each inhibitor and the Mn2+ ions is displayed as a blue mesh contoured to 
1.5 σ. 
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Figure 6.4.  Left:  Compounds 7 (PDB ID:  6E3N; green) and 13 (PDB ID:  6E3O; yellow) 
bound in the PAN endonuclease active site.  Compound 13 is tilted slightly outward relative to 
compound 7 to accommodate the ethyl group.  The protein surface is shown and colored by 
electrostatic potential (increased red saturation represents increased negative charge; charges 
of Mn2+ and inhibitors are not accounted for).  Right:  Compounds 24 (purple) bound in the 
active site of PAN endonuclease (PDB ID: 6E4C).  4′-Substituted inhibitors such as 24 typically 
make several solvent-mediated or direct hydrogen bonding interactions with Lys34, Arg124, 
and/or Arg196.  Mn2+ ions and water molecules are shown in purple and red spheres, 
respectively. Metal-coordination and hydrogen bonds are represented with dashed yellow lines. 
 

Co-crystal X-ray structures of inhibitors with 3ʹ substitutions (18, 20) show that 3ʹ-

substitution forces the inhibitors to adopt a significant outward tilt (Figure 6.4).  This is 

accompanied by a decrease in activity, as demonstrated by comparing the IC50 and ΔTm values 

of compounds 17 (4ʹ-acid) and 18 (3ʹ-acid) (Table 6.2).  In compound 18, the outward tilt of 

the inhibitor is triggered by favorable hydrogen bonding interactions between the 3ʹ-carboxylic 

acid moiety and Arg196 as well as solvent-mediated interactions with Lys34.  Compound 17 

makes similar interactions without sacrificing ideal metal binding, which gives a structural basis 

for the greater inhibitory activity observed.  Compound 20 occupies the active site in an 

unexpected way:  two inhibitor molecules are present, which form π-π stacking interactions 

with each other (aryl-aryl distance ~3.2 Å).  One inhibitor molecule coordinates to the metal 
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ions and tilts outward from the active site pocket similar to compound 18; the second molecule 

forms polar contacts with Lys34 and Arg124 through its tetrazole ring.  We reason that two 

molecules occupy the active site because of increased available protein interactions as a π-π 

stacked system.  A similar phenomenon was observed in two previous studies on PAN 

endonuclease inhibitors.9, 16  Such stacked interactions may occur because they mimic the 

binding conformation of the native nucleic acid substrates of PAN endonuclease. 

 

  

Figure 6.5.  Left:  Overlay of compounds 7 (PDB ID:  6E3N; green) and 18 (PDB ID:  6E3M; 
magenta) in the active site, highlighting the upward and outward orientations of compound 7 
and 18, respectively.  Right:  Overlay of compounds 18 (magenta) and 20 (PDB ID:  6E3P; 
cyan).  Two molecules of compound 20 exhibiting π-π stacking interactions co-occupy the 
active site.  The metal-coordinated compound 20 has a similar outward tilt as compound 18, as 
shown by the overlay with compound 18 (magenta).  The free compound 20 is anchored by 
hydrogen bonding interactions between Lys34 and Arg124.  In both figures, the protein surface 
is shown and colored by electrostatic potential (increased red and blue saturation represents 
increased negative and positive charge, respectively; charge of Mn2+ and inhibitors are not 
accounted for).  The Mn2+ ions are shown as purple spheres.  Residues coordinating the Mn2+ 

ions and the inhibitors are shown in sticks.  Metal coordination bonds and hydrogen bonds to 
the inhibitors are shown as dashed yellow lines. 
 

Merging favorable 2ʹ and 4ʹ structural motifs was found to have an additive effect on 

inhibitor binding, and the merged inhibitors 21-24 were crystallographically observed to 
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maintain the same interactions as parent inhibitors (7, 14, 17, 19).  As seen in Figure 6.4, 

compound 24 maintains the van der Waals contact near Ile38 and solvent mediated or direct 

hydrogen bond interactions with Lys34, Arg124, and Arg196.  Similar interactions with these 

residues were also observed with compound 22.  Overall, some variation in the side chain 

orientation of the basic residues forming the top of the active site pocket (especially Lys34 and 

Arg196) was observed across all X-ray structures reported herein.  For example, Lys34 was 

observed to either form a salt-bridge with the adjacent Glu26 residue or form direct hydrogen 

bonding interactions with 3ʹ- or 4ʹ-functionalized inhibitors.  Similarly, the side chain of Arg196 

(the last ordered and crystallographically observable residue in the C terminus) appears in 

multiple conformations.  Hydrogen bonding interactions between these residues and 3ʹ- and 4ʹ-

substituted inhibitors are impacted by variation in the side chain orientation of these residues; 

however, this is likely a crystallographic artifact.  In solution, it is expected that hydrogen 

bonding interactions between the inhibitors and residues Lys34, Arg124, and Arg196 are 

dynamic. 

 

6.5 Inhibitor Selectivity 

To demonstrate the selectivity of elaborated inhibitor molecules, compounds 22-24 

were cross-screened against several dinuclear and mononuclear human metalloenzyme targets, 

including carbonic anhydrase II (hCAII), MMP-12, human arginase I (hArgI), and methionine 

aminopeptidase (hMetAP; Mn2+ metalloform) (Table 6.4).  Compounds 22-24 show a high 

degree of selectivity for PAN over other metalloenzymes.  Indeed, even the most promiscuous 

interaction observed among all cross-screens maintained a >6 orders of magnitude selectivity 

for PAN over the competing metalloenzyme.  To highlight the selectivity of 22-24 for PAN over 
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other metalloenzymes bearing similar Mn2+ metal active sites, two dinuclear Mn2+ 

metalloenzymes (ArgI and MetAP) were cross-screened at 200 µM inhibitor concentration.  In 

these assays, only compound 22 showed appreciable cross-inhibition against MetAP (~44% 

inhibition) and none of these compounds displayed any significant cross-inhibition against 

ArgI.  Little cross-inhibition was observed against the mononuclear Zn2+ metalloenzymes 

hCAII and MMP-12.  Taken together, this data indicates that this class of PAN inhibitors have 

a very high degree of selectivity for their intended target over other competing metalloenzymes, 

including those with similar dinuclear Mn2+ active site metal centers. 

 

Table 6.4.  Cross-inhibition value for compounds 22-24 against other metalloenzyme targets.   

 
Values are given as percent inhibition of enzyme activity at an inhibitor concentration of 200 
µM.  Extrapolated IC50 values against PAN are given as a point of reference. 
 

6.6 Cytotoxicity and Antiviral Assays 

Compounds 14, 19, 22, and 23 were selected for cytotoxicity and antiviral activity 

assays. These assays were carried out in MDCK cells using influenza A H1N1 virus obtained 

from the American Tissue Culture Collection (H1N1, ATCC VR-1737).  Full assay details are 

available in the Supporting Information.  Briefly, 80% confluent MDKC cells were incubated 

for a period of 48 h at 37 °C 5% CO2 in the presence of varying concentrations of inhibitor 

Compound PAN
Human  

MetAP (Mn2+)
Human 

Arginase 1 hCAII MMP-12

22 44% 12% 6% < 5%

23 < 5% < 5% 9% 13%

24 11% < 5% < 5% 37%

100% 
(IC50 = 110 ± 10 pM)

100% 
(IC50 = 47 ± 6 pM)

100% 
(IC50 = 120 ± 10 pM)
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molecules and influenza A virus at a theoretical multiplicity of infection (MOI) of 0.05.  After 

incubation, cells were analyzed for CPE and viability using a CellTiter-Glo (Promega) 

luminescence assay.  Compounds 14 and 19 both showed modest antiviral activity (EC50 = 

10.4±2.1 µM and 7.7±3.3 µM, respectively).  The more active, merged compounds 22 and 23 

showed similar antiviral activity (EC50 = 21.3±4.8 µM and 12.3 µM, respectively).  While these 

antiviral activity values are respectable, the large disparity between PAN inhibitory activity and 

antiviral activity indicate that these compounds are likely limited by cellular uptake and 

permeance, which is not unexpected based on the large number of polar and ionizable groups 

present on these inhibitor molecules.  Cytotoxicity assays with MDCK cells (the host cell line 

for the H1N1 virus) and 3T3 cells (a healthy cell line) were also performed.  The results indicate 

low cytotoxicity for all compounds (Table 6.8) with no mammalian cellular toxicity observed 

below 500 µM, suggesting a wide therapeutic index for these compounds. This results indicated 

excellent selectivity of the tested compounds towards virus over the host cells.  Efforts to 

improve cellular antiviral activity through pro-drugging and isostere strategies are currently 

underway. 

 

6.7 Conclusions 

Based on an optimized MBP inhibitor core, a structure-guided FBDD campaign was 

employed to generate highly active inhibitors of PAN endonuclease.  Structural elaborations of 

the optimized MBP core identified key SAR trends, ultimately resulting in the development of 

compounds with activity below the detection limit of the commonly used biochemical 

endonuclease activity assays.  DSF experiments were employed to further analyze inhibitor 

binding affinities, and it was found that previously identified detection limits could be overcome 
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by correlating endonuclease inhibition values with ΔTM data obtained from DSF experiments.  

This allowed for a determination of inhibitor activity for compounds that display activity <2 

nM.  X-ray co-crystal structures of these exceptionally tight binding inhibitors gave insight into 

the structural basis of the observed activity and highlighted key protein interactions necessary 

for tight binding.  Key structural moieties were merged to create inhibitors with mid-picomolar 

inhibitory activity against PAN and a high degree of selectivity for PAN over similar 

metalloenzymes.   

These inhibitor molecules are, to date, the most active inhibitors of PAN reported in 

vitro.  Indeed, compound 23 shows an >100-fold improvement in activity over the next most 

active reported inhibitor molecule.  As detailed in Table 6.5, several recently reported small 

molecule PAN inhibitors have achieved low nanomolar inhibitory activity.  Included among 

these is compound RO-7.  RO-7 is a tool compound disclosed by Shionogi during the 

development of Xofluza, which is highly structurally similar to the active metabolite of the PAN 

inhibitor baloxavir marboxil and shows similar antiviral activity as baloxavir marboxil.17  

Compound 23 was found to inhibit PAN with >250-fold improved activity compared to RO-

7.17  A primary limitation to the development of subnanomolar PAN inhibitors has been the low 

nanomolar limits of detection for previously reported assays.  However, using an interrelated 

DSF assay afforded a means to measure the activities of very tight binding ligands and continue 

the development of subnanomolar inhibitors. 
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Table 6.5.  Comparative activity of highly active PAN inhibitors. 

 
Inhibitory activity of compounds Bauman-7,7 Credille-71,8 RO-7,17 and Beylkin-10g9 has been 
previously reported. 
 

Both the activity and ligand efficiency (LE) of compounds 21-24 is exceptional, with 

23 possessing a LE of 0.55.  Unfortunately, relative to their very high in vitro activity, this class 

of compounds has only modest performance against live virus in cell-saving assays.  This may 

primarily be due to poor cell permeance and cell uptake of these compounds, due to their high 

polarity.  For example, compound 23 has a polar surface area (PSA) of 141 Å2, which is 46% 

of its total surface area.  This, coupled with the presence of three ionizable functional groups, 

are likely the cause of the poor cellular activity observed.  Nevertheless, these are very efficient 

inhibitors (based on LE), which indicates that these compounds are good candidates for pro-

drugging and isostere strategies to improve cell permeance with more lipophilic structural 

elaborations.  Such studies are currently underway. 

 

6.8 General Experimental Details 

All solvents were obtained from commercial sources and used without further 

purification.  All reagents, unless otherwise noted, were obtained from commercial sources and 

Number IC50 (nM) pIC50 LE Number IC50 (nM) pIC50 LE

Bauman-7 11 nM 8.0 0.42 Beylkin-10g 5 nM 8.3 0.28

Credille-71 14 nM 7.9 0.36 23 0.047 nM 10.3 0.55

RO-7 12 nM 7.9 0.32
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used without further purification.  All reactions, unless otherwise stated, were done under 

nitrogen atmosphere.  Silica chromatography was performed using a CombiFlash Rf Teledyne 

ISCO system.  Eluents included hexane, ethyl acetate, methylene chloride, or MeOH as noted 

in experimental details.  C18 reverse phase chromatography was performed using the same 

instrument using 0.1% formic acid in MeOH, acetonitrile, or water as eluent.  Separations were 

monitored by mass spectrometry via a Teledyne ISCO RF+ PurIon ESI-MS detector with 1 Da 

resolution.  1H and NMR spectra were obtained on a Varian (400 MHz) spectrometer or Jeol 

(500 MHz) spectrometer in the Department of Chemistry and Biochemistry at U.C.  San Diego.  

1H NMR data is expressed in parts per million (ppm) relative to the residual non-deuterated 

solvent signals, and spin multiplicities are given as s (singlet), d (doublet), dd (doublet of 

doublets), t (triplet), dt (doublet of triplets), q (quartet), m (multiplet), and bs (broad singlet).  

Available coupling constants (J) are reported in hertz (Hz).   The purity of all compounds used 

in assays was determined to be ≥95% by HPLC-MS analysis.  Standard resolution MS was 

performed either at U.C. San Diego Molecular Mass Spectrometry Facility or on the 

aforementioned Teledyne ISCO RF+ PurIon MS.  HRMS analysis was performed using an 

Agilent 6230 Accurate-Mass LC-TOFMS located at the U.C. San Diego Molecular Mass 

Spectrometry Facility.  Synthesis of compound 1 was reported previously (see Chapter 5). 

 

6.8.1 Synthesis 

4,6-Dibromo-3-hydroxypicolinonitrile (2).  In a rapidly stirring biphasic solution of 

ethyl acetate (50 mL) and water (12.50 mL) was suspended ammonium acetate (14.0 g, 181 

mmol) and potassium cyanide (4.2 g, 63 mmol).  Furfural (5 mL, 60 mmol) was added slowly 

at room temperature, and the mixture stirred over-night.  A solution of sodium thiosulfate should 
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always be on hand when using KCN as a means to quench cyanide in case of spill or splash, or 

to decontaminate RBFs, funnels, etc. after use.  The reaction mixture was then diluted with 25 

mL of saturated bicarbonate solution, and the two layers were separated.  After phase 

separation, the organic layer (containing the amino-nitrile intermediate) was extracted once 

with 50 mL of 5% aqueous HBr with agitation and frequent venting.  The organic layer was 

then further extracted with 2×20 mL of water.  The combined aqueous layers were combined 

and cooled to ~5 ºC and bromine (12.4 mL, 241 mmol) was added dropwise maintaining the 

reaction in an ice bath.  After addition, the mixture was allowed to warm to room temperature 

and was stirred overnight over which time a yellow precipitate formed.  The reaction mixture 

was then cooled to 5-10 ºC and 25 mL of a 25% aqueous solution of sodium bisulfite (NaHSO3) 

was added slowly, maintaining the reaction mixture on an ice bath, to quench excess bromine.  

The resulting suspension was stirred for 30 min then filtered.  The filter cake was washed twice 

with water and dried.  Small quantities of the mono-bromo species may be present as detected 

by NMR.  The desired product, 4,6-dibromo-3-hydroxypicolinonitrile (8.4 g, 30 mmol, 50% 

yield) as a tan solid..  1H NMR (400 MHz, DMSO-d6):  δ 8.25 (q, J = 0.7 Hz, 1H).  HR-ESI-

MS Experimental:  274.8459.  Calculated for [C6 H Br2 N2 O]-:  274.8461.  Δ = -0.7 ppm. 

4-(Benzyloxy)-6-bromo-3-hydroxypicolinonitrile (3).  In a flame-dried flask sodium 

hydride (2.5 g, 63 mmol) was stirred in dry DMSO (20 mL).  Benzyl alcohol (9.4 mL, 90 mmol) 

was added dropwise to the mixture, pausing when excessive foam formed.  When the reaction 

was complete, as evidenced by the cessation of hydrogen evolution, 4,6-dibromo-3-

hydroxypicolinonitrile (5 g, 18 mmol) in dry DMSO (10 mL; dried on molecular sieves) was 

added dropwise to the stirring solution and the mixture was heated to 60 ºC for 18 h, monitoring 

conversion by TLC.  When the reaction was complete, the mixture was moved to an ice bath 
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and 150 mL water was added.  The mixture continued to stir for 10 min, during which time the 

solution clouded and then clarified.  To remove residual benzyl alcohol, the aqueous solution 

was extracted twice with 25 mL portions of diethyl ether.  Residual ether was then removed 

from the aqueous portion under vacuum and the solution was cooled to 5 ºC on ice.  The addition 

of 4 M hydrochloric acid (until the pH was ~2) resulted in the precipitation of a white solid.  It 

is imperative to maintain near-freezing temperatures during acidification; otherwise, excess 

heat or residual ether present in the solution will result in the formation of a gummy, orange oil 

in lieu of off-white crystallites.  If an oil forms, it can be slowly dissolved in basic (pH >10) 

water with sonication to repeat the precipitation.  The acidified mixture was stirred for 30 min 

on ice and the resultant solids were filtered, rinsed with water, and dried.  Purification via silica 

gel chromatography in an EtOAc/hexanes system afforded 4-(benzyloxy)-6-bromo-3-

hydroxypicolinonitrile (4.2 g, 13.7 mmol, 76% yield) as an off-white solid.  1H NMR (400 

MHz, Acetone-d6):  δ 10.38 (s, 1H), 7.51 (d, J = 6.5 Hz, 2H), 7.47 – 7.35 (m, 4H), 5.30 (s, 2H).  

HR-ESI-MS Experimental:  302.9771.  Calculated for [C13 H8 Br N2 O2]-:  302.9775.  Δ = -1.3 

ppm. 

Note:  A di-benzyloxy side product can form if the reaction is left to proceed beyond 18 

h or if heated in excess of 60 ºC.  This product runs distinctly on silica TLC relative to the 

desired product in EtOAc/hexanes and acetone/hexanes mobile phases; however, the two 

compounds are very difficult to separate by silica chromatography at scale.  Contamination by 

this byproduct in levels up to 20% does not appreciably affect further synthesis and can be 

separated in subsequent steps. 

General procedure for the formation of 4a-23a.  In a 3:1 solution of dioxane:water (20 

mL) were dissolved 4-(benzyloxy)-6-bromo-3-hydroxypicolinonitrile (250 mg, 0.8 mmol), 
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SPhos (35 mg, 0.08 mmol), potassium carbonate (340 mg, 2.4 mmol), and desired boronic acid 

(1.6 mmol).  This solution was degassed under reduced pressure with stirring for 15 min.  [1,1'-

Bis(diphenylphosphino)ferrocene]palladium(II) dichloride (30 mg, 5 mol%) was then added 

and the mixture was heated to 95-100 ºC for 18-48 h under nitrogen.  Reaction progress was 

monitored by TLC.  Upon completion, the reaction mixture was filtered through a pad of celite 

and was rinsed once with a 3:1 solution of dioxane:water.  The resultant flow-through was 

acidified to pH<2 with 4M HCl and was concentrated under reduced pressure.  Isolated solids 

were then purified by silica chromatography.  However, in a majority of instances, the desired 

product compound (identified by in-line MS detection and 1H NMR) was co-purified with 

residual boronic acid as a significant contaminant, and occasionally co-purified with significant 

quantities of other starting materials.  No further purification was attempted for these 

compounds as initial experiments indicated that immediate deprotection of contaminated 

materials provided a more reliable route for purification and did not significantly impede the 

subsequent deprotection reaction nor purification. Intermediate yields, as determined by 1H 

NMR spectroscopy varied from 30-77%. 

General procedure for the formation of 26-46.  Purified or unpurified benzyl protected 

precursor compound (4a-23a) was taken up in a 5:5:1 mixture of concentrated HCl:HOAc:TFA 

(22 mL total volume) and was heated with stirring to 95 ºC for 36-48 h.  Reaction progress was 

monitored by TLC and FeCl3 staining.  Benzyl deprotection of the phenolic oxygen was 

observed to occur first and the resultant pyridinone stains with iron chloride as a pink-to-red 

tone spot on TLC plates.  Subsequent deprotection of the nitrile to an amide and ultimately 

carboxylic acid result in spots also visible by iron chloride stain on TLC generally as red and 

black tone spots, respectively.  After full deprotection to the carboxylic acid, acid solvents were 
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removed under high vacuum and the resultant solids were co-evaporated several times with 

MeOH.  The remaining solids were then purified by C18 chromatography eluting in a 

water/MeOH system to yield the target compounds as off-white to pink solids. 

3-Hydroxy-4-oxo-6-phenyl-1,4-dihydropyridine-2-carboxylic acid (4).  Compound 

4 was prepared according to the general procedure and was isolated as a pink solid in 68% yield.  

1H NMR (400 MHz, CD3OD) δ 7.99 (d, J = 6.3 Hz, 2H), 7.52 (d, J = 7.6 Hz, 3H), 7.38 (dd, J 

= 30.5, 12.5 Hz, 6H), 5.37 (s, 2H).  HR-ESI-MS Experimental:  230.0458.  Calculated for [C12 

H8 N O4]-:  230.0459.  Δ = -1.4 ppm. 

3-Hydroxy-4-oxo-6-(p-tolyl)-1,4-dihydropyridine-2-carboxylic acid (5).  

Compound 5 was prepared according to the general procedure and was isolated as a white solid 

in 62% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.67 (d, J = 8.1 Hz, 2H), 7.34 – 7.26 (m, 3H), 

2.36 (s, 3H).  HR-ESI-MS Experimental:  244.0615.  Calculated for [C13 H10 N O4]-:  244.0615.  

Δ = 0.0 ppm. 

3-Hydroxy-4-oxo-6-(m-tolyl)-1,4-dihydropyridine-2-carboxylic acid (6).  

Compound 6 was prepared according to the general procedure and was isolated as a light-pink 

solid in 68% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.60 (s, 1H), 7.54 (d, J = 7.5 Hz, 1H), 

7.37 (t, J = 7.6 Hz, 1H), 7.30 (d, J = 4.4 Hz, 2H), 2.37 (s, 3H).  HR-ESI-MS Experimental:  

244.0615.  Calculated for [C13 H10 N O4]-:  244.0615.  Δ = 0.0 ppm. 

3-Hydroxy-4-oxo-6-(o-tolyl)-1,4-dihydropyridine-2-carboxylic acid (7).  Compound 

7 was prepared according to the general procedure and was isolated as a white solid in 57% 

yield.  1H NMR (400 MHz, DMSO-d6) δ 7.39 (t, J = 7.9 Hz, 1H), 7.35 – 7.24 (m, 3H), 6.98 (s, 

1H), 2.18 (s, 3H).  HR-ESI-MS Experimental:  244.0614.  Calculated for [C13 H10 N O4]-:  

244.0615.  Δ = -0.4 ppm. 
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3-Hydroxy-6-(3-isopropylphenyl)-4-oxo-1,4-dihydropyridine-2-carboxylic acid 

(8).  Compound 8 was prepared according to the general procedure and was isolated as a white 

solid in 51% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.64 (s, 1H), 7.58 – 7.51 (m, 1H), 7.45 

– 7.34 (m, 2H), 7.31 (s, 1H), 2.97 (s, 1H), 1.24 (dd, J = 6.9, 1.6 Hz, 6H).  HR-ESI-MS 

Experimental:  272.0927.  Calculated for [C15 H14 N O4]-:  272.0928.  Δ = -0.4 ppm. 

3-Hydroxy-6-(2-isopropylphenyl)-4-oxo-1,4-dihydropyridine-2-carboxylic acid 

(9).  Compound 9 was prepared according to the general procedure and was isolated as a white 

solid in 56% yield.  1H NMR (400 MHz, CDCl3) δ 7.36 (m, 1H), 7.18 (dd, J = 6.4, 1.5 Hz, 2H), 

6.98 (s, 1H), 2.97 (dq, J = 13.3, 6.7 Hz, 1H), 1.19 – 1.04 (m, 6H).  HR-ESI-MS Experimental:  

272.0926.  Calculated for [C15 H14 N O4]-:  272.0928.  Δ = -0.7 ppm. 

3-Hydroxy-4-oxo-6-(4-phenoxyphenyl)-1,4-dihydropyridine-2-carboxylic acid 

(10).  Compound 10 was prepared according to the general procedure and was isolated as a pink 

solid in 61% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.79 (d, J = 8.7 Hz, 2H), 7.42 (t, J = 7.9 

Hz, 2H), 7.27 (s, 1H), 7.19 (t, J = 7.4 Hz, 1H), 7.07 (dd, J = 8.1, 3.8 Hz, 4H).  HR-ESI-MS 

Experimental:  322.0715.  Calculated for [C18 H12 N O5]-:  322.0721.  Δ = -1.9 ppm. 

3-Hydroxy-4-oxo-6-(3-phenoxyphenyl)-1,4-dihydropyridine-2-carboxylic acid 

(11).  Compound 11 was prepared according to the general procedure and was isolated as a 

white solid in 67% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.84 (s, 1H), 7.61 – 7.35 (m, 5H), 

7.18 – 6.93 (m, 4H).  HR-ESI-MS Experimental:  322.0720.  Calculated for [C18 H12 N O5]-:  

322.0721.  Δ = -0.3 ppm. 

3-Hydroxy-4-oxo-6-(2-phenoxyphenyl)-1,4-dihydropyridine-2-carboxylic acid 

(12).  Compound 12 was prepared according to the general procedure and was isolated as a 

white solid in 54% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.64 (d, J = 7.7 Hz, 1H), 7.50 (t, 
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J = 7.8 Hz, 1H), 7.34 (t, J = 7.8 Hz, 2H), 7.27 (t, J = 7.5 Hz, 1H), 7.21 (s, 1H), 7.10 (t, J = 7.4 

Hz, 1H), 7.01 – 6.95 (m, 3H).  HR-ESI-MS Experimental:  322.0717.  Calculated for [C18 H12 

N O5]-:  322.0721.  Δ = -1.2 ppm. 

6-(2-Ethylphenyl)-3-hydroxy-4-oxo-1,4-dihydropyridine-2-carboxylic acid (13).  

Compound 13 was prepared according to the general procedure and was isolated as a light pink 

solid in 52% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.46 – 7.39 (m, 1H), 7.34 (d, J = 7.5 Hz, 

1H), 7.30 – 7.26 (m, 2H), 6.98 (s, 1H), 2.52 – 2.46 (m, 2H), 1.01 (t, J = 7.6 Hz, 3H).  HR-ESI-

MS Experimental: 258.0771.  Calculated for [C14 H12 N O4]-:  258.0772.  Δ = -0.4 ppm. 

3-Hydroxy-4-oxo-6-(2-(trifluoromethyl)phenyl)-1,4-dihydropyridine-2-carboxylic 

acid (14).  Compound 14 was prepared according to the general procedure and was isolated as 

a dark pink solid in 55% yield.  1H NMR (500 MHz, DMSO-d6) δ 7.83 (d, J = 7.5 Hz, 1H), 

7.72 (dd, J = 12.2, 7.5 Hz, 2H), 7.58 (d, J = 7.2 Hz, 1H), 7.01 (s, 1H).  HR-ESI-MS 

Experimental:  298.0329.  Calculated for [C13 H7 F3 N O4]-:  298.0333.  Δ = -1.3 ppm. 

3-Hydroxy-6-(2-methoxyphenyl)-4-oxo-1,4-dihydropyridine-2-carboxylic acid 

(15).  Compound 15 was prepared according to the general procedure and was isolated as a 

white solid in 39% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.58 (d, J = 7.7 Hz, 1H), 7.51 (t, 

J = 8.4 Hz, 1H), 7.27 (s, 1H), 7.21 (d, J = 8.4 Hz, 1H), 7.09 (t, J = 7.6 Hz, 1H), 3.87 (s, 3H).  

HR-ESI-MS Experimental:  260.0563.  Calculated for [C13 H10 N O5]-:  260.0564.  Δ = -0.4 

ppm. 

3-Hydroxy-6-(2-(methylthio)phenyl)-4-oxo-1,4-dihydropyridine-2-carboxylic acid 

(16).  Compound 16 was prepared according to the general procedure and was isolated as a 

white solid in 56% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.48 (dd, J = 11.3, 3.7 Hz, 1H), 

7.41 (d, J = 7.9 Hz, 1H), 7.36 – 7.32 (m, 1H), 7.26 (t, J = 7.4 Hz, 1H), 7.02 (s, 1H), 2.41 (s, 
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3H).  HR-ESI-MS Experimental:  276.0333.  Calculated for [C13 H10 N O4 S]-:  276.0336.  Δ = 

-1.1 ppm. 

6-(4-Carboxyphenyl)-3-hydroxy-4-oxo-1,4-dihydropyridine-2-carboxylic acid 

(17).  Compound 17 was prepared according to the general procedure and was isolated as a pink 

solid in 22% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.98 (q, J = 8.4 Hz, 4H), 7.32 (s, 1H).  

HR-ESI-MS Experimental:  274.0356.  Calculated for [C13 H8 N O6]-:  274.0357.  Δ = -0.4 

ppm. 

6-(3-Carboxyphenyl)-3-hydroxy-4-oxo-1,4-dihydropyridine-2-carboxylic acid (18).  

Compound 18 was prepared according to the general procedure and was isolated as a pink solid 

in 43% yield.  1H NMR (400 MHz, DMSO-d6) δ 8.33 (s, 1H), 8.03 (dd, J = 16.0, 7.8 Hz, 2H), 

7.60 (t, J = 7.8 Hz, 1H), 7.37 (s, 1H).  HR-ESI-MS Experimental:  274.0359.  Calculated for 

[C13 H8 N O6]-:  274.0357.  Δ = 0.8 ppm. 

6-(4-(1H-tetrazol-5-yl)phenyl)-3-hydroxy-4-oxo-1,4-dihydropyridine-2-carboxylic 

acid (19).  Compound 19 was prepared according to the general procedure and was isolated as 

a white solid in 31% yield.  1H NMR (400 MHz, DMSO-d6) δ 8.11 (q, J = 8.2 Hz, 4H), 7.45 (s, 

1H).  HR-ESI-MS Experimental:  320.0398.  Calculated for [C13 H7 N5 O4 Na]-:  320.0401.  Δ 

= -0.9 ppm. 

6-(3-(1H-tetrazol-5-yl)phenyl)-3-hydroxy-4-oxo-1,4-dihydropyridine-2-carboxylic 

acid (20).  Compound 20 was prepared according to the general procedure and was isolated as 

a light pink solid in 38% yield.  1H NMR (500 MHz, DMSO-d6) δ 8.51 (d, J = 25.9 Hz, 1H), 

8.23 – 7.99 (m, 2H), 7.78 (d, J = 28.4 Hz, 1H), 7.46 (s, 1H).  HR-ESI-MS Experimental:  

320.0397.  Calculated for [C13 H7 N5 O4 Na]-:  320.0401.  Δ = -1.3 ppm. 
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6-(4-Carboxy-2-methylphenyl)-3-hydroxy-4-oxo-1,4-dihydropyridine-2-

carboxylic acid (21).  Compound 21 was prepared according to the general procedure and was 

isolated as a white solid in 21% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.85 (s, 1H), 7.81 (d, 

J = 8.4 Hz, 1H), 7.44 (d, J = 7.7 Hz, 1H), 6.98 (s, 1H), 2.24 (s, 3H).  HR-ESI-MS Experimental:  

288.0512.  Calculated for [C14 H10 N O6]-:  288.0514.  Δ = -0.7 ppm. 

3-Hydroxy-6-(2-methyl-4-(1H-tetrazol-5-yl)phenyl)-4-oxo-1,4-dihydropyridine-2-

carboxylic acid (22).  Compound 22 was prepared according to the general procedure and was 

isolated as a white solid in 24% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.98 (s, 1H), 7.92 (d, 

J = 8.0 Hz, 1H), 7.55 (d, J = 7.9 Hz, 1H), 6.97 (s, 1H), 2.30 (s, 3H).  HR-ESI-MS Experimental:  

312.0735.  Calculated for [C14 H10 N5 O4]-:  312.0738.  Δ = -1.0 ppm. 

3-Hydroxy-6-(2-(trifluoromethyl)-4-(1H-tetrazol-5-yl)phenyl)-4-oxo-1,4-

dihydropyridine-2-carboxylic acid (23).  Compound 23 was prepared according to the general 

procedure and was isolated as a white solid in 29% yield.  1H NMR (400 MHz, DMSO-d6) δ 

8.45 (s, 1H), 8.39 (d, J = 8.0 Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 7.10 (s, 1H).  HR-ESI-MS 

Experimental:  366.0450.  Calculated for [C14 H7 F3 N5 O4]-:  366.0456.  Δ = -1.6 ppm. 

3-Hydroxy-6-(2-methyl-4-(5-oxo-4,5-dihydro-1,2,4-oxadiazol-3-yl)phenyl)-4-oxo-

1,4-dihydropyridine-2-carboxylic acid (24).  Compound 24 was prepared according to the 

general procedure and was isolated as a white solid in 36% yield. 1H NMR (400 MHz, DMSO-

d6) δ 8.31 (s, 1H), 8.19 (s, 1H), 7.74 (s, 1H), 7.69 (d, J = 7.8 Hz, 1H), 7.59 (d, J = 8.1 Hz, 1H), 

7.09 (s, 1H), 2.40 (s, 3H).  HR-ESI-MS Experimental:  328.0571.  Calculated for [C15 H10 N3 

O6]-:  328.0575.  Δ = -1.2 ppm. 
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Scheme 6.2.  Synthesis of 2,4-functionalized boronic ester intermediates.  Reagents and 
conditions:  (a) Bis(pinacolato)diboron, KOAc, PdCl2(dppf), DMF, 125 ºC microwave 
irradiation, 25 min; (b) NaN3, NH4Cl, DMF, 110 ºC, 3h; (c) Hydroxylamine HCl, TEA, EtOH, 
reflux, 3h; (d) Ethyl chloroformate, TEA, DMF, rt 30 min then 130 ºC 1.5 h. 
 

3-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoic acid (25).  In a 30 

mL microwave vessel were combined 4-bromo-3-methylbenzoic acid (1 g, 4.6 mmol), 

bis(pinacolato)diboron (1.77 g, 6.9 mmol), potassium acetate (1.14 g, 11.6 mmol) and 

Pd(dppf)Cl2 (0.38 g, 0.46 mmol) in dry DMF (10 mL).  The reaction mixture was irradiated at 

125 ºC for 20 min in a microwave reactor.  The solvent was then evaporated under vacuum and 

the residue was taken up in 2M HCl and EtOAc.  The layers were separated and the aqueous 

phase was extracted once with EtOAc.  Combined organic fractions were dried and 
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concentrated to yield a brown oil, which was purified by silica chromatography 

(EtOAc:hexanes) to yield 3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoic 

acid (900 mg, 3.4 mmol, 74 % yield) as a white solid.   

3-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile (26).  In a 

large microwave vessel were combined 4-bromo-3-methylbenzonitrile (1 g, 5.1 mmol), 

bis(pinacolato)diboron (1.94 g, 7.6 mmol), potassium acetate (1.25 g, 12.7 mmol) and 

Pd(dppf)Cl2 (0.41 g, 0.51 mmol) in dry DMF (10 mL).  The reaction mixture was irradiated at 

125 ºC for 20 min in a microwave reactor.  Reaction solvent was evaporated under vacuum and 

the residue was taken up in 2M HCl and EtOAc.  The layers were separated and the aqueous 

phase was extracted once with EtOAc.  Combined organic fractions were dried and 

concentrated to yield a brown oil, which was purified by silica chromatography (EtOAc:Hex) 

to yield 3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile (1.1g, 4.5 mmol, 

89 % yield) as a white solid.  1H NMR (400 MHz, DMSO-d6) δ 7.85 (s, 1H), 7.74 (d, J = 7.8 

Hz, 1H), 7.30 (d, J = 7.8 Hz, 1H), 2.01 (s, 3H). 

5-(3-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-1H-tetrazole 

(27).  3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile 26 (2 g, 8.2 mmol), 

ammonium chloride (1.32 g, 24.6 mmol), and sodium azide (0.80 g, 12.3 mmol) were combined 

in DMF (15 mL) and stirred.  The reaction mixture was heated to 110 ºC for 3h.  Upon cooling, 

the mixture was poured into 150 mL cool water (be sure to maintain the concentration of azide 

in solution below 5%) and was acidified to pH=2 with 4M HCl.  A white precipitate formed 

and the solution was stirred in an ice bath for 30 min, after which time the solids were collected 

by filtration and dried to yield 5-(3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
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yl)phenyl)-1H-tetrazole (2.2 g, 7.6 mmol, 93 % yield) as a white solid.  1H NMR (400 MHz, 

DMSO-d6) δ 7.85 (s, 1H), 7.80 (t, J = 6.6 Hz, 2H), 2.54 (s, 3H), 1.30 (s, 12H).   

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(trifluoromethyl)benzonitrile 

(28).  In a large microwave vessel were combined 4-bromo-3-(trifluoromethyl)benzonitrile (2.6 

g, 10.4 mmol), bis(pinacolato)diboron (3.96 g, 15.6 mmol), potassium acetate (2.55 g, 26.0 

mmol) and Pd(dppf)Cl2 (0.85 g, 1.0 mmol) in dry DMF (15 mL).  The reacton mixture was 

irradiated at 125 ºC in a microwave reactor for 25 min.  The solvent was then evaporated and 

the residue was taken up in 2M HCl and EtOAc.  The layers were separated and the aqueous 

phase was extracted once with EtOAc.  Combined organic fractions were dried and 

concentrated to yield a brown oil, which was purified by silica chromatography (EtOAc:Hex) 

to yield 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(trifluoromethyl)benzonitrile (2.1 g, 

6.8 mmol, 66 % yield) as a white solid.  1H NMR (400 MHz, CDCl3) δ 7.93 (s, 1H), 7.85 (d, J 

= 7.7 Hz, 1H), 7.79 (d, J = 7.7 Hz, 1H). 

5-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(trifluoromethyl)phenyl)-

1H-tetrazole (29).  4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-

(trifluoromethyl)benzonitrile 28 (2 g, 6.7 mmol), ammonium chloride (1.08 g, 20.2 mmol), and 

sodium azide (0.66 g, 10.1 mmol) were combined in DMF (15 mL) and stirred.  The reaction 

mixture was heated to 110 ºC for 3 h.  Upon cooling, the mixture was poured into 150 mL cool 

water (be sure to maintain the concentration of azide in solution below 5%) and was acidified 

to pH=2 with 4M HCl.  A white precipitate formed and the solution was stirred in an ice bath 

for 30 min, after which time the solids were collected by filtration and dried to yield 5-(4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(trifluoromethyl)phenyl)-1H-tetrazole (2.15 g, 
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6.3 mmol, 94 % yield) as a white solid.  1H NMR (400 MHz, DMSO-d6) δ 8.37 (s, 1H), 8.32 

(d, J = 7.7 Hz, 1H), 7.95 (d, J = 7.7 Hz, 1H), 1.32 (d, J = 3.0 Hz, 12H). 

4-Bromo-N'-hydroxy-3-methylbenzimidamide (30).  To a solution of 4-bromo-3-

methylbenzonitrile (2g, 10.20 mmol) in EtOH (20 mL) was added hydroxylamine 

hydrochloride (1.42 g, 20.4 mmol) and TEA (2.8 mL, 20.4 mmol) with stirring.  The reaction 

mixture was heated to reflux for 3 h, after which time solvent was removed under vacuum and 

the residue was taken up in 1M HCl.  The acidic solution was washed with 40 mL CH2Cl2 and 

cooled in an ice bath with stirring.  The pH of the cooled aqueous solution was then adjusted to 

>10 with 6M NaOH and a white precipitate formed.  The basic solution stirred on ice for 30 

min and the resultant solids were isolated by filtration to give 4-bromo-N'-hydroxy-3-

methylbenzimidamide (1.8 g, 7.86 mmol, 77 % yield) as a white solid.  1H NMR (400 MHz, 

DMSO-d6) δ 9.65 (d, J = 6.1 Hz, 1H), 7.61 (s, 1H), 7.55 – 7.50 (m, 1H), 7.38 (dd, J = 5.5, 2.8 

Hz, 1H), 5.80 (s, 2H), 2.32 (d, J = 5.5 Hz, 3H). 

3-(4-Bromo-3-methylphenyl)-1,2,4-oxadiazol-5(4H)-one (31).  To a stirring solution 

of 4-bromo-N'-hydroxy-3-methylbenzimidamide (1 g, 4.4 mmol) and TEA (0.91 mL, 6.5 

mmol) in DMF (10 mL) was added ethyl chloroformate (0.46 mL, 4.80 mmol) dropwise at 

room temperature.  The reaction mixture stirred for 30 min, after which time the mixture was 

heated to 130 ºC for 1.5 h to afford the cyclized product.  After cooling, the DMF solution was 

poured into 125 mL of cool water and 25 mL 1M NaOH.  The aqueous solution was washed 

once with CH2Cl2 and was cooled in an ice bath with stirring.  The basic solution was then 

acidified with 4M HCl to pH<2.  A white solid formed and the solution stirred for 15 min.  The 

solid was then isolated by filtration to give 3-(4-bromo-3-methylphenyl)-1,2,4-oxadiazol-
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5(4H)-one (700mg, 2.74 mmol, 63 % yield) as a white solid.   1H NMR (400 MHz, DMSO-d6) 

δ 7.69 (s, 1H), 7.53 (d, J = 8.3 Hz, 1H), 7.46 (d, J = 8.2 Hz, 1H), 2.32 (s, 3H). 

3-(3-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-1,2,4-

oxadiazol-5(4H)-one (32).  In a 30 mL microwave vessel were combined 3-(4-bromo-3-

methylphenyl)-1,2,4-oxadiazol-5(4H)-one (500 mg, 1.96 mmol), bis(pinacolato)diboron (750 

mg, 2.95 mmol), potassium acetate (480 mg, 4.9 mmol) and Pd(dppf)Cl2 (0.20 mg, 0.20 mmol) 

in dry DMF (10 mL).  The reaction mixture was irradiated at 125 ºC for 20 min in a microwave 

reactor.  The solvent was then evaporated under vacuum and the residue was taken up in 2M 

HCl and EtOAc.  The layers were separated and the aqueous phase was extracted once with 

EtOAc.  Combined organic fractions were dried and concentrated to yield a brown oil, which 

was purified by silica chromatography (EtOAc:hexanes) to yield 3-(3-methyl-4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-1,2,4-oxadiazol-5(4H)-one (350 mg, 1.16 mmol, 

59 % yield) as a white solid.  1H NMR (400 MHz, DMSO-d6) δ 8.31 (s, 1H), 8.19 (s, 1H), 7.74 

(s, 1H), 7.69 (d, J = 7.8 Hz, 1H), 7.59 (d, J = 8.1 Hz, 1H), 7.09 (s, 1H), 2.40 (s, 3H).   

 

6.8.2 Cross-Inhibition Assays 

Cross inhibition assays were performed as previously reported, as follows:  human carbonic 

anhydrase II (hCAII);15  MMP-2;18  human glyoxylase 1 (Glo-1);19  human arginase 1;20  human 

methionine aminopeptidase 1.21 

 

6.8.3 Protein Crystallization  

Purified protein for crystallization was stored at 5-7 mg/mL at 4° C in buffer consisting 

of 150 mM sodium chloride, 20 mM HEPES at pH 7.5, 2 mM MgCl2, and 2 mM MnCl2.  Two 
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co-crystallization methods were employed with equal success in obtaining co-crystal structures 

of inhibitors bound in PAN endonuclease.  In one method, the protein was incubated with 0.5 

mM inhibitor prior to setting crystallization drops for 1 h on ice.  In the other method, 0.5 mM 

inhibitor was added to the reservoir solution, a small portion of which was then combined with 

the protein solution.  In both co-crystallization methods, experiments were set up in 24-well 

plates with a 2:1 or 3:1 ratio of protein solution to reservoir solution.  Reservoir solution 

consisted of 30% PEG (MW 4000 g/mol), 100 mM Tris at pH 8.35, and 200-220 mM sodium 

acetate.  Protein crystals grew by vapor diffusion at 33° C in hanging drops.  Colorless crystals 

with hexagonal bipyramidal morphology appeared within 24 h and reached full size after 3-4 

days with little or no protein precipitation.  Crystals were typically 50 to 150 microns.  Crystals 

were soaked in 20% ethylene glycol prior to flash freezing in liquid nitrogen.  Crystals were 

stored in liquid nitrogen.   

 

6.8.4 X-ray Data Collection and Refinement   

Datasets for protein co-crystallized with compounds 7, 13, and 20 were collected on an 

in-house X-ray generator.  For these experiments, diffraction data was collected at 100 K on a 

Bruker X8 Proteum diffractometer, using a Bruker Microfocus Rotating Anode (MicroStar FR-

592) X-ray generator with a Bruker APEX II CCD detector at wavelength 1.54178 Ǻ.  Crystals 

integrated, scaled, and merged using the Bruker APEX3 software package (Bruker, 2017).  

Datasets for protein co-crystallized with compounds 1, 18, and 24 were collected at the ALS 

5.0.1 beamLine using a single-crystal, cylindrically bent Si(220) monochromator at 12.7 keV 

with a Pilatus3 6M 25 Hz detector.  Datasets for protein co-crystallized with compounds 22 and 

25 were collected at the ALS 5.0.2 beamLine using a double-crystal, Si(111) monochromator 
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at 12.7 keV with a Pilatus3 6M 25 Hz detector.  All synchrotron datasets were integrated with 

XDS or iMOSFLM.22-23 Merging and scaling were performed within the CCP4 suite.24  For all 

datasets (including datasets collected on the in-house X-ray generator), phasing was determined 

by molecular replacement against a previously published PAN endonuclease structure (PDB ID:  

4AWM)25 using PHASER.24  All structures were refined with REFMAC5 or Phenix version 

1.12.26-27 All figures were made in PyMOL.28 

 

Table 6.6.  X-ray crystallographic data collection and refinement statistics. 

 
* Metrics for highest resolution shell given in parentheses 
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Table 6.7.  X-ray crystallographic data collection and refinement statistics (cont.). 

 
* Metrics for highest resolution shell given in parentheses 
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Figure 6.6.  Electron density of compounds 7 (top left), 13 (top middle), 18 (top right), 20 
(bottom left), and 24 (bottom middle) co-crystallized in the active site of PAN endonuclease.  
Inhibitors are shown in sticks colored by element with green carbon atoms, and the protein 
backbone is displayed in cartoon representation (gray).  Protein metals and water molecules are 
shown with purple and red spheres, respectively.  Metal-ligand bonds and hydrogen bonds are 
shown as dashed yellow lines.  All maps are contoured to 1.5 σ.   
 

6.8.5 Cell-based Assays 

Antiviral activity assays were performed in MDCK cells.  A total of 100 μL of MDCK 

cell solution was pipetted into the wells of a 96-well plate to provide a cell density of 40,000 

cells per well, and were incubated for 8 h at 37 ºC and 5% CO2 atmosphere to form an 80% 

confluent monolayer.  Stock solutions of endonuclease inhibitors were diluted to various 

concentrations by infection medium (DMEM/Ham’s F-12 (1:1) containing 5 μg/mL TPCK 
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treated trypsin, and 1% antibiotic solution).  Virus stock was diluted in infection medium 

(DMEM/Ham’s F-12 (1:1) containing 5 μg/mL of TPCK treated Trypsin and 1% of antibiotics) 

to a theoretical multiplicity of infection (MOI) of 0.05. Removed the culture medium and then 

washed the plate with PBS, diluted virus solution (50 μl) and inhibitor solution (50 μl) of a 

certain concentration were added together to each well. As control, the infection medium and 

virus suspension was added in several wells.  Each treatment was conducted in four replicates. 

The plates were incubated at 37 ºC and 5%  CO2  for 48 h. Cell viability was then determined 

using CellTiter-Glo luminescent cell viability assay (Promega) according to manufacturer’s 

recommendations.  Briefly, 100 μL of CellTiter-Glo luminescent reagent was added to each 

well, and plates were gently shaken for 2 min and incubated for 10 min at room temperature 

before reading. Every wells contained 100 μL of  medium.  Spark plate reader (Tecan) was used 

to measure Luminescence (RLU). 

Cytotoxicity activity assays were performed in MDCK cells. MDCK cells were 

cultured in DMEM medium with 10% of fetal bovine serum (FBS) and 1% of antibiotic at 37 

℃ in an incubator with 5% CO2. The cell toxicity was evaluated via a MTT assay according to 

the manufacturer protocol. Cells were cultured to the logarithmic phase and then were diluted 

to a desirable concentration with the medium. A total of 100 μL of MDCK cell solution was 

pipetted into the wells of a 96-well plate to provide a cell density of 20 000 cells per well and 

was cultured for 12 h prior to the compound treatment for cell attachment. The medium which 

contains various compound were added into the cells to incubate 12 h. Ten microliters of 0.5% 

MTT in PBS buffer mixed with 100 μL of clear cell medium was transferred to each well and 

incubate for 4 h at 37 ℃ with a 5% CO2 atmosphere. The medium was removed and 100 μ L 
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DMSO was added to each well. The plate was read at λ=490 nm. The absorbance was read at 

570 nm using a Molecular Devices Spectramax M5 plate reader. 

 

Table 6.8.  CC50 of the selected compounds (tested with MDCK cells). 
Compound 14 19 22 23 

CC50 
MDCK ＞500μM ＞500μM ＞500μM ＞500μM 

3T3 ＞500μM ＞500μM ＞500μM ＞500μM 
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6.8.6 Representative NMR Spectra 

 

 
 
 
 
 
 
 
 

 
Figure 6.7.  1H and 13C NMR spectra of compound 22. 
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Figure 6.8.  1H and 13C NMR spectra of compound 23. 
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