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Abstract 
 

Two projects comprise this dissertation; both are focused on using the technique of 

protein X-ray crystallography to understand the molecular interactions that small 

molecules make with proteins and the subsequent exploitation of these interactions to 

design better substrate or inhibitor molecules.  

 

The human Histidine Triad Nucleotide Binding Proteins (hHints) are a family of 

nucleotide phosphoramidases and acyl nucleotide hydrolases, coming to the forefront of 

research interest due to the role of hHint1 in the activation of sofosbuvir, the blockbuster 

Hepatitis C treatment. In the hHint project, protein-ligand complexes are examined in 

order to establish a structural reaction trajectory, including the first captured covalent 

intermediate for this enzyme, and to describe a general strategy for designing a prodrug 

moiety that will be activated by hHint1.  

 

The Lethal Factor (LF) component of the tripartite toxin produced by Bacillus anthracis 

is a zinc metalloproteinase. To date, there is no approved inhibitor of this protein for the 

treatment of anthrax infection partially due to difficulty in obtaining selectivity over 

endogenous metalloproteinases. A series of hydroxamate-containing inhibitors revealed 

that Domain 3 of LF is responsive to the molecule in the active site and that certain states 

of Domain 3 may be energetically favorable to target. Furthermore, a ligand-induced 

extension of the canonical binding area was discovered, paving the way for the 

development of more specific LF inhibitors.  
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Chapter 1: Introduction 

Portions of this chapter have been excerpted from published works. 

Parts of section 1.2.1 are reproduced with permission from: Maize, K. M.; Wagner, C. R.; 
Finzel, B. C. Structural Characterization of Human Histidine Triad Nucleotide-Binding 
Protein 2, a Member of the Histidine Triad Superfamily. FEBS J 2013, 280 (14), 3389–
3398. 
 
Parts of section 1.2.1 are reproduced with permission from: Maize, K. Errors in Crystal 
Structure of HINT from Helicobacter Pylori. Acta Crystallographica Section F 2016, 72 
(4), 336–337. 
 
Parts of sections 1.2.2.1 and 1.2.2.2 are reproduced from: Shah, R.*; Maize, K.M.*; 
Finzel, B.C; Wagner, C.R. Caught in the Act: Structural Insights into Catalysis by Human 
Histidine Triad Nucleotide Binding Protein 1 (hHint1). Manuscript in Preparation. All 
co-authors contributed in part to the narrative text. 
 
Parts of section 1.3.3 are reproduced with permission from: Maize, K. M.*; Kurbanov, E. 
K.*; De La Mora-Rey, T.; Geders, T. W.; Hwang, D.-J.; Walters, M. A.; Johnson, R. L.; 
Amin, E. A.; Finzel, B. C. Anthrax Toxin Lethal Factor Domain 3 Is Highly Mobile and 
Responsive to Ligand Binding. Acta Crystallographica Section D Biological 
Crystallography 2014, 70 (11), 2813–2822. 
 

 

1.1. X-ray Crystallography in Research 

 

The use of X-ray crystallography in medical research applications has existed nearly as 

long as the receptor hypothesis of drug action has existed. The receptor hypothesis, first 

put forward by John Newport Langley (1852-1925) in 1905,1 is a necessary 

preconception for structure-based drug design, as it posits that there is a ‘receptive 
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substance’ which interacts specifically with a drug molecule. Langley’s version of the 

receptor hypothesis is unrefined, a simple extension of the contemporary paradigm of 

stimulation of excitatory or inhibitory nerve endings. The prevailing theory of nervous 

action is likely due to the contemporary availability of nervous system agents such as 

morphine, nicotine, and curare, which were commonly-studied drugs near the beginning 

of the twentieth century.2  

 

Independently, Paul Ehrlich (1854-1915) also started to work on a receptor theory as 

early as 1878.3 Ehrlich’s graduate work on histological stains convinced him that there 

must be something unique to cells to interact specifically with the dye. In his independent 

career, Ehrlich was focused on the immune response to toxins and called these unique 

cellular aspects first ‘side-chains,’ then ‘receptors’ in 1900.4 Because the work of the 

Ehrlich lab was focused on immunological receptor applications, his receptor theory did 

not translate well to small molecule drugs, nor was it widely accepted in his own field.4 

Ehrlich’s legacy is more firmly established as the ‘father of immunology’; Ehrlich was 

the 1908 Nobel Laureate in Medicine for his work in immunity,5 and his laboratory 

developed Salversan, the first specific chemotherapeutic agent.6,7  

 

Receptor theory, largely recognizable as the basis of the modern understanding of drug 

action, was synthesized by Alfred Joseph Clark (1885-1941) and published in his 1933 

treatise, “The Mode of Action of Drugs on Cells.”8 The emphasis of this book is the 

foundation of pharmacology as a quantitative science, and it solidifies modern receptor 
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theory merely as a consequent. Gathering data from previous studies, Clark calculates 

that for very potent drugs like acetylcholine, which act quickly yet penetrate cells poorly, 

the number of molecules required to effect a cellular response is insufficient to cover the 

surface of the cell. Therefore, Clark concluded, there must be a specific receptor 

interaction at the cell surface that mediates the cellular response. He further establishes 

that these receptors can be in patches on the cell surface, indicating the heterogeneous 

cell surface mellieu.3,8 

 

Alongside the receptor theory, the technology that would enable structure-based drug 

design was being developed. X-rays were first generated by William Röntgen (1845-

1923) in 1895 by means of an electrified vacuum tube.9,10 Röntgen was awarded the 1901 

Nobel Prize in Physics, beginning a tradition of this prestigious award being given to 

crystallographers. To date, 23 Nobel Prizes have been awarded for crystallography or for 

essential technology in how it is used today, and 12 of those were awarded directly for 

achievements in macromolecular crystallography.9 

 

From the discovery of X-rays, their use in spectroscopy was delayed by nearly two 

decades until Max von Laue (1879-1960) created the first X-ray diffraction pattern using 

copper sulfate pentahydrate in 1912.9 A year later, the mathematical formula that 

describes X-ray diffraction from a crystal, nλ = 2dsinθ, was determined by Sir William 

Henry Bragg (1862-1942) and his son, Sir William Lawrence Bragg (1890-1971), and is 

now known as Bragg’s Law.9 This law states that there will be constructive interference 
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of a diffracted wave when the distance traveled through the crystal is an integer (n) 

multiple of the wavelength (λ). The path length through the crystal is twice the 

interplanar space (d) in the crystal multiplied by the sine of the angle of incidence (θ).11 

This work earned Laue and the Braggs back-to-back Nobel Prizes in Physics in 1914 and 

1915, respectively.   

 

The use of X-ray diffraction in the attempt to determine the structure of biological 

crystals was not far behind. Proteins, in particular hemoglobin, had been crystallized 

purposefully since 1851.12 The first protein diffraction images were obtained by J. 

Desmond Bernal (1901-1971) and his student, Dorothy Hodgkin (née Crowfoot, 1910-

1994) of the pepsin protease in 1934.13 Hodgkin was a luminary of biomolecular 

crystallography; she collected the first diffraction images of insulin14 (and three decades 

later, solved the structure),15 determined the structure and stereochemistry of sterols16, 

showed that penicillin contained a β-lactam ring,17 and solved the structure of the first 

organometallic compound, vitamin B12,18 work for which she was awarded the 1964 

Nobel Prize in Chemistry. It was during this age, the era of small biomolecular 

crystallography, that receptor theory came to the fore. All that was needed to enable 

structure-guided ligand design was the technology and mathematics to be able to solve 

the structure of the receptor proteins. 

 

Sperm whale myoglobin, in 1958, and horse hemoglobin, in 1960, were the first proteins 

to have their complete structures solved by X-ray crystallography.19,20 The initial models 
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of these proteins, solved by Sir John Kendrew (1917-1997) and Max Perutz (1914-2002), 

respectively, only extend to 6 Å resolution and look very much like ‘sausages’ compared 

to today’s detailed protein structures. The resolution of these structures was quickly 

extended to less than or equal to 2 Å by 1965, allowing for the resolution of backbone 

atoms and most sidechains.21,22 Other medically relevant protein structures like dogfish 

lactate dehydrogenase (application: cancer, 2.8 Å, 1970)23, bacterial thermolysin 

(application: hypertension, 2.3 Å in 1972, 1.6 Å in 1982),24,25 bovine pancreatic 

phospholipase A2 (application: inflammation, 2.4 Å in 1978, 1.7 Å in 1981),26,27 and 

bacterial dihydrofolate reductase (application: cancer, 2.5 Å in 1978, 1.7 Å in 1982),28,29 

and were achieved in the two decades following.30 This is indicative of the driving 

impetus behind early structural biology, as much of it was being funded by the British 

Medical Research Council; when the Protein Data Bank (PDB) was established in 1973, 

there were only nine protein structures available, at least six of which were of interest for 

drug design.9,31 One of these early structures was bovine pancreatic trypsin inhibitor, 

which is now marketed as aprotinin (Trasylol®), administered to control bleeding during 

major surgery.32,33  

 

Structure-based ligand design began with the one of the very first structures reported: 

hemoglobin. The small molecule 2,3-diphosphoglycerate (2,3-DPG) is an allosteric 

effector of hemoglobin, as its binding stabilizes the deoxy conformation and promotes the 

release of oxygen.34 In the crystal structure of human deoxyhemoglobin, the binding 

mode of 2,3-DPG is clear,35 and this structure was used to design new ligands to fit in the 
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same site, a new approach in pharmaceutical chemistry. This work, carried out by the 

Wellcome Research Laboratories in the United Kingdom, embodies the beginnings of 

structure-based design in pharmaceuticals. The compounds designed in this work were 

bibenzyl-4,4´-dialdehydes and sulfonate derivatives, for reasons of solubility. Several of 

the compounds were more effective than 2,3-DPG at liberating oxygen from hemoglobin, 

an early success for structure-based ligand design.34 It was hypothesized that agents such 

as these would be therapeutic for sickle cell anemia because in patients with the disease, a 

mutation makes deoxyhemeglobin unstable and prone to aggregation, therefore a 

stabilizing molecule would be beneficial.36 Unfortunately, these attempts were 

unsuccessful, and no antisickling compound ever came to market as a therapeutic 

pharmaceutical. 

 

Bovine pancreatic carboxypeptidase A is the first structure that contributed to the design 

of a marketed drug. A zinc metalloprotease, comprehensive studies of the structure and 

function of carboxypeptidase A by the lab of Nobel Laureate William N. Lipscomb 

(1919-2011) revealed that the preferred substrate of carboxypeptidase A is the C-terminal 

residue of a polypeptide chain, with a preference for aromatic or branched aliphatic 

sidechains. This activity is explained by the deep pocket-like topography of the active site 

and presence of an arginine residue to interact with the free carboxylate, and a large, 

mostly hydrophobic pocket to accommodate the P1´ sidechain. Indeed, this arginine 

residue, when interacting with a substrate carboxylate, induces a large conformational 
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change in a nearby tyrosine that essentially closes the active site and participates in the 

catalysis.37  

 

The known structure-function relationship of carboxypeptidase A was used by scientists 

at Squibb to build a model of the active site of angiotensin-converting enzyme (ACE). 

The function of ACE is to cleave the two C-terminal amino acids from angiotensin I to 

transform it into angiotensin II, a peptide hormone that causes immediate blood pressure 

increases in the body, as well as long-term effects through sodium reuptake in the 

kidneys.38 Because ACE is involved in vasoconstriction, inhibition of this enzyme is a 

useful method of treating hypertension. The active site of ACE is significantly different 

than that of carboxypeptidase A, as an entire extra amino acid must be accommodated 

following the scissile bond, but using the known structure and natural ACE substrate, 

potent inhibitors were designed. The first compound designed, succinyl-L-proline, was 

only a modest inhibitor (IC50 = 330 µM), but successive rounds of optimization and 

consideration of the structural model led to a compound with a reported IC50 value of 

0.023 µM.39 This compound was captopril (Capoten®). The first report of the compound 

was in 1977, and it came to market in 1981 as the first drug with a structural approach 

behind its design.40  

 

Another protease, the aspartyl protease encoded by the human immunodeficiency virus 

(HIV), proved to be a fruitful target for structure-based drug design. Although there are a 

total of ten approved HIV protease inhibitors, three compounds in particular encapsulate 
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the story of structure-based design for this target: ritonavir (Norvir®), indinavir 

(Crixivan®), and nelfinavir (Viracept®). The structure of HIV protease has a C2 

symmetry axis bisecting the active site, and this feature was used in the design of a 

number of symmetric or pseudosymmetric inhibitors.41 Ritonavir, a peptidomimetic that 

utilizes a hydroxyethylene isosteric mimic of the intermediate from Abbott, is the first of 

the HIV protease inhibitors that incorporates this pseudosymmetry into its design. 

However, due to its relatively low potency (EC50 = 22 - 130 nM) and suite of adverse 

affects, it is now used primarily as part of a multi-drug regimen as a cytochrome P450 

inhibitor that extends the metabolic half-life of other drugs.42,43  

 

A Merck compound, indinavir (IC50 = 0.56 ± 0.2 nM) capitalizes on both internal 

precedent and on the work of Hoffman-LaRoche44 to simultaneously engage S2´ as well 

as S1-S2 with largely hydrophobic sidechains.45 (The ‘optimization’ of Hoffman-

LaRoche work is brazenly stated in the text.)45 This compound marries the structure-

based design with medicinal chemistry concepts, as the aspect of the compound inspired 

by Hoffman-LaRoche was intended to increase solubility and decrease the entropic 

penalty paid for binding to the enzyme.45  

 

Collaboration between Eli Lilly and Agouron Pharmaceuticals produced nelfinavir (Ki = 

2.0 nM), the first non-peptidic HIV protease inhibitor, though this claim may be 

considered somewhat disingenuous, as the molecule still contains a peptide linkage. No 

canonical amino acids are present, however. Nelfinavir also uses the work from 
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Hoffman-LaRoche for development and eliminates the susceptibility to general protease 

cleavage, while increasing solubility and bioavailability compared to a parent compound 

with the retention of a unique S1 S-aromatic group.46,47  

 

All three of these compounds were approved in the mid-to-late 1990’s, and since then, 

many more drugs that result from structure-guided efforts have been approved. Some 

prominent examples include the influenza neuraminidase inhibitors zanamvir (Relenza®) 

and oseltamivir (Tamiflu®), the BCR-Abl kinase inhibitor imatinib (Gleevec®), the 

epidermal growth factor receptor (EGFR) inhibitor erlotinib (Tarceva®), and the renin 

inhibitor aliskiren (Tekturna®). 

 

The development of neuraminidase inhibitors represents the merging of enzyme 

mechanistic studies (structural, biochemical, and computational) and structure-based drug 

design. Using the known boat conformer of the product sialic acid and models of the 

enzymatic catalytic mechanism which also utilize pseudoboat structures,48,49 inhibitors 

that mimic this conformation, but are of lower energy due to being unsaturated rings and 

that take advantage of contacts within the active site, were engineered, resulting in 

zanamivir.50,51 This compound has very poor pharmacokinetic properties and must 

therefore be administered directly to the site of action via inhalation.51 Oseltamivir 

addresses some of these issues by removing many of the polar functionalities, however a 

necessary carboxylate is masked as an ethyl ester.52 This compound is a more faithful 
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mimic of the transition state oxonium cation in the enzyme, placing the site of 

unsaturation in the same position in the 6-membered ring.53  

 

Both imatinib and erlotinib are tyrosine kinase inhibitors; structure-based drug design has 

been a powerful strategy for designing kinase inhibitors, but selectivity among kinases 

can be a challenge for kinase inhibitor development, as many compounds target the 

nucleotide binding pocket. One review states, “In paraphrase of the opening line of Anna 

Karenina, all active kinases are alike, but an inactive kinase is inactive after its own 

fashion.”54 Therefore, in order to gain selectivity, the inactive form of the kinase is often 

targeted. Imatinib achieves inhibition through an induced-fit mechanism of the inactive 

protein: it preferentially binds to and stabilizes a populated but inactive BCR-Abl 

conformation, as well as makes a series of hydrogen bonding interactions to increase 

specificity.55,56 An exception to this rule is erlotinib, which is thought to bind multiple 

states and conformations of the kinase domain of EGFR, including the active state.57–59 

 

Aliskiren is a first-in-class (and only currently approved) drug for the direct inhibition of 

renin, the aspartyl protease that converts angiotensinogen to angiotensin I.38 Although the 

structure of renin (1983)60 followed the initial reports of captopril (1977),39 the ACE 

inhibitor, by less than 10 years, development of marketable renin inhibitors lagged 

significantly, with aliskiren only being approved in 2007. The first two generations of 

renin inhibitors were peptides and peptidomimetics, which both had very poor 

pharmacokinetic properties.61 Structure-guided design efforts revealed the presence of a 
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deep, narrow extension of S3 that was exploited to greatly increase the inhibitory potency 

of the molecules.62 Further optimization of the hydrophobic interactions between enzyme 

and inhibitor, as well as pharmacokinetics, yielded aliskiren, a potent inhibitor of renin 

(IC50 = 0.6 nM).63 

 

Both of the projects encompassed by this work have roots in the traditions of most 

structure-based design efforts: the development of inhibitors for therapeutic effect. Each 

has its own unique twist on the genre, however. In the human histidine triad nucleotide 

binding protein (hHint) project, the structural mechanism of catalysis is explored in order 

to explore new routes of prodrug development. In the anthrax lethal factor (LF) project, 

ligand-induced structural changes are observed and capitalized upon to further the goal of 

metalloproteinase inhibition without zinc binding.  In each section, relevant compounds 

will be numbered, with H prefixes for the hHint project and A prefixes for the LF project. 

 

1.2. Human Histidine Triad Nucleotide Binding Proteins (hHints) 

 

1.2.1. Introduction 

 

The human histidine triad nucleotide binding proteins (hHints or hHINTs) are a family of 

three proteins, hHint1, hHint2, and hHint3, which are members of the histidine triad 

(HIT) superfamily. The Hint gene is evolutionarily ancient, and proposed to be the 

progenitor of all HIT genes; it is conserved in prokaryotes, archaea, and eukaryotes, 
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though the cellular function is still being uncovered.64 Enzymatically, the hHint proteins 

act as acyl-nucleotide hydrolases and phosphoramidases and are recognizable for the 

eponymous HIT sequence motif H-X-H-X-H-X-X, where X is a hydrophobic residue. 

Although they share a common enzymatic activity, the substrate specificity of the hHint 

family members differs, as do their expression levels, tissue and subcellular 

localization.65  

 

In the larger context, the members of the HIT superfamily (Hint, GalT, Aprataxin, Fhit, 

and DcpS) all share a common nucleotide binding fold which allows them to regulate 

levels of nucleotides and nucleotide-bearing molecules throughout the cell.  The HIT 

superfamily was first acknowledged in 1992 through the work of Bertrand Séraphin, who 

recognized the homology between Saccharomyces cerevisiae Hint, hHint1, and the 

corresponding protein in other organisms, though the structure was unknown, and the 

function was still being established.66–68 The second member of the HIT family, added in 

1995, was what would later be classified as an Fhit, a diadenosine 5´,5´´´-P1,P4-

tetraphosphate (Ap4A) asymmetric hydrolase from Schizosaccharomyces pombe, easily 

distinguished by the canonical sequence motif.69  

 

In 1997, structural biologist Charles Brenner and co-workers expanded the knowledge of 

the HIT family using protein structures to include both Hint and GalT through 

recognition of the common nucleotide binding fold.64 (This was also independently 

achieved twice over with computational methods that were used to inspect coordinates 
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and sequence similarity.)70,71 The common nucleotide binding fold is generally described 

as an α + β meander with a core of five antiparallel β-strands that forms the basis of the 

nucleotide binding area, with interstitial loops and helices that help to hold the nucleotide 

in place, though there is significant divergence beyond the nucleotide binding core 

(Figure 1.1). With increasing knowledge of the human genome, Aprataxin (2001)72 and 

DcpS (2002)73 were discovered shortly thereafter. 

 

Galactose-1-phosphate uridylyltransferase (GalT) catalyses the transfer of uridine 

monophosphate (UMP) from glucose-UDP to make galactose-UDP during the 

metabolism of galactose; the loss of this enzyme leads to galactosemia and potential 

long-term developmental effects.74–76 GalT lacks the canonical sequence motif in both 

Figure 1.1. HIT nucleotide binding domain. The structures of five HIT proteins are overlaid based on 
their nucleotide binding core (using the HIT-NBD overlay method from DrugSite:  
https://drugsite.msi.umn.edu). The β-sheet is shown in cartoon with a reference AMP molecule (3TW2, 
white), and everything else as smooth loops for the sake of clarity. Included: hHint1 (1KPA, red) 
hAprataxin (4NDH, yellow), hGalT (5IN3, green), hDcpS (3BL9, blue), and hFhit (4FIT, purple). 
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portions of its fused sequence, instead having H-X-H-X-Q-X-X.77 This led to the 

hypothesis that the lack of the final sequence motif histidine residue, which is thought to 

activate water for hydrolysis, makes the nucleotidylated intermediate more stable, thus 

allowing this enzyme to act as a transferase rather than a hydrolase.78  

 

Aprataxin has two known splice variants.72 Both possess the nucleotide binding domain 

followed by a predicted zinc finger domain, but only the major splice variant has an N-

terminal forkhead-associated domain, a fold known to recognize phosphothreonine or 

phosphoserine as part of a DNA-damage response.79,80 An enzyme that is specific to the 

nucleus and nucleolus, Aprataxin hydrolyzes both dinucleotide polyphosphates and 

phosphoramidates, and may play a role in repairing 5´-AMP overhangs resulting from the 

repair of single-strand DNA breaks by DNA ligase.81,82 Mutations in the Aprataxin-

encoding gene (APTX) cause ataxia oculomotor apraxia-1, a neurodegenerative disorder 

characterized by the inability to control eye and other facial musculature.81,82 

 

The ‘fragile’ HIT protein (Fhit) is designated as such due to the high rate of mutation at 

its locus on chromosome 3 in many cancers.83 Fhit has since been characterized as a 

tumour suppressor protein, mutations in it being the cause, rather than an effect, of 

tumorigenesis.84,85 Like Aprataxin, Fhit hydrolyses dinucleotide polyphosphates and has 

also been shown to have modest phosphoramidase activity, although it is not known if 

this activity is biologically relevant.86 The mechanism of the tumor suppression by Fhit 

has been implicated to be through the Ras/Rho GTPase signalling pathway,87 but the role 
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of Fhit activity is unclear. One interesting hypothesis is that the Fhit-ApnA complex, but 

not the catalytic activity of the enzyme, is important.78,88 An H96N mutant of Fhit 

remains an effective tumor suppressor; in biochemical assays, this mutant has a low kcat, 

but similar Km, to the wild-type enzyme.88 

 

The scavenger decapping enzyme DcpS is the most recently recognized member of the 

HIT family73 and participates in the regulation of gene expression by specifically 

recognizing and cleaving the 5´-cap of mRNA transcripts, which is a 7-methyl guanosine 

connected to the transcript by an uncommon 5´- 5´ triphosphate linkage.89 The cap 

functions to protect the transcript from exonucleases and to facilitate trafficking, but all 

mRNA transcripts must eventually be broken down in the cell, either through 3´-5´ 

degredation or 5´-3´ degredation; DcpS is the sole decapping enzyme in the major 3´-5´ 

pathway, and it completes the final phosphatase step in the minor 5´-3´ pathway.73,89 

Unlike other HIT family members, DcpS requires an additional N-terminal domain for 

activity, and has been found to undergo a large conformational change from an ‘open’ to 

a ‘closed’ form during catalysis (see PDB ID 3BL9 as an example).73,89–91 

 

The Hint proteins were first isolated in 1985, when the bovine homolog of hHint1 was 

found in a fraction that inhibited protein kinase C (PKC) from bovine brain tissue.92 The 

protein was identified by using calcium-dependent hydrophobic-interaction 

chromatography to pull down PKC (for which Ca2+ is an essential co-factor) and 

associated proteins. Inhibition of PKC was of great interest, due to its important role in 
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many messaging cascades, such as blood clotting, muscle contraction, and activation of 

T-lymphocytes.93,94  

 

Bovine Hint was initially identified as a heat-stable 17-kDa calcium-binding protein (17-

kDa CaBP) that was ‘a potent inhibitor of protein kinase C,’ although no direct calcium 

binding was observed; it was hypothesized that the 17-kDa CaBP was pulled down in the 

chromatography step through nonspecific hydrophobic interactions with the column 

matrix.92 It gained the name PKCI-1 in 1990 when the primary sequence was resolved.67 

It was also reported to bind zinc in what would later be determined to be the active 

site.67,95 The issues with the early work involving PKCI-1/Hint1 started to become 

apparent in 1991, when the authors of the seminal study could not reproduce the initial 

results. The initial assignment of thermal stability appears to have been through the 

persistence of Ca2+ binding following gel electrophoresis and blotting to nitrocellulose;92 

more direct investigation of the persistence of PKCI activity with temperature showed 

degredation with increasing temperature.68 Therefore, the PKC-inhibitory activity of 

PKCI-1/Hint1 was altered to heat-labile, indicating that the inhibitory protein was not as 

stable as initially thought.68  

 

With only one family member known at the time, the structure of hHint1 (then PKCI-1) 

was solved in 1996 at Columbia by the Hendrickson group (associated structures 1KPA, 

1KPB, and 1KPC).96 However, even in this first paper, there was significant doubt about 

the veracity of the PKC activity, “…other investigators have characterized a protein 
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similar to bovine PKCI-1 from other organisms and have not been able to demonstrate 

inhibitory effect on PKC activity…In addition, some doubt has been cast on the 

physiological relevance of PKC inhibition by bovine PKCI-1.”96 

 

A year later, Charles Brenner and other members of the Petsko group at Brandeis purified 

and crystallized rabbit Hint (associated structures 3RHN, 4RHN, 5RHN, and 6RHN), 

saying, “HINT is nearly identical to proteins that have been given the designation protein 

kinase C inhibitor-1 (PKCI-1). Bovine PKCI-1 was so named because it was present in 

brain cytosol fractions that inhibited a mixture of PKC isoforms.92 It has not been 

possible to reproduce this inhibition with HINT from rabbit heart or with purified 

recombinant HINT.”64 It was this publication that gave Hint proteins their name and 

should have finally removed the nomenclature of ‘PKCI-1’ from anything but historical 

reference. 

 

In 1999, Brenner et al. devote an entire section of a review article on the HIT superfamily 

to the pervasive annotation of Hint as PKCI-1(Brenner et al., 1999; “Hint is not a PKC 

inhibitor”), and in fact, provide a hypothesis as to why PKC inhibition was initially 

observed.97 They note that this enzyme is highly conserved, even in organisms that do not 

have PKC homologs, such as most bacteria, and that despite attempts from multiple 

researchers, no replication of the PKC activity could be achieved. Also presented was the 

observation that in the initial experiments that displayed PKC activity, ethylene glycol 

tetraacetic acid (EGTA) was present; EGTA is a facile chelator of calcium, and thus, it is 
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little wonder why PKC inhibition was observed.97 Despite this, there were multiple 

contemporary literature and patent citations of the Hint sequence as ‘PKCI-1.’98–101 The 

zinc binding properties of Hint were also discounted in this review, as the authors note 

that zinc precipitates Hint protein, observed both by themselves and others.67,97 I have 

also observed this when attempting co-crystallization. However, we have shown through 

anomalous diffraction that hHint1 can bind copper in the active site (among other sites; 

Shah et al., under review, PDB ID 5EMT).  

 

The resurgence of this annotation is attributed, by Brenner et al., to yeast two-hybrid 

experiments that expressed fragments of the human HINT1 cDNA sequence, which 

matched the defunct PKCI-1 references in protein databases. One of the yeast two-hybrid 

screens identified PKC-β as a binding partner for Hint, but further analysis showed that 

this was only an artifact of using a Hint fragment.97 This 1999 article presented a clear 

history of why the PKCI-1 annotation had been used and why it was inappropriate to 

continue using it, despite its continued presence in sequence databases. Since this time, 

the structural literature has been generally consistent in using Hint nomenclature,102–106 

with minor exceptions.107  

 

Both hHint2 and hHint3 were discovered as part of the human genome project in 

2001.78,108,109 There has been comparatively very little research done with hHint2 and 

hHint3 as the topic of focus, with the first hHint2 work published in 2006,110 and the sole 

hHint3-centered paper was published by the Wagner lab in 2007.111 
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1.2.2. hHint1 

 

Human Hint1 is found in the cytosol of most cell types,65,112 making it much more 

commonly studied than hHint2 and hHint3, which have different and restrictive 

subcellular localization and expression distributions.110,112 Given this broad range of 

incidence and relative high expression levels in cells, hHint1 has been implicated as 

participating in a wide variety of systems, a selection of which are outlined below.   

 

1.2.2.1. Tumor Suppressor 

 

Human Hint1 has been supported as a tumor suppressor in a number of different ways, 

both through molecular pathways and in animal studies. Among the functions of hHint1 

in cells is the regulation of certain helix-loop-helix leucine zipper transcription factors 

such as microphthalmia transcription factor (MITF) and the related upstream stimulatory 

factor 2 (USF2), which are both oncogenes; MITF is a melanoma oncogene,113 and USF2 

is a general eukaryotic oncogene.114,115 Interaction of hHint1 with MITF may be related 

to its hydrolysis of aminoacyl adenylates, produced by aminoacyl tRNA 

synthetases.105,116 In mast cells, repression of MITF by hHint1 is relieved by binding to 

diadenosine tetraphosphate (Ap4A), the substrate of Fhit, another HIT family member.117–

119  
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In animal models, double knockout (Hint-/-) mice develop tumors spontaneously at a 

greater incidence than wild-type mice.120 Additionally, both homozygous (Hint-/-) and 

heterozygous (Hint+/-) mice were more likely to get tumors when exposed to a carcinogen 

than were wild-type mice, even though the heterozygous mice still expressed the protein 

product.120 In human hepatocellular carcinomas, the HINT1 gene is frequently 

hypermethylated as a means of suppressing its expression,121 and low hHint1 expression 

levels are correlated with a poor prognosis.122  

 

1.2.2.2. MOR-NMDAR Activity 

 

Antinociceptive signaling via the Mu-opioid receptor (MOR) is also modulated by 

hHint1 activity. Under normal conditions in nervous tissue, hHint1 is present at the 

cytosolic side of the cell membrane bound to the C-terminal peptide of the MOR.123 

When an agonist of the MOR binds at the extracellular surface, inactive protein kinase C 

(PKC) is released from anchoring proteins (via an influx of Ca2+ through the N-methyl D-

aspartate receptor (NMDAR)) and associates with the MOR-hHint1 complex. The 

endogenous enzymatic activity of hHint1 with an as-yet unidentified substrate then 

allows for the release and activation of PKC from the MOR-hHint1 complex,124,125 which 

can then act in concert with PKC-activated Src to phosphorylate the NMDAR NR1 

subunit.126 Negative regulation of MOR signaling is accomplished both by activated 

NMDAR and by direct action of PKC on the MOR, resulting in MOR 

desensitization.125,127 However, hHint1 inhibitors prevent the access of the endogenous 
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substrate and the turnover process that releases PKC, thus the NMDAR negative 

regulation does not occur; this causes increased antinociception and duration of response 

to opioid dosing.128 Selective inhibitors of hHint1 could therefore present a novel 

opportunity to alter the time course of desensitization to opioids that limits their 

therapeutic utility in pain management. 

 

1.2.2.3. Neuropathy Mutants 

 

There is further evidence to support hHint1 involvement in the nervous system. Two 

types of hereditary peripheral neuropathy are associated with mutations in the HINT1 

gene: autosomal recessive Charcot-Marie Tooth Disease (CMT) with neuromyotonia and 

distal hereditary motor neuropathy (dHMT).129,130 There are various forms of CMT, 

which causes progressive weakening of musculature and loss of sensory transmission 

from the limbs, and it is usually caused by mutations in genes that serve to create the 

myelin sheath around the nerve or protect the integrity of the axonal structure.131,132 

Table 1.1 Neuropathy causing mutations in HINT1. Early-termination products are 
marked with an asterisk (*). 

Mutation Disease State
Arg37Pro CMT with neuropathy
His51Arg CMT with neuropathy
Gln62* CMT with neuropathy
Cys84Arg CMT with neuropathy, dHMT
Gly89Val CMT with neuropathy
His112Asn CMT with neuropathy
His114Arg dHMT
Trp123* CMT with neuropathy
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Neuromyotonia is characterized by muscle twitching that is the result of nerve 

hyperexcitability, and it can, in acquired cases, be associated with an immune response to 

voltage-gated potassium channels.133 Like CMT, dHMTs are caused by a heterogenous 

mixture of mutations and share major symptomology; in dHMTs, a patient experiences 

peripheral muscle degeneration, but not loss of sensation.130   

 

Eight mutations are known to contribute to these neuropathies, only one of which is 

unique to the dHMT pathology (Table 1.1). In all known cases, affected individuals were 

homozygous for a mutant hHint1 protein but the mutations often did not match.129,130 

Some of the mutations are more clearly problematic to hHint1 function, such as the early 

termination products Gln62* and Trp123* or the mutation of the catalytic triad of His51, 

His112, and His114. The outcome of the other mutations isn’t as clear, and it has been 

the subject of contemporaneous study in the Wagner laboratory, and I have carried out 

some of the structural characterization. In particular, the His112Asn mutant became a 

valuable tool to examine protein-substrate complexes, and its structure will be discussed 

in Chapter 3. 

 

1.2.2.4. Prodrug Activation 

 

Human Hint enzymes are also worthy of study due to the role they play in metabolic 

activation of nucleotide prodrugs.  The blockbuster hepatitis C drug sofosbuvir (Sovaldi® 

and a component of Harvoni®) is a pyrimidine nucleotide prodrug that goes through 
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multiple activation steps, including hydrolysis of a phosphoramide by hHint1 to expose 

the poorly bioavailable nucleotide monophosphate.  This is then further activated by 

cellular kinases to the therapeutic nucleoside triphosphate.134 While hHint1 acts more 

efficiently on purine-based molecules, a comprehensive substrate selectivity profile has 

shown that the enzyme will cleave a variety of nucleotide phosphoramidate substrates, 

including those with pyrimidine nucleobases135 Therefore, phosphoramidate 

pronucleotides are an attractive means to deliver antiviral and anticancer therapies that 

normally suffer from poor absorption and rapid clearance.136,137    

 

1.2.2.5. Mechanism of hHint-Catalyzed Hydrolysis of Phosphoramidates 

 

In order to fully exploit hHint enzymes for prodrug activation or mechanism-based 

inhibitor development, it is necessary to study the mechanism of Hint catalysis, and in 

particular, to uncover the interactions that contribute to the reactivity of specific 

substrates. The hHint enzymes act through a double-displacement or “ping-pong” 

mechanism (Figure 1.2), which has been characterized using enzyme kinetics.138 In the   

first step of the reaction, a substrate (S1, a nucleoside phosphoramidate) binds and reacts 

with the enzyme to form a nucleotidylated enzyme (E*). Release of a product alkyl 

amine (P1) rapidly follows. In the second half of the reaction, the nucleotide-modified 

histidine in the active site (His112) reacts with water (S2), resulting in the release of a 

nucleoside monophosphate product (P2). The hydrolysis step is partially rate-limiting, 
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and is potentially coupled to a kinetically silent conformational change in the protein that 

permits partially rate-limiting product release.138 

 

The catalytic histidine triad of His51, His112, and His114 is distinguished from the 

histidine sequence motif, which substitutes His110 for His51.  While His112 is the 

nucleophile in the reaction, the other histidine residues contribute hydrogen bonds and 

are thought to act as proton donors in the reaction.138    

 

1.2.2.6. Existing Structures 

 

As of this writing, there are twelve released structures of hHint1 in the PDB, the first six 

of which are annotated as PKCI-1. (Table 1.2) The inaugural paper describing the 

structure of hHint1, published by Lima et al. in 1996, had three associated structures: 

1KPA, 1KPB, and 1KPC.96 Both 1KPA and 1KPC are purported to be the “zinc form” of 

Figure 1.2. The double-displacement mechanism of hHint1. Shown with a representative substrate. 
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the enzyme in two different space groups, recalling that hHint1 was reported to bind zinc 

from early reports,95 but that this was later disputed.64 However, there are no modeled 

zinc ions in either of these structures, and they appear to be indistinguishable from the 

apo form of the enzyme without zinc, such as structure 1KPB. The lack of observed zinc 

is suggested by the authors to be the result of crystal packing forces that rigidify the 

histidines which must otherwise rearrange to bind zinc in solution.96 The two space 

groups represented by the original structures are P212121 and P21. The orthorhombic 

P212121 crystal form is characterized by a single dimer in the asymmetric unit, while the 

monoclinic P21 crystal form contains two dimers and typically does not diffract as well. 

 

The general overall structure of hHint1 is shown in Figure 1.3A. It is a homodimer 

consisting of the conserved HIT nucleotide binding fold made up of five antiparallel β-

strands and two α-helices. There is some disorder in the N-terminus of the protein; the 

first ordered residues are typically Arg12, Pro13, or Gly14, but the protein is ordered 

Table 1.2. Published crystal structures of hHint1. 

PDB ID Spacegroup Res. (Å) Description Reference
1KPA P212121 2.00 Apo structure; "Zinc form" Lima et al. 199696

1KPB P212121 2.00 Apo structure Lima et al. 199696

1KPC P21 2.20 Apo structure; "Zinc form" Lima et al. 199696

1KPE P212121 1.80 Complex as covalent 
transition state analog Lima et al. 1997141

1KPF P43212 1.50 Complex with AMP Lima et al. 1997141

1AV5 P212121 2.00 Complex with ADP analog Lima et al. 1997141

3TW2 C2 1.38 Complex with AMP Dolot et al. 2012103

4EQE C2 1.52 Complex with Lys-AMS Wang et al. 2012105

4EQG C2 1.52 Complex with Ala-AMS Wang et al. 2012105

4EQH C2 1.67 Complex with Trp-AMS Wang et al. 2012105

4ZKL P21 2.34 Complex with Ap4A analog Dolot et al. 2016142

4ZKV P21 1.92 Apo structure Dolot et al. 2016142
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through the C-terminus. The first helix (α1) lies atop β-2 and β-3 and forms the back of 

the nucleobase binding area. Following α1 in the primary sequence are β-1, β-2, and β-3, 

then α2. The α2 helix packs against its dimeric partner near its N-terminus, making an 

approximate 60° angle. Together, these two helices form a cradle against which the 

dimer’s β-sheet rests. The next β-strand, β-4, is at the dimer interface, and β-5 packs 

between β-3 and β-4. A single turn of an α-helix exists in the β-4 – β-5 loop.  The C-

terminus of the protein crosses over between monomers, and it has been shown to be 

important in the substrate selectivity of the Hint family of proteins.139,140 

 

An exploration of the enzymatic function of hHint1 was begun just a year after the 

structure was solved. The same group at Columbia demonstrated weak nucleotide 

diphosphate hydrolysis activity and completed a structural study of hHint1 enzymology, 

Figure 1.3. Overall fold of hHint1. (A) The hHint1 dimer from 3TW2103 with the secondary structure 
labeled in chain A and colored from blue (N-terminus) to red (C-terminus). Chain B is shown in black. 
(B) The general nucleotide binding site of hHint1 with relevant residues shown as lines and AMP as 
semitransparent sticks, from structure 3TW2. Hydrogen bonds are shown as dashed lines. 
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suggesting a double displacement mechanism by comparison to similar enzymes.141 The 

structure of a covalent transition state analog bearing a pentavalent tungsten center 

instead of a phosphorus helped to define the reaction (1KPE).  To complete their 

mechanistic study, complexes with a substrate analog (1AV5) and product (1KPF) were 

also presented. At this time, the known functionality of hHint1 was limited to hydrolysis 

of nucleotide diphosphates, so the substrate analog was ADP with a nonhydrolyzable 

carbon linker between the phosphates. The symmetry of the product analog structure is 

interesting; the P43212 crystal form is the only known crystal form in which the 

intramolecular C2 axis coincides with a crystallographic two-fold axis so there is a single 

chain in the asymmetric unit.141 

 

Ligand binding in hHint1 is accomplished using a conserved binding pocket and mode. 

(Figure 1.3B) For a general nucleotide molecule, the nucleobase is sandwiched between 

residues Ile18, Phe19, Ile22 (on the α1 helix), and Phe41 behind, and Ile44 (on the β-2 – 

β-3 loop) in front. The 2´- and 3´-oxygens of the ribose are hydrogen bonded to Asp43; 

this is a significant interaction to orient the molecule in the binding pocket. The 5´-

oxygen is often observed tilted out of the active site in product complexes and can make a 

hydrogen bond with the sidechain of Ser107, though this conformation is not always 

observed (See discussion in Chapter 4). Finally, the phosphate is surrounded by a host of 

hydrogen bond donors, including the sidechains of Asp99, Ser107, and His114, as well as 

the backbone NHs of Ser107 and Val108.  
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In 2012, a new crystal form was reported: monoclinic C2 in structure 3TW2.103 This form 

contains one dimer in the asymmetric unit and is the highest resolution structure outside 

of our own data. Purified by AMP-agarose chromatography, there is an AMP molecule in 

chain A of the protein. The binding site in chain B is made inaccessible by 

crystallographic packing interactions—the active site of chain B is occluded by the β-1 – 

β-2 loop of chain B of a symmetry mate. This crystal form, though it diffracts well, does 

not represent any change in the protein conformation or an extension of order in the N-

terminus of the protein.103  

 

The product of amino acid tRNA synthetases, aminoacyl adenylates, are also substrates 

for hHint1, as mentioned previously. A sulfamate linkage was used by Wang and co-

workers as a isosteric replacement for the labile phosphoramidate linkage, and the 

structures of hHint1 complexes with Lys-AMS, Ala-AMS, and Trp-AMS were 

determined (4EQE, 4EQG, and 4EQH, respectively).105 These structures are virtually 

identical because the amino acid sidechains of Lys-AMS and Trp-AMS are disordered 

following the β-carbon. The sulfamate is a good isostere for the phosphate, rotating 

slightly to accommodate the extended leaving group analog.  

 

In a report investigating the substrate profile of hHint1, a non-hydrolyzable analog of 

Ap4A was co-crystallized with hHint1.142 The technique of co-crystallization was of 

particular importance to this structure (4ZKL and apo structure 4ZKV for comparison), 

as the ligand molecule changed the relative orientation of the two hHint1 dimers in the 
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P21 asymmetric unit. In structure 4ZKL, the active sites of chains B and D are forced into 

close proximity via a bridging ligand, whereas no such close interactions occur in the 

standard P21 cell. This changed the unit cell parameters from (a = 46 Å, b = 79 Å, c = 64 

Å, β = 90°) to (a = 64 Å, b = 46 Å, c = 103 Å, β= 97°).142 Though the interaction of this 

Ap4A analog with hHint1 may be relevant to the hHint1-MITF system (Section 1.2.2.1), 

the mode of binding is strongly influenced by crystal packing in this instance and may or 

may not be representative of the in vitro conditions.  

 

Through the new work presented in this thesis, the body of hHint1 structural knowledge 

has been greatly expanded. The structure of neuropathy mutants have been investigated, 

and the H112N inactive mutant in particular has been useful in capturing substrate 

complexes. Using a unique nucleoside thiophosphoramidate substrate, a structural 

reaction trajectory has been described, and a wide variety of substrate and product 

complexes have been used to define a structure-based substrate selectivity profile for 

hHint1 to guide the design of future prodrug molecules. 

 

1.2.3. hHint2 

 

1.2.3.1. Introduction 

 

While hHint2 shares a high sequence identity (61%) with hHint1, it is significantly 

extended at the N-terminus by 35 residues and is only found in mammals.110 Prior to our 
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work, there were no structures reported for hHint2.  Embedded in these residues is a 

putative mitochondrial transit signal, as hHint2 is localized to the mitochondria. 

Additionally, hHint2 is predominantly expressed in the liver, pancreas, and adrenal 

glands.110 Like hHint1, hHint2 has phosphoramidase activity and no apparent PKCI-type 

activity, while the natural substrate is yet unknown. The substrate specificity profile has 

not yet been as fully elaborated for hHint2 as it has for hHint1.135 However, work by 

Dufour and co-workers110 and Guranowski and co-workers143 has helped to elucidate the 

enzymatic activity of this protein. Compared to rabbit Hint1, hHint2 has a kcat that is 10-

fold greater with a model substrate (with comparable Km values), indicating that hHint2 

is a more efficient hydrolase for some substrates.110 Using sheep Hint2 (OaHint2, 98% 

identical to hHint2), Guranowski and co-workers demonstrated that OaHint2 showed a 

similar preference to hHint1 for purine nucleoside substrates over pyrimidine nucleoside 

substrates, but was less efficient than OaHint1 at hydrolyzing sulfate analogs of 

nucleotides.143 

 

Being restrictively localized in the mitochondria of cells, hHint2 could be natively 

involved in apoptotic signaling,110 but there is also evidence that hHint2 plays a role in 

regulation of cellular metabolism144–147 and may also contribute to the activation of 

phosphoramidate nucleoside prodrugs.148 The tissue localization, too, was of interest, as 

the adrenal glands are the site of corticosteroid biosynthesis, but only an indirect link 

between hHint2 and steroidogenic activity was found.149  
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1.2.3.2. Hepatocellular Carcinoma 

 

The establishment of hHint1 as a tumor suppressor protein sparked interest in the tumor 

suppressor capability of hHint2; specifically, the localization of hHint2 to the 

mitochondria, the origin of intrinsic apoptotic signaling, presented hHint2 as a strong 

potential candidate tumor suppressor.110 In an analysis of human liver carcinoma cells 

(HepG2), it was found that overexpression of wild-type hHint2 sensitizes the cells to 

proapoptotic signals such as ethanol or a combination of anti-Fas antibody and 

actinomycin D, both known inducers of apoptosis.110,150 When an inactive His149Ala 

mutant was overexpressed, the sensitization was not observed, so hHint2 hydrolase 

activity appears to be linked to its proapoptotic function.110 In human hepatocellular 

carcinomas, hHint2 is usually expressed at lower levels than in surrounding tissues, and 

when it is, it is correlated with a worse prognosis.110  

 

1.2.3.3. Cellular Metabolism 

 

The complex nature of hHint2 influence on hepatocyte metabolism is only beginning to 

be understood, largely using knockout mouse models. The overarching phenotype of 

hHint2–/– mice is that of hepatic steatosis, or fatty liver. In hepatocytes, the protein further 

localizes in the mitochondria on the inner membrane, near the contact sites with the outer 

membrane.146 Here, it functions to modulate the efficiency of the electron transport chain 

(ETC), protein lysine acetylation, lipid metabolism, glucose homeostasis, the generation 
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of reactive oxygen species, and mitochondrial phenotype.144–147 Mitochondria in 

hepatocytes deficient in hHint2 are large, poorly defined, and fused.146 

 

The effect of hHint2 on the ETC is to help maintain the inner membrane potential; in the 

absence of hHint2, the membrane potential is decreased.144 This interferes with the ability 

to generate ATP, and it makes the mitochondria susceptible to the opening of the voltage-

gated mitochondrial permeability transition pore, which can signal for apoptosis.144,151 

The buildup of intermediates in the ETC due to the low membrane potential may be 

responsible for the observed increase in reactive oxygen species.146 

 

The other features of hHint2–/– mice (protein acetylation, poor lipid metabolism, and 

increased insulin levels), may all be related to the steatosis phenotype. Identified targets 

of acetylation in Hint2 knockout models include acetyl-coA dehydrogenase long chain 

(COADL), acetyl-coA dehydrogenase medium chain (COADM), pyruvate carboxylase, 

carnitine palmitoyl transferase 1α (CPT1 α), all of which are enzymes involved in fatty 

acid metabolism; lysine acetylation functions to inhibit each of these enzymes, 

obstructing the normal processing of fatty acids.147 Additionally, insulin transcriptionally 

upregulates fatty acid synthase, further increasing the overall levels of fatty acids in 

Hint2–/–  hepaocytes.152 Together, these create a perfect storm of increased fatty acid and 

triglyceride levels, yielding the fatty liver phenotype observed.145–147 Furthermore, Hint2 

knockout mice are more severely impacted by the nutritional stress of periods high-fat 
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diet and fasting than their wild-type counterparts, exhibiting greater hepatic lipid levels at 

these times.147 

 

1.2.4. hHint3 

 

Comparatively little is known about hHint3. This protein shares a lower sequence identity 

with hHint1 (28%), and has significant extensions at both the N- and C-termini, of 31 and 

25 residues, respectively.82 A eukaryotic-specific protein, hHint3 is found both in the 

cytosol and nuclei of cells.82,111 A single study carried out by the Wagner lab aimed to 

characterize this protein, concluding that hHint3 may represent a unique branch of the 

HIT superfamily, possibly more closely related to the aprataxin family with which it 

shares a 31% sequence identity.111 This study investigated hHint3 with two single 

nucleotide polymorphisms at residue 36, termed hHint3-1(Ala36) and hHint3-2(Gly36). 

Both hHint3-1 and hHint3-2 displayed a range of multimeric states in solution, with 

hHint3-1 being dominated by an oligomeric species, and hHint3-2 being dominated by a 

monomeric species.111 In enzymatic assays, both polymorphs displayed approximately 

100-fold greater Km values, but 4- to 7-fold smaller kcat values, for tested substrates. The 

preference for purine nucleoside substrates over pyrimidine nucleoside substrates was 

maintained, although hHint3 is more efficient at hydrolyzing acyl nucleotides than 

phosphoramidates.111 Together, the differences in subcellular localization, oligomeric 

state, and substrate selectivity profile allowed the authors to hypothesize that hHint3 is a 

family unique unto itself.111 
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1.3. Anthrax Toxin Lethal Factor (LF) 

 

1.3.1. Introduction 

 

The infection caused by the Bacillus anthracis bacteria, colloquially known simply as 

anthrax, has been known since antiquity, with references to the characteristic edema, 

hemorrhage, and skin lesions present in the works of the Roman poet Virgil.153 Anthrax is 

also thought to be among the plagues of ancient Egypt as recorded in the Biblical book of 

Exodus.154 It is a disease that has historically been endemic to certain areas of the world 

and has given rise to epizootic crises, though human epidemics have not occurred, as 

human-to-human transmission is not efficient.155 Today, anthrax is of concern as a 

potential weapon of bioterrorism, largely due to its lethality in combination with the 

unusual durability and longevity of anthrax spores.154,156  

 

Bacillus anthracis holds a unique place in the history of medicine as a model organism 

for the Germ Theory of disease. Anthrax bacteria (“filaments”) were observed in the 

blood of deceased animals in 1848 by Aloys Pollender (1799-1879).155 In 1863, the 

infectivity of the blood of diseased animals and the subsequent appearance of bacteria in 

the newly infected animals was demonstrated by Casimir Davaine (1812-1882). In 

Davaine’s experiments, the infectivity was lost upon filtration of the blood. This, along 

with the work of Robert Koch and Louis Pasteur, led to the widespread acceptance of 

Germ Theory.155,157 Robert Koch (1843-1910) studied the life cycle of Bacillus anthracis 
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extensively, and he used it to formalize his Postulates, which were the first set of rational 

criteria used to determine whether an organism is the causative agent of a disease.155,157  

 

The work of Louis Pasteur (1822-1895) resulted in the first attenuated live bacterial 

vaccine for anthrax.155 Pasteur vaccinated 25 cows, and then those 25 cows and 25 

unvaccinated control cows were all injected with cultured anthrax bacteria. The 

vaccinated cows all lived, while the unvaccinated cows all died.154 Pasteur also addressed 

the ‘cursed fields,’ where anthrax was endemic, by showing that anthrax spores from a 

buried anthrax victim could be brought to the surface by the work of earthworms.157 The 

presence of an excreted bacterial toxin was also heralded by Pasteur, who noted that 

while the filtered blood of infected animals was not infectious itself, it did cause the 

blood of healthy specimens to agglutinate; he believed a secreted enzyme to be the source 

of this reaction.157 

 

Anthrax toxin was isolated in the post-World War II period at Porton Down, a British 

military research institution, by Smith and colleagues, resulting in the names of the three 

protein toxin components as it is known today: protective antigen (PA), edema factor 

(EF), and lethal factor (LF), though the enzymatic functions of the EF and LF 

components were not observed.157–160 Stephen Leppla determined in 1984 that EF is a 

calmodulin- and Ca2+-dependent adenylate cyclase,161,162 while the activity of LF as a 

mitogen-activated protein kinase kinase (MAPKK)-specific zinc metalloprotease was not 

revealed until 1998.163,164 The designation of anthrax toxin as two unique A-B toxins, 
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edema toxin and lethal toxin, resulted from work on the cholera toxin.157 Using this 

nomenclature, the ‘A’ component is the active component (EF or LF), and the ‘B’ 

component serves to facilitate entry into the target cells (PA).157,165 

 

The toxin produced by B. anthracis is one of two recognized virulence factors for the 

bacteria. The other virulence factor is the poly-γ-D-glutamic acid (γDPGA) capsule, a 

negatively charged shell which helps the bacteria elude identification by phagocytes and 

subsequent phagocytosis.156 Each virulence factor is encoded as a separate plasmid, 

termed pOX1 (anthrax toxin) and pOX2 (γDPGA capsule). In vaccines containing live, 

attenuated bacteria, such as Pasteur’s, the pOX2 plasmid is absent—or it should be. In 

later work with Pasteur’s vaccine, the vaccine was often either incompletely protective or 

still virulent.157 When the two accessory virulence plasmids were discovered in the early 

1980s, this behavior could be explained.166–168 The residual virulence was largely due to 

the incomplete elimination of the pOX2 plasmid in the bacterial population, and the 

rationale for the inadequate protection was the additional elimination of the pOX1 

plasmid, which encodes the primary immunity-inducing agent, PA.157,160 However, even 

when a stable strain of B. anthracis containing only pOX1 is generated (i.e. the Sterne 

strain), some residual virulence and injection site reactions are observed, so such a 

vaccine is not well suited to human use, though it has seen widespread use in 

agriculture.156,157  
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The vaccines that are used today are acellular preparations of the anthrax bacteria, known 

as anthrax vaccine adsorbed (AVA, Biothrax®; U.S.) and anthrax vaccine precipitated 

(AVP; U.K.).156 Both of these vaccines rely primarily on the immunogenicity of the PA 

component of the anthrax toxin and require 6 months to 1 year to generate immunity, so 

they are poor candidates for post-exposure prophylaxis treatment and are not suitable for 

anthrax therapy.156 As recently as December 2012, the FDA approved raxibacumab 

(AbThrax®), a recombinant monoclonal human antibody against PA for the post-

exposure prophylaxis and treatment of pulmonary anthrax.169  

 

A single antibody therapy against the anthrax toxin is not a sufficient arsenal against its 

effects. Antibodies are difficult and expensive to produce, prone to escape mutations due 

to their high specificity, and even more expensive to dose in combination therapy.170 

Furthermore, mitigation of the effector proteins of the anthrax toxin (EF, LF) would help 

to halt the action of the proteins in cells where they are causing damage, rather than 

preventing the toxin from entering new cells. This is an important aspect of anthrax 

therapy, as many cases of anthrax are not diagnosed until the patient has developed 

bacteremia and toxemia.155  

 

The etymology of ‘anthrax’ is from ancient Greek, where the word means ‘coal,’ 

referencing the black skin lesion of cutaneous anthrax.154 Cutaneous anthrax infection is 

the most common of three routes of infection, with gastrointestinal and pulmonary 

anthrax being both more rare and more deadly. The black-topped lesion developed in a 
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case of cutaneous anthrax occurs 3-5 days following exposure to anthrax spores, 

particularly on areas of compromised skin, such as a cut.154 Even accounting for 

bioweapons incidents in 1979 and 2001, cutaneous anthrax accounts for the majority of 

anthrax infections worldwide. In the United States, there were 236 cases of anthrax in the 

United States from 1955-1999, and the majority were cutaneous, while just one was 

pulmonary.154 When treated with a combination of two or more antibiotics such as 

doxycyclin, vancomycin, ciprofloxacin, or chloramphenicol, cutaneous anthrax has an 

approximate 1% fatality rate.154,155 

 

The success of treating gastrointestinal and pulmonary anthrax is more difficult to 

determine, as cases are much less common. In the 20th century, there were 18 cases of 

pulmonary anthrax in the United States, 16 of which were fatal, whereas there were no 

reports of gastrointestinal anthrax.154 In the 2001 anthrax attacks, the fatality rate dropped 

to 40% with early intervention with antibiotics.171 The early presentation of pulmonary 

anthrax has symptoms of fever, nonproductive cough, sweating, fatigue, and nausea, 

symptoms that may easily be confused with another infection such as pneumonia or 

meningitis.  These conditions are also treated with antibiotics, but the potential for 

misdiagnosis raises a concern for a strain of anthrax that is resistant to antibiotics, leaving 

the patients without suitable treatment for early or advanced disease states. Because of 

this, agents in addition to raxibacumab that act directly against the toxin components are 

necessary. 
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1.3.2. Molecular Interactions of Anthrax Toxin 

 

Anthrax toxin lethal factor (LF) is one element of the tripartite exotoxin produced by B. 

anthracis.  Together with protective antigen (PA) and edema factor (EF), this toxin 

reportedly compromises host immune responses, though the exact mechanism is not fully 

understood.172–176 The known molecular interactions of the toxin components are outlined 

in Figure 1.4.169 

 

1. The toxin components are secreted from the anthrax bacteria. 

2. PA83, a 83 kDa protein, binds to one of two anthrax receptors (ANTXR-1, or 

ANTXR-2, also known as tumor endothelial marker 8, TEM8, and capillary 

morophogenesis protein 2, CMG2, respectively).169,173 

3. Furin, or a furin-like serine protease, cleaves an N-terminal 20 kDa fragment from 

PA83, yielding a 63-kDa PA63 bound to the receptor.173,177 

4. With the receptor, PA63 forms a heptameric prepore and binds three or four 

molecules of a combination of LF and/or EF at a single binding site, such that the 

binding of one LF or EF molecule occludes a neighboring site on PA.173,177,178 

5. Endocytosis occurs via receptor-mediated endocytosis in a clathrin-dependent 

fashion.179 This is controversially mediated by the low-density lipoprotein 

receptor 6 (LRP6).180,181 

6. The pH drops in endosomes, and the PA63 heptameric prepore undergoes 

rearrangement to become a pore at an optimal pH of ~5.5.177 

7. Toxins LF and EF enter the cytosol through the PA63 pore. They are hypothesized 

to partially unfold in order to fit through the pore diameter of ~15 Å.177 

8. Lethal factor is a zinc metalloproteinase that targets the proline-rich N-terminal 

portion of MAPKKs. Degradation of these proteins inhibits the immune response 

of macrophages and leads to cell death, but the molecular path to apoptosis is 
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unclear.173 Pathways that are affected by MAPKK cleavage include the 

extracellular-signal-regulated kinase (ERK), p38, and Jun N terminus kinase 

(JNK).178 The release of proinflammatory cytokines has been implicated in the 

‘lethal’ effects of LF.178 

9. Edema factor, a calmodulin- and Ca2+-dependent adenylate cyclase, has several 

known downstream results.  The increase in cyclic AMP (cAMP) generated by EF 

Figure 1.4. The molecular interactions and effects of anthrax toxin. Reproduced with permission from 
Kummerfeldt 2014.169  
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stimulates protein kinase A (PKA). The increase in intracellular fluid (edema) is 

likely caused by the activation of the cystic fibrosis transmembrane conductance 

regulator (CTFR) by PKA in epithelial cells.178 Protein kinase A can also activate 

the cAMP response element binding protein (CREB), which then translocates into 

the nucleus and upregulates the genes that sit downstream of cAMP response 

elements. One such gene is plasminogen activator inhibitor 2 (PAI-2), a known 

modulator of apoptosis;182  this may serve to balance the activity of LF and help 

the systemic dissemination of infected cells.183  

 

From the perspective of biodefense, the comprehensive characterization and development 

of toxin inhibitors such as those of LF are of significant interest, as the secreted toxins 

may present more of a medical problem than the bacterial infection itself, and the toxins 

can persist after antibiotic treatment.184,185 This un-met medical need for therapeutic 

options has led to a number of efforts to identify effective LF inhibitors using structure-

guided principles.186–189 

 

 

1.3.3. Existing Structures and Efforts Toward Structure-Based Drug Design  

 

The LF protein is a 94 kDa zinc metalloproteinase that cleaves the N-terminal proline-

rich portion of MAPKKs, with high selectivity for a P1 proline and basic residues at P4, 

P5, and P6. Lethal factor consists of four domains (Figure 1.5): Domain 1 (residues 1-

263), which interacts with PA; Domain 2 (residues 264-299 and 386-550), which may 

play a role in recognition of the C-terminal portion of the substrate peptide beyond P5´; 
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Domain 3 (residues 300-385), which is utilized in substrate recognition of P1-P5´ and is 

inserted into Domain 2; and Domain 4 (residues 551-776), which contains the catalytic 

zinc site and the key substrate recognition sites S1´-S6. 187,188 

 

Two constructs of LF have been previously crystallized in ten published structures (Table 

1.3): the full-length sequence (mature protein residues 1-776, LFFL) lacking only a 33-

amino acid signaling peptide from the immature transcript,186–189 and an N-terminal 

truncation that eliminates Domain 1 of LF (the PA-binding domain; residues 1-264),  

referred to as LFNT.190,191 The structure of LF was solved in early 2001 and released with 

the accompanying manuscript in November 2001, shortly after the anthrax attacks.187 The 

LFNT construct has appeared more recently,190 and all of the original structures presented 

in this work use the LFNT construct.  

Figure 1.5. Domain structure of Lethal Factor. 
Domain 1 (red), Domain 2 (tan), Domain 3 (green) 
and Domain 4 (blue). The active site is marked by 
the gray zinc sphere in Domain 4.  
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Two structures of LF were described in the initial paper, which covered the overall 

structure and substrate binding—the first X-ray crystal structure of a protease and intact 

substrate.187 The structure of the LFFL construct was described using both structures 1J7N 

and 1JKY, but 1J7N provides higher-resolution data. Structure 1J7N is an apo structure 

containing zinc but no other ligand. A substrate peptide from the N-terminus of MAPKK-

2 is found in the binding groove of 1JKY, made possible by the absence of zinc in this 

structure. The space group observed in 1JKY, I4132, is also unique, but was abandoned 

due to its poor diffraction.187 The availability of the crystal structure of LF opened the 

door for structure-based design of inhibitors.  

 

In back-to-back articles in Nature Structural and Molecular Biology in 2004, five 

complexes of LF and ligands were published (1PWP, 1PWQ, 1PWW, 1PWU, and 

1PWV).188,192 The substrate specificity of LF was examined, and an optimized peptide 

was co-crystalized with LF, both in the presence (1PWW) and absence (1PWV) of 

Table 1.3. Published crystal structures of LF. Ligands are shown in Figure 1.6. 

 PDB ID Spcgrp. Const. Res. (Å) Description Reference
1J7N P21 LFFL 2.30 apo Pannifer et. al 2001187

1JKY I4132 LFFL 3.90 Complex with MAPKK-2 
peptide; no Zn Pannifer et. al 2001187

1PWP P21 LFFL 2.90 Complex with A1 Panchal et. al 2004192

1PWQ P21 LFFL 3.52 Complex with A2 Turk et. al 2004188

1PWW P21 LFFL* 2.80 Complex with peptide and 
zinc; *E687C mutant Turk et. al 2004188

1PWU P21 LFFL 2.70 Complex with A3 
(GM6001) Turk et. al 2004188

1PWV P21 LFFL 2.85 Complex with peptide; no 
zinc Turk et. al 2004188

1YQY P212121 LFNT 2.30 Complex with A4 (MK-40) Shoop et. al 2005190

1ZXV P21 LFFL 2.67 Complex with A5 Forino et. al 2005189

4DV8 P212121 LFNT 1.63 Complex with A6 Jiao et. al 2012191
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zinc.188 Importantly, this study revealed a strong preference for a tyrosine residue at the 

P1´ position. The substrate peptide was not cleaved in 1PWW, despite the presence of 

zinc, due to an E687C mutation, which removes the catalytic activity of the enzyme.188 

The major difference in the binding of the peptide in these two structures is due to the 

absence of zinc, removing a steric constraint on the peptide binding area, so in 1PWU, 

the residues near the scissile bond are translocated up to 1.5 Å closer to the zinc binding 

site. 

 

Several inhibitors of LF were also studied. Because LF is a metalloproteinase, a well-

known inhibitor of matrix metalloproteases, A3 (GM6001, Figure 1.6),193 a peptide 

hydroxamic acid, was evaluated and co-crystallized with LF (1PWU). An additional 

peptide with a 2- thioacetyl zinc chelator, a hydroxamic acid analog, derived from the C-

terminal fragment of the optimized substrate, A2 (Figure 1.6), was investigated with LF 

(1PWQ). Both peptides are modestly potent inhibitors of LF (A3: Ki
app = 2.1 ± 0.2 µM; 

A2: Ki
app = 11 ± 3 µM), and they both bind in the expected fashion, with the zinc 

coordination by the respective chelating groups and the peptide sidechains largely 

binding in recognition sites.188 
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A pharmacophore model based on HTS hits led to the identification of other inhibitors of 

LF, including A1 (Figure 1.6), which was captured in a protein-ligand complex 

(1PWP).192 This compound, a symmetric diquinoline compound with a urea core, is 

reported to be more potent than either of the two peptide molecules (Ki = 0.5 ± 0.18 

µM).192 In 1PWP, the urea element binds directly under the zinc ion, and only the 

quinolone which binds in the N-terminal portion of the binding pocket is well-ordered.192 

This structure represents a landmark in the development of inhibitors of LF, as it is the 

first structurally characterized compound that does not rely upon zinc chelation. 

 

Figure 1.6. Compounds from published protein-inhibitor complexes with LF.  

 

N

N
H

N
H

O
NMe Me

NH2 NH2

SH
N
H

O
N

O
O

NH2
O

S

HO

N
H

OH
O

O

H
N

HN OHN

N
H

OH
O

H
N

S
O

O

F
O

Cl
O

S
N

O

O

O

OH N
H

OH
O

OMe

F

NH

F

A3 (GM6001)
1PWU

A2
1PWQ

A1
1PWP

A5
1ZXV

A4 (MK-40)
1YQY

A6
4DV8



 

 46 

An inhibitor development program at Merck resulted in the first structure with LFNT and 

the potent compound A4 (MK-40, Figure 1.6).190,194 This small molecule inhibitor 

contains a hydroxamic acid zinc chelating group and a fluorinated aromatic ring that 

binds in the S1´ pocket, linked by a sulfonamide backbone.190 The sulfonamide nitrogen 

makes a key hydrogen bond with the sidechain of Tyr728, as shown in structure 1YQY. 

The reported IC50 is 54 nM.194 A broader series of compounds based on this scaffold was 

evaluated by Merck, and their synthesis constituted the backbone for many of the 

compounds presented in this work.194 

 

 A derivative of rhodanine, A5 (Figure 1.6), was used as an alternative zinc binding agent 

in structure 1ZXV.189 This compound has a less potent IC50 value, 0.8 µM, which may be 

due to it not having a S1´ binding moiety. This compound, by comparison, occupies more 

of the N-terminal binding grooves than previous molecules.189 

 

Combining characteristics of previous successful molecules, a compound that occupies 

S1´, chelates the zinc, and extends into the N-terminal portion of the binding groove was 

developed and co-crystallized with LF (4DV8).191 This compound (A6, Figure 1.6) has a 

reported Ki = 0.58 nM and appears to be selective for LF in a panel of matrix 

metalloproteases.191 Although this is the best inhibitor of LF reported in the literature, 

there have been no published follow-up studies or clinical trials as of this writing. 

 



 

 47 

A reason for the lack of progress in the development of LF inhibitors as drugs may be the 

reliance on hydroxamic acids as zinc chelating groups. Hydroxamic acids are a metabolic 

liability, as they can be acylated or sulfated, and then a subsequent Lossen rearrangement 

yields an electrophilic isocyanate.195 The isocyanate can cause damage to other proteins 

and DNA in cells.195 By understanding the structure of LF and how small molecules 

influence the structure, the intent of this work is to help the field move away from the use 

of hydroxamic acids in particular, and zinc chelating groups in general, in small molecule 

LF inhibitors. 
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Chapter 2: Work with hHint2 and hHint3 

The hHint2 and structure-based phylogeny portions of this chapter is largely reproduced 

with permission from:  

Maize, K. M.; Wagner, C. R.; Finzel, B. C. Structural Characterization of Human 
Histidine Triad Nucleotide-Binding Protein 2, a Member of the Histidine Triad 
Superfamily. FEBS J 2013, 280 (14), 3389–3398. 
 

2.1. Introduction 

 

Despite the discovery of hHint2 and hHint3 through the Human Genome Project,108 the 

body of research around these proteins has been somewhat slow to develop in 

comparison to hHint1, which has been linked to a myriad of systemic 

processes.105,114,116,120,128–130 The reasons for this may be intrinsic to the proteins, as will 

be expanded in this chapter. Human Hint2 is very similar to hHint1, with a 61% overall 

sequence identity and very high active site sequence identity, but it is localized to the 

mitochondria and has a more restrictive tissue distribution,110 possibly making it a lower-

priority target for many researchers.  

 

The unique substrate selectivity profile111 of hHint3 and low sequence similarity to 

hHint1 (28%) led us to pursue the structural characterization of this protein. We believed 

that obtaining the crystal structure of this protein would both help to explain the 

differences in enzymatic action and classify this protein as a true hHint family member or 
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as a different HIT family subclass on the basis of its fold. However, hHint3 has proven to 

be difficult to work with on the large scale. 

 

2.2. Results and Discussion 

 

2.2.1. Structure of hHint2 

 

Characterization of the hHint2 structure was of interest in order to inspect the fold of all 

members of the hHint family and to determine whether the structures would inform 

differences in substrate selectivity. Initial attempts to purify the full-length sequence were 

unsuccessful due to low solubility, attributed to the 36-residue N-terminal extension 

relative to hHint1, so a new construct was designed, and all subsequent characterization 

was carried forward with the N-terminally truncated construct.  

 

The structure of hHint2 has been determined by analysis of diffraction data from an 

orthorhombic crystal form that extends to 1.19 Å resolution. Crystals were obtained from 

the truncated protein construct expressed in E. coli that does not include a putative N-

terminal mitochondrial pre-sequence. Because the full-length sequence has a poor 

solubility profile, the first 36 residues were removed to coincide with the sequence of 

hHint1 that was known to crystallize.141 In these crystals, the homodimer prevalent in 

solution occupies the crystallographic asymmetric unit (chains A and B).  These apo 

crystals were successfully soaked with AMP to produce a product-bound complex 
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structure at a resolution of 1.6 Å, as substrates are quickly converted to AMP in the active 

site. Atomic coordinates from both structures have been deposited in the Protein Data 

Bank.196   

 

The overall fold of hHint2 is identical to that of hHint1 (See Figure 1.3), which is 

unsurprising given their 61% sequence identity. The nucleotide binding core consists of 

five antiparallel β-strands, bound on one side by a short N-terminal α1 helix. The second 

α helix serves to support the β-sheet (Figure 2.1). In the structure of hHint2, the α1 helix 

of chain A is disordered due to packing restrictions, though this does not appear to impact 

the ability of AMP to bind in the crystal.  

 

In hHint2, the AMP molecule makes extensive hydrogen bonding contacts. The 

phosphate forms hydrogen bonds with Asn136, Ser144, Val145 backbone, and His151; 

Figure 2.1. The secondary structure of hHint2. Shown in cartoon format, looking down the 
noncrystallographic two-fold axis. Monomer A is wheat and monomer B is teal. The AMP 
from each is shown in light cyan. 
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an additional hydrogen bond is made to Trp160 through a water molecule. The 5´ oxygen 

of the ribose is hydrogen bonded to His149, the catalytic histidine, whereas the 2´ and 3´ 

hydroxyls contact Asp80, as well as having one water-mediated contact each. The 

adenine is primarily hydrogen bonded to water, but makes one specific contact with the 

amide proton of Val81. Nonpolar contacts of adenine are made by Phe56, Ile59 (both on 

α1), and Phe78 (on β2), and Val81 (on the β2-β3 loop).   All these residues are conserved 

in hHint1, and very comparable interactions characterize complexes with AMP reported 

for other HIT-like complexes.  

 

Among the Hints and HIT-like proteins, only hHint1 and hHint2 have been studied in 

both the apo and AMP bound state.  A small (~1.0 Å) shift of the backbone near Ser144 

occurs in both proteins upon AMP binding.  No other conformational adaptations are 

observed in response to AMP binding.  

 

It has been established that the C-terminal segment of Hint proteins contributes to 

substrate specificity in catalysis.139 The corresponding segment in hHint2 adopts a 

conformation identical to that seen in hHint1; only two conservative amino acid 

substitutions distinguish the proteins in this segment. 

 

Portions of both monomers of hHint2 are disordered and omitted from the molecular 

models.  In both apo and AMP-bound models, residues 37-51 of monomer B are 

disordered. Residues 37-63, including all of helix α1, are omitted from monomer A. The 
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disorder in residues 37-51 in both monomers is consistent with that seen in other hHint1 

structures. The disorder of the α1 helix in monomer A can, we believe, be attributed to 

crystal packing.  The binding of AMP has little effect on this disorder, but neither does 

the disorder seem to have much of an impact on AMP binding.  Electron density for 

bound AMP in both binding sites is excellent, and the AMP conformation and position is 

similar. Hydrophobic contacts made between AMP and helix α1 residues Ile55 and Ala59 

of monomer B are replaced by contacts with Arg58, Asp61, and Ser63 on the opposite 

side of α1 in monomer B related by crystal symmetry. 

 

Another notable difference between the hHint2 monomers is the conformation of the 

catalytic histidine, His149 (Figure 2.2).  In all structures of HIT-like complexes in the 

PDB in which this histidine is present, it exists in a chi1 = +60° conformation where it 

can participate in catalysis.  This conformation is also seen in hHint2 monomer B.  In 

monomer A of hHint2, His149 is found in an unusual chi1 = -60° conformation.  A 

chloride ion occupies the position precisely analogous to the phosphate P in this 

monomer of the hHint2 apo structure, and we expected that AMP would displace the 

chloride and allow the histidine to return to a more native conformation.  The chloride is 

displaced, but the unusual “out” conformation of the histidine unexpectedly persists in 

monomer A, even in the AMP-bound complex.  
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The asymmetry of the dimer in hHint2 is unusual in comparison to other hHint structures, 

which typically exist as very symmetric homodimers, even when observed in 

crystallographically distinct environments due to crystal packing. While the asymmetry 

in hHint2 may also be completely attributable to crystal packing, it nevertheless sheds 

some light on important features of this fold family that might have been previously 

unappreciated.  His149 must adopt the “in” chi1 = +60° conformation during the catalytic 

cycle, since this is the histidine nucleotidylated during acyl-AMP or phosphoramidate 

hydrolysis.138,141 The histidine is prevented from adopting the “out” chi1 = -60° 

conformation in the hHint2 monomer B and other Hints by steric clashes that would be 

Figure 2.2. Comparison of AMP binding modes in hHint2. Comparison is between monomers and 
between hHint2 and hHint1. Human Hint 2: chain A is wheat; chain B is teal. Despite the lack of order 
in monomer A, there appears to be no significant change in the binding of AMP. The structure of 
hHint1 complexed with AMP (PDB code: 1KPF) has only one chain (light cyan). 
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created with Phe56 (Phe19 in hHint1), whose side chain reaches inward toward the 

catalytic site from helix α1.  We note that in structure-based alignments of the Hints, 

Phe56 is strictly conserved.  Monomer A of our hHint2 structure is the only example of a 

case, where, because the entire α1 helix is disordered, Phe56 is not in a position to 

provide this conformational restriction.  

 

2.2.2. Attempts at hHint3 Expression and Purification 

 

In the previous report, hHint3 was expressed as an N-terminal fusion with E. coli 

dihydrofolate reductase (DHFR) to aid in the purification.111 However, despite this 

fusion, only approximately 1 milligram quantities of the protein were isolated from the 

preparation (Rachit Shah, personal communication). This yield is not sufficient for 

crystallization work, therefore alternative protein constructs were pursued. A total of 27 

protein constructs were made using various fusion proteins and truncations of the hHint3 

sequence, and different expression and refolding conditions were explored. Ultimately, 

none of the strategies were successful in obtaining large quantities of hHint3 suitable for 

crystallization. The consistent problem with this protein appears to be that it does not fold 

correctly in a bacterial expression system. 

 

The 27 hHint3 constructs are shown in Figure 2.3. The plasmid backbones that were most 

commonly used were pMCSG7, pMCSG9, and pMCG10,197,198 which encode N- 
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Figure 2.3. Schematic of all hHint3 constructs. The hHint3 portion of the construct is shown in blue 
(natural sequence) or purple (synthetic sequence) and is numbered according to which residues are 
included in the construct. MBP, maltose binding protein. GST, glutathione S-transferase. Sumo, small 
ubiquitin-like modifier. H6, hexahistidine tag. Inactivating H145N mutations are shown as red stars. 
 
 



 

 56 

terminally His-tagged tobacco etch virus protease (TEV)-cleavable transcripts; maltose 

binding protein (MBP) and glutathione S-transferase (GST) fusion proteins are also 

encoded prior to the TEV recognition site in pMCSG9 and pMCSG10, respectively. In all 

cases, the hHint3-2 (Gly36) polymorph was used, as this polymorph was shown to be 

dominated by monomeric species in the previous study.111 Two core constructs of hHint3 

were the most commonly incorporated into the various fusion proteins: the full (1-182) 

sequence, and an N-terminal truncation (33-182) that corresponds to the truncation made 

in hHint2. 

 

Construct A, the full hHint3 sequence with an MBP fusion protein, was the most 

commonly expressed protein construct. It was expressed in large-scale (≥ 1 L) 12 times 

as various purification strategies were attempted, including variations in cell line, cell 

media, expression temperature, zinc addition to the cell media, and protein isolation 

strategies, such as nickel- and MBP-affinity chromatography, surfactant stabilization, and 

refolding. This construct was expressed most frequently because it contained the N- and 

C-terminal extensions that were of greatest interest; a structure of the full-length protein 

would have been most revealing. Therefore, this construct was chosen as the case study 

for expression and purification. 

 

The expression and purification protocol followed generally derives from that 

successfully applied in the expression of hHint2; all the subsequent strategies were 

variations on this protocol. In general, the hHint3 plasmid is transformed into BL21 
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(DE3) Rosetta2 pLysS cells and grown in LB media containing 0.1% (w/v) glucose at 37 

°C until OD600 = 0.6-0.8.  The cultures are then induced to 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) and incubated at 37 °C for 9-10 hours.  

 

For purification, the buffers are HEPES-based, pH 7.5, with a small amount of reducing 

agent. The cell pellets are resuspended and lysed, and then the lysate is clarified and 

applied to a nickel affinity column, and the His-tagged protein is eluted with an imidazole 

gradient. A typical progression of purification via SDS-PAGE analysis is shown in 

Figure 2.4, starting with the first nickel column in Figure 2.4A. The His-tag and fusion 

protein are cleaved overnight by reaction with TEV protease, while dialyzing against a 

no-imidazole buffer. The mixture is reapplied to the nickel affinity column, and the flow-

through is collected. (Figure 2.4B) Finally, the flow-through is concentrated and applied 

to the size-exclusion column, which should separate hHint3 from any contaminants by 

size. It is following this last step that the failure of the purification becomes apparent, as 

the hHint3 protein consistently eluted with the void volume of the size exclusion column 

(Figure 2.4C), indicating that no separation occurred, and that hHint3 existed as 

Figure 2.4. SDS-PAGE analysis of a purification of construct F. In each panel, column 1 is the molecular 
weight marker. (A) Gel following the first nickel affinity column; hHint3 is present but not pure. 
Fractions representing columns 9-15 are pooled and cleaved with TEV protease. (B) Gel following the 
second nickel affinity column. The flow-through columns 2-7 appear to be pure, and some contaminants 
were removed (fractions 8-15). (C) Gel following the size-exclusion column. Column 2 is the 
concentrated protein prior to its application to the size-exclusion column, indicating that hHint3 is not as 
pure as it had appeared. Columns 3-6 represent the void volume, which elutes before any separable 
proteins.  
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aggregates in solution.  

 

Following the failure of the standard purification protocol, changes to the expression and 

purification protocols were progressively and futilely explored to determine whether they 

would impact the protein prep. Unfortunately, no changes resulted in a positive outcome. 

The first thing that was attempted was the addition of zinc (20 µM) to the cell growth 

media, as hHint3 is expected to bind zinc at a C-X-X-C motif contained in the α1 helix 

(see discussion in 2.2.3). Because hHint3 contains eight cysteine residues that could 

potentially form disulfide bonds essential for folding, a new cell line was also 

investigated. The Rosetta-gami (DE3) pLysS strain has mutated thioredoxin reductase 

(trxB) and glutathione reductase (gor) genes, which are meant to keep the intracellular 

concentrations of reducing agents low and allow disulfide bonds to form. Presence of 

chaperones could also be problematic for protein expression. If perhaps the induction 

temperature was causing too much of the protein to be expressed, or too many 

chaperones to be expressed, the induction temperature was lowered to 18 °C. If too few 

chaperones were being expressed, co-expression with chaperones, too, was tried. 

Combinations of these changes were also attempted. 

 

In the purification half of the preparation, several strategies were tried as well. The cell 

pellets were resuspended in a surfactant-containing buffer (0.1% Triton X-100) to try to 

disrupt aggregation. The maltose binding protein was used for the affinity 

chromatography step. One of the goals of the purification step was to obtain hHint3 
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protein that, if not folded properly, was pure enough to screen for refolding conditions, 

but due to the heterogeneous aggregates, this was not possible. Refolding of the protein 

mixture was also attempted, but suitable conditions could not be found.  

 

The different protein constructs were designed in order to help with protein solubility and 

folding problems; this strategy had been successful for the production of hHint2. 

Constructs A-F were placed at the beginning in the standard protein expression vectors of 

the Finzel Lab, and using an analogous N-terminal truncation (33-182) as in hHint2. 

After several attempts at expression of both the full-length and N-terminally truncated 

sequences, progressively larger C-terminal truncations were also made in 5-residue 

increments, until constructs comparable in length to analogous hHint1 and hHint2 

sequences were achieved.  These were made with both full-length and N-terminally 

truncated N-termini. (Constructs G-P)  

 

Of these constructs, construct P, a hHint1-sized analog, was expressed first with the 

expectation that the protein preparation procedure could be optimized and used for larger 

constructs. However, construct P suffered from the same purification issues as all other 

constructs.  

 

Following this setback, different vectors were explored; pMCSG28, which encodes a 

TEV protease-cleavable C-terminal His-tag, and pET29659, which encodes a His-tagged 

Small ubiquitin-like modifier (SUMO) fusion protein that is TEV protease cleavable. 
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These were chosen with the thought that perhaps the N-terminal location of the tag/fusion 

disrupts the folding, and because SUMO is thought to help its fusion partner proteins fold 

and solublize.199 This resulted in vectors Q-S, but no change in the purification of hHint3.  

 

Although it appeared that the entire protein was being translated, we could not rule out 

that translation was stalling near the C-terminus and causing aggregates due to the natural 

human sequence expression in E. coli, nor that the enzymatic action of the protein was 

somehow affecting its aggregation state. Therefore, we purchased the hHint3 sequence 

with codons optimized for bacterial expression from GeneScript and put it into our 

standard expression vectors. In some cases, the catalytic histidine (H145) was mutated to 

asparagine to ensure that the protein was inactive. This synthetic gene sequence was used 

to construct vectors T-AA. Furthermore, an extreme truncation of both the N- and C-

termini that corresponds to the portion of hHint1 and hHint2 that is ordered in the crystals 

(there are 10-12 residues that are disordered, but present, at the N-terminus) was made to 

yield construct Z.  

 

Construct Z should correspond to the minimal nucleotide binding domain of hHint3, and 

it is expected to be inactive. Though Z was thought to present the least insult to the 

expressing cells, it too suffered from the same purification problems as previous 

constructs, leading us to conclude that the core Hint domain does not appear to be 

folding.  
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2.2.3. Structure-Based Sequence Alignment and Phylogenetic Tree 

 

Our interest in the HIT superfamily was initially kindled by the unique conformer of the 

catalytic histidine in hHint2. Since all members of the HIT superfamily use an analog of 

hHint2 His149 as part of their catalytic mechanism, we undertook a detailed structure-

based alignment of HIT-like proteins whose structures are known. If conformational 

restriction of the catalytic histidine provides an enzymatic advantage to Hints, then this 

feature should be preserved in other histidine triad proteins.   

 

We have constructed sequence alignment and a phylogenetic tree of 30 HIT-superfamily 

sequences. The sequence alignment is based on substructure alignment of protein 

structures in the PDB, including many results from structural genomics efforts. Crystal 

structures were used to correct the misalignments that invariably result from the 

comparison of diverse sequences alone. The sequence of hHint3 is included in the 

alignment, although the structure has not yet been solved. Since the original publication 

of the paper described in this section, the structures of two additional human HIT proteins 

have been described: hAprataxin (4NDF, 4NDG, 4NDH)200 and hGalT (5IN3; literature 

to be published at the time of writing). The structures confirm the original alignment of 

the primary sequences. 

 

From our alignment, we conclude that restriction of the nucleophilic histdine by a Phe56 

analog in other HIT proteins is highly likely. In many of the ‘HIT-like’ proteins, the 
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phenylalanine is conserved. While other fold family members fulfill this requirement 

using different fold variations (not shown), all these proteins place a large hydrophobic 

group in a position that prevents the catalytic histidine from adopting an inactive “out” 

conformation.  Fhit family protein structures,88 for example, replace the α1 helix with a 

β-hairpin, but still preserve a phenylalanine in this position.  GalT77,201 and aprataxins202 

adopt very different conformations in this region, but place a leucine side chain in a 

comparable position.  

 

It is also worth noting that many of the HIT family proteins bind zinc, although the zinc 

has not been shown to play a catalytic role as in metalloproteinases. There is no apparent 

correlation between zinc-binding and subfamily identity.78 In zinc-binding HITs, zinc 

coordination involves a C-X-X-C sequence motif in the α1 helix and the first histidine 

sidechain in the sequence triad motif. These residues are highlighted in the sequence 

alignment (Figure 2.7, end of chapter). Aprataxins do not bind zinc in this fashion but do 

contain a separate zinc-finger motif C-terminal to the nucleotide binding domain.81,82 

Based on this analysis, we expect that hHint3 does bind zinc, as it shares the C-X-X-C 

motif. In the GalT family, zinc binding is not consistent. The zinc-binding amino acids 

are conserved in GalT homolog structures such as 1HXP, and zinc is observed in the 

expected site, but in hGalT, the first cysteine is replaced with asparagine (N-X-X-C), and 

no zinc is observed in this site in structure 5IN3. 



 

 63 

The phylogenetic tree recreates the five major branches of the HIT-superfamily,82 but 

also permits a sub-classification of the widely sampled bacterial HIT-like proteins into 

four previously unidentified minor HIT clades (Figure 2.5). One protein, identified by its 

PDB ID as 1XQU, is a target of bacterial structural genomics efforts whose activity is 

unknown. However, based on its sequence association, 1XQU aligns with the red ‘Hint’ 

clade, which also includes hHint1, hHint2, and the E. coli Hint, all of which are acyl-

nucleotide and phosphoramidate hydrolases. Therefore, 1XQU is almost certainly a Hint 

Figure 2.5. Phylogenetic tree of the HIT superfamily; members that have not yet been structurally 
characterized are shown in italics. Hint family proteins are red. Newly identified HIT-like clades are 
purple, light green, brown, and yellow. The Fhit family is light blue, and a biochemically 
uncharacterized protein that may be a Fhit relative from Mycobacterium tuberculosis is dark blue. The 
phylogenetic tree was constructed using the multisequence alignment in Figure 2.7 and 100 additional 
data sets from the Fitch-Margoliash method in PHYLIP216,217 and allowing global rearrangement. 
Numbers on the branch points indicate bootstrapping support (as a percentage value).   

 



 

 64 

protein with similar activity. 

 

The remaining bacterial structures fall into four HIT-like clades (purple, yellow, light 

green, and brown).  Structurally, the purple HIT-like clade (4EGU, 3OXK) appears to be 

highly related to the known Hint proteins, whereas the remaining three HIT-like clades 

differ from the Hints by the addition of a long 12-15 residue C-terminal helix that lies 

adjacent to α2, β1 and β2. Sequence alignment alone fails to properly separate these two 

structural subclasses: those that draw the C-terminal helix from the same monomer 

(2EO4, 3LB5, 3P0T, 3O0M, 3NRD, 3OHE, 3I4S, and 3I24), and those that cross over to 

draw this helix from the other monomer (3L7X, 3IMI 1Y23, 3R6F and 3KSV).  The 

members of the brown HIT-like clade (2OIK, 3NRD, 3OHE, 3I4S, and 3I24) all have a 

significantly different α1-β1 connection that would preclude nucleotide binding in the 

previously observed conformations. 

 

The other HIT superfamily members are more clearly divergent; despite having 

additional domains, there are changes within the HIT domain itself that can help delineate 

clade differences in the superfamily. GalT, the single HIT class whose preferred 

substrates are pyrimidine rather than purine nucleotides, has an extended loop over the 

top of the nucleotide binding site that would likely have unfavorable steric and 

electrostatic interactions with a purine. DcpS incorporates two nucleotide binding 

domains, but they are not positioned to form a single β-sheet; the two five-strand β-sheets 

are separated. In Aprataxin, α2 is significantly extended and irregular. Human Hint3, 
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while yet to be structurally characterized, has significant extensions at both the N- and C-

termini compared to hHint1 that may serve a functional purpose. 

 

The comparison of multiple structures and the composition of the phylogenetic tree 

compels us to predict that the other bacterial proteins in HIT-like clades close to the Hints 

on the tree (the purple and light green clades) will also likely have phosphoramidase 

activity, and that they should all be considered as members of the same super-clade of 

Hint-like HITs. Importantly, hHint3 is in a clade by itself, and it is approximately as 

related to the other hHints as it is to the GalTs or Aprataxin based on this analysis. The 

unique character of hHint3 has been previously noted on the basis of its unusual 

biochemistry;111 unlike other hHints, hHint3 has a strong preference for acylnucleotide 

substrates over the corresponding phosphoramidates.111 The isolated position of hHint3 in 

the phylogenetic tree provides additional evidence for hHint3 being a distinct HIT family 

member that requires structural study.  

 

2.3. Conclusion 

 

The X-ray crystal structure of hHint2 confirmed its overall similarity to hHint1. Though 

hHint3 represents a target of great structural interest, the expression and purification 

protocol could not be optimized to obtain any pure, folded protein. The difficulty in 

isolating hHint3 has been inferred to be due to an inherent folding issue in the core 
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nucleotide binding domain, and this issue may be able to be addressed through the use of 

an alternative expression system.  

 

Further investigation of the HIT superfamily was inspired by a unique conformation of 

the nucleophilic histidine in hHint2 (His149, chain A) and the question of conservation of 

a neighboring residue (Phe56), which provides a conformational restriction, using a 

structure-based sequence alignment. The function of this residue appears to be strictly 

conserved among the HIT superfamily, either by Phe or another large hydrophobic 

residue. The structure-based sequence alignment was used to construct HIT phylogenetic 

tree that recreated the canonical HIT family members and introduced new HIT clades that 

are similar to known clades, while maintaining the uniqueness of hHint3. 

 

 

2.4. Materials and Methods 

2.4.1. Cloning of hHint2 

The full-length gene for human histidine triad nucleotide binding protein 2 (HINT2) was 

obtained in a pQE-T7 vector that had been optimized for Escherichia coli expression, and 

residues 37-163 were amplified by polymerase chain reaction (PCR)203 using PfuTurbo 

(Agilent Technologies) and the primer pairs hHint2NT_SNT_FW and 

hHint2NT_SNT_RV (Integrated DNA Technologies) shown in Table 2.1.  Residues 37-

163 were identified as the construct of interest, as these residues exclude the proposed 
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mitochondrial signal peptide (residues 1-19) and residues 20-37 that align to the N-

terminus of the successfully crystallized construct of hHint1.141  

  

The PCR products were separated by gel electrophoresis, and then the product of interest 

(residues 37-163; hHint2NT2) was purified from the agarose gel (Zymoclean™ Gel DNA 

Recovery Kit, Zymo Research).  The hHint2NT2 construct was prepared for insertion 

into ligation-independent cloning (LIC) site of the pMCSG9 vector by treatment with T4 

polymerase (Promega) and dCTP (Fisher Scientific), then introduced into a pMCSG9 

vector (N-terminal, Tobacco Etch Virus (TEV) cleavable Maltose Binding Protein fusion; 

ampicillin resistance) that had been opened with SspI (New England BioLabs) and 

prepared with complementary T4 polymerase and dGTP (Fisher Scientific) treatment.198   

 

The hHint2NT2-containing vectors were transformed into E. coli XL1 Blue 

supercompetent cells (prepared with Z-Competent™ E. coli Transformation Kit, Zymo 

Research) according to the manufacturer’s instructions.  Clones positive for the vector 

were selected on ampicillin agar and confirmed by colony PCR with PCR Supermix 

(Invitrogen), the TEV_forward primer, and the T7_reverse primer (Integrated DNA 

Table 2.1. PCR Primers 
Primer Sequence (5' to 3')
Cloning
hHINT2_SNT_FW ACTTCCAATCCAATGCCGGTAATGAAGTTGCAAAAGCACAGCAG
hHINT2_SNT_RV TTATCCACTTCCAATGCTACTAACCCGGAGGCCATTGC 
Sequencing
TEV_forward GGTACCGAGAACCTGTACTTCCAATCCAAT
T7_reverse GCTAGTTATTGCTCAGCGG
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Technologies, Table 2.1), and a positive, confirmed clone was grown 5 mL LB broth with 

100 µg/mL ampicillin; the plasmids were then harvested (Zyppy™ Plasmid Miniprep Kit, 

Zymo Research). The gene sequences were verified by DNA sequencing (Biomedical 

Genomics Center, University of Minnesota). The plasmid was transformed into 

Escherichia coli BL21 (DE3) Rosetta2 pLysS (chloramphenicol resistant) 

supercompetent cells (prepared with Z-Competent™ E. coli Transformation Kit, Zymo 

Research) according to the manufacturer’s instructions.  Positive clones were selected on 

ampicillin plus chloramphenicol agar.   

 

2.4.2. Expression and Purification of hHint2 

 

The transformed BL21 (DE3) Rosetta2 pLysS cells were grown in LB broth containing 

100 µg/mL ampicillin (Gold Biotechnology), 30 µg/mL chloramphenicol (Roche 

Diagnostics), and 0.1% (w/v) glucose (Mallinckrodt Chemicals).  The cultures were 

grown at 37 ºC and 250 rpm until the OD600 reached 0.6; they were then induced to a 

final concentration of 1 mM isopropyl- β-d-1-thiogalactopyranoside (IPTG, TEKnova) 

and incubated at 37 ºC and 250 rpm for 12 hours.   

 

The cultures were harvested by centrifugation at 5000 x g at 4 ºC for 15 minutes and the 

pellets were collected, then resuspended in Buffer A (50 mM HEPES (Sigma-Aldrich), 

300 mM NaCl (Fisher Scientific), 10 mM imidazole (Sigma-Aldrich), 10% (v/v) glycerol, 

pH 7.5) which was then adjusted to 1 mg/mL lysozyme (bioWORLD).  The resuspended 
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cells were lysed by sonication (4 cycles of 30 seconds on, 30 seconds off) at 4 ºC.  

Benzonase (Sigma-Aldrich) nuclease (1.5 µL) was then added.  The cell debris was 

removed from the lysate by centrifugation at 40,000 x g at 4 ºC for 35 minutes.  The 

supernatant was clarified using a 0.45 µm syringe filter (Millipore), loaded onto a nickel 

affinity column (2 in series 5 mL HisTrap™ FF, GE Healthcare), washed with Buffer A, 

and then eluted with an imidazole gradient using Buffer B (50 mM HEPES, 300 mM 

NaCl, 600 mM imidazole, 10% (v/v) glycerol, pH 7.5).   

 

Fractions containing the hHint2NT2_MBP fusion protein were identified by gel 

electrophoresis and pooled (45 mL of A280 = 8.4).  N-terminally His-tagged TEV protease 

was added at 2% (w/w), and the protease mixture was transferred to dialysis tubing (3,500 

MWCO, Spectrum Laboratories) and dialyzed against 2 L of TEV cleavage buffer (50 

mM HEPES, 200 mM NaCl, 5% (v/v) glycerol, 1 mM DTT (Fisher Scientific), 0.5 mM 

EDTA (Fisher Scientific), pH = 7.5) overnight at 4 ºC.  The cleaved hHint2NT2 protein 

was removed from the protease mixture by reductive immobilized metal affinity 

chromatography, and the completion of the cleavage was confirmed by gel 

electrophoresis.  The cleaved protein was concentrated to A280 = 10 and further purified 

using size exclusion chromatography (HiPrep 16/60 Sephacryl S100 HR, GE Healthcare) 

using SEC Buffer (50 mM HEPES, 250 mM NaCl, 10% (v/v) glycerol, pH 7.5). Pure 

fractions were concentrated to A280 = 10 and stored at -80 ºC. 
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2.4.3. Crystallization of hHint2 

 

Crystals were grown using the hanging drop vapor diffusion method at a hHint2 

concentration of A280 = 10 and incubation at 20 ºC. Drops were made from equal volumes 

(2 µL) of protein and well solutions initially consisting of MES (Sigma-Aldrich) pH 5.5, 

5.8, 6.1, and 6.5 and a polyethylene glycol (PEG) 8000 (Fisher Scientific) gradient from 

10-35%. After about one month, clusters of very small crystals (approximately 7 µm in 

the largest dimension) were identified in conditions of 30-35% (w/v) PEG 8000 and MES 

pH 6.1 and 6.5.  The small crystals were harvested for use in microseeding, and larger 

crystals formed in the condition of 40% PEG 8000 and 100 mM MES pH 6.5, using a 

drop consisting of A280 = 10  protein (2 µL), well solution (1.5 µL) and microseed 

solution (0.5 µL), appearing in approximately one week.  Apo crystals were flash frozen 

in liquid nitrogen without further cyroprotection. 

 

Crystals were transferred into a solution of mother liquor (100 mM MES pH 6.5, 40% 

PEG 8000) containing 5 mM AMP (adenosine 5´-monophosphate disodium salt, Sigma 

Aldrich) and soaked for 30 minutes over a well of mother liquor; they were then flash 

frozen in liquid nitrogen without further cryoprotection.   
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2.4.4. Data Collection and Processing for hHint2 

 

Diffraction data were collected from crystals at 100 K on at beamline 17-ID-B (IMCA-

CAT) using a Dectris Pilatus 6M Pixel Array Detector at the Advanced Photon Source of 

Argonne National Laboratories in Argonne, IL. The data were processed using 

autoPROC.204 Conservative resolution limits were selected to ensure high confidence in 

data quality as reflected in both Rmerge and I/(σI) in high resolution shells. Data agreement 

and summary statistics are included in Table 2.2.  

 

The apo structure was solved by molecular replacement using hHint1 dimer atomic 

coordinates (PDB ID 1AV5)141 and the program Phaser205 in the CCP4 suite.206 The AMP 

complex was solved similarly using the apo structure.  A single homodimer occupies the 

crystallographic asymmetric unit, which is 37% solvent (by volume) in the apo structure 

and 35% solvent in the AMP complex structure. Refinement was carried out using both 

Refmac5207 in the CCP4 suite and Phenix,208,209 using the Coot modelling and 

visualization software.210 Summary refinement and model characteristics are provided in 

Table 2.2. In both structures, but in the higher resolution apo structure especially, several 

side chains are modelled in multiple conformations.  The models include many waters 

that were modelled in alternate conformations due to the strongly oblate, rather than 

spherical, character of the electron density. Omit maps for the AMP ligands of 4INI are 

presented in Figure 2.6. 
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Compound n.a. AMP

PDB ID code 4INC 4INI

Resolution (Å) 1.19 1.65
Space group P 21 21 21 P 21 21 21

a
b cell edges (Å) 
c

37.83
74.95
77.80

37.57
72.77
77.72

Cell axis angle (°)
90
90
90

90
90
90

Data Processing

Resolution range (Å)
(high shell)

77.80-1.19
(1.25-1.19)*

77.72-1.65
(1.74-1.65)

Observations measured
(high shell)

431973
(45291)

166343
(24779)

Unique reflections
(high shell)

71181
(9877)

26409
(3781

Average multiplicity
(high shell)

6.1
(4.6)

6.3
(6.6)

Completeness (% )
(high shell)

99.2
(95.5)

100.0
(100.0)

Rmerge

(high shell)
0.051

(0.320)
0.044

(0.372)
Mean <I/σI>
(high shell)

19.1
(4.2)

22.8
(4.5)

Refinement statistics

Resolution range (Å)
(high shell)

34.03-1.19
(1.21-1.19)

38.87-3.43
(1.72-1.65)

Working set reflections
(high shell)

67494
(2275)

25001
(2712)

Rfree  reflections
(high shell)

3605
(123)

1327
(162)

R (% )
(high shell)

0.1598
(0.2147)

0.1556
(0.1881)

Rfree  (%)
(high shell)

0.1781
(0.2482)

0.1865
(0.2406)

No. of non-hydrogen 
atoms

2171 1975

No. of solvent waters 421 214

Mean B-factors (Å2)

Protein atoms 11.45 22.82

Solvent atoms 20.50 32.97

Ligand atoms n.a. 20.52

Bond lengths (Å) 0.005 0.006

Bond angles (°) 1.270 1.260
Ramachandran plot 
outliers (% )

0.0 0.0

MolProbity score 0.9 1.1

RMS deviations From Ideal Geometry

*Values in parentheses are for the highest resolution shell

Table 2.2. Data Processing and Refinement Statistics 
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2.4.5. Superposition Methods 

Similar protein structures were superimposed using Core Substructure Matching, which 

drives multiple structures onto a common reference structure by structural alignment of 

core substructures.211 Monomer A of the hHint1 structure of Lima et al.96 (PDB ID 

1KPA) served as the target reference structure.  Hint structures were overlaid using a core 

substructure comprised of residues 39-55 and 111-116.  More distant homologues (GalT, 

DcpS, Aprataxin, Fhit) were aligned using substructures representing the 

conformationally conserved core of the nucleotide binding domain including portions of 

β1-β4, but not the intervening loops (residues 36-45, 51-55, 95-98 and 111-116).  

Overlay methods ‘Hint’ and ‘HIT-NBD’ embodying these substructures are shared at 

https://drugsite.msi.umn.edu/, where services exist to overlay any homologous structure 

using these methods.211 

 

 

AMP AMP
Chain A Chain B
4INI 4INI

Figure 2.6. Ligand omit maps. Omit maps (mFo-DFc) contoured at 3σ (blue) 
and 2σ (gray) for structure 4INI chain A (left) and chain B (right). 
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2.4.6. General hHint3 Plasmid Construction Methods 

 

The residues of interest were amplified by PCR203 

from the hHint3 gene using PfuTurbo (Agilent 

Technologies) and the appropriate primer pairs 

(Integrated DNA Technologies). (Table 2.3, 2.4) 

  

The PCR products were separated by gel 

electrophoresis, and then the product of interest was 

purified from the agarose gel (Zymoclean™ Gel 

DNA Recovery Kit, Zymo Research).  The construct 

was prepared for insertion into ligation-independent 

cloning (LIC) site of the vector by treatment with T4 

polymerase (Promega) and dCTP, then introduced 

into the vector that had been opened with SspI and 

prepared with complementary T4 polymerase and 

dGTP treatment.198   

Table 2.3. Primers used, by construct 

Construct Forward 
Primer

Reverse 
Primer

A a α

B b α

C a α

D b α

E a α

F b α

G a β

H b β

I a γ

J b γ

K a δ

L b δ

M a ε

N b ε

O a ζ

P b ζ

Q c η

R a α

S b ζ

T d θ

U d,f θ,κ

V d θ

W d θ

X e ι

Y e ι

Z e ι

AA e ι
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The hHint3-containing vectors were transformed into E. coli XL1 Blue supercompetent 

cells (prepared with Z-Competent™ E. coli Transformation Kit, Zymo Research) 

according to the manufacturer’s instructions.  Clones positive for the vector were selected 

on ampicillin agar and confirmed by colony PCR with PCR Supermix (Invitrogen), the 

TEV_forward primer, and the T7_reverse primer (Table 2.1), and a positive, confirmed 

clone was grown 5 mL LB broth with 100 µg/mL ampicillin; the plasmids were then 

harvested (Zyppy™ Plasmid Miniprep Kit, Zymo Research). The gene sequences were 

verified by DNA sequencing (Biomedical Genomics Center, University of Minnesota).  

 

Table 2.4. Primer sequences 

Primer Sequence (5' to 3')
Cloning
a ACTTCCAATCCAATGCCATGGCGGAGGAACAGGTGAAC
b ACTTCCAATCCAATGCCATGGCCGCTGGCAAGTCA 
c GTCTCTCCCATGGCGGAGGAACAGGTGAAC 
d ACTTCCAATCCAATGCCATGGCGGAAGAACAAGTGAAT 
e ACTTCCAATCCAATGCCGATTATGACTCCACCTGCGT 
α TTATCCACTTCCAATGCTATCATGTTCTTAGTTTTTCAATCAAGTGATCAGCTGT 
β TTATCCACTTCCAATGCTATTCAATCAAGTGATCAGCTGTGATAAACCAATAGGA
γ TTATCCACTTCCAATGCTAAGCTGTGATAAACCAATAGGAATTGACTCTATAAACCAA 
δ TTATCCACTTCCAATGCTAATAGGAATTGACTCTATAAACCAACTTGGATAAGAAGCC 
ε TTATCCACTTCCAATGCTA ATA AACCAACTTGGATAAGAAGCCAAGCTGATC 
ζ TTATCCACTTCCAATGCTATAAGAAGCCAAGCTGATCCACTGGTG 
η GGTTCTCCCCAGCTGTTCTTAGTTTTTCAATCAAGTGATCAGCTGTGAT
θ TTATCCACTTCCAATGCTATCAGGTACGCAGTTTTTCGAT
ι TTATCCACTTCCAATGCTATTAAAAACCCAGCTGATCAACC
Mutation
f GCATTTCTCATCTGAACCTGCATGTGCTGG
κ CCAGCACATGCAGGTTCAGATGAGAAATGC
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2.4.6.1. Variations in hHint3 Plasmid Construction 

 

In order to make construct Q, the vector backbone was instead opened with SmaI 

(Thermo Scientific). The vector was treated with dATP (Fisher Scientific) and T4 

polymerase, while the hHint3 insert was treated with dTTP (Fisher Scientific) and T4 

polymerase in preparation for the ligation-independent cloning.  

 

When constructs R and S are used, kanamycin (50 µg/mL) is used in the plates and 

culture to select for the pET29659 vector instead of ampicillin.  

 

In order to make the U construct, the first H145N mutation, the protocol of Heckman and 

Pease was followed.212 Primers f and κ were designed to be complementary and effect the 

desired mutation in the center of the primer sequence. The full-length synthetic hHint3 

sequence was used as a substrate, and two rounds of PCR were done. The first round 

consisted of two PCR reactions: d and κ; f and θ. This created two fragments of the 

hHint3 sequence, each containing the desired mutation. The second round of PCR 

combined the products of the first round of PCR as substrate and used primers d and θ, 

amplifying the full sequence containing the mutation. Constructs V-AA were made from 

the U construct using standard PCR methods. 
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2.4.7. General hHint3 Protein Expression Methods 

 

The plasmid was transformed into E. coli BL21 (DE3) Rosetta2 pLysS (chloramphenicol 

resistant) supercompetent cells (prepared with Z-Competent™ E. coli Transformation 

Kit, Zymo Research) according to the manufacturer’s instructions.  Positive clones were 

selected on ampicillin/chloramphenicol agar.   

 

The transformed BL21 (DE3) Rosetta2 pLysS cells were grown in LB broth containing 

100 µg/mL ampicillin (Gold Biotechnology), 30 µg/mL chloramphenicol (Roche 

Diagnostics), and 0.1% (w/v) glucose (Mallinckrodt Chemicals).  The cultures were 

grown at 37 ºC and 250 rpm until the OD600 reached 0.6; they were then induced to a 

final concentration of 1 mM isopropyl- β-d-1-thiogalactopyranoside (IPTG) and 

incubated at 37 ºC and 250 rpm for 10-18 hours.   

 

2.4.7.1. Variations in Protein Expression 

 

In some expression trials, zinc chloride (20 µM, Sigma-Aldrich) was supplemented into 

the LB media. 

 

Terrific Broth (TB) was also used as the media in some expression trials; with this media, 

IPTG is added when OD600 = 1.0. It improves cell yield, but does not affect the folding 

state of hHint3. It is incompatible with zinc supplementation and pET vectors, as it is a 
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phosphate-buffered media; zinc will precipitate and phosphate confers a nonspecific 

resistance to kanamycin.213 

 

A different cell line, BL21 (DE3) RosettaGami2 pLysS (Novagen) was used in some 

trials to determine whether disulfide bond formation was essential to protein folding. In 

trials with these cells, tetracycline (30 µg/mL, Alfa Aesar) was used as a selection 

antibiotic in addition to the ampicillin and chloramphenicol. 

 

The induction temperature of 18 °C was used instead of 37 °C for some trials, for the 

same period of time, 10-18 hours. 

 

Co-expression with the chaperone-encoding plasmids pG-KJE8 or pG-Tf2 (Takara Labs) 

requires the addition of the plasmid inducer at the beginning of cell growth for pG-KJE8, 

it is tetracycline (5 ng/mL) and arabinose (0.5 mg/mL, Alfa Aesar); for pG-Tf2, it is 

arabinose only. The plasmids have a chloramphenicol selection marker.  

 

2.4.8. General hHint3 Purification Methods 

 

The cultures were harvested by centrifugation at 5000 x g at 4 ºC for 15 minutes and the 

pellets were collected, then resuspended in Buffer A (50 mM HEPES (Sigma-Aldrich), 

300 mM NaCl (Fisher Scientific), 10 mM imidazole (Sigma-Aldrich), 10% (v/v) glycerol, 

pH 7.5, 1 mM DTT) which was then adjusted to 1 mg/mL lysozyme (bioWORLD) The 



 

 79 

resuspended cells were lysed by sonication (4-16 cycles of 30 seconds on, 30 seconds 

off) at 4 ºC.  Benzonase (Sigma-Aldrich) nuclease (1-2 µL) was then added.  The cell 

debris was removed from the lysate by centrifugation at 40,000 x g at 4 ºC for 35-45 

minutes.  The supernatant was clarified using a 0.45 µm syringe filter (Millipore), loaded 

onto a nickel affinity column (2 in series 5 mL HisTrap™ FF, GE Healthcare), washed 

with Buffer A, and then eluted with an imidazole gradient using Buffer B (50 mM 

HEPES, 300 mM NaCl, 600 mM imidazole, 10% (v/v) glycerol, pH 7.5, 1 mM DTT).   

 

Fractions containing the hHint3 protein were identified by gel electrophoresis and pooled. 

N-terminally His-tagged TEV protease was added at 2% (w/w), and the protease mixture 

was transferred to dialysis tubing (3,500 MWCO, Spectrum Laboratories) and dialyzed 

against 2 L of TEV cleavage buffer (50 mM HEPES, 200 mM NaCl, 5% (v/v) glycerol, 1 

mM DTT (Fisher Scientific), 0.5 mM EDTA (Fisher Scientific), pH = 7.5) overnight at 4 

ºC.  The cleaved hHint3 protein was removed from the protease mixture by reductive 

immobilized metal affinity chromatography, and the completion of the cleavage was 

confirmed by gel electrophoresis.  The cleaved protein was concentrated to 5 mL or less 

and applied to the size-exclusion column. (HiPrep 16/60 Sephacryl S100 HR, GE 

Healthcare) using SEC Buffer (50 mM HEPES, 250 mM NaCl, 10% (v/v) glycerol, pH 

7.5). 
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2.4.8.1. Variations in hHint3 Purification 

 

In trials when Triton X-100 (Sigma) was used, it was supplemented at 0.1% (v/v) in both 

Buffer A and Buffer B.  

 

When the MBP fusion was used for the affinity chromatography step, Buffer A (20 mM 

Tris (Fluka), 150 mM NaCl, 5% glycerol (v/v), 0.5 mM TCEP, pH 7.0) and Buffer B (20 

mM Tris, 150 mM NaCl, 5% glycerol (v/v), 0.5 mM TCEP, 10 mM maltose (Alfa Aesar) 

pH 7.0) were altered according to the column manufacturer’s guidelines. The column 

used was a 5 mL MBPTrap HP (GE Healthcare Life Sciences).  

 

Screening for refolding conditions was carried out in two ways. The first was with a 

differential scanning fluorimetry (DSF) screen commonly used by the Finzel Lab to 

search for stabilizing buffers. A 96-well plate contains diverse buffers, and rapid dilution 

of unfolded protein into favorable folding conditions would result in a visible curve 

formation, corresponding to the thermally-induced unfolding of a refolded hHint3, in the 

DSF readout. No well-resolved hHint3 peak was found. The second method was with 

replicate buffers of the Hampton Research FoldIt Kit, which examines the effect of 

buffers, additives, and reducing agents on the folding of proteins.  

 

To prepare the protein for this screen, cell pellets were resuspended into Buffer A (20 

mM Tris, 200 mM NaCl, 10% glycerol, 8 M urea (J.T. Baker), and 10 mM imidazole, pH 
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7.0), and the first nickel column was carried out using a Buffer B of analogous 

composition but with higher imidazole content. Samples of hHint3-containing material 

(40 µL, 5.87 mg/mL) from the nickel column were rapidly diluted into the FoldIt buffers 

(950 µL) and incubated with rocking at 4 °C for 14 hours. The samples were then 

centrifuged for 15 min at 15,000 x g, and the protein pellets were examined. Lack of a 

pellet or a small pellet is meant to correspond to refolding.  

 

Favorable conditions for hHint3 refolding appeared by this method to be: 50 mM Tris, 

250 mM NaCl, 10 mM KCl (Mallinckrodt Chemicals), 2.2 mM MgCl2 (Mallinckrodt 

Chemicals), 2.2 mM CaCl2 (Sigma-Aldrich), 550 mM L-Arg (Sigma), 1 mM DTT, pH 

8.2. Using this information, refolding was attempted. A nickel column was carried out 

under denaturing conditions with urea (8M) supplemented into the standard buffer, and 

the hHint3-containing fractions were pooled and dialyzed for 20 hours against refolding 

buffer 1(50 mM Tris, 250 mM NaCl, 10 mM KCl, 2.2 mM CaCl2, 2.2 mM MgCl2, 1 mM 

DTT, 200 mM L-Arg, pH 8.7). To decrease the concentration of the column-stripping 

arginine before reapplication to the nickel column, the fractions were then dialyzed for 20 

hours against refolding buffer 2 (50 mM Tris, 250 mM NaCl, 10 mM KCl, 2.2 mM 

CaCl2, 2.2 mM MgCl2, 1 mM DTT, 5 mM L-Arg, pH 8.7). The protein was reapplied to 

the nickel column purification continued in the standard protocol, but no improvement of 

aggregation was observed. The ‘refolding conditions’ likely solubilized the aggregated 

protein, rather than refolded it. 
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2.4.9. Structure-Guided Sequence Alignment and Phylogeny 

 

HIT superfamily members were identified by applying the HIT-NBD (HIT-Nucleotide 

binding domain) core substructure to search the PDB for structural homologs using 

Drugsite searching services (https://drugsite.msi.umn/searches/; accessed 06-Mar-2013, 

26-May-2016). For structures (such as the GalT-related enzymes) that exist as fused 

dimers of imperfect HIT-like domains, the monomer exhibiting the lower r.m.s.d. in 

comparison to the reference HIT-NBD was chosen for sequential alignment.  

 

The sequences for all PDB structures annotated as being HITs or HIT-like proteins, as 

well as the sequence of the structurally uncharacterized protein hHint3, were initially 

aligned using Clustal Omega,214,215 then the alignment was manually corrected if 

necessary to ensure coincidence of positionally aligned residues of the core nucleotide 

binding domain. Using the PHYLIP216,217 interface in the 82mobyle @pasteur portal 

(https://mobyle.pasteur.fr/; accessed 25-Apr-2013), a set of protein distance matrices 

were generated from the structure based sequence alignment, but positions that had fewer 

than 15 sequences with aligned residues were excluded. (Marked with a red carat in 

Figure 2.7.) This was done to minimize the effect of gap penalties, yet maintain the 

diversity and integrity of the structure-based alignment of superfamily. Following the 

generation of a protein distance matrix, a consensus phylogenetic tree was constructed 

from the 100 data sets using the Fitch-Margoliash method and global rearrangement. The 

phylogenetic tree was constructed and plotted using the WUR phylogenetic server 

(http://www.bioinformatics.nl/tools/plottree.html; accessed 26-Apr-2013). 
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hHint1          -----------------------------------------------------MADEIAKAQ   9 
hHint2          ------------------------------------------------------GNEVAKAQ  44 
hHint3          ----MAEEQVNRSAGLAPDCEASATAETTV--------------------SSVGTCEAAGKS  38 
ecHint          --------------------------------------------------------------  
1XQU            --------------------------------------------------------------  
3OXK            --------------------------------------------------------------  
4EGU            --------------------------------------------------------------  
2EO4            --------------------------------------------------------------  
3LB5            --------------------------------------------------------------  
3P0T            --------------------------------------------------------------  
3O0M            --------------------------------------------------------------  
3L7X            --------------------------------------------------------------  
3IMI            -------------------------------------------------------------S   1 
1Y23            --------------------------------------------------------------  
3R6F            --------------------------------------------------------------  
3KSV            --------------------------------------------------------------  
3ANO            ----MSDEDR----------TDRATEDHTIF--DRGVGQRDQLQRLWTPYRMNYLAEAPVKR  51 
1EMS            --------------------------------------------------------RSDLYT 285 
5FIT            --------------------------------------------------------------  
hDcpS           -------------------------DLRLIR--ETG----------------DDYRNITLPH 165 
3I24            --------------------------------------------------------------  
3OHE            --------------------------------------------------------------  
3I4S            --------------------------------------------------------------   2 
3NRD            --------------------------------------------------------------  
2OIK            --------------------------------------------------------------   4 
hGalT           MSRSGTDPQQRQQA------SEADAAAATFRANDHQHIRYNPLQDEWVLVSAHRMKRPWQGQ  56 
1HXP            --------------------------MTQFNPVDHPHRRYNPLTGQWILVSPHRAKRPWEGA  36 
1ZWJ            ----MTSP---SHA------SDRGGGDGDSVENQSPELRKDPVTNRWVIFSPARAKRPTDFK  49 
hAprataxin      --------------------------------------------------------------  
3SZQ            -------------------------------------------------------------G   1 
                ^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^ 
 
hHint1          ------VARPG--GDTIFGKIIRKEIPAKI--IFEDDR----CLAFHDIS----------PQ  47 
hHint2          ------QATPGGAAPTIFSRILDKSLPADI--LYEDQQ----CLVFRDVA----------PQ  84 
hHint3          ------PEPKDYDSTCVFCRIAGRQDPGTELLHCENED----LICFKDIK----------PA  80   
ecHint          -----------MAEETIFSKIIRREIPSDI--VYQDDL----VTAFRDIS----------PQ  35 
1XQU            ---------MYTLENCVFCKIIKRELPSTI--YYEDER----VIAIKDIN----------PA  67 
3OXK            -------GPGSMADSCIFCKIAQKQIPSTI--VYEDDE----IFAFKDIN----------PI  39 
4EGU            ----------MERMDCIFCKIANGEIPSTK--VYEDDR----VLAFNDLN----------PV  36 
2EO4            ---------------CTFCSIINRELEGYF--VYEDEK----FAAILDKY----------PV  31 
3LB5            -------MKQAYDNNNIFAKLIRNEIPSVR--VYEDDD----VIAFMDIM----------PQ  60 
3P0T            ---------GPGSMASIFTKIINRELPGRF--VYEDDD----VVAFLTIE----------PM  37 
3O0M            ---------GPGSMSCVFCAIVSGDAPAIR--IYEDEN----FLGILDIR----------PF  37 
3L7X            ------------MNDCLFCKIVAGDIPSSK--VYEDED----VLAFLDIS----------QA  68 
3IMI            ------NAMNHTADNCIFCKIIDGQILCSK--VYEDEH----VLAFLDIS----------QV  41 
1Y23            ---------MHCAENCIFCKIIAGDIPSAK--VYEDEH----VLAFLDIS----------QV  37 
3R6F            --------GPGSMEGCIFCTLYRKG--ANI--IYETDR----LFALIDRY----------PL  36 
3KSV            -----------MAANCIFCKIIKGDIPCAK--VAETSK----ALAFMDIN----------PL  43 
3ANO            ------DPNSSASPAQPFTEIPQLSDEEGL-VVARGKL----VYAVLNLY----------PY  92 
1EMS            ------LHINEKSSETGGLKFARFNIPADH-IFYSTPH----SFVFVNLK----------PV 327 
5FIT            ----------------MSFRFGQHLIKPSV-VFLKTEL----SFALVNRK----------PV  31 
hDcpS           ------LESQSLSIQWVYNILDKKAEADRI--VFENPDPSDGFVLIPDLK--------WNQQ 211 
3I24            -------MAFQLHPRL---------QQDCI-VLGNLPL----CKVLLIKE----------DI  31 
3OHE            -------GMFQLHERL---------AADTH-KLGESRL----CDVLLMND----------NT  31 
3I4S            --MSLSEPAWSLHSRL---------KEDTI-DIGDLPL----SKVLVIKD----------AN  36 
3NRD            -----GMTTFTLDERL---------ERDGI-PIGTLGL----CQMRLMND----------RR  33 
2OIK            ----GMTRTMSFHKNCELCTTAGGEILW------QDAL----CRVVHVEN----------QD  38 
hGalT           VEPQLLKTVPRHDPLNPLCPGAIRAN-------GEVNPQYDSTFLFDNDFPALQPDA-PSP- 109 
1HXP            QETPAKQVLPAHDPDCFLCAGNVRVT-------GDKNPDYTGTYVFTNDF-AALMSDTPDAP  90 
1ZWJ            SKSPQNPNPK--PSSCPFCIGREQECAPELFRVPDHDPNWK-LRVIENLY-PALSRNLETQS 107 
hAprataxin      -------------GHWSQGLKISMQDPKMQ--VYKDEQ----VVVIKDKY----------PK 197 
3SZQ            ------SHMKQSFRDNLKVYIESPESYKNV--IYYDDD----VVLVRDMF----------PK  41 
                ^^^^^^^                       ^^      ^^^^        ^^^^^^^^^^ 
 

F

Figure 2.7. Structure-based sequence alignment of HIT-family proteins. Clustal alignment with 
highlighted HIT-nucleotide binding domain (orange, blue, green, yellow shaded boxes) as well as 
catalytic and sequence motif histidine triads (red outlines). Cysteines that may coordinate zinc are red. 
Columns omitted for the purpose of the phylogenetic analysis are indicated with a red carat at the 
bottom of each sequence block. 
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hHint1          APT-------------HFLVIPKKHISQIS---VAEDDDESLLGHLMIVGKKCAADLG-LN-  91 
hHint2          APV-------------HFLVIPKKPIPRIS---QAEEEDQQLLGHLLLVAKQTAKAEG-LG- 112 
hHint3          ATH-------------HYLVVPKKHIGNCR---TLRKDQVELVENMVTVGKTILE-RNNFT- 127 
ecHint          APT-------------HILIIPNILIPTVN---DVSAEHEQALGRMITVAAKIAEQEGIAE-  80 
1XQU            APV-------------HVLIIPKEHIANVK---EINESNAQILIDIHKAANKVAEDLGIAE- 112 
3OXK            API-------------HILVIPKQHIASLN---EITEENEAFIGKVLYKVSLIGK--KECP-  82 
4EGU            APY-------------HILVVPKKHYDSLI---DIPDKEMDIVSHIHVVINKIAKEKGFDQ-  81 
2EO4            SLG-------------HTLVIPKKHFENYL---EADEDTLAELAKVVKLVSLGIKD-AVKA-  75 
3LB5            APG-------------HTLVIPKKGSRNLL---DADTETLFPVIKAVQKIAKAVK-KAFQA- 104 
3P0T            TQG-------------HTLVVPREEIDNWQ---DVDSAAFNRVMGVSQLIGKAVC-KAFRT-  81 
3O0M            TRG-------------HTLVIPKTHTVDLT---DTPPETVAGMAAVGQRIARAARESGLHA-  82 
3L7X            TKG-------------HTLVIPKEHVRNAL---EMTQTQAANLFARIPKIARALQ-KATKA- 112 
3IMI            TKG-------------HTLVIPKVHKQDIF---ALTPEIASHIFSVVPKIANAIK-AEFNP-  85 
1Y23            TKG-------------HTLVIPKTHIENVY---EFTDELAKQYFHAVPKIARAIR-DEFEP-  81 
3R6F            SKG-------------HFLVIPKAHHPYLH---NYKPEELSGVLDTIRHLV-----QKFGF-  76 
3KSV            SRG-------------HMLVIPKEHASCLH---ELGMEDAADVGVLLAKASRAVA-GPDGS-  87 
3ANO            NPG-------------HLMVVPYRRVSELE---DLTDLESAELMAFTQKAIRVIK-NVSRP- 136 
1EMS            TDG-------------HVLVSPKRVVPRLT---DLTDAETADLFIVAKKVQAMLE-KHHNV- 371 
5FIT            VPG-------------HVLVCPLRPVERFH---DLRPDEVADLFQTTQRVGTVVE-KHFHG-  75 
hDcpS           QLDDL-----------YLIAICHRRGIRSLR---DLTPEHLPLLRNILHQGQEAILQ-RY-- 256 
3I24            GP--------------WLILVPRIEELKEI----HHMTDEQQIQFIKESSAVAQLLEDNF--  73 
3OHE            WP--------------WVILVPRVSGIREI----YELPNEQQQRLLFESSALSEGMMELF--  73 
3I4S            YP--------------WLLLVPRRPDAVEI----IDLDEVQQAQLMTEISRVSRALKEIT--  78 
3NRD            WP--------------WLILVPQRADIKEV----FELTPLDQAMLTFETNLVAAGLKKAT--  75 
2OIK            YPG-------------FCRVILNRHVKEM-----SDLRPAERDHLMLVVFAVEEAVREVM--  80 
hGalT           GPSDHPLFQAKSARGVCKVMCFHPW--SDVT---LPLMSVPEIRAVVDAWASVTEEL--GA- 163 
1HXP            -ESHDPLMRCQSARGTSRVICFSPD--HSK---TLPELSVAALTEIVKTWQEQTAEL--GK- 143 
1ZWJ            TQPETGTSRTIVGFGFHDVVIESPV--HSI---QLSDIDPVGIGDILIAYKKRINQIAQHD- 164 
hAprataxin      ARY-------------HWLVLPWTSISSLK---AVAREHLELLKHMHTVGEKVIVDF---A- 239 
3SZQ            SKM-------------HLLLMTRDPHLTHVHPLEIMMKHRSLVEKLVSYVQGDLSGLIFDEA  90 
                   ^^^^^^^^^^^^^              ^^^                            ^ 
 
hHint1          --------------KGYRMVVNEGSD-GGQSVYHVHLHVLGGRQMHWPPG------------ 126 
hHint2          --------------DGYRLVINDGKL-GAQSVYHLHIHVLGGRQLQWPPG------------ 163 
hHint3          --------------DFTNVRMGFHMP-PFCSISHLHLHVLAPVDQLGFLSKLVYRVNSYWFI 171 
ecHint          --------------DGYRLIMNTNRH-GGQEVYHIHMHLLGGRPLGPMLAHKGL-------- 119 
1XQU            --------------KGYRLITNCGVA-AGQTVFHLHYHLLGGVDMGPKIL------------ 147 
3OXK            --------------EGYRVVNNIGED-AGQTVKHIHFHILGGKKLAWDKL------------ 117 
4EGU            --------------TGFRVINNCGSD-GGQEVKHLHYHILAGKKLPNYEAGQN--------- 119 
2EO4            --------------DGLRLLTNIGRS-AGQVIFHLHVHIIPTWEGDYPDIFKSFKPRKEQ-- 120 
3LB5            --------------DGITVMQFNEAA-SQQTVYHLHFHIIPRMEGIE-LTPHNNI--IT--- 145 
3P0T            --------------ERSGLII------AGLEVPHLHVHVFPTRSLSDFGFANVDRNP----- 118 
3O0M            --------------DGNNIAINDGKA-AFQTVFHIHLHVVPRRNGDKLSFAKGMVMRRDP-- 127 
3L7X            --------------DGLNIINNNEET-AGQTVFHAHVHLVPRFADS-DEFDIRFVQHEP--- 155 
3IMI            --------------VGFNLLNNNGEK-AGQTVFHFHLHLIPRYGEN-DGFGAVWKSHQNEY- 130 
1Y23            --------------IGLNTLNNNGEK-AGQSVFHYHMHIIPRYGKG-DGFGAVWKTHADDY- 126 
3R6F            --------------ERYNILQNNGN---HQEVFHVHFHVIPFVSAD-ERLMINWKAK----- 115 
3KSV            --------------MQYNVLQNNGSL-AHQEVPHVHFHIIPKTDEK-TGLKIGWDTVKV--- 130   
3ANO            --------------HGFNVGLNLGTSAGGSLAEHLHVHVVPRWGGDANFITIIGGSKVIPQL 184 
1EMS            --------------TSTTICVQDGKD-AGQTVPHVHIHILPRRAGDFGD-NEIYQKLASHDK 417 
5FIT            --------------TSLTFSMQDGPE-AGQTVKHVHVHVLPRKAGDFHRNDSIYEELQKHDK 122 
hDcpS           --------------RMKGDHLRVYLH-YLPSYYHLHVHFTALGFEAPGSGVERAHLLAEVIE 303 
3I24            ------------SPDKINIGALG------NLVPQLHIHHIARFTTDVAWPGPVWGNTTGVIR 117 
3OHE            ------------GGDKMNVAALG------NMVPQLHLHHIVRYQGDPAWPGPVWGKQPPVPY 117 
3I4S            ------------KCDKLNIAALG------NLVPQLHVHIIARRTGDAAWPRPVWGVMQPLAH 122 
3NRD            ------------GAEKINIGALG------NIVRQLHVHVIARREGDPNWPGPVWGFGKAEPW 119 
2OIK            ------------RPDKINLASLG------NMTPHVHWHVIPRFKRDRHFPNSVWGETKRESL 124 
hGalT           ------------QYPWVQIFENKGAM-MGCSNPHPHCQVWASSFLPD--------------- 197 
1HXP            ------------TYPWVQVFENKGAA-MGCSNPHPHGQIWANSFLPN--------------- 177 
1ZWJ            ------------SINYIQVFKNQGAS-AGASMSHSHSQMMA--------------------- 191 
hAprataxin      --------------GSSKLRFRLGYH-AIPSMSHVHLHVISQDFDSPCLKNKKHWNSFNTEY 286 
3SZQ            RNCLSQQLTNEALCNYIKVGFH-----AGPSMNNLHLHIMTLDHVSPSLKNSAHYISFTSPF 147 
                ^^^^^^^^^^^^^^                                              ^^ 
 

Figure 2.7. Continued. Structure-based sequence alignment of HIT-family proteins. Clustal alignment 
with highlighted HIT-nucleotide binding domain (orange, blue, green, yellow shaded boxes) as well as 
catalytic and sequence motif histidine triads (red outlines). Cysteines that may coordinate zinc are red. 
Columns omitted for the purpose of the phylogenetic analysis are indicated with a red carat at the 
bottom of each sequence block. 
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hHint1          -------------------------------------------------------------- 126 
hHint2          -------------------------------------------------------------- 163 
hHint3          T-----------ADHLIEK--LRT-------------------------------------- 182 
ecHint          -------------------------------------------------------------- 119 
1XQU            -------------------------------------------------------------- 147 
3OXK            -------------------------------------------------------------- 117 
4EGU            -------------------------------------------------------------- 119 
2EO4            -------------------------------------------------------------- 120 
3LB5            -------------------------------------------------------------- 145 
3P0T            -------------------------------------------------------------- 118 
3O0M            -------------------------------------------------------------- 127 
3L7X            -------------------------------------------------------------- 155 
3IMI            -------------------------------------------------------------- 130 
1Y23            -------------------------------------------------------------- 126 
3R6F            -------------------------------------------------------------- 115 
3KSV            -------------------------------------------------------------- 130 
3ANO            LRDTRRLLATEWARQPKLVDLQSR-------------------------------------- 208 
1EMS            EPERKPR------------------------------------------------------- 424 
5FIT            EDFPASWR------------------------------------------------------ 130 
hDcpS           NLECDPRHYQQRTLTFAL--RADDPLLKLLQEAQQS-------------------------- 337 
3I24            -------------------------------------------------------------- 117 
3OHE            -------------------------------------------------------------- 117 
3I4S            -------------------------------------------------------------- 122 
3NRD            -------------------------------------------------------------- 119 
2OIK            PQAL---------------------------------------------------------- 128 
hGalT           -------------------------------------------------------------- 197 
1HXP            -------------------------------------------------------------- 177 
1ZWJ            -------------------------------------------------------------- 191 
hAprataxin      FLES---QAVIEMVQEAGRVTVRDGMPELLKLPLRCHECQQLLP-SIPQLKEHLRKHWTQ-- 342 
3SZQ            FVK---------IDTPTSNLPTRGTLTSLFQEDLKCWRCGETFGRHFTKLKAHLQEEYDDWL 200 
                ^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^ 
 
hHint1          ------------------------------------- 126 
hHint2          ------------------------------------- 163 
hHint3          ------------------------------------- 182 
ecHint          ------------------------------------- 119 
1XQU            ------------------------------------- 147 
3OXK            ------------------------------------- 117 
4EGU            ------------------------------------- 119 
2EO4            --------EKEYYELLQKIIRESIENLKRKIGDYKWG 149 
3LB5            --------PTEILEENAKKIRAAL------------- 161 
3P0T            --------SPESLDEAQAKIKAALAQLA--------- 138 
3O0M            --------DREESGRLLRAALAQLDSAEQD------- 149 
3L7X            --------DFTRLGQLAEDIQKEIEA----------- 173 
3IMI            --------TMENLQNIASTIANSVK------------ 147 
1Y23            --------KPEDLQNISSSIAKRLASS---------- 145 
3R6F            --------SVSDKEYSEMVEEARLRVSS--------- 135 
3KSV            --------ASDELAEDAKRYSEAIAKI---------- 149 
3ANO            ------------------------------------- 208 
1EMS            --------SNEQMAEEAVVYRNLM------------- 440 
5FIT            --------SEEEMAAEAAALRVYFQ------------ 147 
hDcpS           ------------------------------------- 337 
3I24            --------AQSSQTQLVDLLRDKLSNISGFKRLE--- 143 
3OHE            --------TEEQQASVKAKLQPLLEQLA--------- 137 
3I4S            --------DATEVQNFISALRRKIWLGEG-------- 143 
3NRD            --------PEEEHRTFHRTFAARIMENL--------- 135 
2OIK            --------DQGSTTALKKAISVRLDQGEPVFMGM--- 154 
hGalT           ------------------------------------- 128 
1HXP            ------------------------------------- 177 
1ZWJ            ------------------------------------- 191 
hAprataxin      ------------------------------------- 342 
3SZQ            DKSVSM------------------------------- 206 
                ^^^^^^^                 ^^^^^^^^^^^^^ 

Figure 2.7. Continued. Structure-based sequence alignment of HIT-family proteins. Clustal alignment 
with highlighted HIT-nucleotide binding domain (orange, blue, green, yellow shaded boxes) as well as 
catalytic and sequence motif histidine triads (red outlines). Cysteines that may coordinate zinc are red. 
Columns omitted for the purpose of the phylogenetic analysis are indicated with a red carat at the 
bottom of each sequence block. 
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Chapter 3: Structural Trajectory of Nucleoside 

Phosphoramidate Activation 

 

This chapter is largely reproduced from: Shah, R.*; Maize, K.M.*; Finzel, B.C; Wagner, 
C.R. Caught in the Act: Structural Insights into Catalysis by Human Histidine Triad 
Nucleotide Binding Protein 1 (hHint1). Manuscript in Preparation. All co-authors 
contributed in part to the narrative text. 
 

3.1. Introduction 

 

In 1969, the Food and Drug Administration approved the first nucleoside agents for both 

anticancer and antiviral applications: cytarabine,218 indicated for acute myelogenous 

leukemia, acute lymphoblastic leukemia, and lymphoma; and exodudine,219 which was 

indicated for treatment of the herpes simplex virus but is no longer used. Today, more 

than 30 nucleoside and nucleotide analogs are used as drugs. However, there are 

significant difficulties in dosing these agents because the triphosphates are the primary 

active species.137,219,220  

 

Dosing the active agent or any phosphorylated form leads to poor bioavailability and 

metabolic instability.137,219,220 Most are formulated as nucleoside prodrugs that must be 

metabolically activated by nucleoside kinases to the corresponding nucleoside 

monophosphate, and then further by other nucleotide kinases to generate the active 

nucleoside triphosphate. Such a strategy improves oral bioavailability of the drugs, but 

the diversity of the nucleosides that can be activated is limited to those that are efficient 
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substrates of endogenous nucleoside kinases.137,219,220 The primary phosphorylation step 

is often rate-limiting, and the agent can be cleared before the full activation 

occurs.137,219,220 Moreover, down regulation of the kinases responsible for nucleoside 

phosphorylation in vivo can lead to rapid resistance development.221  

 

A method of circumventing many of the difficulties presented by nucleotide and 

nucleoside therapeutics is to dose the nucleotide monophosphate as a phosphoramidate 

monoester.137 In this form, the molecule would be more bioavailable and less susceptible 

to metabolic deactivation, and it bypasses the first phosphorylation step that is 

problematic for nucleoside prodrugs. The nucleoside phosphoramidate would be cleaved 

in cells by hHint1, revealing the nucleoside monophosphate. Therefore, the hHint1-

activated nucleoside phosphoramidate presents an excellent candidate for next-generation 

nucleotide prodrugs for many therapeutic indications.222 Sofosbuvir is the first example 

of an approved agent that uses this strategy. 

 

Hepatitis C infects approximately 2-3% of the world´s population.223 With the 

introduction of the first curative agent, the blockbuster drug Sovaldi® (sofosbuvir), the 

manufacturer Gilead has made over 20 billion dollars in 2014 and 2015 combined.224 The 

course of treatment is very expensive, often around one hundred thousand dollars for a 

twelve-week course, and sofosbuvir is also dosed in combination with other antiviral 

agents such as ledipasvir to increase efficacy.225,226  
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The active form of sofosbuvir causes chain termination when incorporated into the viral 

RNA by the NS5B polymerase, thus inhibiting viral replication. The effective 

triphosphate species is produced by metabolic activation (Figure 3.1).134 The terminal 

ester is cleaved by cathepsin A or carboxyesterase 1, then a rapid chemical step results in 

metabolite H1, a nucleoside phosphoramidate. Metabolite H1 is a substrate for hHint1, 

which produces metabolite H2, the nucleoside monophosphate. Cellular kinases are then 

responsible for the subsequent activation to the triphosphate species H3.  

 

There is nothing inherent to sofosbuvir or to the Hepatitis C application that would 

confine this strategy to this substrate or indication; it is just the first example of the 

successful implementation of the nucleoside phosphoramidate prodrug strategy that 

should be widely applicable. 

 

Figure 3.1. Mechanism of activation of sofosbuvir. The terminal ester is cleaved by cathepsin A or 
carboxyesterase 1, then a rapid chemical step results in metabolite H1. Metabolite H2 is produced by 
hHint1 catalysis, and cellular kinases effect the active triphosphate H3.134 
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As previously noted (Section 1.2.2.5), hHint1 is an efficient nucleoside phosphoramidase, 

particularly of substrates with purine nucleobases, but the enzyme will cleave a large 

variety of substrates.135 Therefore, phosphoramidate pronucleotides are an attractive 

means to deliver next-generation antiviral and anticancer therapies and circumvent 

current issues of bioavailability and metabolic stability.136    

 

In order to fully exploit hHint enzymes for pronucleotide activation, a detailed 

understanding of the molecular components of the catalytic mechanism would be 

beneficial. A comprehensive investigation on the kinetics of hHint1 catalysis led to the 

confirmation of a double-displacement or “ping-pong” mechanism for this enzyme, 

which results in the overall retention of stereochemistry (Figure 3.2).138 The double-

displacement mechanism is thought to be conserved throughout the HIT superfamily,78 

and protein families with similar overall mechanisms include the phospholipase D 

superfamily (phospholipase D (PLD),227,228 and tyrosyl-DNA phosphodiesterase 

(TdpI)229,230) as well as the histidine phosphatase superfamily231 (cofactor-dependent 

phosphogylcerate mutase (dPGM),232,233 and prostatic acid phosphatase (PAP)).234,235 

Through this mechanism, these enzymes share a common covalently modified 

intermediate; in most it is a simple phosphohistidine, but in the HIT/Hint family, the 

histidine is nucleotidylated.  

 

In the first half of the hHint1 mechanism, a nucleotide phosphoramidate substrate (S1) 

binds and reacts with the enzyme to form a nucleotidylated enzyme intermediate (E*) 
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and releases a product alkyl amine (P1). These studies revealed that the rate of formation 

of the nucleotidylated enzyme is very rapid and nearly diffusion-limited for some 

substrates such as H4 (Figure 3.2). During the second half of the reaction, the nucleotide-

modified histidine in the active site (His112) undergoes water hydrolysis (S2), followed 

by release of a nucleotide monophosphate product (P2) from the active site. Based on a 

series of solvent viscosity studies, it has been suggested that the rate governing the 

release of the product (P2) may be coupled to a kinetically silent conformational change 

in the protein structure.138 

 

One of the major challenges associated with the structural isolation of intermediates 

along this reaction trajectory results from the fact that one of the rate-limiting steps – the 

hydrolysis of the nucleotidylated enzyme – is facilitated by ubiquitous water. In order to 

alter the kinetics so that intermediates might be trapped using cryocrystallography, we 

thought to employ nucleoside thiophosphoramidates as substrates, as these react and 

undergo hydrolysis by water more slowly.236 Our strategy to investigate the hHint1 

mechanism used a combination of the slowly-hydrolyzed nucleoside 

Figure 3.2. The kinetic mechanism of hHint1, shown with kinetic parameters for the substrate H4.138 
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thiophosphoramidate substrate, a catalytically inactive mutant protein, and time-resolved 

capture of the nucleoside thiophosphoramidates in wild-type protein crystals to observe 

reactive intermediates. 

 

We have been able to assemble the first structural trajectory of hHint1 catalysis, 

including the structure of the initial enzyme-substrate complex (ES1), the transiently 

created nucleotidylated enzyme intermediate (E*), and the product-bound complex 

(EP2). These structures and the associated kinetics of hydrolysis of the nucleoside 

thiophosphoramidate substrates are the subjects of this chapter. The structures presented 

provide insight into the kinetic mechanism and allow for future modeling of the reactivity 

of putative substrates.  
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3.2. Results and Discussion  

 

3.2.1. Compound Design  

 

The hHint1 substrate in the pathway to metabolic 

activation of sofosbuvir is H1, a 2´-fluoro, 2´-

methyl uridine alanyl phosphoramidate elsewhere 

called PSI-352707 (Figure 3.1).134 In order to 

reduce chemical reactivity of this substrate and 

potentially trap the nucleotidylated-His 

intermediate (E*) in the catalytic cycle of hHint1, 

we envisioned an analog in which the 5´-oxygen 

atom is replaced with a less electronegative sulfur 

atom (H5; Figure 3.3). This substitution is 

expected to reduce the acid-lability of the bond 

between the His112 nitrogen and the nucleotide 

phosphorus, thus providing a longer lifetime for the E* complex.236 A similar approach 

has been successfully applied to detect phospho-histidines in bacterial signaling 

pathways.237  

 

Previous work in the Wagner laboratory has shown that fluorogenic purine nucleoside 

tryptamine phosphoramidates such as H6 (Figure 3.3) are excellent substrates for hHint1-

Figure 3.3. Compounds described in this 
chapter. 
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mediated hydrolysis.135 These compounds also make convenient substrates for 

biochemical studies, as enzymatic release of the tryptamine fluorophore can be monitored 

spectroscopically. A less hydrolytically-labile version of this substrate (H7) was also 

envisioned (Figure 3.3).  

 

3.2.2. Enzyme Kinetics 

 

The steady state hydrolysis of H7 by hHint1 (Table 3.1) has been investigated by Rachit 

Shah using the fluorescence assay described previously.135 As a comparator, the rate of 

Hint-catalyzed hydrolysis of sofosbuvir metabolite H1 has not been reported, as the Km 

value is said to be greater than 1 mM.134 Steady state kinetics revealed a 120-fold 

decrease in the turnover rate (kcat) and a 170-fold decrease in the substrate specificity 

(kcat/Km) of H7 from H6. Incorporation of a sulfur atom has successfully slowed H7 

hydrolysis by hHint1.  

 

31P NMR titration experiments were performed by Rachit Shah to monitor H7 hydrolysis 

in the presence of hHint1. Upon incubation of protein to ligand in a ratio of 1:100, the 

half-life of H7 was found to be 88 minutes. The calculated half-life of H5 upon 

Table 3.1 Kinetics of hydrolysis. Steady-state kinetic parameters for the activation 
of H6 and H7. H6 data from Chou et al 2007.135 

kcat (s-1) Km (µM) kcat/Km

 (x 107 s-1 M-1)
H6 2.3 ± 0.07 0.21 ± 0.02 1.1 ± 0.1
H7 0.019 ± 0.001 0.305 ±0.037 0.0062 ± 0.002
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incubation with 250 µM hHint1 (protein to ligand 1:20) using NMR is 60 hours. H7 is 

hydrolyzed in a manageable timeframe. H5 is not.  

 

3.2.3. Structural Reaction Trajectory 

 

3.2.3.1. Catalytically Inactive hHint1 His112Asn 

 

In the wild-type E state of the enzyme, the active site histidines are arrayed to form a 

network of hydrogen bonds that promotes stabilization of a cationic residue and binding 

of the anionic substrate. The carbonyl of His110 accepts a hydrogen bond from His112 

(ND1H tautomer), which in turn accepts a hydrogen bond from a cationic His114. His51 

accepts a hydrogen bond from the backbone NH of Gln47 (Figure 3.4). We have inferred 

that His114 is protonated and acts as a general Brønsted acid in the reaction mechanism; 

in the wild-type E state of the enzyme, a chloride ion is often observed in the active site 

of the enzyme (i.e. chain B of structures 5IPD and 5IPE), which would balance the 

positive charge. In previous NMR work, a pKa of 7.52 was determined for an active site 

acid, presumably His114, indicating that this residue would be protonated at 

physiological pH.138 
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The rapid turnover following binding of phosphoramidate substrates makes the capture of 

pre-reaction hHint1-substrate complex impossible with the wild-type enzyme. A mutated 

enzyme wherein the active site nucleophile, His112, is replaced with asparagine (hHint1 

H112N) should bind substrates isosterically, but it is catalytically inactive.238 The H112N 

mutant has also been identified clinically where it is associated with hereditary axonal 

neuropathy with neuromyotonia, characterized by progressive weakening of distal 

musculature and loss of sensory transmission from the limbs.129  

 

The mutant enzyme was expressed in E. coli and purified using procedures similar to 

those applicable to the wild-type protein, but this resulted in co-purified AMP that simple 

dialysis could not remove. To remove the contaminant nucleotide, it was necessary to 

denature and refold the protein.  The KD of the mutant enzyme for AMP was measured 

using isothermal titration calorimetry (ITC) and determined to be 385 ± 5 nM, 150-fold 

Figure 3.4. hHint1 active site 
configuration. Comparison of wild-type 
(1KPA, white) and mutant His112Asn 
(5IPB, teal) apo structures. Residues 
that make up the ligand binding site are 
shown as lines, and the common 
product binding mode is represented by 
AMP (from 3TW2, semitransparent 
gray sticks). Hydrogen bonds are 
represented as black dashes. 
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smaller than that for the wild-type enzyme (59 ± 7 µM). This appears to be largely due to 

a decrease in the entropic penalty for ligand binding (Figure 3.5).  

 

This mutant may also prove to be useful as a negative control in experiments to probe the 

enzymatic function of hHint1.238 However, with the related protein Fhit, it has been 

shown that the analogous H96N mutant, while catalytically much less active than the 

wild-type, is still a capable tumor suppressor, indicating that substrate binding, rather 

than catalytic activity, may be important for this function.239,240,88 Users of the H112N 

mutant as a negative control should be mindful that the endogenous role of hHint1 as an 

enzymatic hydrolase has not been completely clarified. Other roles might not be affected 

by this mutation.  

 

Following refolding, apo H112N can be crystallized under conditions similar to the wild-

type hHint1, and crystals of an identical C2 form suitable for substrate soaking 

experiments are produced.  The crystallographic characterization of H112N apo crystals 

is included in Table 3.2. The substitution of the nucleophilic residue does not 

significantly change the active site architecture. The apo H112N structure (5IPB) 

overlays well with the wild-type apo structure 1KPA,96 and only a slight difference in the 

position of residue 112 is observed, ostensibly to make a hydrogen bond with His114, 

which is also slightly reoriented (Figure 3.4).  
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Figure 3.5. Isothermal titration calorimetry. ITC results for AMP and hHint1. 
Representative injection and curve profiles for (A) the wild type enzyme and (B) the 
H112N mutant enzyme. (C) Thermodynamic parameters of binding, three replicates 
of each experiment. The wild-type enzyme has a much larger entropic penalty and a 
larger enthalpic benefit upon binding AMP. 
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3.2.3.2. Structural Reaction Trajectory: Substrate Complex (ES1) 

 

To prepare a representative enzyme-substrate complex (ES1), H112N apo crystals were 

soaked with H7. A fifteen-minute soak with H7 gave unmistakable electron density at 1.3 

Å resolution for the bound substrate (Table 3.2; Figure 3.10A, end of chapter).  The 

tryptamine is modeled in two discrete conformations with roughly equal occupancy in 

this structure.  The poor ordering is not inconsistent with the rapid release of a hydrolysis 

product P1 that makes few interactions with the binding site. 

 

 

In this complex (PDB ID 5IPC), the nucleotide portion of the molecule aligns well with 

previous hHint1-nucleotide complexes, such as 3TW2,103 an AMP complex (Figure 3.6). 

Hydrogen bonds between the ribose 2´- and 3´-OH atoms to Asp43 are preserved, as are 

all expected interactions of the nucleobase. The phosphorus atom is translated only 0.5 Å 

Figure 3.6 Comparison of ES1 (teal, 5IPC) and a 
known product complex (AMP, gray, 3TW2) 
[insert final 3TW2 reference number]. The 
nucleoside portions of the molecules overlay well, 
though the ribose pucker in H7 is O-4´-endo, 
compared to the standard 2´-endo observed in 
3TW2. The phosphorus tetrahedron is rotated due 
to the bulk of the tryptamine leaving group. His112 
(from 3TW2) is aligned for nucleophilic attack on 
the phosphorus of H7. 
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towards Asn112. The closer approach may be attributable to the substitution of the 

histidine with the smaller asparagine of residue 112.  Other differences are confined to 

the small spanning region including the sulfur, the 5´-carbon, and the 4´-carbon that are 

likely attributable to the increased bond lengths and hybridization of the sulfur atom in 

H7.  Longer bonds between the phosphorus and the 5´-sulfur (2.1 Å) and 5´-sulfur to 5´-

carbon (1.8 Å) introduce additional strain between the fixed phosphate and nucleobase 

subsites that is relieved with a change in the ribose ring pucker from the standard 2´-endo 

ribose ring pucker toward O-4´-endo; the 4´ carbon is drawn down, making it nearly 

coplanar with C1´-C3´ (Figure 3.6). The other atoms in H7 overlay well with their 

cognates in reference structure 3TW2 (RMSD = 0.4 Å, excluding the atoms from the 4´-

carbon through the phosphate).  

 

The phosphate is rotated about the C4´-P torsion angle from that conformation previously 

observed, likely so that the bulky tryptamine phosphate substituent may be directed out of 

the catalytic site without strain.  Nevertheless, the phosphoramidate center of H7 

participates in a hydrogen-bonding network very similar to that of the AMP in reference 

structure 3TW2. One phosphoryl oxygen is hydrogen bonded to the backbone amide NH 

of Ser107 and Val108, while the other contacts the sidechains of Asn99, His112Asn, and 

cationic His114. Of these interactions, only the one involving Val108 is not conserved in 

the AMP complex. The phosphoramidate nitrogen makes hydrogen bonds with the 

backbone carbonyl of Gly105 and the sidechain of Ser107.  
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The bound H7 conformation appears to be a valid representation of pre-reaction complex, 

even though an inactive mutant protein was used and conformational changes are 

imposed upon substitution of sulfur for oxygen.  Upon overlaying the wild-type 

structures, the H112NE2-P-N angle is approximately 164° and the H112NE2-P distance 

is about 2.8 Å. Binding of nucleotide portion of the molecule in the conserved binding 

mode serves to align the reactants in a productive manner, and the nucleophilic histidine 

(His112, ND1H tautomer) is well positioned to attack the phosphorus and form the first 

pentacoordinate transition state (Figure 3.7A-B). This may be compared to PDB structure 

1KPE, a ditungsten analog of a pentacoordinate transition state.141  

 

Our proposed mechanism uses His114 as a general acid, transferring a proton to a 

phosphoryl oxygen (Figure 3.7C), then to the leaving group nitrogen as the first 

pentacoordinate intermediate collapses (Figure 3.7D). A hydrogen bond to the 

phosphoramidate nitrogen by Ser107 may help to stabilize charge buildup on the nitrogen 

prior to proton transfer and expulsion of the tryptamine (P1). This scheme is consistent 

with the rapid kinetics of the first step of the reaction (Figure 3.2).  

 

 
 



 

 101  



 

 102 

 

 
3.2.3.3. Structural Reaction Trajectory: Intermediate Complex (E*) 

 

In order to capture different intermediates along the reaction trajectory, H7 was soaked 

into apo wild-type protein crystals, which were then flash-frozen in time-course 

experiments to observe the progression of catalytic steps using X-ray crystallography.  

 

A 15 minute soak of an apo crystal using 5.5 mM H7 at 4 °C gave rise to a complex 

investigated at 1.75 Å resolution that appears to show full conversion of the enzyme to 

the guanylated intermediate E* (Table 3.2, Figure 3.10B, end of chapter). There is no 

remaining density for the tryptamine portion of the substrate. 

 

The nucleotide portion of the molecule shows reasonable overlap with previously 

determined product complexes through the 5´-carbon, with an RMSD of 0.6 Å for those 

atoms. This shift is likely an accommodation for longer bonds required to the sulfur that 

replaces the 5´-oxygen.  The shift does not affect the important hydrogen bonds made 

Figure 3.7. (Previous page) Proposed mechanism and structures of captured steps. In the structures, 
omit map density (mFo-DFc) is contoured at 3σ. (A) The ES1 complex. The ES1 structure (5IPC) 
Asn112 is overlaid with the His112 from 3TW2. To begin the reaction the nucleophilic His112 (ND1H 
tautomer) attacks the phosphorus center. (B) The first pentacoordinate transition state: a phosphoryl 
oxygen abstracts a proton from His112. (C) The first pentacoordinate transition state, ready to transfer 
the proton to the leaving group. (D) The proton is transferred from the phosphoryl oxygen to the leaving 
group, and it leaves. (E) The E* complex. Continuous density is seen between His112 NE2 and the 
phosphorus, and this structure is activated for nucleophilic attack by a network of hydrogen bonds to the 
phosphoryl oxygens. (F) Water attacks the phosphorus center, and a phosphoryl oxygen abstracts a 
proton. (G) Collapse of the second pentacoordinate transition state. (H) His114 tautomerizes to the 
ND1H tautomer and abstracts a proton from the neutral nucleotide monophosphate to reset the active 
site. (I) The EP2 complex. No nitrogen-phosphorus bond density is observed. 
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between the ribose and Asp43, and the ribose is in the standard 2´-endo pucker (Figure 

3.8). 

 

Hydrogen bonding in the covalent E* complex is highly similar to the substrate complex. 

One phosphoryl oxygen is hydrogen bonded to the backbone NH atoms of Ser107 and 

Val108, as well as the sidechain of Ser107, while the other is hydrogen bonded to the 

sidechains of Asn99 and His114. This directly mirrors the hydrogen bonds of the 

substrate ES1 complex.  

 

Comparing this structure to the ES1 complex, a clear inversion of the phosphate center is 

observed (Figure 3.8) with little change in the position of the phosphoryl oxygens. This 

further supports the use of the His112Asn mutation as a model for looking at substrate 

complexes, as the E* complex implies that the ES1 complex represents a catalytically 

competent conformation.  

 

There is no sign that conversion to the product nucleotide (P2), has occurred significantly 

at the time this complex was trapped. Therefore, this structure represents a clear picture 

of the nucleotidylated histidine intermediate in the hHint1 catalytic pathway (Figure 

3.7E).  
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Unlike examples in either the phospholipase D or histidine phosphatase families, the 

hHint1 His112-intermediate is not stabilized by a nearby acidic residue,227,229,241 but 

rather by a simple carbonyl (His110). This type of stabilization has been linked to 

crystallographic low occupancy of the covalent intermediate in E. coli phosphoglycerate 

mutase, possibly because it is less stable.241,242 However, the stability lent to the 

intermediate by an acidic residue may not be necessary in hHint1 due to the lack of 

residues to activate water. In similar enzymes, water is often activated by histidine, but 

with assistance from an aspartic acid (e.g., PLD and Tpd1), or by an acidic residue alone 

(e.g., PAP and fructose-2,6-biphosphatase).235,243 Nevertheless, the active sites of these 

enzymes are replete with both acidic and basic residues, something which hHint1 lacks 

with the exception of a singular protonated histidine.  

 

In our proposed mechanism, water serves as a nucleophile, which is deprotonated by a 

phosphoryl oxygen due to the lack of a local base. The step is partially rate-limiting, 

Figure 3.8. A snapshot of the reaction. Comparison 
of ES1 (teal, 5IPC) and E* (brown, 5IPD) 
complexes. In the transition between these two 
states, the phosphorus center has inverted. The 
standard 2´-endo is also recovered in the E* 
complex.   



 

 105 

likely due to the poor nucleophilicity of water (Figure 3.7F). There are no 

crystallographic waters that are positioned to perform a nucleophilic attack in the E* 

structure. There are three conserved waters immediately near the active site that are 

conserved in all wild-type crystals, but they appear to be structural waters. Moreover, 

these waters are poorly positioned to serve as a nucleophile in either an associative or 

dissociative mechanism. 

 

The electrophilicity of the phosphorus center may be enhanced by strong interactions 

between the phosphoryl oxygens and nearby hydrogen bond donors: Asn99 ND2 (2.8 Å), 

Gly105 N (2.5 Å) Ser107 sidechain (3.4 Å), Val108 N (3.1 Å), and His114 NE2 (3.0 Å). 

Following water addition, collapse of the second pentacoordinate transition state yields a 

neutral His112 and neutral AMP molecule. (Figure 3.7G) A tautomerization of His114 to 

the ND1H-tautomer allows NE2 to deprotonate AMP and restores the active site (Figure 

3.7H). 

 

Galactose-1-phosphate uridylyltransferase (GalT) is an unusual HIT family member 

wherein an atypical HIT family sequence motif (H-X-H-X-Q-X-X) replaces the usual HIT 

family motif (H-X-H-X-H-X-X).77 The function of GalT is to transfer a UMP molecule 

from UDP-glucose to galactose-1-phosphate, making GalT a transferase rather than a 

hydrolase and indicating that the E* state must be significantly more stable than in 

hHint1. Indeed, a similar E* complex of the E. coli GalT enzyme was described in 1996 

by Wedekind et al., prepared by soaking crystals in 5 mM UDP-glucose, the native 
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substrate, for 2 or more hours at 4 °C (PDB ID 1HXQ).244 This E* complex does not 

undergo hydrolysis during the incubation time; given our proposed mechanism, the GalT 

intermediate could be hydrolyzed by the same water nucleophile.  However, the 

phosphorus in the GalT E* intermediate has reduced electrophilicity, thereby increasing 

its stability; there is only one significant hydrogen bond to Gln168 NE2 (3.0 Å; His114 

analog). Wedekind et al. prepared their crystals in high-pH solution (7.1-7.9), indicating 

that this was to reduce acid-catalyzed hydrolysis of the E* complex, further supporting 

our proposed mechanism through the necessary activation of the phosphorus center via 

stabilization of the phosphoryl oxygens.  

 

3.2.3.4. Structural Reaction Trajectory: Product Complex (EP2) 

 

A product EP2 complex (PDB ID 5IPE), was achieved at 1.45 Å resolution by soaking 

the substrate H7 (5.5 mM) into a crystal at room temperature for 45 minutes. (Table 3.2, 

Figure 3.10C, end of chapter) There is no density in this structure to indicate a 

phosphorus-nitrogen bond, either to the tryptamine nitrogen or to His112. Therefore, this 

structure represents a fully hydrolyzed EP2 complex. (Figure 3.7I)  

  

This structure is largely indistinguishable from other product complexes in the literature, 

with an RMSD of 0.3 Å to the AMP in 3TW2. Minor differences are attributable to the 

sulfur substitution, which results in a more acute P-S-C5´ angle (107°) compared to the 

same angle in AMP (120°). The hydrogen bond network is largely preserved from the 
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covalent E* complex, though the phosphorus-His112 covalent bond in the E* complex is 

replaced by a phosphoryl oxygen-His112 hydrogen bond in the EP2 complex. The water-

derived oxygen supplants one of the conserved phosphoryl oxygens as the hydrogen 

bonding partner of Asn99, and in this structure, the sulfur can also potentially make a 

hydrogen bond with the sidechain of Ser107.  

 

Our time-dependent crystallographic experiments with the wild-type enzyme may not be 

witness to complete catalytic turnover of H7. This is consistent with the understanding of 

catalysis reached from detailed analysis of enzyme kinetics, where final product release is 

shown to be partially rate limiting for good substrates, and a significant conformational 

change has been proposed to accompany nucleotide (P2) release.138 Packing in the 

monoclinic hHint1 crystal used in this study may prohibit this conformational change, 

thereby stabilizing the EP2 complex. At the 45-minute crystallographic observation, 

nearly all substrates have been fully hydrolyzed to the 5´-sulfur analog of GMP, which 

remains bound. Were new substrates to displace the old in continuous catalytic turnover, 

the clear density seen for the P2 product would almost certainly be muddied by the 

presence of overlapping species (Figure 3.7I). Additional work will be needed to better 

understand the nature and significance of such a conformational change. 
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The crystals do permit conformational 

change sufficient to permit binding and 

catalyzed transformation of substrates. 

One small structural change consistently 

distinguishes E state structures such as 

1KPA96 or the H112N apo structure 

(5IPB) and ligand-bound structures. The 

backbone surrounding Ser107, which 

overlies the phosphate binding area, shifts 

by about 1 Å to accommodate any bound 

nucleotide-type ligand (Figure 3.9). While 

previously noted,106 the significance of 

these interactions is made clearer by the enzyme-substrate (ES1) complex structure; H-

bonds between this loop and a phosphoramidate may play a catalytic role by facilitating 

charge separation in the P-N bond prior to hydrolysis.   

 

3.3. Conclusion 

 
The thiophosphoramidate GMP (H7) has the optimal geometry and resistance to rapid 

catalysis that makes it an effective surrogate for all nucleotide phosphoramidates and the 

investigation of hHint1-catalyzed hydrolysis.  The slow turnover of this substrate has 

permitted the crystallographic capture of otherwise short-lived reaction intermediates. 

 

Figure 3.9. Serine 107 movement. The small 
structural change necessary to accommodate 
ligand binding. In apo structures such as 1KPA 
(white), the sidechain of Ser107 is in the 
phosphate pocket. When any type of ligand is 
observed to bind, such as AMP in 3TW2 (gray), 
Ser107 and the surrounding backbone moves to 
allow it. 
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The three snapshots of the hHint1 catalytic cycle achieved using H7 provide valuable 

insight into this pharmaceutically relevant enzyme. In order to capture different 

intermediates along the reaction trajectory (Figure 3.7), the compounds were soaked into 

apo protein crystals, which were then flash-frozen and characterized using X-ray 

crystallography. The ES1 complex was achieved by means of soaking into the inactive 

H112N mutant, and wild-type protein crystals were used in time-course experiments to 

observe the progression of catalytic steps. By employing a catalytically inactive mutant 

H112N enzyme variant, the first experimental structure of a hHint1 enzyme-substrate 

complex (ES1) has been obtained at high resolution. 

 

In the ES1 complex, H7 binds in a mode primed for attack by His112 in a manner likely 

to be conserved by other nucleotide phosphoramidates. The active site residue Ser107 

may help to stabilize the partial negative charge that builds up on the phosphoramidate 

nitrogen as the first pentacoordinate transition state collapses (Figure 3.7D), thus 

facilitating the first half of the reaction. Only the nitrogen atom of the tryptamine (P1) 

makes specific interactions with the enzyme, and as long as it does not sterically clash 

with the protein, the enzyme should hydrolyze phosphoramidate substrates with little 

regard for the identity of the leaving group. Therefore, the amine leaving group may 

represent an opportunity to deploy a secondary therapeutic molecule or a targeting moiety 

as part of a hHint1 activated prodrug. 
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The covalently linked intermediate complex (E*) shows that there are no major 

conformational changes in the ligand binding mode in this intermediate, other than the 

inversion of the phosphorus center. Full formation of the His112-phosphorus bond is 

observed, and there is no remaining density for the tryptamine, reiterating the facile 

leaving group nature of the P1 component.  

 

The EP2 complex is a product complex that faithfully represents other known product 

complexes, but has been generated completely in situ by enzymatic action following 

addition of H7 to apo crystals.  

 

The crystal structures that capture states in the catalytic cycle of hHint1 are consistent 

with the kinetic mechanism as proposed by Zhou et al.138 The mechanism employed by 

hHint1, and by extension, other Hint enzymes, is unique among phospho-histidine 

enzymes in the paucity of charged residues in the active site. In enzymes of similar nature 

in the PLD and histidine phosphatase families, charged residues perform critical roles: 

binding to poly-charged substrates (i.e. DNA, IP6, fructose-2,6-bisphosphate), stabilizing 

the covalent adduct, serving as a proton donor, and activating water.227–230,234,243,245 In 

hHint1, the only such residue is His114. This active site architecture indicates that both 

the native substrate and mechanism are unique to this enzyme family. 

 

 

 



 

 111 

3.4. Materials and Methods 

 

3.4.1. Synthesis 

 

The synthesis of H5 and H7 was carried out by Rachit Shah.  

 

3.4.2. Enzyme Kinetics 

 

The kinetic characterization of the compounds was carried out by Rachit Shah. The 

fluorescence assay was described previously.135  

 

3.4.3. Isothermal Titration Calorimetry 

 

ITC was conducted on a MicroCal Auto-iTC200 microcalorimeter (Malvern Instruments 

Ltd, UK) with a cell volume of 200 µL and a syringe volume of 40 µL.  All experiments 

were performed at 25 °C in 1X PBS.  Both the wild-type and H112N mutant enzymes 

were dialyzed into this buffer for 19 hours, and the dialysate was used to make the AMP 

titrant solutions. The protein concentrations were determined by a Nanodrop 

spectrophometer and the 1%e (g/L) extinction coefficient (wild type: 6.03, mutant: 6.04). 

The wild-type protein measurements used 1.1 mM protein and 15 mM AMP. The H112N 

mutant protein measurements used 0.03 mM protein and 0.3 mM AMP. Each experiment 

was carried out in triplicate. All titrations were performed with stirring speed of 750 rpm 
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and a 150 second interval between 2 µL injections. The data, excluding the first injection, 

were fit to a theoretical titration curve using the Origin software package (version 7.0) 

provided with the instrument to obtain KA (the association constant in M-1), N (the 

number of binding sites per monomer), ΔH (enthalpy), and ΔS (entropy) of binding.  The 

dissociation constant is the reciprocal of the association constant (KD = 1/KA). The free 

energy of binding is calculated using the Gibbs free energy equation: ΔG = ΔH – TΔS. 

The average dissociation constant and standard deviation were computed from all three 

replicates. 

 

3.4.4. Protein Expression and Purification 

 

The wild type and H112N hHint1 proteins were expressed in the same fashion. The 

constructs in a pMCSG7198 vector (N-terminal, TEV-cleavable His6-tag) were grown 

Rosetta2 pLysS cells in TB media using ampicillin (100 µg/mL, GoldBio) and 

chloramphenicol (30 µg/mL, Fisher Scientific) at 37 °C and shaking at 270 rpm until 

OD600 = 1.0, when they where induced to an IPTG (TekNOVA) concentration of 1 mM. 

The cultures were incubated at 18 °C overnight with shaking at 270 rpm. The cultures 

were harvested by centrifugation at 5,000 x g, and the cell pellets were resuspended in 

Buffer A (50 mM HEPES (Sigma), 300 mM NaCl (Macron Fine Chemicals), 10% 

glycerol (Fisher Scientific), 0.5 mM TCEP (Thermo Scientific), 10 mM imidazole 

(Sigma), pH 7.0), adjusted to 1 mM MgCl2 (EMD) and 1 mg/mL lysozyme (bioPLUS). 

Benzonase nuclease (1.5-2 uL, Sigma) was added. The cells were lysed by sonication (8-
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16 x (30 s on, 30 s off)), and cell debris was removed by centrifugation at 40,000 x g for 

45 minutes. The lysate was clarified by syringe filtration (0.45 µm, Merck Millipore Ltd.) 

and applied to 2 x 5 mL GE HisTrapFF columns. The protein was eluted with an 

imidazole gradient to Buffer B (50 mM HEPES, 300 mM NaCl, 10% glycerol, 0.5 mM 

TCEP, pH 7.0).  

 

The His6 tag was cleaved with TEV protease, used at 2% (m/m) during an overnight 

dialysis step at 4 °C against TEV cleavage buffer (50 mM HEPES, 300 mM NaCl, 5% 

glycerol, 0.5 mM TCEP, pH 7.0). The cleaved protein mixture was reapplied to the nickel 

column, and the flow-through portion was collected. The flow-through fractions were 

concentrated to approximately 5 mL and applied to a HiPrep 16/60 Sephacryl S-100 HR 

column using SEC buffer (20 mM Tris (Fluka), 300 mM NaCl, 5% glycerol, pH 7.0). The 

pure fractions were pooled. In the wild type preparation, these fractions were 

concentrated to A280 = 10, aliqotted and frozen without further treatment. In the H112N 

preparation, the protein was refolded to remove a co-purified nucleotide contaminant.  

 

To refold the protein, the pooled fractions were first dialyzed (NMWCO = 10000, 

Thermo dialysis cassette) against SEC buffer with the addition of 8 M urea (J.T. Baker) 

overnight at room temperature. This procedure was repeated at 4 °C with decreasing 

concentrations of urea: 4 M, 2 M, and 0 M, 0 M to fully refold the protein and remove the 

urea. The folding of the protein was confirmed using differential scanning fluorimetry, 

and the Tm was 59 °C, compared to 61 °C before treatment with urea. This is consistent 
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with removing a small molecule that stabilizes the protein. The protein was concentrated 

to A280 = 10, aliquotted, and frozen. 

 

3.4.5. Protein Crystallization 

 

Crystals of wild-type and H112N hHint1 were prepared using hanging-drop vapor 

diffusion at 20 °C. For wild-type crystals, drops were set up consisting of 2 uL of protein 

(A280 = 5) and 2 uL of well solution (1 M MES (Sigma) pH 6.1-6.4, PEG 8K (Acros 

Organics) 34-39%). For H112N crystals, drops consisted of 2 uL of protein (A280 = 3) 

and 2 uL of well solution (1 M MES pH 6.5, 37% PEG 8K).  

 

For structure 5IPB (apo H112N complex), the crystal was transferred to a solution 

containing the mother liquor supplemented with 20% PEG 400 (Sigma), followed by 

flash vitrification in liquid nitrogen. 

 

For structure 5IPC (ES1 complex, H112N with H7), the compound (5.5 mM) was soaked 

into the crystal at room temperature for 15 minutes. The crystal was then transferred to a 

solution containing the mother liquor supplemented with 20% PEG 400, followed by 

flash vitrification in liquid nitrogen. 

 

For structure 5IPD (E* complex, wild type with covalent attachment), the compound H7 

(5.5 mM) was soaked into the crystal at 4 °C for 15 minutes. The crystal was then 
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transferred to a solution containing the mother liquor supplemented with 20% PEG 400, 

followed by flash vitrification in liquid nitrogen. 

 

For structure 5IPE, (EP2 complex, wild type with hydrolysis product), the compound H7 

(5.5 mM) was soaked into the crystal at room temperature for 45 minutes. The crystal 

was then transferred to a solution containing the mother liquor supplemented with 20% 

PEG 400, followed by flash vitrification in liquid nitrogen. 

 

Data collection. Data for structures 5IPB, 5IPC, and 5IPD, were collected at APS 

beamline 17-ID-B (IMCA-CAT) of Argonne National Labs equipped with a Dectris 

Pilatus 6M Pixel Array detector. The data were processed using AutoPROC.204 Data for 

structure 5IPE were collected at ALS beamline 4.2.2 of Lawrence Livermore National 

labs and were processed using XDS.246  

 

Structure determination. The structures were solved using Phaser205 and the coordinates 

from structure 3TW2.103 The structures were refined using REFMAC5247 in the CCP4 

suite206 and Phenix,208 and they were visualized and modified using Coot.248 Ligand 

restraints were calculated using JLigand or elbow.249,250 Atomic coordinates and 

diffraction data have been deposited in the Protein Data Bank.196 Data processing and 

refinement statistics are available in Table 3.2. An omit map for each of the ligands is 

shown in Figure 3.10. 
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Crystal packing does noticeably impact substrate binding in these crystals; we observe 

substrate binding and catalysis in only one of the two, seemingly equivalent monomers of 

the hHint1 homodimer, a fact that can be explained upon consideration of crystal 

packing. In this monoclinic (C2) crystal form, the active site of the B chain is partially 

occupied by the β1-β2 loop of the B chain of a symmetry mate, thus precluding binding 

in that site.  

 

Structures that are compared have been overlaid using the “HIT-NBD” (HIstidine Triad 

protein-Nucleotide Binding Domain) core substructure overlay method available at 

https://drugsite.msi.umn.edu/.211 
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Table 3.2 Data processing and refinement statistics. 

 

PDB ID code 5IPB 5IPC 5IPD 5IPE

Protein Construct H112N H112N Wild-type Wild-type

Collection Site APS 17-ID APS 17-ID APS 17-ID ALS 4.2.2

Resolution (Å) 1.55 1.3 1.75 1.45

Space group C2 C2 C2 C2
a
b cell edges (Å) 
c

78.79
46.50
64.25

77.94
46.50
63.92

78.44
46.24
64.22

78.27
46.31
63.96

Cell axis angle (°) 94.94 94.72 94.78 94.72

Data Processing

Resolution range (Å)
(high shell)

34.82-1.55
(1.56-1.55)

63.70-1.30
(1.304-1.30)

64.00-1.75
(1.76-1.75)

39.82-1.45
(1.47-1.45)

Observations measured
(high shell)

102047
(664)

178918
(1716)

74546
(696)

141829
(6701)

Unique reflections
(high shell)

33064
(285)

54978
(538)

22992
(219)

39524
(1932)

Average multiplicity
(high shell)

3.1
(2.3)

3.3
(3.2)

3.2
(3.2)

3.6
(3.5)

Completeness (% )
(high shell)

97.8
(91.1)

97.9
(96.1)

98.6
(97.3)

97.5
(96.6)

Rmerge

(high shell)
0.051

(0.205)
0.034

(0.249)
0.063

(0.353)
0.046

(0.374)
Mean <I/σI>
(high shell)

14.0
(4.7)

19.3
(4.6)

14.4
(5.1)

16.8
(2.9)

Refinement statistics

Resolution range (Å)
(high shell)

34.833-1.550
(1.596-1.550)

33.199-1.300
(1.322-1.300)

39.810-1.750
(1.830-1.750)

39.837-1.450
(1.486-1.450)

Working set reflections
(high shell)

31311
(2396)

52112
(2539)

21877
(2657)

37570
(2629)

Rfree  reflections
(high shell)

1728
(136)

2853
(123)

1110
(152)

2007
(129)

R (% )
(high shell)

0.1635
(0.2041)

0.1518
(0.1990)

0.1576
(0.2533)

0.1594
(0.2220)

Rfree  (%)
(high shell)

0.1928
(0.2616)

0.1698
(0.2162)

0.1880
(0.3034)

0.1809
(0.2636)

No. of non-hydrogen 
atoms

2027 2085 1960 2074

No. of solvent waters 243 228 163 249

Mean B-factors (Å2)

Protein atoms 15.10 13.50 15.19 11.39

Solvent atoms 25.02 24.33 23.74 22.30

Ligand atoms n.a. 13.76 14.27 14.07

Bond lengths (Å) 0.005 0.005 0.006 0.005

Bond angles (°) 0.85 1.00 0.93 0.93
Ramachandran plot 
outliers

0.0 0.0 0.0 0.0

MolProbity score 0.87 0.81 0.92 1.15

RMS deviations From Ideal Geometry

*Values in parentheses are for the highest resolution shell 
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Figure 3.10. Ligand omit maps. Omit map (mFo-DFc) stereo views of ligand density, 
contoured at 3σ. (A) the ES1 complex, 5IPC. (B) The E* complex, 5IPD. (C) The EP2 
complex, 5IPE. 



 

 119 

Chapter 4: Structural Guide to Building a hHint1-activated 

Prodrug 

Tables 4.1 and 4.2 are reprinted (adapted) with permission from Chou, T.-F.; Baraniak, 
J.; Kaczmarek, R.; Zhou, X.; Cheng, J.; Ghosh, B.; Wagner, C. R. Phosphoramidate 
Pronucleotides:  A Comparison of the Phosphoramidase Substrate Specificity of Human 
and Escherichia coli Histidine Triad Nucleotide Binding Proteins. Mol. Pharmaceutics 
2007, 4 (2), 208–217. Copyright 2007 American Chemical Society. 
 

4.1. Introduction 

 

In the previous chapter, a structure-based mechanism for hHint1-catalyzed hydrolysis of 

phosphoramidates was described. With the work described in this chapter, we have 

explored variations on the nucleobase and the ribose, and determined a minimum 

necessary scaffold for binding in the active site in a productive mode. Additionally, the 

function of the leaving group is explored, both in relation to the natural function of 

hHint1 and in its role as part of a prodrug moiety. A number of unique hHint1 and hHint2 

structures have been captured that, when examined in the context of the mechanism now 

understood, permit the development of a structural guide to building hHint1-activated 

nucleoside phosphoramidates.   
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4.2. Results and Discussion 

 

4.2.1. Structural Model 

 

The model substrates that have been used in this work are primarily that of nucleoside 

phosphoramidates with tryptamine leaving groups, such as H4 (otherwise known as 

TpAd, Figure 4.1)140 in Figure 4.2. They are hydrolyzed efficiently by hHint1, both in 

vitro135 and in crystallo. A brief 20-30 minute soak of the substrates in the wild-type 

crystals leads to product (EP2) complexes, while substrate (ES1) complexes can be 

observed using the active site H112N mutant form of the enzyme characterized in the 

preceding chapter.  

 

Compound H4 provides a foundation for the 

structural model using these substrates (Figure 

4.1). The substrate binds in the active site in the 

standard binding mode (Figure 4.2A, PDB ID 

5KLY). The nucleotide portion of the molecule 

overlays well with the product AMP (PDB ID 

5KLZ), with the exception of the phosphate and 5´-oxygen. In  5KLY, the phosphorus 

center is rotated by about 50°, or one-half turn between tetrahedral vertices, about a 

phosphorus-oxygen bond. This rotation provides the necessary space for the tryptamine 

leaving group. This also sets up a dichotomy of phosphate conformations for EP2 

Figure 4.1. Compound H4  
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N
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OOPHN
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complexes, as either conformation is available to them. The phosphate conformation 

observed in the ES1 complex will be called the ‘substrate’ conformation, and the 

conformation observed in this EP2 complex will be called the ‘product’ conformation.  

 

The catalytic product AMP molecule in 5KLZ aligns very well with the AMP soak in the 

reference structure 3TW2, with both phosphates in the product conformation (Figure 

4.2B).103 The similarity between these two complexes allows us to assert that product 

compound soaks are valid representations of the catalytic product conformation. In the 

following discussion, there will be a mixture of EP2 catalytic products and product soaks 

presented.  

 

 

 

 

Figure 4.2. H4 activation by hHint1. (A) The substrate ES1 complex (5KLY) is shown in teal. It 
overlays well with the catalytic product EP2 AMP complex (5KLZ), shown in yellow. (B) Comparison 
of the catalytic AMP complex (yellow) and the reference AMP soak of 3TW2 (gray).  
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4.2.2. Nucleotide 

Because the nucleotide portion of the substrate molecule may provide therapeutic 

specificity for anticancer and antiviral applications, a series of nucleotide analogs were 

investigated to determine the impact of the substrate structure on binding, and potentially 

on catalysis. In previous work, the Wagner lab has demonstrated hHint1 has a preference 

for purine-based substrates, cleaving them approximately an order of magnitude more 

efficiently (Table 4.1).135  

 

We have structurally characterized the binding of substrates incorporating variations in 

both the nucleobase and sugar. With these structures, we were able to determine a 

minimum nucleoside scaffold that is necessary for the substrate to bind in a productive 

mode (Section 4.2.2.3).  

 

R1OOPHN

O

OH

OH R2

HN

R3

Table 4.1. Kinetics of hydrolysis, by nucleobase. Kinetic parameters of hHint1-catalyzed 
activation of nucleoside phosphoramidate substrates. Adapted from Chou, et al., 2007.135 
Triciribine data courtesy of Rachit Shah.   

R1 R2 R3 kcat (s-1) Km (µM) kcat/Km

(x 107 s-1M-1)

H4 adenine OH H 2.1 ± 0.1 0.13 ± 0.02 1.5 ± 0.3
H8 adenine H OH 1.1 ± 0.03 1.0 ± 0.06 0.11 ± 0.01
H6 guanine OH H 2.3 ± 0.07 0.21 ± 0.02 1.1 ± 0.1
H9 uracil OH H 2.5 ± 0.3 2.2 ± 0.4 0.12 ± 0.05
H10 cytosine OH H 1.2 ± 0.1 2.3± 0.4 0.06 ± 0.02
H11 hypoxanthine OH H 2.6 ± 0.04 0.71 ± 0.03 0.37 ± 0.03
H12 triciribine OH H 0.77 ± 0.02 0.35 ± 0.02 0.22 ± 0.007
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4.2.2.1. Nucleobase 

 

As evident in the kinetic data, the nucleobase identity influences the efficiency of hHint1-

mediated hydrolysis.  Protein X-ray crystallographic analysis was used to determine how 

changes in the nucleobase affect the mode of binding or significant contacts made in the 

active site. The nucleobase binding area in hHint1 is a large solvent-exposed cleft, largely 

composed of hydrophobic residues (see Figure 3.4 for general nucleotide binding). In all 

cases, the reference AMP-bound structure 3TW2 will be used for comparison.  

 

Purines such as GMP and IMP (Figure 4.3A) affect the binding mode only minutely. The 

placement of IMP in the active site (PDB ID 5KM0) is virtually identical to that of AMP, 

and all of the specific hydrogen bonding interactions are identical, although the 

Figure 4.3. Purine and pyrimidine binding modes. In each image, the reference AMP molecule from 
3TW2 is shown in semitransparent white sticks. (A) Purine binding mode. IMP (5KM0) is shown in 
blue, and GMP (5KM1) is shown in purple. (B) Pyrimidine binding mode. CMP (5KM2) is shown in 
cyan, UMP (5KM3) is shown in yellow, and 5-iodo-UMP (5KM4) is shown in green. 
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placement of waters interacting with the nucleobase differs. The GMP structure (PDB ID 

5KM1) differs slightly; the exocyclic amine causes a slight tilt in the nucleobase binding 

mode, of about 9° from the nearly superimposed N5 atoms to the disparate N1 atoms. 

Due to the exocyclic amine, GMP is able to make an additional hydrogen bond to the 

backbone carbonyl of His42. 

 

The phosphate in the GMP structure is observed in the substrate conformation, whereas 

the AMP and IMP structures reflect the product phosphate conformation. A structural 

basis for this difference is not immediately clear, and because both are observed, they are 

likely to be of comparable energies. The specific hydrogen bonds made by the phosphate 

in the two conformations are difficult to compare, as in most cases, each of the four 

oxygen atoms has at least two available hydrogen bond donors, and many of the potential 

donors overlap between the oxygen acceptors (Figure 4.4). The hydrogen bond donors in 

this system are: Asn99 ND2H, Ser107 NH, Ser107 OH, Val 108 NH, His114 NE2H, two 

structural waters that lay in proximity to the active site, and crystallographic waters that 

are observed in the leaving group cleft. Histidine 112 is not included as a hydrogen bond 

donor; as established in the previous chapter, this residue is not likely to be positively 

charged, and the ND1H tautomer is present, participating in a hydrogen bond with the 

carbonyl of His110.  
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In the product conformation, each oxygen can accept a hydrogen bond from two donors, 

if an additional solvent water is invoked in the alkyl amine leaving group cleft to donate 

to the oxygen oriented in that direction (Figure 4.4B). However, in the substrate 

conformation, the 5´-oxygen only has one available hydrogen bond donor, His114 

(Figure 4.4A). All other oxygen atoms can accept hydrogen bonds from the previously 

listed donors. This small difference of one hydrogen bond in a solvent-exposed area may 

account for the difference in observed frequencies of the substrate and product phosphate 

conformations. In the original nucleotide monophosphate structures presented in this 

work, three are observed in the substrate conformation (4INI, 5KM1, 5KM5), five in the 

product conformation (5IPE, 5KLZ, 5KM0, 5KM4, 5KM7), and two in both (5KM2, 

5KM3). 

Figure 4.4. Hydrogen bonding in the different phosphate conformations.  Both panels are captured from 
the UMP complex 5KM3 (yellow). (A) The substrate conformation. The 5´-oxygen has only one 
available hydrogen bond donor, His114. (B) The product conformation. All hydrogen bond acceptors 
have at least two hydrogen bond donors or are solvent accessible. 
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Three pyrimidine structures were captured: CMP (PDB ID 5KM2), UMP (5KM3), and 5-

iodo-UMP (5KM4). In each of these structures, the pyrimidine ring overlays with the 5-

membered ring of the reference purine, and the 2-carbonyl extends towards the position 

of N3 of AMP (Figure 4.3B). These structures do not differ from the purine structures in 

any significant way, and each nucleobase makes one hydrogen bond with the protein, as 

does AMP. Gross binding mode or counting nucleobase hydrogen bonds cannot account 

for the observed differences in kinetic parameters between the purines and pyrimidines, 

but differences in the number of non-specific (hydrophobic) interactions and solvation 

energies must also be considered. Both the CMP and UMP molecules are observed with 

both substrate and product phosphate conformations in approximately equal occupancy. 

The 5-iodo-UMP structure is the only one of these to adopt the product phosphate 

conformation. In this structure, the large iodine group is readily accommodated within the 

hHint1 nucleobase binding area, due to its general featurelessness and accessibility to 

solvent. 

 

To further the exploration of variations in the nucleobase structure, triciribine 

monophosphate, the EP2 product of compound H12 (Figure 4.5A), was characterized in 

hHint2 crystals (PDB ID 5KM5). Triciribine is under investigation as an Akt inhibitor for 

the treatment of acute lymphoblastic leukemia and acute myeloid leukemia, among other 

applications.251–254 In the hHint2 active site, it is accommodated in much the same way as 

5-iodo-UMP, due to the expansive nature of the nucleobase binding area (Figure 4.5B). A 

different ring-expanded nucleobase structure was determined by Alex Strom in structure 
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5I2E, wherein the ring is expanded linearly, rather than in a bridging fashion as in 

5KM5.255 This too is accommodated in the active site.  

 

Together, the diversity of nucleobases investigated during the course of this project 

indicates that hHint1 will be tolerant of many changes to the nucleobase portion of 

potential therapeutic agents. Furthermore, the kinetic analysis showed that the identity of 

the nucleobase only has a small impact on the turnover rate of substrate hydrolysis when 

the rest of the molecule is held constant.135 This relatively flat SAR supported by the 

uniformity of binding confirmed by new structural data suggests that a broad range of 

nucleobase analogs might be accommodated as portions of hHint1-activated prodrugs.  

 

 

Figure 4.5. Activation of H12. (A) The structure of H12. (B) Product binding mode of triciribine 
monophosphate (5KM5), shown in pink. The reference AMP molecule from 3TW2 is shown as 
semitransparent white sticks.  
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4.2.2.2. Sugar  

 

The other portion of the nucleotide that is altered in therapeutic agents is the ribose sugar, 

such as in cytarabine,218 where arabinose is substituted for ribose, or abacavir,256 where 

both the 2´- and 3´-oxygens are absent, and a double bond exists between the 

corresponding carbons. In the structures of nucleotides presented thus far, the 

coordination of the 2´- and 3´- hydroxyls by Asp43 has been a universally conserved 

feature. Therefore, it was of interest to determine the impact of changing the ribose 

structure on the mode of binding. 

 

In the previous kinetic work, it was shown that the arabinose analog, H8, of the most 

efficiently hydrolyzed substrate, was about an order of magnitude less efficient, on par 

with the pyrimidine substrates (Table 4.1).135 The only difference in these two molecules 

is the stereochemistry at the 2´-carbon atom. In order to examine an Ara-A structure, the 

H8 substrate and mutant H112N crystals were used, as the product crystallizes under the 

same conditions as the protein. In this structure (PDB ID 5KM6), the nucleotide portion 

of the molecule aligns well with the reference AMP molecule, although H8 must take on 

the substrate phosphate conformation (Figure 4.6A). The 2´-hydroxyl is not participating 

in any protein-derived hydrogen bonds, and due to the similarity in their conformations, 

we may conclude that the difference in the efficiency of turnover between H4 and H8 is 

solely due to the hydrogen bond that is lost to Asp43.  
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Complete removal of the 2´-hydroxyl results in no further changes to the nucleotide 

binding mode (Figure 4.6B). In this structure with 2´-deoxy-AMP (PDB ID 5KM7), the 

nucleotide overlays almost precisely with the reference AMP molecule.  

 

Finally, when the ribose ring is opened, as in the cytomegalovirus therapeutic 

phosphonate cidofovir (Figure 4.7A),257 the nucleotide binding mode breaks down. The 

phosphonate binds in the phosphate binding pocket, but the nucleoside portion of the 

molecule extends through the leaving group binding cleft, rather than in the nucleotide 

binding area (Figure 4.7B, PDB ID 5KM8). Although cidofovir has many of the elements 

found in nucleotides, without the restriction provided by the 5-membered ring, the 

nucleotide analog does not orient correctly in the active site.   

Figure 4.6. Modifications to the ribose. In each image, the reference AMP molecule from 3TW2 is 
shown in semitransparent white sticks. (A) An arabinose sugar incorporated into the substrate (H8, 
5KM6), shown in pink, does not affect the binding mode. (B) Removal of the 2´-hydroxyl has no impact 
on the binding mode either, shown in orange (5KM7). 
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Extending these investigations of the ribose sugar to the analysis of sofosbuvir, the 

combination of a pyrimidine nucleobase with a 2´-deoxy, 2´-α-fluoro-β-methyl ribose 

likely leads to the very poor (>1 mM) reported Km value.134 Incorporation of the uridine 

nucleobase and elimination of the 2´-hydroxyl raises the Km to a degree, but the 2´-β-

methyl may in fact clash with Asp43, which may account for the greater than expected 

binding penalty.   

 

Based on the structures captured, the conformational restriction imposed by the sugar 

moiety appears to play a significant role in the orientation of the product nucleotide in the 

active site—and by extrapolation, the orientation of the substrate as well. The 2´-

hydroxyl is completely unnecessary to achieve the productive binding mode, and it is 

likely that further modifications could be made, such as using a di-deoxy species or a 

Figure 4.7. Cidofovir. (A) The structure of cidofovir. (B) The unusual binding mode 
of cidofovir in the hHint2 active site (5KM8), shown in purple. The standard binding 
mode is displayed by AMP from 3TW2, shown as semitransparent white sticks.  
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carbocycle, as long as the ring remains intact.  It is unclear whether cidofovir or 

nucleotide analogs with an acyclic ribose can be activated by hHint family enzymes.  

This is an area that could benefit from further study. 

 

4.2.2.3. Minimum Scaffold  

 

A constant throughout all of the known 

hHint structures containing ligands is the 

presence of the phosphate group in the 

same binding area near the catalytic 

histidine. As outlined above, the 

phosphate group makes extensive 

hydrogen bond contacts with the protein, 

leading to the question of its role in the 

binding mode of nucleotides in the active 

site. To examine this, a soak of adenosine 

was performed. In this structure (PDB ID 

5KM9), the nucleoside binds largely in the standard mode, with the exception of the 5´-

oxygen, which is no longer constrained by the rest of the phosphate (Figure 4.8).  

 

With this information, we can draw some conclusions about the minimum scaffold 

necessary in order to bind to the enzyme in a productive mode. A wide variety of 

Figure 4.8. Binding mode of a nucleoside. In the 
absence of a phosphate, adenosine (cyan, 5KM9) 
is observed in largely the same binding mode as 
the AMP from 3TW2 (white, semitransparent). 
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nucleobases may be used, although an abasic analog has yet to be investigated. The 

ribose ring appears to be the most sensitive aspect of this portion of the molecule, and it 

does not tolerate being opened, although variations in the hydroxylation pattern are 

acceptable. Finally, the phosphate is not strictly necessary for binding, but this is not a 

physiologically or pharmaceutically relevant observation, as all substrates will 

incorporate a phosphoramidate or acyl-phosphate element in this position, though it does 

reiterate the importance of the nucleoside elements.  

 

4.2.3. Leaving Group 

 

4.2.3.1. Substitution Pattern 

 

In the design of a hHint1-activated prodrug, the alkyl amine leaving group must also be 

considered, both as a byproduct of the reaction and as a potential targeting agent or 

secondary therapeutic. In the substrates examined thus far, the leaving group has been 

tryptamine, chosen partially for its utility in a fluorescence-based assay.135 Tryptamine 

also had favorable kinetic parameters when compared to both L- and D-tryptophan. This 

is due to the branching that occurs at the α-carbon position of an amino acid leaving 

group; the introduction of branching results in steric clash with the enzyme, and the 

stereochemistry of that position plays an important role in the accessibility of the 

substrate to the nucleophilic histidine.  
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In biochemical assays, the use of an unnatural D-tryptophan leaving group (H13) led to 

300-fold more efficient cleavage than an L-tryptophan leaving group (H14), both of 

which were considerably worse substrates than H6 (Table 4.2).135 This has been 

hypothesized to be important for the natural function of the enzyme, as hHint1 is known 

to hydrolyze tRNA synthase-generated aminoacyl adenylates, and in particular, is thought 

to play a physiological role in the modulation of the hHint1-MITF transcription factor 

complex.116  

  

The structural rationale for this selectivity has 

been uncovered using structures 5KMA (complex 

with H13) and 5KMB (complex with H15, a 

methyl amide derivative of L-tryptophan, Figure 

4.9). The ligands in these structures align 

perfectly through the 5´-oxygen, but they diverge after that due to their different 

stereochemistry (Figure 4.10A). The tryptophan of H13 is not completely ordered, and 

Figure 4.9. Compound H15.  
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Table 4.2. Kinetics of hydrolysis, by leaving group. Kinetic parameters of hHint1-catalyzed 
activation of nucleoside phosphoramidate substrates, considering the leaving group identity. 
Adapted from Chou, et al., 2007.135   

R kcat (s-1) Km (µM) kcat/Km

(x 103 s-1M-1)

H6 H 2.3 ± 0.07 0.21 ± 0.02 11000 ± 100
H13 R-COOCH3 0.26 ± 0.02 3.3 ± 0.6 80 ± 30
H14 S-COOCH3 0.0071 ± 0.002 31 ± 1 0.23 ± 0.01
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only a few atoms of this leaving group are visible.  However, the comparative alignment 

of the phosphoramidate and the protein conformational changes are all that are necessary 

to determine why L-amino acids are relatively poorer substrates than their D- 

counterparts.  

 

In Figure 4.10A, H13 (tan) is shown to be more optimally aligned for attack by the 

nucleophilic histidine. There is a 168° alignment between the nucleophilic nitrogen, the 

phosphorus, and the leaving group nitrogen, and the distance between the nucleophile and 

electrophile is 2.6 Å. In the complex with H15 (purple), the measures are 143° and 3.3 Å, 

respectively, less ideal for the SN2-type reaction. Furthermore, the leaving group nitrogen 

is oriented in different directions in each of the substrates; in the structure with H13, 

Figure 4.10. Tryptophan as a leaving group. In each image, the nucleophilic histidine from 3TW2 is 
shown as white lines, but the substrate complexes are achieved using the H112N mutant. (A) H13 (tan, 
5KMA), a D-tryptophan analog, and H15 (purple, 5KMB), an L-tryptophan analog. H13 aligned in a 
superior position to be hydrolyzed in the active site.  The D-tryptophan moiety is largely disordered and 
not shown. (B) H13 (tan) more closely aligns with the preferred ES1 binding mode of H4 (teal, 5KLY). 
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negative charge buildup can be stabilized by nearby Ser107, whereas in H15, it cannot. 

Finally, the methyl amide of H15 appears to have caused a slight conformational change 

in the protein due to steric clash with Ser107, as this residue has translated about 0.5 Å in 

5KMB from its standard position in structure 5KMA.  

 

The alignment of H13 with H4 indicates that this substrate binding position is the 

preferred binding mode through the phosphoramidate. This can be inferred to be the 

preferred ES1 mode because H4 is an excellent hHint1 substrate, so it is likely to bind 

(and crystallize) in a productive mode. Beyond the commonalities through the 

phosphoramidate, some differences in atom position are evident in the leaving groups of 

H4 and H13, despite the disorder in H13 (Figure 4.10B). Due to this shared binding 

mode, we can conclude the substitution at the α-carbon is responsible for the observed 

decrease in catalytic efficiency between D-tryptophan leaving group substrates and the 

corresponding tryptamine leaving group substrates.  

 

4.2.3.2. A Reversal of Fortune 

 

The poorly-activated sofosbuvir metabolite H1, whose 

hHint1 kinetics may be beneficial for pharmacokinetic 

reasons, has led us to a cautionary tale regarding the 

leaving group of a rationally-designed substrate. 

Compound H16 (Figure 4.11) was designed as part of 

NH
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OSPHN
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O
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Figure 4.11. Compound H16. 
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the suite in the previous chapter, combining the convenient fluorogenic leaving group 

with the sofosbuvir nucleoside analog. However, the activation of H16 could not be 

followed in the standard fluorescence-based assay, and instead 31P-NMR was used by 

Rachit Shah to determine that the half-life of H16 at a 20:1 ratio with hHint1 was 60 

hours.  

 

However, when H16 was soaked into the wild-type crystals, an E* complex of a different 

sort was obtained; the tryptamine was found covalently bonded to the nucleophilic 

histidine, rather than the nucleotide (Figure 4.12A). In this structure, the tryptamine does 

not extend into the leaving group cleft but binds instead in the nucleotide binding area, 

with the indole partially overlapping with the purine ring of AMP. The omit map density 

for this structure is excellent, indicating full covalent bond character between the 

phosphorus and the histidine nitrogen. It also provides clear evidence for the position 

assumed by the tryptamine (Figure 4.12B). It is not immediately apparent if the reaction 

observed in the crystals is the same reaction that occurs in vitro. This structure does 

indicate that the leaving group may be a successful decoy for the nucleotide under certain 

circumstances. In this case, the nucleotide portion of the molecule had very poor affinity 

for the active site through the combination of a purine nucleobase and a 2´-β-methyl 

substitution on the ribose, while the leaving group indole could act as a purine analog, 

effectively reversing the orientation of the substrate in the hHint1 active site. This results 

in the thionucleoside acting as the leaving group (P1) in the first step of the reaction. This 

E* structure is also of interest because it is an acyclic nucleotide analog that is bound in 
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the standard nucleotide binding mode, standing in contrast to the cidofovir structure 

5KM8 described above (Section 4.2.2.2).  

 

4.3. Conclusion 

 

Phosphoramidate pronucleotide therapeutics are a promising class of drugs for the 

treatment for multiple indications, and hHint1-mediated activation is the key step in 

circumventing poor oral bioavailability and metabolic instability. Therefore, the extent of 

modifications in the nucleotide scaffold that are allowed by the enzyme are of interest 

from a design perspective. Using X-ray crystallography, a number of protein-ligand 

complexes were examined to determine the effect of changes in the nucleobase, sugar, 

and leaving group. Diversity in the nucleobase is well-tolerated, including large halogen 

Figure 4.12. A new binding mode. (A) H16 (orange, 5KMC) reacts with the wild-type enzyme to form 
an unusual E* complex, with the tryptamine bound in the nucleotide binding area and covalently 
attached to His112. (B) Omit map (mFo-DFc, contoured at 3σ) indicates that there is excellent evidence 
for this strange species, including the bond between the His112 NE2 and the phosphorus.  
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substituents and ring expansions. Some modification to the ribose sugar are acceptable, 

but breaking the ring open appears to change binding mode. In contrast, the E* state 

structure 5KMC has an acyclic ‘nucleotide analog’ tryptamine and is found 

approximating the standard binding mode. The leaving group can likely be utilized to 

incorporate a targeting agent or secondary therapeutic as long as it does not clash with the 

protein, as with the tryptophan analogs. The flexibility of hHint1 towards substrates that 

diverge from the standard nucleotide library presages the development of a new 

generation of hHint1-activated nucleotide therapeutics. 

 

4.4. Materials and Methods 

 

4.4.1. Synthesis  

 

Compounds H4, H8, and H14 were synthesized by Rachit Shah. Compound H12 was 

synthesized by Dr. Sidath Kumarepparuma. Compound H13 was synthesized by Alex 

Strom. 

 

4.4.2. Enzyme Kinetics 

 

The steady-state kinetic parameters of H12 were determined by Rachit Shah using a 

previously described fluorescence-based assay.135  
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4.4.3. Protein Expression and Purification 

 

The hHint1 proteins, both wild-type and H112N mutant, were expressed as described in 

the previous chapter, 3.4.4. 

 

4.4.4. Crystallization and Data Collection 

 

Crystals of hHint1 wild-type and H112N were obtained as described in the previous 

chapter, 3.4.5. 

 

Inosine 5´-monophosphate disodium salt hydrate, cytidine 5´-monophosphate disodium 

salt, uridine 5´-monophosphate disodium salt, 5-iodouridine 5´-monophosophate sodium 

salt, 2´-deoxyadenosine 5´-monophosphate, and cidofovir hydrate were purchased from 

Sigma (St. Louis, Missouri). 

 

The same general soaking procedure was used in the preparation of all complexes with 

ligands: A crystal is transferred to a solution of mother liquor containing 5 mM of the 

ligand or substrate of interest. The crystal is incubated at room temperature in the ligand 

solution for 20 minutes, or up to overnight, depending on the stability of the crystal in the 

solution. The crystal is then transferred to a solution of mother liquor supplemented with 

20% PEG 400 and flash vitrified in liquid nitrogen.  

 



 

 140 

There were two exceptions to this general protocol: 5KM6 and 5KM7, both P43212 

structures. Structure 5KM7 was initially set up as a co-crystallization with 2´-deoxy-

AMP under standard crystallization conditions. Structure 5KM6 was an overnight soak of 

an apo H112N crystal (C2), but the crystal dissolved and recrystallized in a tetrahedral 

form. The literature example of this crystal form, 1KPF, is a co-crystal with AMP,141 so 

though this phenomenon has occurred with modified sugars, it is not the only condition 

where it may occur. 

 

Nine data sets (5KLZ, 5KM0, 5KM4, 5KM5, 5KM6, 5KM7, 5KM8, 5KM9, 5KMB) 

were collected at APS beamline 17-ID-B (IMCA-CAT) of Argonne National Labs 

equipped with a Dectris Pilatus 6M Pixel Array detector. The data were processed using 

AutoPROC.204 Six data sets (5KLY, 5KM1, 5KM2, 5KM3, 5KMA, 5KMC) were 

collected at ALS beamline 4.2.2 of Lawrence Livermore National labs and were 

processed using XDS.246 

 
The structures were solved using Phaser205 and the coordinates from structure 3TW2103 

for hHint1, or 4INC106 for hHint2. The structures were refined using REFMAC5247 in the 

CCP4 suite206 and Phenix208, and they were visualized and modified using Coot.248 

Ligand restraints were calculated using JLigand.249 Data processing and refinement 

statistics are available in Table 4.3. An omit map for each of the ligands is shown in 

Figure 4.13. 
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Table 4.3 Data processing and refinement statistics. 
Compound H4 AMP IMP GMP CMP
PDB ID code 5KLY 5KLZ 5KM0 5KM1 5KM2
Protein hHint1 H112N hHint1 hHint1 hHint1 hHint1
Collection Site ALS 4.2.2 APS 17-ID APS 17-ID ALS 4.2.2 ALS 4.2.2
Resolution (Å) 1.3 1.50 1.53 1.65 1.25
Space group C2 P2 12 12 1 P2 1 C2 C2
a
b cell edges (Å) 
c

77.86
46.50
64.06

45.83
75.92
80.79

64.32
89.59
46.37

78.62
46.33
64.11

78.46
46.21
64.11

Cell axis angle (°)
90.00
94.80
90.00

90.00
90.00
90.00

90.00
90.03
90.00

90.00
94.48
90.00

90.00
94.49
90.00

Data Processing

Resolution range (Å)
(high shell)

63.84-1.30
(1.32-1.30)

45.83-1.50
(1.51-1.50)

89.59-1.53
(1.54-1.53)

63.91-1.65
(1.68-1.65)

63.91-1.25
(1.27-1.25)

Observations measured
(high shell)

195307
(8985)

278139
(2461)

248715
(1448)

97164
(4457)

213125
(6705)

Unique reflections
(high shell)

53994
(2594)

45786
(413)

77524
(617)

27059
(1278)

62505
(2711)

Average multiplicity
(high shell)

3.6
(3.5)

6.1
(6.0)

3.2
(2.3)

3.6
(3.5)

3.4
(2.5)

Completeness (% )
(high shell)

96.0
(93.8)

99.7
(98.8)

98.5
(83.0)

97.2
(95.2)

98.7
(87.7)

Rmerge

(high shell)
0.039

(0.216)
0.075

(0.354)
0.058

(0.309)
0.036

(0.126)
0.034

(0.237)
Mean <I/σI>
(high shell)

19.0
(4.7)

14.5
(4.4)

9.2
(2.4)

22.7
(7.5)

19.4
(3.5)

Refinement statistics

Resolution range (Å)
(high shell)

63.915-1.300
(1.322-1.300)

37.973-1.500
(1.531-1.500)

41.197-1.533
(1.551-1.533)

63.962-1.650
(1.709-1.650)

63.995-1.250
(1.270-1.250)

Working set reflections
(high shell)

51187
(2492)

43414
(2493)

73558
(2273)

25709
(2481)

59373
(2382)

Rfree  reflections
(high shell)

2796
(124)

2309
(151)

3904
(115)

1342
(159)

3099
(112)

R (% )
(high shell)

0.1485
(0.1817)

0.1642
(0.1982)

0.1881
(0.2908)

0.1484
(0.1586)

0.1567
(0.2065)

Rfree  (%)
(high shell)

0.1711
(0.2305)

0.1839
(0.2324)

0.2233
(0.3003)

0.1802
(0.1912)

0.1733
(0.2299)

No. of non-hydrogen 
atoms

2161 2071 4242 2147 2191

No. of solvent waters 312 236 641 315 276

Mean B-factors (Å2)

Protein atoms 8.03 15.16 15.91 7.82 10.52
Solvent atoms 20.21 26.03 27.34 18.96 22.12
Ligand atoms 7.15 20.39 17.72 7.54 10.14

Bond lengths (Å) 0.005 0.005 0.006 0.006 0.006
Bond angles (°) 0.970 0.890 1.108 0.896 1.196
Ramachandran plot 
outliers (% )

0.0 0.0 0.0 0.0 0.0

MolProbity score 0.8 0.8 0.9 1.0 1.0
*Values in parentheses are for the highest resolution shell

RMS deviations From Ideal Geometry
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Table 4.3 Data processing and refinement statistics, continued. 
Compound UMP 5-I-UMP Triciribine MP H8 2'-deoxy-AMP
PDB ID code 5KM3 5KM4 5KM5 5KM6 5KM7

hHint1 hHint1 hHint2 hHint1 H112N hHint1
ALS 4.2.2 APS 17-ID APS 17-ID APS 17-ID APS 17-ID

Resolution (Å) 1.2 1.40 2.1 1.60 1.25
Space group C2 C2 P2 12 12 1 P4 32 12 P4 32 12
a
b cell edges (Å) 
c

78.13
46.31
63.86

78.85
46.31
63.82

38.12
76.05
77.82

40.16
40.16
144.24

39.74
39.74
141.13

Cell axis angle (°)
90.00
94.43
90.00

90.00
93.98
90.00

90.00
90.00
90.00

90.00
90.00
90.00

90.00
90.00
90.00

Data Processing

Resolution range (Å)
(high shell)

63.67-1.20
(1.22-1.20)

39.91-1.40
(1.41-1.40)

54.38-2.10
(2.11-2.10)

144.23-1.60
(1.61-1.60)

70.57-1.25
(1.254-1.250)

Observations measured
(high shell)

238334
(7710)

140360
(1432)

81912
(858)

199943
2286

387291
(3287)

Unique reflections
(high shell)

70340
(3160)

44339
(442)

13736
(147)

16559
(180)

32500
(296)

Average multiplicity
(high shell)

3.4
(2.4)

3.2
(3.2)

6.0
(5.8)

12.1
(12.7)

11.9
(11.1)

Completeness (% )
(high shell)

98.9
(89.8)

97.7
(99.5)

99.7
(100.0)

100.0
(100.0)

100.0
(100.0)

Rmerge

(high shell)
0.039

(0.327)
0.055

(0.228)
0.074

(0.287)
0.062

(0.336)
0.069

(0.362)
Mean <I/σI>
(high shell)

17.4
(2.4)

12.8
(4.1)

15.9
(5.8)

25.9
(7.1)

21.4
(6.7)

Refinement statistics

Resolution range (Å)
(high shell)

63.761-1.200
(1.216-1.200)

32.476-1.400
(1.433-1.400)

38.029-2.100
(2.262-2.100)

35.097-1.600
(1.700-1.600)

35.297-1.250
(1.287-1.250)

Working set reflections
(high shell)

66838
(2383)

42009
(2873)

13021
(2534)

15686
(2523)

30757
(2516)

Rfree  reflections
(high shell)

3436
(118)

2164
(123)

667
(132)

791
(141)

1643
(115)

R (% )
(high shell)

0.1638
(0.2396)

0.1754
(0.1975)

0.1713
(0.2125)

0.1716
(0.1689)

0.1597
(0.1817)

Rfree  (%)
(high shell)

0.1806
(0.2667)

0.2004
(0.2164)

0.2242
(0.2662)

0.1913
(0.1897)

0.1684
(0.2194)

No. of non-hydrogen 
atoms

2150 2069 1767 989 1048

No. of solvent waters 304 252 64 92 136

Mean B-factors (Å2)

Protein atoms 10.44 12.47 27.12 15.21 10.97
Solvent atoms 21.83 21.87 33.80 25.04 22.16
Ligand atoms 9.83 13.07 26.18 11.71 8.47

Bond lengths (Å) 0.006 0.007 0.008 0.007 0.006
Bond angles (°) 1.183 1.200 1.328 1.376 1.325
Ramachandran plot 
outliers (% )

0.0 0.0 0.0 0.0 0.0

MolProbity score 1.0 1.0 1.0 0.7 0.8
*Values in parentheses are for the highest resolution shell

RMS deviations From Ideal Geometry
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Table 4.3 Data processing and refinement statistics, continued. 
Compound Cidofovir Adenosine H13 H15 H16 E*
PDB ID code 5KM8 5KM9 5KMA 5KMB 5KMC

hHint2 hHint2 hHint1 H112N hHint1 H112N hHint1
APS 17-ID APS 17-ID ALS 4.2.2 APS 17-ID ALS 4.2.2

Resolution (Å) 2.00 1.45 1.55 1.60 1.35
Space group P2 12 12 1 P2 12 12 1 C2 C2 C2
a
b cell edges (Å) 
c

37.99
73.85
77.46

37.75
74.77
77.86

78.07
46.46
64.13

77.83
46.32
64.08

78.09
46.15
63.99

Cell axis angle (°)
90.00
90.00
90.00

90.00
90.00
90.00

90.00
94.75
90.00

90.00
94.46
90.00

90.00
94.66
90.00

Data Processing

Resolution range (Å)
(high shell)

77.46-2.00
(2.01-2.00)

53.93-1.45
(1.46-1.45)

39.89-1.55
(1.58-1.55)

63.88-1.60
(1.61-1.60)

39.70-1.35
(1.37-1.35)

Observations measured
(high shell)

94866
(867)

250634
(2307)

117832
(5656)

93714
(949)

173639
(7583)

Unique reflections
(high shell)

15330
(139)

39791
(361)

33342
(1625)

29718
(302)

47786
(2259)

Average multiplicity
(high shell)

6.2
(6.2)

6.3
(6.4)

3.5
(3.5)

3.2
(3.1)

3.6
(3.4)

Completeness (% )
(high shell)

100.0
(100.0)

99.8
(100.0)

99.9
(100.0)

98.3
(98.1)

95.9
(91.0)

Rmerge

(high shell)
0.067

(0.401)
0.043

(0.360)
0.054

(0.352)
0.083

(0.300)
0.036

(0.320)
Mean <I/σI>
(high shell)

19.1
(5.2)

22.0
(4.2)

14.6
(2.9)

13.3
(6.7)

19.2
(3.1)

Refinement statistics

Resolution range (Å)
(high shell)

36.932-2.000
(2.154-2.000)

53.968-1.450
(1.486-1.450)

39.903-1.550
(1.596-1.550)

34.392-1.600
(1.657-1.600)

39.715-1.350
(1.378-1.350)

Working set reflections
(high shell)

14518
(2833)

37730
(2610)

31579
(2607)

28318
(2816)

45419
(2533)

Rfree  reflections
(high shell)

766
(143)

1998
(140)

1736
(146)

1387
(118)

2360
(131)

R (% )
(high shell)

0.1607
(0.1753)

0.1596
(0.1776)

0.1548
(0.1793)

0.1544
(0.1729)

0.1585
(0.2200)

Rfree  (%)
(high shell)

0.2125
(0.2372)

0.1687
(0.1855)

0.1863
(0.2130)

0.1754
(0.2302)

0.1744
(0.2360)

No. of non-hydrogen 
atoms

1791 1949 2079 2027 2069

No. of solvent waters 103 242 276 215 239

Mean B-factors (Å2)

Protein atoms 24.31 14.70 10.33 13.01 11.99
Solvent atoms 35.16 27.97 20.16 23.42 22.28
Ligand atoms 36.41 17.00 9.27 17.35 n.a.

Bond lengths (Å) 0.008 0.006 0.006 0.007 0.005
Bond angles (°) 1.171 1.235 1.198 1.204 1.019
Ramachandran plot 
outliers (% )

0.0 0.0 0.0 0.0 0.0

MolProbity score 0.8 0.8 1.1 0.9 1.0
*Values in parentheses are for the highest resolution shell

RMS deviations From Ideal Geometry
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H4 AMP GMP

5KLY 5KLZ 5KM0

IMP UMP 5-I-UMP

5KM1 5KM2 5KM3

CMP TCNP 2'-deoxy-AMP

5KM4 5KM5 5KM6

Chain A 

Chain D 

Figure 4.13. Ligand omit maps. Omit maps (mFo-DFc) are contoured at 3σ (blue) and 2σ (gray). 
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Figure 4.13. Ligand omit maps, continued. Omit maps (mFo-DFc) are contoured at 3σ (blue) and 2σ 
(gray). 

H8 cidofovir adenosine

5KM7 5KM8 5KM9

H13 H15 H16 E*

5KMA 5KMB 5KMC
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Chapter 5: The Effects of Ligand Binding on Anthrax Lethal 

Factor Domain 3 

This chapter is largely reproduced with permission from: 
 
Maize, K. M.*; Kurbanov, E. K.*; De La Mora-Rey, T.; Geders, T. W.; Hwang, D.-J.; 
Walters, M. A.; Johnson, R. L.; Amin, E. A.; Finzel, B. C. Anthrax Toxin Lethal Factor 
Domain 3 Is Highly Mobile and Responsive to Ligand Binding. Acta Crystallographica 
Section D Biological Crystallography 2014, 70 (11), 2813–2822. 
 
Additional data has been incorporated with permission from: 
 
Kurbanov, E. K.; Chiu, T.-L.; Solberg, J.; Francis, S.; Maize, K. M.; Fernandez, J.; 
Johnson, R. L.; Hawkinson, J. E.; Walters, M. A.; Finzel, B. C.; Amin, E. A. Probing the 
S2′ Subsite of the Anthrax Toxin Lethal Factor Using Novel N-Alkylated Hydroxamates. 
J. Med. Chem. 2015, 58 (21), 8723–8733. Copyright 2015 American Chemical Society. 
 
 
Todd Geders pioneered the LF project in the Finzel Lab, expressing the protein for 
structures 4PKR-4PKW, 4WF6, and 4XM7. Teresa De La Mora performed the 
crystallization for 4PKR-4PKW, 4WF6, and 4XM7 and collected data for 4PKR, 4PKS, 
4PKW, 4WF6, and 4XM7. 
 

5.1. Introduction 

 

Lethal factor (LF), though just one element of the tripartite exotoxin produced by 

Bacillus anthracis, is responsible for many cell-damaging effects, which can persist 

following the elimination of the toxin-producing bacteria.184,185 Though there have been 

previous efforts to develop inhibitors of LF, both with187–192 and without258–263 structural 

support, no inhibitor has successfully reached the market as a therapeutic agent.  
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As part of a larger project involving a collaboration with Dr. Elizabeth Ambrose Amin, 

Dr. Rodney L. Johnson, and the Institute for Therapeutics Discovery and Development, 

compounds following the scaffold of potent sulfonamide hydroxamate inhibitor A7194 

(Figure 5.1A) were designed to extend into new parts of the enzyme active site with the 

goal of developing a more LF-specific inhibitor.264 The LF binding site is divided into 

subsites based on the protease nomenclature, i.e., S1, S2, and so on for binding sites N-

terminal to the scissile bond, and S1´, S2´, etc. for binding sites C-terminal to the scissile 

bond. Structurally characterized inhibitors typically bind in S1´ and S1-S4, but the rest of 

the C-terminal substrate recognition sites were considered to be underutilized (Figure 

5.1B). The sulfonamide nitrogen of A7 presents a vector for growth into the S2´ area, so 

a series of compounds that are alkylated at this nitrogen were synthesized by Elbek 

Kurbanov and Dong-Jin Hwang.  

 

Figure 5.1. Ligand design principles. (A) Compound A7, the scaffold used for synthesis in this 
work. (B) Known binding modes of other LF inhibitors compared to the substrate peptide from 
1PWW (orange): A1 (1PWP, yellow), A3 (1PWU, dark blue), A4 (1YQY, pink), A5 (1ZXV, 
green), and A6 (4DV8, cyan). The ligand surface is shown from 1PWW. Domain 2 is tan, 
Domain 3 is teal, and Domain 4 is blue. 
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In this chapter, several complexes with a series of small-molecule inhibitors of LF are 

described. Included are A7, eight analogs that include alkylations of the sulfonamide 

nitrogen, and well-studied metalloprotease inhibitor A3.188,193 The first apo structure of 

LFNT is also reported. Upon obtaining these co-crystal structures, diversity in Domain 3 

positions was observed. This has allowed for the characterization of dramatic 

conformational changes that occur in LF Domain 3 upon ligand binding to reshape the LF 

active site, and we have identified 3 distinct structural states for LF that may be 

specifically targeted in the design of novel LF inhibitors.  

 

5.2. Results and Discussion 

 

5.2.1. Crystallographic complex overview  

 

Eleven crystal structures have been determined: nine with novel ligands, one with 

established inhibitor A3 (also seen in the LFFL structure 1PWU;265 see section 1.3.3), and 

one apo structure of the LFNT construct with resolutions from 1.75 Å (the highest 

reported LF structure resolution, regardless of construct) to 2.5 Å (Table 5.1). While they 

are all orthorhombic crystals, the unit cells are non-isomorphous, with a range of 10 Å or 

more on each edge (Table 5.2, end of chapter). As outlined in section 1.3.3, the LFNT 

construct, which is lacking Domain 1 in the protein construct,  always crystalizes in the  
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Table 5.1. Crystallographic complex summary. Cα and Cβ refer to the first two carbon atoms of the 
nitrogen alkylation. 
 

Structure Res. (Å)
Comp. 
No. R

Activity 
(IC50, µM)

Domain 3 
position

S-N-Cα-Cβ 
Torsion 
Angle (°)

4PKQ 2.20 n.a. n.a. n.a. tight n.a.

4WF6 2.65 A7 1.6 ± 0.1 tight n.a.

4PKR 2.20 A8 15.2 ± 0.5 open 73.5

4PKS 2.30 A9 23.8 ± 0.9 open 66.1

4PKT 2.40 A10 14.9 ± 2.4 tight 59.7

4PKU 2.40 A11 30.0 ± 1.0 open 77.8

4PKV 2.50 A12 5.6 ± 0.3 tight 34.2

5D1S 2.10 A13 37 ± 5.0 tight n.a.

5D1T 2.20 A14 10 ± 2.0 open 59.4

5D1U 2.85 A15 4.4 ± 0.2 open 70.8

4PKW 1.75 A3
(GM6001)

22.5 ± 1.6 open n.a.
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orthorhombic crystal form, while LFFL is more commonly observed in the monoclinic P21 

form. They are all the result of co-crystallization efforts; apo crystals are not amenable to 

soaking due to the large-scale Domain 3 movement.  

 

The structure and position of Domain 3 differs in these complexes (see next Section for 

in-depth discussion), and it is rarely completely ordered, especially in the region of 

residues 345-370. 

  

Overall, the ligands conform to a standard binding mode driven by the presence of a 

hydroxamate zinc-chelating group, and common features align well (Figure 5.2). 

 

 
 
 
 
 
 
 

Figure 5.2. Overlaid compounds. A7, gray; A8, 
yellow; A9, orange; A10, pink; A11, light blue; 
A12, red; A13, purple; A14, green; A15, dark blue. 
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5.2.2. Classification of Domain 3 Position 

 

The differences in LF Domain 3 position are quite pronounced between the LFFL 

structures 1JKY, 1J7N,187 1PWP, 1PWQ, 1PWU, 1PWV, 1PWW,192,188 and 1ZXV;189 

and the LFNT structures 1YQY,190 4DV8,191 and those reported here. 

 

Lethal Factor Domain 3 consists of residues 303-382, connected to Domain 2 by a hinge 

at residues Ile300 and Pro385 (as identified using HingeProt: 

http://www.prc.boun.edu.tr/appserv/prc/hingeprot/hingeprot.html). This domain is 

observed crystallographically in three main positional states; for clarity in the following 

discussion, we have designated these states as bioactive, open, and tight (Figure 5.3). A 

fourth possible state is observed in structure 4PKU, (a complex with compound A11), but 

it is not replicated in any other structure to date and is considered to be an outlier at this 

time.  

Figure 5.3. Domain 3 states. Three classes of 
loop states seen in LF structures: bioactive 
(1ZXV, 1PWU, and 1JKY; dark, medium, and 
light orange), open (4PKS, 4PKR, and 4PKW; 
dark, medium, and light yellow; outlier 4PKU, 
purple), and tight (4PKT, 4PKQ, and 4PKV; 
dark, medium, and light blue). The catalytic Zn 
is shown as a sphere, with Zn-coordinating 
residues and Asp328 side chains displayed as 
lines. 
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Two parameters can be used to quantify the degree of 

movement of Domain 3 (Figure 5.4). The first is the 

distance between the alpha carbon of Asp328, a 

residue in Domain 3 that comes into close contact 

with ligands and substrates, and the alpha carbon of 

His686, a zinc-binding residue that remains 

stationary; this measure quantifies the distance 

between Domain 3 to the active site and is called the 

‘inner distance’. The angle between the alpha 

carbons of Asp344, a residue on the outer portion of 

Domain 3, Ile300, a hinge residue, and Tyr438, a stationary residue in Domain 4 which 

completes a plane perpendicular to the hinge axis, is utilized as a measure of Domain 3 

Figure 5.5. Plot of hinge angle versus inner distance. Note the clustering of the bioactive 
(orange diamonds), open (yellow circles), and tight (blue triangles) conformations. 

Figure 5.4. Hinge Angle and Inner 
Distance. Domain structure of LF 
with Hinge Angle and Inner Distance 
measures indicated.  
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movement as a whole; this is called the ‘hinge angle’ (See Figure 5.5 for plot of hinge 

angle vs. inner distance; Figure 5.6 for large-scale domain movement). The range of 

motion in Domain 3, as defined by the available crystal structures, encompasses a 35° 

change in hinge angle and a 6.8 Å change in the inner distance. 

 

The bioactive state is seen exclusively and exhaustively in the LFFL structures (1JKY, 

1J7N, 1PWQ, 1PWU, 1PWV, 1PWW, and 1ZXV). This state is characterized by the 

largest substrate-binding cleft, hinge angle, and inner distance; this maximizes contact 

between an extended peptide substrate and Domains 3 and 4. Of the three enzyme states 

defined here, the bioactive state has the largest standard deviation in position of Domain 

3, with an average inner distance of 19.5 ± 0.6 Å and an average hinge angle of 142.5 ± 

3.4°.  One might argue that the existence of this conformational state is due to crystal 

contacts unique to the full-length monoclinic crystal form, but the same bioactive state is 

also seen in 1JKY where cubic form packing constraints are different. 

 

Figure 5.6. Range of motion of Domain 3. Domain 3 is colored N-to-C in spectrum order, and the hinge 
angle is also illustrated. (A) The bioactive position as seen in structure 1JKY. (B) The open position of 
4PKW. (C) The tight position seen in 4PKV.  
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Examples of the open state include structures 4PKR, 4PKS, 5D1T, and 5D1U 

(compounds A8, A9, A14, A15), and, of interest for purposes of comparison, 4PKW, 

which contains compound A3 (GM6001). In the open conformation, Domain 3 is slightly 

closer to the active site than in the bioactive conformation (inner distances of 17.4 ± 0.5 

Å vs. 19.5 ± 0.6 Å on average). It appears that the open state of Domain 3 would not 

alone preclude the binding of peptide-like substrates such as those in 1PWV or 1PWW, 

but novel adaptations to the Gly674-Glu676 loop in Domain 4 block the S4´ subsite in all 

of the open structures.  Subsite S2´ may also be occluded in the 4PKS structure due to the 

conformation of Phe329. The open position is likely observed due to steric 

incompatibilities of the ligands in complexes with the tight state. 

 

Based on the hinge angle and inner distance alone (127° and 17.8 Å, respectively), the 

outlier structure 4PKU (compound A11) could also be assigned to the open category; 

however, visual inspection of the structure indicates that this structure may be 

significantly different. The major differences arise from changes in the position of the 

loop containing Asp328. There is a shift of approximately 4 Å along the vector described 

by the alpha carbons of Asp328 in structures in the open and bioactive positions (Figure 

5.3, purple structure). In this outlier state, the only peptide binding subsite that seems to 

be significantly altered by Domain 3 movement is the S5´ subsite, which is practically 

ablated due to the shift in the Asp328-Phe329 loop.  
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The tight positional state, as seen in the structures 4PKQ, 4PKT, 4PKV, 5D1T, 4DV8, 

and 1YQY, exhibits the smallest hinge angle and inner distance (116.0 ± 1.4° and 

14.7 ± 0.2 Å on average). When Domain 3 is in the tight conformation, the subsites of S2, 

S2´, S5´, and S6´ are obstructed. In the tight conformation, three internal helices of 

Domain 3 have rotated, collectively burying hydrophobic residues that are more solvent-

exposed in the bioactive or open states, indicating that the tight state has distinct 

energetic advantages. The apo structure is the most extreme version of this conformation, 

as the hinge angle is 114° and the inner distance is 13.9 Å. The tight state may represent 

an energy minimum for an unliganded structure (4PKQ); in addition to the helix rotation 

that buries hydrophobic residues, two hydrogen bonds are formed between Domain 3 and 

Domain 4. The hydrogen bond between the backbone carbonyl of Phe329 and the amide 

nitrogen of His654 is shared by structures 4WF6 (compound A7), 4PKV (compound 

A12), and 4DV8 (compound A6). These structures represent the closest Domain 3 comes 

in contact with Domain 4 (as measured by small hinge angle and inner distance). The 

other hydrogen bond, between sidechain atoms of Asp328 and Tyr728, is a shared feature 

of all structures in which Domain 3 is in the tight position.  

 

5.2.3. Ligand-Induced Conformational Changes 

 

Selected structures from among the series of ten complexes included here will be 

discussed in detail as representative examples with important structural features.   
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In the complex with compound A8 (PDB ID 4PKR), the hydroxamate inhibitor conforms 

to the expected conformation of A4194 from 1YQY190, with the hydroxamate coordinated 

to the Zn co-factor, the 4-fluoro, 3-methyl phenyl group in S1´, and the chiral carbon 

directed along a vector toward S1. This complex, and all complexes with nitrogen 

alkylations (A8-A15) predictably lose a key hydrogen bond between the sulfonamide NH 

of molecules such as A4 or A7 and Tyr728. Tyr728 remains held in the same position, 

however, by a hydrogen bond to the ligand hydroxamate carbonyl oxygen. In tight 

structures, Tyr728 is also able to hydrogen bond to the sidechain of Asp328, effectively 

helping to hold the enzyme shut. In 4PKR and other open structures, in order to 

accommodate the alkylation of the inhibitor at the sulfonamide nitrogen, Domain 3 is 

moved outward on a hinge relative to the unalkylated structure 4WF6 (Figure 5.7A). By 

virtue of this movement, a portion of the S2´ subsite that is closed in previously described 

N-terminally truncated structures (1YQY and 4DV8), is opened.  

 

A change in the Gly674-Glu676 loop conformation of Domain 4 further expands 

available space between Val675 and Asp328; the conformational change of the Gly674-

Glu676 loop is conserved in nearly all of the complexes with sulfonamide hydroxamate 

inhibitors reported herein—it is not observed in 4WF6 (A7) or 5D1S (A13) (Figure 

5.7A). Therefore, we can conclude that the conformational change in this Domain 4 loop 

is related to the size of the alkyl group.  
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Figure 5.7 Ligand binding. (A) 4WF6 (dark blue) and 4PKR (A8 complex, yellow). (B) Peptide 
substrate from 1PWW (orange) and 4PKR (yellow). (C) 4WF6 (dark blue) and 4PKT (A10 complex, 
light blue). (D) 4PKT (light blue), 4PKV (A12 complex, dark blue), and 5D1T (A14 complex, yellow). 
(E) 4PKU (A11 complex, purple), 4PKR (yellow), and peptide substrate from 1PWW (orange). (F) 
4PKQ (white), 4WF6 (dark blue), and 4PKT (light blue).  
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Without these changes, the large alkyl groups on the sulfonamide N would create steric 

clashes with Domain 3 as present in 1YQY. The benzyl aromatic ring (i.e. 4PKR, A8), 

however, is generally located perpendicular to the observed conformation of the P2´ 

proline that occupies S2´ in peptide-complex structures (1PWV, 1PWW) (Figure 5.7B). 

There appears to be favorable hydrophobic contact between the benzylation and Tyr728, 

although the interaction angle of ~50° is not suited to pi-stacking. Compound A9 induces 

a similar domain shift (4PKS). 

 

The longer nitrobenzyl and benzyl methylamine extensions from the sulfonamide 

nitrogen in compounds A10 and A12 (PDB IDs 4PKT and 4PKV, respectively) affect the 

protein position differently than does the simple benzyl substituent. In these structures, 

the tight state of Domain 3 is observed, rather than the open state. If the ligand binding 

mode were the same as in the complex with A8 and the enzyme were in the open state of 

Domain 3, there would be significant steric clashes between the ligand and the Asp328-

Phe329 loop. Instead, the tight state is accommodated in these structures by a change in 

the conformation of the ligand: the internal ligand torsion angle of S-N-Cα-Cβ, where Cα 

and Cβ are the first two carbons of the nitrogen alkylation, is reduced from 74° in A8 to 

60° in A10 and 34° in A12. This tilts and shifts the ring of the benzyllic substituent 

towards Domain 4, mostly vacating the S2´ subsite and allowing for the tight state of 

Domain 3 (Figure 5.7C).  
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This effect appears to be specific to para-substituted benyzlations (i.e. A10 and A12) 

among the compounds co-crystallized with LF. Compound A14, although it has a small 

of S-N-Cα-Cβ torsion angle (59°) is observed in structure 5D1T with Domain 3 in the 

open state (Figure 5.7D). This too is in line with an accommodation made by the ligand 

to bind in the active site, although in the case of 5D1T, the tight state is not recovered, as 

for this ligand, such a change in the torsion angle is not adequate to resolve steric clashes 

with the tight state of the Asp328-Phe329 loop. Additionally, when a long flexible 

alkylation is used, such as in A15, the open state is observed (5D1U) and the S-N-Cα-Cβ 

torsion angle is not reduced. 

 

The Domain 3 position in the complex with compound A11 (4PKU) is not easily 

categorized. The conformation of the Asp328-Phe329 loop is unique to this complex 

(Figure 5.7E); the loop is tilted towards higher-numbered C-terminal substrate subsites, 

so that the S5´ site is largely closed and the S2´ site opened. The meta-aniline A11 more 

fully occupies the S2´ site and the amine appears to be oriented towards Domain 4, 

resulting in a hydrogen bond with the backbone carbonyl of His654. (Admittedly, there is 

some ambiguity in the position of the amine, as little electron density is seen outside of 

the plane of the ring. See Figure 5.9, end of chapter).  

 

The unliganded structure (4PKQ) has the most extreme Domain 3 movement compared 

to the structures containing substrate peptides. The Asp328-Phe329 loop conformation is 

similar to structures to other tight structures, particularly 4WF6 (A7), but it is shifted 
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toward Domain 4; such a shift precludes the binding of all inhibitors of this scaffold, 

except perhaps A7, due to close contacts with the Asp328-Phe329 loop (Figure 5.7F).  

 

A clear representation of a ligand with multiple conformations in the active site is also 

presented here: a 1.75 Å structure of the LFNT protein construct in a complex with 

established metalloprotein inhibitor A3 (4PKW). The tryptophan residue in the inhibitor 

is observed in two discrete conformations with equal occupancy in this structure (See 

Figure 5.10, end of chapter). Conformation A is highly similar to that observed in 

structure 1PWU, where the indole plane is orthogonal to both the P2´ proline and the 

aromatic rings of sulfonamide hydroxamate inhibitors (Figure 5.8A). The alternate 

conformation places the indole in a position similar to that of the benzylic substituents of 

the sulfonamide hydroxamates, but the Gly674-Glu676 loop must adopt a unique 

conformation in order to accommodate the large indole in proximity to Val675 (Figure 

5.8B). The Asp328-Phe329 loop is similar to that observed in other structures with 

Domain 3 in the open position; A3 is too large to bind to the tight state, but also cannot 

be accommodated within the bioactive state unique to the full-length protein construct 

form due to packing constraints.  
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5.2.4. Crystal Packing 

 

Structures of LF have been published in three crystal forms: monoclinic P21 (1J7N, 

1PWP, 1PWQ, 1PWU, 1PWV, 1PWW), cubic I4132 (1JKY), and orthorhombic P212121 

(1YQY, 4DV8, 4PKQ-4PKW, 4WF6, 5D1S-5D1U). Of great importance to the 

movement of Domain 3 in LF in relation to crystal packing is helix 3α3 (residues 350-

364; yellow-orange in Figure 5.4) as identified by Pannifer et. al.187 It is this helix that is 

the most mobile aspect of the domain, though it is only occasionally ordered (and never 

ordered in the open structures), and it is largely due to this helix that the tight Domain 3 

position is incompatible with the monoclinic crystal structure.  

 

Figure 5.8. Compound A3 binding. (A) Two conformations of A3 (A, light yellow, B, dark yellow) in 
contrast to the conformation from structure 1PWU (orange). (B) One conformation of A3 (B, light 
yellow) compared with the conformation of the sulfonamide hydroxamate A10 (blue). Also note the 
unique Gly674-Glu676 loop conformation of the complex with A3 relative to the complex with A10 
(4PKT) and 1PWU.  
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When a tight Domain 3 structure, such as 4PKQ, is overlaid onto a monoclinic structure, 

there are considerable close contacts between the N-terminal side of 3α3 in the 

orthorhombic tight structure and residues 725-730, as well as the sidechain of Glu676, in 

Domain 4 of the second monomer in the asymmetric unit of the monoclinic bioactive 

structure. In contrast to the tight Domain 3 positions, the open Domain 3 positions have 

no clash of 3α3, as this helix is not ordered. The disorder in this helix, however, may 

serve the same result as when it is ordered in the tight position; large amounts of 

flexibility could produce the same clashes with the second monomer in the asymmetric 

unit. 

 

The monoclinic crystal form is stabilized by packing interactions between Domain 1 (not 

present in LFNT) and Domain 2 of the second monomer in the asymmetric unit, as well as 

with aspects of Domain 4 (residues 575-577; 620-624) and the second monomer Domain 

3 helices 3α1 (residues 304-310) and 3α1´ (residues 312-320) of a symmetry-related 

partner. Both the tight structures and the open structures lack contact with Domain 4 of a 

symmetry mate via 3α1 and 3α1´ if packed in the monoclinic fashion, destabilizing such 

a crystal form, even while discounting the potential for steric clashes in Domain 3. 

Therefore, it is unlikely that either the tight or open states would ever be observed in the 

LFFL monoclinic crystals. A schematic view of this incompatibly is shown in Figure 5.9.  
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There is only one published cubic crystal form, 1JKY, and it is a complex with a peptide, 

necessitating the bioactive position of Domain 3. Overlays of both tight and open 

positions of Domain 3 have close contacts with the peptide ligand. In this crystal form, 

Domain 3 makes no crystal contacts, allowing for the possibility that the ligand was 

accommodated in the soaking experiment via hinge movement. 
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Figure 5.9. Crystal packing. Noncrystallographic packing in the monoclinic crystal form is 
incompatible with the open and tight ligand-bounds conformational states. Cartoon 
representation of the dimer in the asymmetric unit illustrates packing of domains 1-4 in two 
molecules of the monoclinic asymmetric unit. A transition from the bioactive (top) to open 
(lower left) or tight states (lower right) would require that domain 3 pass through itself. 
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5.3. Conclusion 

 

There are two primary adaptations made by the anthrax toxin lethal factor in response to 

ligand binding. On the large scale, Domain 3 moves as a unit, into three frequently 

populated conformational states categorized here as bioactive, open, and tight. In relation 

to the bioactive position, both the open and tight states have a smaller hinge angle, 

indicating that Domain 3 is closer to Domain 4, yet peptide substrate binding does not 

appear to be completely precluded in all structures of the open position. In the tight state, 

the S2, S2´, S5´ and S6´ sites are significantly altered so that peptide substrates are 

unable to bind. More localized changes in the Gly674-Glu676 loop conformation are also 

observed in most open and tight structures with ligands, although these conformational 

changes may alter the recognition site for the P4´ substituent of a substrate peptide. This 

change accommodates the large extensions of the aryl sulfonamides beyond the S2´ 

pocket, and the conformational difference in this loop is even more extreme in the case of 

A3 (conformation B) because the tryptophan sidechain is a larger substituent than the 

benzylic extensions of the sulfonamides.  

 

While the ligands examined in this chapter (with the exception of A3) are very closely 

related, the effect of small changes in the alkylation from the sulfonamide nitrogen results 

in a pronounced but localized response; however, no correlation is observed between 

inhibitor activity and Domain 3 position. Despite this lack of correlation, we view the 

tight conformation as the low-energy conformation and variations thereupon as ligand-
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induced. In this regime, it appears that the tight Domain 3 position is preferred, as 

observed in complexes with no or small alkylations at the sulfonamide nitrogen (i.e. 

1YQY, 4WF6, 5D1S). When the alkylation is large enough, both the Gly674-Glu676 

loop and Domain 3 respond, and the open state is observed (4PKR, 4PKS, 5D1U). 

However, if a rigidly-substituted ligand (A10, A12, A15) is still incompatible with the 

open state, the S-N-Cα-Cβ torsion angle is reduced.  If the reduction in the torsion angle is 

adequate to allow the tight state of Domain 3, then it is observed, as it the preferred state 

(4PKT, 4PKV). However, if the change in torsion angle is not sufficient to reduce clashes 

with the tight state, the open state is still seen (5D1T). 

 

Domain 3 is necessary for peptide substrate recognition, but the position of this domain 

appears to be less influential in selecting small molecule binders—the adaptations in both 

protein and ligand described in the preceding paragraph are likely only possible because 

the majority of the ligand affinity comes from non-Domain 3 interacting parts of the 

molecule, namely the hydroxamic acid Zn-chelator. The open state may normally be a 

sparsely occupied intermediate between the bioactive (substrate-bound) and tight (no 

substrate) states that is stabilized by specific inhibitors. These movements couldn’t be 

observed with the full-length crystal structure due to constrains imposed by the crystal 

packing. Nevertheless, all conformations we observed are likely to represent biologically 

valid protein states, and it is possible that the packing of the full-length crystals 

artificially constrains this dynamic system. 
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5.4. Materials and Methods 

 

5.4.1. Synthesis 

 

Synthesis of the compounds described was carried out by Elbek Kurbanov and Dong-Jin 

Hwang. For a complete description, please see the published article.266  

 

5.4.2. Enzyme Inhibition 

 

Inhibition analysis of the compounds described was carried out by Jonathan Solberg in 

the Institute for Therapeutics Discovery and Development according to a previously 

published protocol.267 

 

5.4.3. Protein Purification 

 

For structures 4PKR-4PKU, 4PKW and 4WF6, LFNT protein was expressed by Todd 

Geders.  DNA encoding residues 265-776 (A266S) of Bacillus anthracis lethal factor 

(LFNT) was cloned into pMCSG10197,198,268–270 to produce a TEV-cleavable, N-terminal 

GST fusion bearing a His6 tag.  LFNT was expressed using BL21(DE3) Rosetta2 pLysS 

cells. In 10 L scale, the cells were grown to an OD600 = 0.6-0.8 at 37 °C, cooled to 30 °C, 

induced with 0.2 mM IPTG for 6-8 hours and then harvested by centrifugation (15 

minutes at 8,200 x g). Cell pellets were frozen at -10 °C.  Cell pellets were resuspended 



 

 167 

in 145 mL of 50 mM Tris pH 7.6, 500 mM NaCl, 10% glycerol and 1 mM DTT and lysed 

by sonication on ice.   

 

Lysozyme (1 mg/mL), benzonase (1 mU/mL) and MgCl2 (1 mM) were added and stirred 

for 30 minutes on ice. Lysate was cleared by centrifugation at 40,000 x g for 45 minutes 

at 4 °C and the supernatant was clarified by a 0.45 µm syringe filter prior to loading onto 

a 50 mL Ni-NTA column and eluted with lysis buffer containing 500 mM imidazole. 

Histidine-tagged tobacco etch virus (TEV) protease was added at 0.8% (w/w) and 

incubated at ambient temperature for 45 minutes followed by extensive dialysis overnight 

at 4 °C against lysis buffer with 0.5 mM TCEP instead of 1 mM DTT. The dialyzed 

material was passed through the Ni-NTA column and untagged LFNT in the flow-through 

was dialyzed extensively 25 mM HEPES pH 7.5 at 4 °C. Light, flocculent white 

precipitate was isolated by centrifugation (15 min at 5000 x g) and resuspended in 50 

mM Tris pH 7.6, 500 mM NaCl and 10% glycerol. The redissolved LFNT was applied to a 

HiPrep 26/60 Sephacryl S-200 HR column (GE Healthcare) equilibrated with 25 mM 

HEPES pH 7.5 and 150 mM NaCl and eluted as a single peak.  LFNT was concentrated to 

A280 = 25.7 and stored at -80 °C.  Yield was 25 mg from a 10 L batch. 

 

For structures 4PKQ, 4PKV, and 5D1S-5D1T, LFNT (residues 265-776 A266S) was 

expressed and purified as described above. Briefly, the construct was expressed in a 

pMCSG10198,270 (TEV protease cleavable, N-terminal His-tagged GST fusion) vector in 

Rosetta2 pLysS cells, and purified by nickel affinity chromatography. The fusion was 
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cleaved by TEV protease, and no precipitation occurred. The GST and TEV protease 

were removed by nickel affinity chromatography, and LF was purified by size-exclusion 

chromatography. The protein was concentrated to A280 = 10, and aliquots of LF were 

stored at -80 °C for future use. 

 

5.4.4. Crystallization  

 

Prior to crystallization, the protein was incubated with each compound of interest. In 

brief, the incubation solution (500 µL) consisted of 200 µM compound, 2 µM protein, 

and 10% DMSO in 25 mM HEPES pH 7.5, 150 mM NaCl. After incubation at room 

temperature for 30-45 min, the solution was filtered (0.22 µm) and concentrated to 

greater than 5 mg/mL.  

 

Crystals were grown at 13 °C using the hanging drop vapor diffusion method and 

microseeding to encourage the growth of fewer larger crystals. Crystallization drops 

consisted of post-incubation protein solution (2.0 µL), and either 2.0 µL well solution or 

well solution (1.5 µL) plus microseeding solution (0.5 µL). Well solutions that yielded 

crystals are 50 mM Bis-Tris pH 6.8, 100 mM magnesium acetate, and polyethylene 

glycol 8000 (PEG 8K, 11-16%). A microseeding solution was prepared by crushing 

crystals grown without seeding with a micropestle. Crystals appeared and grew to full 

size within a month. To harvest samples for data collection, crystals were quickly dipped 
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in a 25% ethylene glycol-supplemented well solution, followed by flash vitrification in 

liquid nitrogen.  

 

Crystals for 4PKR, 4PKS, 4PKT, 4PKU, 4PKW, and 4WF6 were grown by Teresa De La 

Mora, and she collected diffraction data for and refined structures 4PKR, 4PKS, 4PKW, 

and 4WF6. 

 

Diffraction data for structures 4PKQ, 4PKT, 4PKU, 4PKV, 4PKW, and 5D1S-5D1U 

were collected from crystals at 100 K at beamline 17-ID-B (IMCA-CAT) using a Dectris 

Pilatus 6M Pixel Array Detector at the Advanced Photon Source of Argonne National 

Laboratories in Argonne, IL. The data were processed using autoPROC.204 

 

For the structures deposited as PDB entries 4PKR and 4PKS, diffraction data were 

collected from crystals at 100K using a NOIR-1 MBC detector on beamline 4.2.2 at the 

Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California, 

USA. The data were processed using d*TREK.271 

 

Diffraction data for structure 4WF6 and 4PKS were collected at 100 K using a Rigaku 

Miromax-007 HFM rotating anode X-ray generator and a Saturn 944+ CCD detector at 

100 K at the University of Minnesota. The data were processed using HKL2000.272 
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The structures were solved using molecular replacement with atomic coordinates from 

structure 1YQY190 and the program Phaser273 in the CCP4 suite.206 Both the Refmac5207 

and Phenix208,209 programs were utilized for data refinement, along with the Coot 

modelling and visualization software.248 

 

Data agreement and summary refinement statistics are included in Table 5.2. Ligand omit 

maps are presented in Figure 5.10. 

 

5.4.5. Protein Superposition 

 

Non-isomorphous protein structures were aligned onto a common frame-of-reference 

using only a conserved core substructure comprised of two helical segments (residues 

686-692 and 735-740) from reference structure 1YQY.190 The segments include the Zn-

coordinating histidines and glutamate. Locally centralized superposition of only this core 

substructure gives rise to a better alignment of the ligands211 and simplifies recognition of 

that changes to protein quaternary structure relative to the fixed active site. Overlay 

method ‘ATLF’ has been shared at https://drugsite.msi.umn.edu/ 

where web-based services exist to overlay any structures that share this core.211  
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Table 5.2 Data processing and refinement statistics  
 

 

Compound n/a A7 A8 A9 A10 A11
PDB ID code 4PKQ 4WF6 4PKR 4PKS 4PKT 4PKU
Resolution (Å) 2.20 2.65 2.20 2.30 2.40 2.40
Space group P 2 1 21 21 P 2 1 21 21 P 2 1 21 21 P 2 1 21 21 P 2 1 21 21 P 2 1 21 21

a
b cell edges (Å) 
c

56.9
74.5
139.5

57.4
75.2
138.8

52.2
78.0
134.7

51.9
77.9
134.8

57.5
76.8
139.3

61.3
67.9
143.4

Cell axis angle (°)
90
90
90

90
90
90

90
90
90

90
90
90

90
90
90

90
90
90

Data Processing

Resolution range (Å)
(high shell)

139.46-2.20
(2.207-2.200)*

50.00-2.65
(2.69-2.65)

44.89-2.20
(2.28-2.20)

44.92-2.30
(2.38-2.30)

139.33-2.40
(2.408-2.400)

143.36-2.40
(2.408-2.400)

Observations measured
(high shell)

201109
(1871)

95814
(4329)

181140
(n.a)

172653
(n.a.)

159595
(1543)

153739
(1633)

Unique reflections
(high shell)

30912
(273)

17862
(849)

60393
(588)

25017
24878
(241)

24160
(243)

Average multiplicity
(high shell)

6.5
(6.9)

5.4
(5.1)

6.62
(6.78)

6.9
(6.87)

6.4
(6.4)

6.4
(6.7)

Completeness (% )
(high shell)

100.0
(100.0)

99.0
(96.1)

95.4
(91.5)

99.9
(99.6)

100.0
(100.0)

100.0
(100.0)

Rmerge

(high shell)
0.068

(0.334)
0.106

(0.476)
0.143

(0.488)
0.159

(0.477)
0.100

(0.308)
0.059

(0.408)
Mean <I/σI>
(high shell)

20.8
(6.5)

7.0
(1.3)

8.7
(2.9)

7.1
(2.8)

13.4
(6.0)

19.9
(6.7)

Refinement statistics

Resolution range (Å)
(high shell)

52.68-2.20
(2.271-2.200)

32.49-2.65
(2.818-2.652)

39.00-2.20
(2.278-2.200)

38.95-2.30
(2.392-2.300)

44.37-2.40
(2.500-2.400)

71.68-2.40
(2.500-2.400)

Working set reflections
(high shell)

29302
(2601)

17814
(2638)

27291
(2400)

24966
(2577)

24815
(2568)

24103
(1224)

Rfree  reflections
(high shell)

1551
(130)

908
(147)

1377
(129)

1271
(142)

1262
(125)

1224
(128)

R (% )
(high shell)

0.1756
(0.2011)

0.1840
(0.2449)

0.2042
(0.3821)

0.2090
(0.2350)

0.1782
(0.2062)

0.1973
(0.2316)

Rfree  (%)
(high shell)

0.2171
(0.2970)

0.2396
(0.3292)

0.2534
(0.4152)

0.2604
(0.3067)

0.2399
(0.2902)

0.2477
(0.2935)

No. of non-hydrogen 
atoms

4362 4228 4422 4265 4209 4044

No. of solvent waters 192 112 308 220 115 81

Mean B-factors (Å2)

Protein atoms 30.48 37.64 30.33 35.54 43.45 52.20
Solvent atoms 32.06 33.3 31.25 35.80 40.82 52.21
Ligand atoms 31.91 39.3 31.55 36.82 50.36 55.63

Bond lengths (Å) 0.008 0.003 0.002 0.004 0.008 0.003
Bond angles (°) 1.070 0.646 0.645 0.725 1.056 0.752
Ramachandran plot 
outliers (% )

0.2 0 0.0 0.0 0.2 0.0

MolProbity score 1.3 1.6 1.2 1.5 1.3 1.0
*Values in parentheses are for the highest resolution shell

RMS deviations From Ideal Geometry
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Table 5.2 Data processing and refinement statistics, continued.  

 

Compound A12 A13 A14 A15 A3
PDB ID code 4PKV 5D1S 5D1T 5D1U 4PKW
Resolution (Å) 2.50 2.10 2.20 2.85 1.75
Space group P 2 1 21 21 P 2 1 21 21 P 2 1 21 21 P 2 1 21 21 P 2 1 21 21

a
b cell edges (Å) 
c

57.5
78.7
139.1

57.8
78.3
138.2

57.9
76.5
138.4

57.9
77.3
138.5

51.4
82.4
130.6

Cell axis angle (°)
90
90
90

90
90
90

90
90
90

90
90
90

90
90
90

Data Processing

Resolution range (Å)
(high shell)

139.09-2.50
(2.508-2.500)*

138.21-2.10
(2.107-2.100)

138.38-2.20
(2.207-2.200)

77.29-2.85
(2.860-2.850)

130.55-1.750
(1.756-1.750)

Observations measured
(high shell)

143774
(1320)

242868
(2584)

204439
(2087)

96780
(898)

364950
(3667)

Unique reflections
(high shell)

22541
(195)

37424
(395)

31998
(312)

15129
(131)

56847
(563)

Average multiplicity
(high shell)

6.4
(6.8)

6.5
(6.5)

6.4
(6.7)

6.4
(6.9)

6.4
(6.5)

Completeness (% )
(high shell)

100.0
(100.0)

100.0
(100.0)

100.0
(99.4)

100.0
(100.0)

100.0
(100.0)

Rmerge

(high shell)
0.071

(0.362)
0.050

(0.373)
0.066

(0.373)
0.063

(0.351)
0.041

(0.357)
Mean <I/σI>
(high shell)

18.2
(6.1)

25.1
(5.1)

17.2
(4.5)

24.1
(6.1)

26.8
(4.8)

Refinement statistics

Resolution range (Å)
(high shell)

44.04-2.50
(2.590-2.500)

39.71-2.10
(2.157-2.100)

38.40-2.20
(2.271-2.200)

39.64-2.85
(3.070-2.850)

41.38-1.75
(1.813-1.750)

Working set reflections
(high shell)

21336
(2060)

35535
(2697)

30381
(2710)

14313
(2821)

56769
(2878)

Rfree  reflections
(high shell)

1151
(119)

1811
(143)

1538
(134)

756
(124)

2552
(103)

R (% )
(high shell)

0.1812
(0.2306)

0.2031
(0.2731)

0.1956
(0.2363)

0.1957
(0.2455)

0.1772
(0.2072)

Rfree  (%)
(high shell)

0.2528
(0.3386)

0.2471
(0.3618)

0.2545
(0.3225)

0.2519
(0.3620)

0.2067
(0.2833)

No. of non-hydrogen 
atoms

4301 4223 4079 3850 4458

No. of solvent waters 108 166 107 17 386

Mean B-factors (Å2)

Protein atoms 45.20 37.60 46.50 51.50 27.00
Solvent atoms 42.00 34.50 42.80 36.90 34.12
Ligand atoms 63.11 38.80 54.10 52.80 23.90

Bond lengths (Å) 0.01 0.008 0.008 0.009 0.007
Bond angles (°) 1.300 1.054 1.095 1.206 1.056
Ramachandran plot 
outliers (% )

0.8 0.8 0.0 0.2 0.0

MolProbity score 1.8 1.3 1.4 1.6 1.0
*Values in parentheses are for the highest resolution shell

RMS deviations From Ideal Geometry
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A7 A8 A9 A10

4WF6 4PKR 4PKS 4PKT

A11 A12 A13

4PKU 4PKV 5D1S

A14 A15 A3

5D1T 5D1U 4PKW

Figure 5.10 Ligand omit maps. Omit maps (mFo-DFc) for the structures described in this 
chapter, contoured at 3σ (blue) and 2σ (gray). In some structures, the zinc atom is part of the 
ligand definition, and it is shown as a gray sphere. In structure 4PKW, conformation A is shown 
as yellow, and conformation B is shown as orange.   
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Chapter 6: Discovery of a Ligand-Induced Expansion of the 

S1´ Binding Site in Anthrax Toxin Lethal Factor 

This chapter is largely reproduced with permission from: 
 
Maize, K. M.; Kurbanov, E. K.; Johnson, R. L.; Amin, E. A.; Finzel, B. C. Ligand-
Induced Expansion of the S1′ Site in the Anthrax Toxin Lethal Factor. FEBS Letters 
2015, 589 (24PartB), 3836–3841. 
 

6.1. Introduction 

 

There have been numerous structural studies of LF aimed at understanding substrate 

selectivity187,265 and the design of selective LF inhibitors,189–192,266 but currently there are 

no approved therapies that employ LF inhibition. Potent inhibitors, such as compound A4 

developed at Merck194 (Figure 6.1) include a P1ʹ′ aromatic substituent to occupy the deep 

S1ʹ′ tyrosine recognition subsite and a zinc chelating group, most commonly a 

hydroxamic acid. While this combination has led to the evolution of potent inhibitors, 

these have not progressed clinically due to the poor pharmaceutical properties of 

hydroxamates, or the promiscuous affinity of these inhibitors for other endogenous 

metalloenzymes. Consequently, there has been considerable effort to identify alternative 

Figure 6.1. Potent hydroxamic acid inhibitor 
A4. A4 was developed by Merck.190 Also 
listed is the measured IC50 value from our 
fluorescence-based assay and the 
corresponding PDB ID. 
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inhibitor scaffolds that retain potency without a hydroxamate, or to identify effective 

alternate zinc–binding groups.189,191,267,274,275 

 

The development of inhibitors of human matrix metalloproteases (MMPs) encountered 

similar obstacles. Over a number of years, various MMPs have been implicated in a wide 

variety of diseases including arthritis, cancer, and multiple sclerosis, and so have been 

targeted in extensive structure-based drug design.276 The clinical success of MMP 

inhibitors has been limited, however, due to the lack of selectivity of traditional 

metalloproteinase inhibitors that contain a potent zinc binding group.276,277 The only 

approved drug that can act as a metalloprotease inhibitor is doxycycline, used at sub-

antimicrobial levels for the treatment of peridontitis.278 Other clinical candidates such as 

marimastat have been abandoned following the onset of musculoskeletal toxicity likely 

resulting from of non-specific MMP inhibition.279 

 

A significant paradigm shift in the design of MMP therapeutics came following 

revelations exposed by structural biology that certain MMPs are subject to 

conformational remodeling of the S1ʹ′ pocket upon the binding of certain ligands.276 In 

these enzymes, a new pocket termed S1ʹ′*280,281 can be opened that extends deeply into, or 

even through, the enzyme. In MMP-8, for example, S1ʹ′* is opened by movement of the 

loop that separates the S1ʹ′ binding area from solvent (the S1ʹ′ loop) and a conformational 

change in Tyr227 (e.g., compare PDB structures 3DPE280 and 1ZVX282). In MMP-13, the 

S1ʹ′ loop also shifts, and the ligand selects an alternate rotamer of residue Leu218, tightly 
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cradling it (see structure 1XUC281 vs 830C283).  In either case, the existence of the larger, 

deeper S1ʹ′* pocket has been exploited to create inhibitors that bind with high affinity 

without interacting with the zinc cation at all, affording the opportunity to create small 

molecule inhibitors of the respective MMP with very high selectivity over related 

metalloenzymes.   

 

While investigating structure-activity relationships in a series of LF inhibitors that are 

analogs of compound A4, we quite unexpectedly found that one particular inhibitor 

induced conformational changes in LF reminiscent of the MMP S1ʹ′*, opening a narrow 

tunnel that extends beneath the S1’ loop to the solvent beyond. To study this pocket in 

more depth, other analogs have been prepared and structurally characterized. Here, the 

crystal structures of three complexes with these analogs are described, and the S1ʹ′* 

subsite is characterized.    

 

6.2. Results and Discussion 

 

Potent hydroxamate inhibitors of LF, such as compound A4 include a P1ʹ′ aromatic 

substituent, often a 4-fluoro, 3-methyl aromatic group, joined by a sulfonamide to a P1 

D−amino acid bearing a hydroxamic acid zinc chelator. In the case of A4, the side chain 

of the amino acid is a tetrahydropyran. The typical binding mode of these inhibitors is 

known from co-crystal structures and is illustrated in Figure 6.2A; the aromatic ring lies 

in a hydrophobic S1ʹ′ pocket bounded in part by the sidechains of Lys656 and Leu677. 
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This general binding mode is also preserved in a series of less potent N-alkylated analogs 

incorporating a D−alanine amino acid illustrated in the previous chapter.266 As part of an 

expanded exploration of structure-activity relationships described in Chapter 5, 

compound A16 was prepared from D−valine with an isobutyl N-alkylation. (Figure 6.3) 

Inhibition of LF-catalyzed proteolysis has been evaluated using a FRET substrate 

cleavage assay (IC50 = 90 µM), and a crystal structure of the complex of A16 with LF has 

been determined at 2.35 Å resolution.  

 

Figure 6.2. Opening of the S1ʹ′* pocket. (A) Canonical binding mode represented by A4 
in structure 1YQY. (B) The S1ʹ′* subsite is opened by the movement of Lys656 and 
Leu677, pictured with compound A16 in structure 4XM6. 

 

Figure 6.3. Hydroxamic acid inhibitors A16-A18. Compounds A16-A18 all induce S1ʹ′*. 
Corresponding PDB IDs and IC50 values from a FRET-based assay are also listed.  
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Compound A16 is found bound to LF in an unexpected orientation. The hydroxamate is 

still coordinated to the Zn2+ cation, but the P1ʹ′ substituent that has occupied the S1ʹ′ 

pocket in all other analogs characterized to date is found in a new position, while the 

isobutyl group takes its place in the S1ʹ′ pocket.  In order to occupy the new position, 

compound A16 must induce conformational changes that open a new S1ʹ′* pocket, 

created by the movement of both Lys656 and Leu677 (Figure 6.2B). Relative to their 

typical positions as exhibited in the complex with compound A4, the sidechain atoms of 

Lys656 undergo translations of approximately 1 Å as Leu677, particularly Cδ1, shifts 

about 1.7 Å in the opposite direction. Collectively, these shifts increase the distance 

between Cγ of Lys656 and Cδ1 of Leu677 from 4.4 Å to 6.9 Å, creating a large enough 

space for the substituted benzyl group to fit between them.   

 

Lysine 656 and Leu677 form a stout wall to enclose S1ʹ′ and contact the planar face of the 

P1ʹ′ aromatic ring in previously reported crystal structures (e.g., 1YQY190),  (Figure 

6.4A). The movement of these residues observed upon binding of A16 opens a narrow 

channel to solvent along the vector of the methyl substituent on the P1ʹ′ aromatic ring 

(Figure 6.4B).  
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To further probe the depth of this channel and to validate the ligand binding mode 

observed with A16, compounds A17 and A18 (Figure 6.3) were prepared by Elbek 

Kurbanov and co-crystallized with LF. In the complexes with A17 (4XM7, Figure 6.4C) 

and A18 (4XM8, Figure 6.4D), the binding mode of A16 is replicated. The longer ‘arms’ 

of A17 and A18 extend progressively outward toward solvent; the entire length of the 

channel could be spanned by means of a 4-5 atom extension from the aromatic ring. It 

does not appear that branching of the ligand within the S1ʹ′* pocket can be tolerated due 

to the narrow nature of the channel; however, it has been noted that in the MMP system, 

the S1ʹ′* subsite is much more flexible than initially thought.276 

Figure 6.4. Cutaways of the LF S1ʹ′* subsite. In all images, the surface is cut away to best show the S1ʹ′* 
channel, and the loop encircling the majority of this subsite is shown as lines. Ligands are shown as 
sticks, and the zinc ion is shown as a sphere. (A) Canonical binding mode represented by A4 in 
structure 1YQY. (B) Compound A16 in structure 4XM6. (C) Compound A17 in structure 4XM7. (D) 
Compound A18 in structure 4XM8. 
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The portion of the S1ʹ′* pocket in contact with the aromatic ring of compounds A16-A18 

is hydrophobic, as it is composed of the Lys656 and Leu677 sidechains. The solvent-

exposed end of the channel consists of the Thr449 and Lys673 sidechains and the 

backbone atoms of Gly674, Leu677, and Arg678.  

 

Induction of the S1ʹ′* pocket is likely to be a consequence of additional conformational 

restriction imposed on ligands A16-A18 by the presence of both the N-alkylation and the 

β-branched sidechain of the P1 D-valine. Compared to the compounds which have a P1 D-

alanine, exemplified by ligand A10 of structure 4PKT,266 the Cα of A17 is shifted away 

from Domain 3 of LF by 0.8 Å. This shift is necessary to accommodate the larger P1 

D−valine that is in close contact with Asp328 of Domain 3 (Figure 6.5). An additional 

effect of the branched sidechain is that the i-butyl substituent of A17 cannot occupy the 

Figure 6.5. Comparison of D−valine- and 
D−alanine-derived ligands. A D−valine-derived 
ligand (A17, green) is overlaid on a D−alanine-
derived ligand (A10, blue). While the Asp328-
Phe329 loop is in largely the same place, the β-
branched D−valine alters the position of Cα and 
significantly alters the ϕ angle. 
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same space as the p-nitro benzyl substituent of A10 due to clashes with Cγ of the 

D−valine. This alters the dihedral angle ϕ between Cβ of the P1 amino acid substituent 

and the first carbon of the nitrogen alkylation; in A10 that angle is 49° while it is 89° in 

A17. The change in dihedral angle places the i-butyl substituent in the S1ʹ′ pocket and 

twists the aromatic ring into the S1ʹ′* area. The sidechains of Lys656 and Leu677 likely 

move directly in response to binding of this type of ligand scaffold.  

 

In the previous chapter, we identified tight, open, and bioactive positions adopted by LF 

Domain 3 and rationalized that the tight position was likely to be the most energetically 

favorable.266 Each of these structures most closely resembles the tight conformational 

state.  The subtle conformational changes to residues 673-679 seem to have no effect of 

the Domain 3 position.  

 

 

6.3. Conclusion 

 

Although novel inhibitors A16-A18 display only modest activity against LF of 90 ± 3 µM 

(A16) to 950 ± 30 µM (A18) and binding is likely largely driven by the zinc binding 

group, they serve as evidence that the S1ʹ′* pocket can be reliably induced in LF. As in 

the MMP system, targeting the S1ʹ′* pocket may allow for enhanced specificity and 

optimization of pharmacokinetic properties, including the removal of zinc-binding 
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moieties. This may lead to a new and exciting avenue in structure-based drug design for 

anthrax lethal factor. 

 

6.4. Materials and Methods 

 

6.4.1. Synthesis 

 

Synthesis of the compounds described was carried out by Elbek Kurbanov. For a 

complete description, please see the published article.284 

 

6.4.2. Enzyme Inhibition 

 

Inhibition analysis of the compounds described was carried out by Jonathan Solberg in 

the Institute for Therapeutics Discovery and Development according to a previously 

published protocol.267 

 

6.4.3. Crystallography 

 

Anthrax Lethal Factor (residues 265-776 A266S) was expressed and purified as described 

in the previous chapter, 5.4.3.266  

 

Co-crystals of LF with A16-A18 were prepared as described in the previous chapter, 
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5.4.4.266  

 

Diffraction data for structure 4XM6 were collected at 100 K using a Rigaku Miromax-

007 HFM rotating anode X-ray generator and a Saturn 944+ CCD detector at 100 K at the 

University of Minnesota by Teresa De La Mora. The data were processed using 

HKL2000.272 Diffraction data for structures 4XM7 and 4XM8 were collected at 100 K on 

beamline 17-ID (IMCA-CAT) at the Advanced Photon Source of Argonne National Labs 

in Argonne, Illinois. A Dectris Pilatus 6M Pixel Array detector was used. The data were 

processed using autoPROC.204 For structure 4XM8, high resolution limits were truncated 

due to anisotropic scattering along the k axis. Structures were solved using Phaser273 with 

atomic coordinates from structure 1YQY190. Refinement was carried out using both 

Refmac5207 in the CCP4 suite206 and the Phenix208,209 environments. Visualization and 

modeling was done in Coot210. Ligand restraints were calculated in JLigand.249 Data 

collection and refinement statistics are presented in Table 6.1, and ligand omit maps are 

presented in Figure 6.6. Structures are illustrated using PyMOL v1.5.0.4. (Schrodinger 

LLC). 
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Table 6.1. Data processing and refinement statistics 

 

Compound A16 A17 A18

PDB ID code 4XM6 4XM7 4XM8

Resolution (Å) 2.35 2.70 2.70
Space group P 21 21 21 P 21 21 21 P 21 21 21

a
b cell edges (Å) 
c

57.94
76.92

138.58

57.03
78.42

139.27

57.63
77.08

138.84

Cell axis angle (°)
90
90
90

90
90
90

90
90
90

Data Processing

Resolution range (Å)
(high shell)

50.0-2.35
(2.39-2.35)

78.42-2.70
(2.709-2.700)

77.08-2.70
(2.709-2.700)

Observations measured
(high shell)

93815
(n.a.)

85249
(927)

104853
(903)

Unique reflections
(high shell)

25999
(1070)

17774
(177)

17580
(161)

Average multiplicity
(high shell)

3.6
(2.9)

4.8
(5.2)

6.0
(5.6)

Completeness (% )
(high shell)

97.6
(83.2)

99.9
(100.0)

99.7
(99.4)

Rmerge

(high shell)
0.051

(0.247)
0.081

(0.320)
0.111

(0.215)
Mean <I/σI>
(high shell)

25.4
(3.4)

13.7
(4.9)

26.0
(15.3)

Refinement statistics

Resolution range (Å)
(high shell)

23.380-2.352
(2.446-2.352)

38.457-2.700
(2.869-2.700)

46.162-2.700
(2.869-2.700)

Working set reflections
(high shell)

24600
(2590)

16861
(2757)

16684
(2715)

Rfree  reflections
(high shell)

1317
(120)

852
(135)

842
(147)

R (% )
(high shell)

0.2050
(0.2501)

0.2093
(0.2569)

0.2218
(0.3432)

Rfree  (%)
(high shell)

0.2457
(0.2768)

0.2685
(0.3339)

0.2759
(0.4018)

No. of non-hydrogen 
atoms

4149 4112 4073

No. of solvent waters 121 32 51

Mean B-factors (Å2)

Protein atoms 49.45 50.35 29.05

Solvent atoms 42.48 36.43 17.70

Ligand atoms 52.94 52.50 35.42

Bond lengths (Å) 0.005 0.005 0.005

Bond angles (°) 0.890 0.810 0.670
Ramachandran plot 
outliers (% )

0.0 0.0 0.0

MolProbity score 1.5 1.5 1.4

RMS deviations From Ideal Geometry

*Values in parentheses are for the highest resolution shell
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Figure 6.6. Ligand omit maps. Omit maps (mFo-DFc) contoured at 3σ (blue) and 2σ (gray) for 
structures 4XM6 (complex with compound A16), 4XM7 (complex with compound A17), and 
4XM8 (complex with compound A18).  

A16 A17 A18
4XM6 4XM7 4XM8
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