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Heterocyclic metal-binding groups with therapeutic potential have been 

examined.  This dissertation will first discuss the synthesis of thiopyrone and 

hydroxypyridinethione ligands along with the synthesis and characterization of novel 

metal complexes with these ligands.  The focus will then shift to studying these 

heterocyclic ligands as metalloprotease inhibitors.  Metalloprotein inhibition is 

important for many potential medicinal applications.  Some hydrolytic zinc(II)-

dependent enzymes such as matrix metalloproteinases (MMPs) and anthrax lethal
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factor (LF) represent targets of therapeutic interest.  This dissertation discusses a 

bioinorganic approach to MMP and LF inhibition focusing on the interaction between 

the zinc-binding group (ZBG) of a potential inhibitor and the catalytic zinc(II) ion. 

After presenting the syntheses of thiopyrone and hydroxypyridinethione 

ligands, the coordination chemistry with iron(III), nickel(II), copper(II), cobalt(II), 

zinc(II), and lead(II) ions will be described.  Characterization of these complexes 

represents a fundamental step for considering the use of heterocyclic ligands for 

medicinal and environmental applications.  

The potency, toxicity, and thiol reactivity studies of the heterocyclic chelators 

are presented.  Recombinant and cell culture inhibition assays show that these 

heterocyclic ligands are more potent MMP inhibitors than acetohydroxamic acid, 

which represents the ZBG used in most MMP inhibitors synthesized to date.  The 

ZBGs are nontoxic at high micromolar concentrations in cell culture studies.  The 

reactivity of the O,S ligands is much lower than thiol-based ligands.  The heterocyclic 

ZBGs are potent, nontoxic, biocompatible ligands that expand the ZBG library for 

MMP inhibitors.   

The heterocyclic ligands are also viable alternatives for inhibitors for other 

metalloproteases such as anthrax lethal factor (LF).  These ZBGs show comparable or 

improved potency compared to acetohydroxamic acid against LF.  Studies with full-

length inhibitors based on a thiopyrone ZBG have similar potencies to other LF 

inhibitors found in the literature.  Potential binding modes of the full-length inhibitors 

are also presented. 
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Finally, co-crystallization studies using the catalytic domain of MMP-3 and 

pyrone-based inhibitors are described.  Comparison of co-crystallization data to model 

complex structural data and computationally predicted inhibitor conformations would 

help test the validity of our bioinorganic approach.  In conclusion, inhibitors based on 

the heterocyclic ligands show promise as potent metalloprotein inhibitors.  
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1 Introduction
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1.A Role of MMPs in Biology and Disease 

Matrix metalloproteinases (MMPs) are a class of zinc(II)- and calcium(II)-

dependent hydrolytic enzymes involved in the breakdown of the extracellular matrix 

(ECM) and the basement membrane components such as aggrecan, collagen, elastin, 

fibronectin, gelatin, and laminin.[1-3] The MMP numbering scheme is listed in Table 

1-1 along with common names and some of the substrates for each member.  MMPs 

are crucial for normal processes such as embryonic development, endometrial cycling, 

angiogenesis, and wound healing (Table 1-2).[3, 4] For example, the first report of 

MMP-1 activity in vertebrates came in 1962 and discussed the collagenolytic 

properties of tadpole tissues.[5] The experiments showed degradation of a collagen 

matrix surrounding tail, gut, and gill tissue excised from tadpoles undergoing 

metamorphosis.[5] In pathological settings, MMPs are associated with a large number 

of diseases including cancer invasion and metastasis, arthritis, periodontal disease, and 

multiple sclerosis (Table 1-2).[4, 6] 

The descriptive names for the 24 members of the MMP family reflect neither 

the variety of substrates cleaved by the individual members nor the multiple roles 

played by each MMP; therefore, a numbering system has been adopted for MMPs,[7] 

which will be used here.  As can be seen in Tables 1-1, 1-2, and 1-3, some numbers 

are missing.  After classification as a new enzyme, some “novel” proteinases were 

revealed to be identical to MMPs already in the literature.  For example, MMP-4[8] a 

‘type I collagen telopeptidase’[9] from skin fibroblasts was found to be MMP-3.[4] 

Also, an acid metalloproteinase,[10] which was called MMP-6, from human cartilage  
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Table 1-1. The common names and substrates of each MMP.[3, 4, 6, 11] 

Enzyme Common Name(s) Substrates 
Collagenases 
MMP-1 Interstitial collagenase, 

vertebrate collagenase, 
mammalian collagenase,  
fibroblast collagenase, 
collagenase-1 

Collagens I-III, VII, VIII, X, and XI, aggrecan, entactin, 
fibronectin, gelatins, link protein, tenascin, vitronectin, C1q, 
casein, IGF-BP-3, IL-1β, L-selectin, myelin basic protein, 
ovostatin, proTNF-α, serum amyloid-A, TFPI, α1-
antichymotrypsin, α2-macroglobulin, α1-PI, proMMP-2 and -
9

MMP-8 Neutrophil collagenase, 
polymorphonuclear 
leukocyte-collagenase, 
collagenase-2 

Collagens I-III, V, VII, VIII, and X, aggrecan, elastin, 
fibrinogen, fibronectin, gelatins, laminin, proteoglycan, 
angiotensin, C1-inhibitor, casein, ovostatin, substance P, α1-
antichymotrypsin, α2-macroglobulin, α1-PI, proMMP-8 

MMP-13 Collegenase-3 Collagens I-IV, IX, X, and XIV, collagen telopeptides, 
procollagen II, aggrecan, fibrinogen, fibronectin, gelatins, 
proteoglycan, SPARC, tenascin C, C1q, casein, factor XII, 
plasminogen activator inhibitor 2, α1-antichymotrypsin, α2-
macroglobulin, proMMP-2 and -9 

MMP-18 Xenopus collegenase-4 Collagens I-III, gelatins, α1-antitrypsin, α2-macroglobulin, α1-
PI 

Gelatinases 
MMP-2 Gelatinase-A, 72 kDa 

gelatinase, 72 kDa type 
IV collagenase 

Gelatins, aggrecan, collagens I-V, VII, X, XI, and XIV, 
decorin, elastin, fibronectin, laminin-1 and -5, link protein, 
SPARC, tenascin, vitronectin, fibulin-2, FGF receptor-1, 
galectin-3, IGF-BP-3, IL-1β, MCP-3, myelin basic protein, 
plasminogen, proTNF-α, substance P, α1-antichymotrypsin, 
α1-PI, proMMP-9 and -13 

MMP-9 Gelatinase-B, 92 kDa 
gelatinase, 92 kDa type 
IV collagenase, type V 
collagenase 

Gelatins, aggrecan, collagens III, IV, V, VII, XI, X, and XIV, 
collagen telopeptides, decorin, elastin, entactin/nidogen, 
laminin, link protein, SPARC, vitronectin, amyloid β peptide, 
casein, galectin-3, IL-2 receptor type α, IL-8, myelin basic 
protein, plasminogen, proIL-1β, proTGF-β2, proTNF-α,
substance P, TFPI, α2-macroglobulin, α1-PI,  proMMP-2 

Stromelysins 
MMP-3 Stromelysin-1, transin-1, 

procollagenase activator, 
proteoglycanase 

Proteoglycans, aggrecan, agrin, collagens II-V, and IX-XI, 
collagen telopeptides, decorin, elastin, entactin/nidogen, 
fibrin γ-chain, fibronectin, fibulin-2, gelatins, laminin, link 
protein, osteopontin, perlecan, tenascin, vitronectin, 
antithrombin III, casein, E-cadherin, heparin-binding EGF, 
IGF-BP-3, IL-1β, insulin B chain, L-selectin, MCP-1, -2, -3, 
and -4, myelin basic protein, ovostatin, plasminogen, 
plasminogen activator inhibitor-1 and -2, proTNF-α, serum 
amyloid-A, SPARC, substance P, T kininogen, uPA, α1-
antichymotrypsin, α2-antiplasmin, α2-macroglobulin, α1-PI, 
proMMP-1, -3, -7, -8, -9, and -13 

MMP-10 Stromelysin-2, transin-2 Proteoglycans, aggrecan, collagen III-V, and IX, elastin, 
fibronectin, gelatins, laminin, link protein, casein, proMMP-
1, -7, -8, and -9 

MMP-11 Stromelysin-3 Proteoglycans, aggrecan, collagen IV, fibronectin, gelatin, 
laminin, casein, IGF-BP-1, plasminogen activator inhibitor-2, 
α2-antiplasmin, α2-macroglobulin, α1-PI 
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Table 1-1 (continued). The common names and substrates of each MMP.[3, 4, 6, 11] 

Enzyme Common Name(s) Substrates 
Matrilysins 
MMP-7 Matrilysin, matrin, 

PUMP-1, uterine 
metalloproteinase 

Aggrecan, brevican, collagen IV, X, and XVIII, decorin, 
elastin, entactin/nidogen, fibrinogen, fibronectin, fibulin-1 
and -2, gelatins, laminin, link protein, osteopontin, 
procollagen II, tenascin-C, versican, vitronectin, β-
dystroglycan, apoA-1 high-density lipoprotein 3, casein, E-
cadherin, Fas ligand, IgGs, insulin B chain, myelin basic 
protein, plasminogen, proTNF-α, pro-uPA, SPARC, TFPI, 
transferrin, uPA, α1-antitrypsin, α1-PI, β4-integrin, proMMP-
1, -2, and -9 

MMP-26 Matrilysin-2, endometase Collagen IV, gelatins, fibronectin, fibrinogen, vitronectin, 
casein, IGF-BP-1, α2-macroglobulin, α1-PI, proMMP-9 and -
26 

Membrane-Type MMPs 
MMP-14 MT1-MMP (Membrane-

Type-1 MMP), MT-
MMP-1 

Collagens I-III, aggrecan, decorin, dermatan sulfate, elastin, 
entactin/nidogen, fibrin, fibronectin, fibulin, gelatins, 
laminin, perlecan, tenascin-C, vitronectin, casein, CD44, 
insulin B-chain, pro-integrin αv, proTNF-α, transglutaminase, 
α2-macroglobulin, α1-PI, proMMP-2, -13, and -20 

MMP-15 MT2-MMP, MT-MMP-2 Aggrecan, collagen I, entactin/nidogen, fibrin, fibronectin, 
fibulin, gelatin, laminin-1, perlecan, tenascin-C, vitronectin, 
proTNF-α, proMMP-2 

MMP-16 MT3-MMP, MT-MMP-3 Collagen III, fibronectin, gelatin, laminin, proteoglycan, 
vitronectin, α2-macroglobulin, α1-PI, proMMP-2 

MMP-17 MT4-MMP, MT-MMP-4 Gelatin, fibrin, fibrinogen, GST-proTNF-α
MMP-24 MT5-MMP Chondroitin sulfate, dermatan sulfate, fibronectin, gelatin, 

proMMP-2 
MMP-25 MT6-MMP, leukolysin Denatured collagens, fibronectin, gelatin, proteoglycans, 

proMMP-2 
Other MMPs 
MMP-12 Macrophage elastase, 

macrophage 
metalloelastase 

Elastin, aggrecan, collagen IV, chondroitin sulfate, entactin, 
fibrillin, fibrinogen, fibronectin, gelatin, laminin, 
proteoglycans, vitronectin, casein, heparin sulfate, IgGs, 
insulin B chain, myelin basic protein, plasminogen, proTNF-
α, TFPI, uPA receptor, α1-antichymotrypsin, α2-
macroglobulin, α1-PI 

MMP-19 RASI-1 Aggrecan, collagen IV, COMP, entactin/nidogen, fibronectin, 
gelatin, laminin, tenascin-C, casein, IGF-BP-3 

MMP-20 Enamelysin Amelogenin, DSPP, aggrecan, collagen IV, COMP, 
fibronectin, gelatin, laminin, tenascin-C, casein, proMMP-20 

MMP-21 Xenopus MMP, XMMP Collagen 
MMP-22 Chicken MMP, CMMP,  Collagen I, gelatin, casein 
MMP-23 CA-MMP, femalysin, 

MIFR 
Gelatin, proMMP-23 

MMP-28 Epilysin Casein, α1-PI 
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was identified as MMP-3.[12] It was determined that MMP-5, a neutral 

metalloproteinase found in gingival crevicular fluid,[8] was actually MMP-2.[11] 

Finally, MMP-27 is the human homolog of the chicken MMP, MMP-22.[13] 

The hydrolytic activity of MMPs can participate not only in tissue breakdown, 

but also in the release, activation, or inactivation of signaling molecules; in altered 

cell-cell and cell-matrix interactions; and in the activation or inactivation of cell 

surface receptors.[1, 14] As with matrix substrates, MMP cleavage of non-matrix 

proteins such as vascular endothelial growth factor (VEGF) and pro-tumor necrosis 

factor-α (proTNF-α) plays a role in normal processes and in disease states.[13, 15] For 

example, VEGF coordinates angiogenesis, cartilage remodeling via MMP-9, and 

ossification during bone formation in the growth plate.[16] MMP-9 also releases VEGF 

triggering the angiogenic switch during carcinogenesis.[17] On the other hand, MMP 

gene expression is controlled at the transcriptional level by growth factors (e.g., 

transforming growth factor-β (TGF-β) and fibroblast growth factor-2 (FGF-2)), 

cytokines (e.g., TNF-α and interleukin-1 (IL-1)), chemical agents (e.g., phorbol esters 

and nitric oxide), physical stress, hormones (e.g., progesterone and estradiol), and cell-

cell and cell-matrix interactions.[4, 15] For instance, progesterone is critical for 

regulating MMP expression during endometrial cycling.[18] In metastasis, MMP-1, -2, 

and -3 production can be stimulated by cell-cell interactions involving extracellular 

matrix metalloproteinase inducer (EMMPRIN), a transmembrane glycoprotein on the 

surface of malignant tumor cells, and fibroblasts within or surrounding a tumor.[19] 
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Table 1-2. Some diseases and physiological processes associated with MMP activity.[4, 6] 

Enzyme Diseases and Physiological Processes 
Collagenases 
MMP-1 Tumor invasion and metastasis, cancers such as breast, colorectal, and lung, rheumatoid 

arthritis, osteoarthritis, periodontal disease, respiratory disease, emphysema, corneal 
ulceration, inflammatory bowel disease, atherosclerosis, aneurysm, restenosis, fibrotic 
diseases, tissue remodeling, angiogenesis, bone growth, wound healing, and 
metamorphosis 

MMP-8 Rheumatoid arthritis, osteoarthritis, inflammation, cervical dilation, and wound healing 
MMP-13 Tumor invasion and metastasis, carcinomas (cancers of epithelial origin) such as breast, 

head, neck, and skin, rheumatoid arthritis, osteoarthritis, chronic periodontitis, abdominal 
aortic aneurysms, and bone formation, remodeling and fracture healing 

MMP-18 Xenopus metamorphosis 
Gelatinases 
MMP-2 Tumor invasiveness, arthritis, multiple sclerosis, stroke, and angiogenesis 
MMP-9 Tumor vascularization and metastasis, carcinomas such as cervical, pancreatic, prostate, 

and skin, multiple sclerosis, encephalomyelitis, aortic aneurysm, heart disease, 
inflammation, acute respiratory distress syndrome, dermal-epidermal separation, embryo 
implantation, placenta development, trophoblast invasion, bone resorption, and wound 
healing 

Stromelysins 
MMP-3 Astrocytoma, cancer such as breast, colorectal, and renal, rheumatoid arthritis, 

osteoarthritis, lupus nephritis, herniated discs, atherosclerosis, abdominal aortic 
aneurysms, gastrointestinal ulcers, basal keratinocyte cycling, mammary gland involution, 
endometrial cycling, bone growth, and wound healing 

MMP-10 Cancer such as esophageal, gastric, and lung, rheumatoid arthritis, osteoarthritis, multiple 
sclerosis, diabetes, stroke, endometrial cycling, bone resorption, and wound healing 

MMP-11 Tumorigenesis in cancers such as breast, colon, lung, and skin, osteoarthritis, 
atherosclerosis, apoptosis, mammary gland involution, metamorphosis, and 
embryogenesis 

Matrilysins 
MMP-7 Tumorigenesis (esp. cancers of epithelial origin such as gastric and prostate), 

atherosclerosis, postpartum uterine involution, endometrial cycling, cholesterol efflux, 
and epithelial repair and defense 

MMP-26 Cancer invasion and metastasis, carcinomas such as breast, endometrial, lung, and 
prostate, fetal development, cytotrophoblast and syncytiotrophoblast invasion 
(placentation), and embryo implantation 

Membrane-Type MMPs 
MMP-14 Carcinomas such as cervical, colon, gastric, and lung, arthritis, connective tissue disease, 

dwarfism, angiogenesis, central nervous system regulation, epithelial cell invasion and 
migration, bone formation, and embryogenesis 

MMP-15 Astrocytoma, melanoma, oral cancer, ovarian carcinoma, urothelial carcinoma, and 
cytotrophoblast invasion (placentation) 

MMP-16 Gastric cancer, laryngeal cancer, melanoma, renal cell carcinoma, atherosclerosis, cell 
growth and invasion, and central nervous system regulation 

MMP-17 Breast cancer, leukemia, inflammation, and eosinophil migration 
MMP-24 Brain tumors, infected cornea, diabetic renal failure, neuronal differentiation, and central 

nervous system regulation 
MMP-25 Brain tumors, colon carcinoma, infected cornea, innate immune response, and 

transendothelial migration 
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Table 1-2.  (continued).  Some diseases and physiological processes associated with MMP activity.[4, 6] 

Other MMPs  
MMP-12 Atherosclerosis, abdominal aortic aneurysms, coronary artery disease, emphysema, 

inflammatory cell recruitment, antiangiogenesis, and antimicrobial activity 
MMP-19 Rheumatoid arthritis, multiple sclerosis, systemic lupus erythematosus, psoriasis, and 

cartilage stabilization and destruction 
MMP-20 Odontogenic tumors, tongue carcinoma, odontogenic cyst, and tooth development 
MMP-21 Carcinomas such as colon, melanoma, and ovarian, Xenopus embryonic development, and 

fetal development 
MMP-22 Chicken embryonic development 
MMP-23 May have a role in reproductive processes, and heart, prostate and spleen maintenance 
MMP-28 Carcinomas such as colon, lung, and ovarian, rheumatoid arthritis, osteoarthritis, 

epithelial cell function regulation, embryonic development, and tissue homeostasis and 
repair 

As mentioned above, MMPs are associated with a large number of disease 

states (Table 1-2).  A large body of evidence has been obtained showing that MMPs 

promote tumor progression.[2, 20] Tumor growth and metastasis require degradation of 

the ECM by the release of cellular enzymes, including MMPs,[20, 21] to destroy the 

surrounding matrix and facilitate invasion of the abberant cells.  In some cases, tumor 

progression was positively correlated with MMP expression, and the invasion 

behavior of cells was drastically affected by the levels of MMP.[22] Biological 

inhibitors of MMPs, the tissue inhibitors of metalloproteinases (TIMPs), were found 

to reduce metastasis of tumor cells when TIMPs were overexpressed.[22-24] These and 

other studies suggest that inhibition of MMPs could be used for therapeutic purposes 

to combat tumor metastasis; indeed, broad-spectrum matrix metalloproteinase 

inhibitors were found to block experimental models of metastasis in mice.[25] 

Beyond cancer, the role of MMPs has also been examined in other diseases, 

such as myocardial infarction (MI).[26] Myocardial infarction usually occurs as a 

response to the destabilization and rupture of atherosclerotic lesions.[27-32] It has been 

suggested that these atherosclerotic plaques become weakened because of MMP 
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activity. [27-32] Myocardial infarction leads to the remodeling of the ventricle wall, 

resulting in chamber dilation.[26, 33] The amount of chamber dilation that occurs has 

been directly correlated to the morbidity of the subject after MI.[33, 34] Thus, 

interrupting the cellular and molecular processes that cause ventricle dilation is 

important for treatment of MI.  It has been found that MMP levels are elevated post-

MI,[26, 35-42] leading to the belief that MMPs may be responsible for ventricle 

expansion.  Genetic studies of knockout mice have confirmed that the absence of some 

MMPs leads to a decrease in ventricle remodeling after MI, whereas genetic knockout 

of TIMPs leads to a worsening of ventricle dilation.[26, 43-46] These studies have been 

supported by matrix metalloproteinase inhibitor (MMPi) studies, which have found 

that short-term MMPi dosing, when administered before or after myocardial 

infarction, leads to a decrease in post-MI remodeling.[33, 36, 39, 42, 45, 47] 

Recent investigations have also implicated MMP activity with asthma.  In 

1997, a study showed that MMP-9 was directly implicated in the pathology of asthma, 

with increased levels of MMP-9 in the bronchoalveolar lavage fluid.[48] An increase in 

MMP-8 expression has been observed in bronchial biopsies and in bronchoalveolar 

lavage from asthmatic patients[49, 50] When exposed to allergens, MMP-8 knockout 

mice showed lower neutrophil apoptosis than wild type mice, indicating a probable 

role of MMP-8 in regulation of allergen response and asthma.[51] Some studies have 

shown that the use of TIMPs and MMP inhibitors can result in a decrease in the 

pathological progression of asthma, though research in this area is far from 

complete.[52-55] 
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1.B Structures and Mechanism of MMPs 

The general MMP structure includes a signal peptide domain, a propeptide 

domain, a catalytic domain, the hinge region or linker peptide, and a C-terminal 

hemopexin-like domain.[1] Table 1-3 outlines the composition of each MMP member, 

and Figure 1-1 shows the domain arrangements for the MMPs.  Most MMPs have a 

“cysteine-switch” motif, PRCGXPD, in the propeptide domain with the cysteine 

coordinating the active site zinc(II) ion keeping the enzyme in an inactive state.[1] The 

catalytic domain contains a twisted five-stranded β sheet, four parallel and one 

antiparallel strands, and three α helices (Figure 1-2).  The catalytic zinc(II) ion is 

coordinated in a tetrahedral geometry by three histidine residues (His201, His205, and 

His211, human proMMP-3 numbering) in the conserved HEXXHXXGXXH sequence 

motif.[56] The catalytic domain also contains one structural zinc(II) ion and two or 

three structural calcium(II) ions.  A tight 1,4-turn with the conserved sequence Ala-

Leu-Met-Tyr, also called the “Met-turn,” is located within the catalytic domain and 

provides a hydrophobic base for the tris(histidine) active site.[56] The C-terminal 

hemopexin-like domain has a four-bladed β-propeller structure.[4] 

Some of the MMPs have variations of the general MMP structure (Table 1-3).  

The fibronectin type II repeats help the gelatinases (MMP-2 and -9) bind and digest 

gelatin and collagen.  Matrilysins (MMP-7 and -26) and MMP-23 lack the hemopexin-

like domains.  MMP-11, -14, -15, -16, -17, -21, -23, -24, -25, and -28 have a furin 

recognition motif RX[R/K]R at the C-terminal end of the propeptide and are activated 

intracellularly by furin in the trans-Golgi network.[4] The β-ST3 transcript encodes an 

intracellular, active MMP-11 isoform, which is found in cultured cells and in placenta, 
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lacks both the signal peptide domain and the propeptide domain (Table 1-3).[57] The 

membrane-type MMPs include type I transmembrane proteins (MMP-14, -15, -16, and 

-24) and type II GPI-anchored proteins (MMP-17 and -25).  MMP-23 is unique 

containing a transmembrane signal anchor at its N-terminus, a propeptide without a 

cysteine switch, and a cysteine rich domain and an immunoglobulin-like domain after 

the catalytic domain.[58] 

The hydrolytic mechanism of MMPs is proposed to parallel thermolysin.[59] 

The carbonyl oxygen of the scissile peptide bond interacts with the catalytic zinc(II) 

ion while the peptide NH forms a hydrogen bond to a protein backbone carbonyl.  The 

zinc-bound water molecule, which is activated through hydrogen bonding to a 

conserved glutamate residue, then performs a nucleophilic attack on the peptide 

substrate carbonyl group transferring a proton to the glutamic acid side chain.  This 

proton is transferred to the terminal nitrogen atom of the amino leaving group.   
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Table 1-3. MMPs and their domain composition.[1] 

Enzyme Domain Composition 
SS Pro CS RX[R/K]R Cat FN2 Lk 1 Hpx Lk 2 TM GPI Cyt Cys-Ig 

Collagenases 
MMP-1 + + + – + – + +      
MMP-8 + + + – + – + +      
MMP-13 + + + – + – + +      
MMP-18 + + + – + – + +      
Gelatinases 
MMP-2 + + + – + + + +      
MMP-9 + + + – + + + +      
Stromelysins 
MMP-3 + + + – + – + +      
MMP-10 + + + – + – + +      
MMP-11 (+)∗ (+)∗ + + + – + +
Matrilysins 
MMP-7 + + + – + – – –      
MMP-26 + + + – + – – –      
Membrane-Type MMPs 
MMP-14 + + + + + – + + + + – +  
MMP-15 + + + + + – + + + + – +  
MMP-16 + + + + + – + + + + – +  
MMP-17 + + + + + – + + + – + –  
MMP-24 + + + + + – + + + + – +  
MMP-25 + + + + + – + + + – + –  
Other MMPs 
MMP-12 + + + – + – + +      
MMP-19 + + + – + – + +      
MMP-20 + + + – + – + +      
MMP-21 + + + + + – – +      
MMP-22 + + + – + – + +      
MMP-23 + + – + + – – – – – – – + 
MMP-28 + + + + + – + +      
SS, signal peptide domain; pro, propeptide domain; cat, catalytic domain; FN2, fibronectin type II 
motif; Lk 1, linker 1; Hpx, hemopexin-like domain; Lk 2, linker 2; TM, transmembrane domain; Cyt, 
cytoplasmic tail; Cys, cysteine rich domain; Ig, immunoglobin-like domain; GPI, glycosylphosphatidyl-
inositol anchor. 
 
∗ MMP-11 exists as two isoforms: extracellular α-ST3, which is expressed as an inactive zymogen, and 
intracellular β-ST3, which is expressed as an active protein without a signal peptide domain or a 
propeptide domain. 
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Figure 1-1. Domain arrangements for the MMP family.[1] Domains in parentheses are found in some 
MMP members.  See Table 1-3 for the domain arrangement for each MMP.  SS, signal peptide domain; 
pro, propeptide domain; cat, catalytic domain; FN2, fibronectin type II motif; Lk 1, linker 1; Hpx, 
hemopexin-like domain; Lk 2, linker 2; TM, transmembrane domain; Cyt, cytoplasmic tail; Cys, 
cysteine rich domain; Ig, immunoglobin-like domain; GPI, glycosylphosphatidylinositol anchor. 

Figure 1-2. Cartoon of the catalytic domain of MMP-3 showing the five-stranded β sheet (top of figure 
in cyan) and three red α helices (PDB ID: 1CQR).[60] The zinc(II) ions are in orange with the catalytic 
zinc(II) ion near an α helix and the structural zinc(II) ion near the β sheet.  The structural calcium(II) 
ions are in green. 
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1.C Biological Inhibitors of MMPs 

Disruption of the delicate balance between active and inactive proteinases can 

lead to disease.  In a normal biological setting, MMP activity is regulated at two 

fundamental levels: auto-inhibition and endogenous inhibitors.  At the first level, 

MMPs are translated as inactive zymogens, containing a prodomain that inhibits 

catalytic activity.  The sulfhydryl group of a conserved cysteine residue in the 

prodomain of latent, inactive proMMPs coordinates to the active site zinc(II) ion, 

while the propeptide helices of the prodomain block substrate access to the active site 

(Figure 1-3).[61, 62] The initial activation step involves cleavage of a ‘bait’ region of 

the prodomain by proteinases, which destabilizes hydrogen bonds within the 

prodomain, followed by either autocatalytic cleavage or cleavage by other proteinases 

of the prodomain in what has been termed a ‘cysteine switch’ mechanism.[1, 61, 63] In 

addition to the natural activation of the cysteine switch, latent proMMPs can be 

artificially activated by various means such as treatment with proteases, addition of 

denaturants, or reaction with sulfhydryl-group modifiers.[62] 

Active MMPs can be regulated by TIMPs and α2-macroglobulin.[1] Wedge-

shaped TIMPs fit into the catalytic cleft of MMPs and use their N-terminal cysteine 

residue to coordinate to the MMP active site zinc(II) ion.[1] Unlike prodomain 

inhibition, in the TIMP-MMP complex, the cysteine residue from the TIMP is part of 

a disulfide cross-link, and as a result, the cysteine residue binds the zinc(II) ion in a 

bidentate fashion through the peptide backbone amino and carbonyl groups (Figure 

1-3).[14, 64] Limited cleavage of human α2-macroglobulin, a plasma glycoprotein, by 
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proteinases (such as MMPs) induces conformational changes that cause α2-

macroglobulin to bind MMPs and sterically hinder substrate access to the proteinase 

active site.[65] The resulting complex is cleared via low density lipoprotein receptor-

related protein-mediated endocytosis.[66] Other inhibitors of select MMPs include 

tissue factor pathway inhibitor 2 (TFPI-2) and the membrane-anchored glycoprotein 

RECK, reversion-inducing-cysteine-rich protein with kazal motifs.[4] 
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Figure 1-3.  Biological inhibition of MMPs.  a) In proMMP-2 the catalytic zinc(II) ion (orange, center) 
is inactivated by coordination to a cysteine residue from the prodomain.  This generates a four-
coordinate tetrahedral environment around the zinc(II) ion that consists of the three histidines and one 
cysteine residue (PDB ID: 1GXD).[67] b) In TIMP inhibition, the TIMP protein (red ribbon) inhibits the 
MMP (blue ribbon) by bidentate coordination through the oxygen and nitrogen atoms of the N-terminal 
cysteine residue.  This generates a five-coordinate highly distorted square-pyramidal environment 
around the zinc(II) ion that consists of the three histidines and one bidentate cysteine residue (providing 
oxygen and nitrogen donor atoms) (PDB ID: 1BUV).[68] The coordinating residues are colored by atom 
type in both images. 

a) 

b) 
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1.D Synthetic Inhibitors of MMPs 

The clear correlation of MMPs with several diseases, as well as evidence that 

MMP inhibitors can mitigate these pathologies in a variety of model systems, has led 

to substantial efforts to discover effective MMP inhibitors.  Despite more than twenty 

years of MMPi development, only one compound (Periostat)[69] has been approved by 

the FDA as an MMPi for the treatment of periodontal disease.[69] Several reviews 

have outlined the possible reasons for the low success rate of MMP inhibitors, 

including poor bioavailability, decreased potency in vivo, poor selectivity, and 

musculoskeletal pain.[20, 70-72] A typical MMPi consists of two parts: a zinc-binding 

group (ZBG) and a backbone (Figure 1-4).  Historically, the backbone portion of the 

MMPi has been much more widely investigated than the ZBG, which is typically a 

hydroxamic acid group.  The studies performed on each part of the MMPi are 

described below; a greater emphasis on the ZBG moiety will be presented. 

Figure 1-4.  Generalized representation of an MMP inhibitor bound in the MMP active site.  The ZBG 
binds to the catalytic zinc(II) ion.  Here a typical hydroxamic acid ZBG is shown within the box.  The P' 
substituents represent substituents on the backbone portion of the inhibitor that can interact with 
subsites (designated S') in the MMP active site. 
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1.D.i Hydroxamate-Based MMP Inhibitors 

Hydroxamic acids are by far the most widely used ZBGs in MMP inhibitors to 

date.[72, 73] Hydroxamates are monoanionic, bidentate chelators that bind the zinc(II) 

ion with two oxygen donor atoms and form hydrogen bonds with several active site 

residues within the MMP active site.  Inhibitors based on hydroxamic acid ZBGs have 

produced compounds with nanomolar or even subnanomolar potencies in vitro,[72-75] 

despite the fact that the hydroxamic acid group in isolation is not a particularly potent 

inhibitor (Kd = 17 mM, IC50 = 25 mM for MMP-3).[76, 77] The widespread use of 

hydroxamates in MMP inhibitors is due, in part, to early purification schemes of 

human collagenases from skin fibroblasts and rheumatoid synovium using a 

hydroxamic acid affinity column.[78] Before the hydroxamic acid affinity column, 

collagenase could only be isolated in small quantities from cell cultures, and 

purification was difficult because of contaminating proteins.[78] Additional studies 

comparing different ZBGs on the same backbone group showed hydroxamic acids to 

have the best in vitro potencies.[79] As will be described later, more recent findings 

indicate that there are many ZBGs that are more potent than hydroxamic acids. 

Despite good in vitro potencies, no hydroxamic acid MMP inhibitors have 

successfully completed clinical trials.[20, 80, 81] It should be noted that the hydroxamic 

acid moiety is found in some approved drugs, such as ibuproxam (the prodrug of 

ibuprofen) and bufexamac (for skin inflammation treatment).[75] Of note, 

suberoylanilide hydroxaminc acid (SAHA, Zolinza, vorinostat), which is proposed to 

act via inhibition of the hydrolytic zinc(II)-dependent enzymes histone deacetylases 

(HDACs), has been approved by the FDA for treatment of cutaneous T-cell lymphoma 
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(http://www.zolinza.com).  Nevertheless, hydroxamate MMP inhibitors face many 

challenges that have limited their effectiveness in the clinic.  For example, hydroxamic 

acids can readily hydrolyze in vivo to the corresponding carboxylic acid, resulting in 

poor pharmacokinetics.[70, 82] Most hydroxamic acids also suffer from poor oral 

bioavailability; however, some hydroxamate compounds have overcome this 

liability.[83, 84] In addition to the aforementioned limitations, hydroxamic acids have 

binding affinities for transition metals such as iron(III), nickel(II), and copper(II) that 

are comparable or exceed those measured for zinc(II).[85, 86] Indeed, hydroxamic acids 

are found in siderophores, which are small molecule natural products synthesized by 

bacteria to acquire iron(III) from their environment.  Hydroxamate siderophores have 

even been investigated as potential MMP inhibitors, but were found to bind iron(III) 

preferentially over zinc(II).[87, 88] This finding reveals a key limitation of 

hydroxamate-based MMP inhibitors, which is that hydroxamic acids may impair the 

ability of a compound to selectively inhibit MMPs over other metalloproteins.[89] 

1.D.ii Non-Hydroxamate MMP Inhibitors 

To expand the library of potential MMP inhibitors and to overcome some of 

the limitations of the hydroxamic moiety, other ZBGs have been developed for use in 

MMP inhibitors.  MMP inhibitors based on ZBGs other than hydroxamates have been 

described in several reports,[70, 72, 75, 90, 91] and only a brief overview will be given here.  

Non-hydroxamate ZBGs will be discussed below based on binding mode at the active 

site zinc(II) ion in the following order: monodentate ligands, bidentate chelators, those 

with unknown modes of binding, and mechanism-based inhibitors (Figure 1-5). 
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With only a single coordinate bond to the metal center, monodentate ZBGs are 

generally weaker than inhibitors with bidentate (or higher-order) binding to the active 

site zinc(II) ion.  MMP inhibitors based on carboxylic acid as the ZBG have been the 

most commonly studied ZBG after hydroxamates, likely due to the fact that these 

compounds are the synthetic precursors to hydroxamate-based MMP inhibitors.[70] 

Among monodentate ligands, thiols may be the most potent MMP inhibitors in 

vitro,[72, 92] but they can be oxidatively unstable, potentially forming disulfide bonds in 

vivo, thereby limiting their overall clinical prospects.[93] Other monodentate ZBGs 

that have been explored include hydroxyureas,[94] barbiturates,[72] thiadiazoles,[95] 

sulfodiimines,[96] and thiadiazines.[97] Ultimately, monodentate ZBGs can make 

effective MMP inhibitors but are generally not as potent as their hydroxamate 

analogs.[70, 71, 79] 

Figure 1-5. Structures of ZBGs classified by mode of binding to the MMP active site zinc(II) ion.  R 
and R' represent potential backbone attachment sites. 
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As far as bidentate chelators are concerned, hydroxamates and the related 

reverse hydroxamates have been studied as ZBGs for MMP inhibitors.  Hydroxamic 

acid-based inhibitors have shown such promising potencies in vitro establishing 

hydrogen bonds with residues surrounding the catalytic zinc(II) ion that this ZBG has 

been the most commonly used in MMP inhibitors.  However, due to the limitations of 

the hydroxamate-binding group mentioned above, several bidentate chelators have 

been studied as potential alternatives to the hydroxymate.  These heterocyclic ZBGs 

will be introduced in this thesis and their potencies as MMP inhibitors will be 

evaluated and compared to a representative hydroxamic acid ZBG (acetohydroxamic 

acid, AHA) in Chapter 3. 

A number of other ZBGs that show a range of potencies have been studied; 

however, their binding modes to the MMP active site have not been confirmed.  

Carbamoylphosphonate-based inhibitors have been proposed as zinc-selective 

alternatives to hydroxamates and have been shown to be potent and nontoxic in vitro 

and in vivo.[85, 98] Some hydrazide-based MMP inhibitors have been reported with 

nanomolar potency.[99] β–Lactam and squaric acid MMP inhibitors have been 

reported with low micromolar potency.[100, 101] Although many of these molecules 

show great promise for use in MMP inhibitors, they currently remain largely 

unexplored relative to hydroxamic acid compounds. 

A unique class of mechanism-based MMP inhibitors uses a thiirane ring as a 

reactive ZBG.  The mechanism of these suicide MMP inhibitors was probed by X-ray 

absorption spectroscopy with a rigorous extended X-ray absorption fine structure 

(EXAFS) analysis comparing the local structure around the active site zinc(II) ion in 
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latent, active, and inhibited MMP-2.  The results showed direct monodentate 

coordination between the sulfur atom of the mechanism-based inhibitor and the 

zinc(II) ion similar to the geometry found for proMMP-2.[102] Nucleophilic attack by 

Glu404 is proposed to open the thiirane ring to form the corresponding thiolate.[102, 103] 

These mechanism-based thiirane inhibitors showed potency in vitro and in vivo with 

selectivity for gelatinases (MMP-2 and -9).[103, 104] Finally, some studies have reported 

potent MMP inhibitors that lack a ZBG and do not bind the active site zinc(II) ion.  

PF-00356231, from Pfizer/Warner-Lambert, binds in the S1' pocket of MMP-12,[105] 

and the natural product ageladine A, from a marine sponge, was identified as an 

MMPi with kinetic data inconsistent with inhibition by zinc(II) ion binding.[106] 

1.D.iii Backbone Groups for MMP Inhibitors 

The peptidomimetic backbone of an MMPi imparts both selectivity and 

potency towards a given MMP or a subset of MMPs.  The MMP active site consists of 

six loosely defined subsite pockets.  There are three pockets approximately located on 

either side of the catalytic zinc(II) ion, with one side termed the “unprimed” and the 

other the “primed” side (Figure 1-6).  The primed side has been investigated in greater 

detail, with the S1' active site pocket being the most frequently targeted.[71] The 

reason for the extensive targeting of the S1' subsite is the varying size of this pocket.  

Sang and co-workers have suggested a classification scheme based on the depth of the 

S1' pocket of shallow, intermediate, and deep.[107] MMP-1, -7, -11, -17, and -19 all 

have short S1' pockets with residue 204 playing a key role (Figure 1-7),[107, 108] leading 

to reduced potency of inhibitors with large P1' substituents.  P1' refers to a chemical 
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moiety designed to occupy the S1' pocket.  Residues analogous to Arg233 in MMP-8 

can distinguish between intermediate S1' pocket MMPs such as MMP-2, -8, -9, and -

26 where hydrophilic residues restrict the depth of the pocket and deep pocket MMPs 

such as MMP-3, -12, and -14 with hydrophobic residues (Figure 1-7).[107, 109] Also, 

the loop that occupies the outer wall that makes up the S1' pocket varies greatly, as 

some MMPs are more hydrophobic in this region and others more hydrophilic with 

charged amino acid residues.[71, 108] The substantial differences in the S1' subsites of 

different MMPs led to a vast library of MMP inhibitors with peptidomimetic 

backbones that occupy this site, thus giving the S1' subsite the nickname of the 

“selectivity pocket.”[70, 109, 110] 

In light of the importance of the subsites for obtaining inhibitor selectivity, 

Balaz and coworkers compared the binding sites of the 24 known MMP structures by 

force-field interaction energies with five probes.  These probes were representative of 

the most common atom types that are encountered in the substrates and inhibitors of 

MMPs.  Correlations based on linear regression analysis, which quantified all active 

site features rather than only the most pronounced differences between active sites, 

showed that of the six MMP subsites, the S1' pocket had the highest correlation, 

followed by S2 > S3' > S1~S3 > S2'.[111] These findings suggested that although the 

S1' pocket is a good target because of its large size and rigidity, the S1' is also the 

most similar between different MMPs.  The similarities of the S1' pockets make this 

subsite the least likely target for obtaining selective MMP inhibitors.  In contrast, a 

study by Pirard and Matter used GRID force-field data and the knowledge-based 

potential DrugScore, to look at the relative importance of each of the six subsites 
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based on opportunities for selective interactions.  After using consensus principal 

component analysis (CPCA) for the entire binding site and each subsite in 54 different 

MMP structures, it was determined that the S1' pocket had the most opportunities for 

selective interactions in different MMPs.  The potential for selective interactions, as 

determined in this study, decrease as follows: S1' > S2~S3~S3' > S1~S2'.[112] Results 

of a study by Jørgensen and co-workers using a GRID/CPCA approach were in 

general agreement with the findings of Pirard and Matter.[113] Results from Pirard 

indicate that the S1' pocket is the best subsite to target for obtaining selective MMP 

inhibitors; the opposite conclusion was reached in the study by Balaz.  Although these 

three reports represent just a small sampling of the extensive work done on the MMP 

subsites, they do illustrate the difficulty associated with developing isoform-specific 

MMP inhibitors.  The results suggest that achieving selectivity may require new 

methods or approaches that go beyond careful engineering of the inhibitor backbone. 
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Figure 1-6. a) MMP-3 active site with a hydroxamate-based inhibitor bound.  The zinc(II) ion (orange 
sphere) is flanked by the subsites highlighted as follows: S1 (red), S2 (turquoise), S3 (green),  S1' 
(purple, only top entrance shown), S2' (blue), and S3' (yellow).  b) Structure of inhibitor with the ZBG 
highlighted within the box.  PDB ID: 1B3D.[60] 

Figure 1-7.[107] The residues forming the S1' pocket of each enzyme are shown after superpositioning 
the zinc(II) ion (magenta sphere) and the nitrogen atoms of the histidines coordinating the zinc(II) ion 
using MacroModel version 7.2.  Residue 204 is represented by a yellow molecular surface and classifies 
a shallow pocket (MMP-1 and -7).  Residue 233 is represented by a pink molecular surface and may 
differentiate between the intermediate (MMP-8 and -26) and deep (MMP-12 and -14) pockets. PDB 
IDs: 1HFC (MMP-1),[114] 1MMQ (MMP-7),[96] 1BZS (MMP-8),[115] 1JK3 (MMP-12),[116] and 1BUV 
(MMP-14).[68] 

a) b) 
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1.E Inhibitor Design Strategies 

Early MMP inhibitors were designed as substrate mimetics by using a short 

peptide terminated with a ZBG.[73] The next generation of MMP inhibitors has been 

designed and optimized with insight gathered from extensive structural studies of 

MMPs, obtained from both NMR spectroscopy and X-ray crystallography.[73] 

Although classical structure-based drug design has produced the majority of reported 

MMP inhibitors, other methods have been developed in recent years that offer some 

unique advantages over traditional methods.  While the focus will be on the methods 

applied to MMPi design, some of these methods have been used for other 

metalloproteins.   

1.E.i Structure-Based Design 

There is a large body of data available on the structures of MMPs and their 

interactions with inhibitors.  As this data has been extensively reviewed,[71, 72] only a 

few examples of structure-based MMPi design will be highlighted here.  Crystal 

structures are often used to highlight differences between protein targets to identify 

inhibitors that can elicit a high selectivity for each protein of interest.  For instance, 

inspection of the MMP-12 catalytic domain (PDB ID: 1JK3) shows that the deep S1' 

pocket is largely hydrophobic except for a polar Thr215, which replaces a valine 

residue that is conserved in MMP-1, -2, -3, -8, -9, -13, and -14 at this position.[116, 117] 

Also, the unprimed side of the MMP-12 active site is relatively hydrophobic and may 

be able to accept aromatic moieties from an MMPi as a means to obtain specificity for 

the MMP-12 isoform.  Based on these observations, N-(arylsulfonyl) and N-
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(heteroarylsulfonyl) amino acid MMPi derivatives, with nanomolar potency against 

MMP-12, showed selectivity over MMP-1, -2, -8, -9 and -13.[72, 118] A combination of 

structure-based design and computational modeling also led to potent MMP inhibitors 

lacking a ZBG, but that inhibit MMP-12 based on a thiophene moiety that exploit the 

hydrophobicity and size of the MMP-12 binding pockets.[117] 

As mentioned above, crystallographic data is often combined with 

computational modeling to develop new MMP inhibitors.  Using available crystal 

structures of inhibitors bound to MMP-8, a set of 90 inhibitors based on 2-(aryl-

sulfonyl)1,2,3,4-tetrahydroisoquinoline-3-hydroxamate and -carboxylate scaffolds was 

synthesized and studied using 3D QSAR (three-dimensional quantitative structure-

activity relationship) techniques,[119] which involve docking a reference compound and 

superpositioning to produce a predictive model for inhibitor design.[115] 3D-QSAR 

relates properties of molecules such as sterics and electrostatics and correlates them 

with biological activity.  A crystal structure of the catalytic domain of MMP-8 bound 

to a 1,2,3,4-tetrahydroisoquinoline-based inhibitor confirmed the predictive power of 

these models (Figure 1-8).[115] Modification of the tetrahydroisoquinolines using a 

combination of structural data of MMP-8 co-crystallized with a carboxylate-based 

inhibitor, 3D-QSAR for related analogs,[115] and inspection in a second design cycle, 

led to a series of bioavailable inhibitors with high affinity for MMP-8.[119] 
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Figure 1-8. A potent MMPi for MMP-8 was designed using structure-based drug design.  a) Ribbon 
representation of MMP-8 with inhibitor bound and b) close-up view of the active site with the inhibitor 
colored by atom and the zinc(II) ion shown in orange.  c) Structural diagram of the inhibitor with the 
ZBG highlighted within the box.  PDB ID: 1BZS.[115] 

a)

b) c)
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One challenge faced when using computational methods to augment structural 

studies is the parameterization of the metal ion.[72, 119] Many studies have been 

performed to verify that these computational methods adequately parameterize the 

zinc(II)-MMPi interaction, as the metal-ligand bonding is not only critical, but also a                                       

difficult interaction to model with computational methods.[120] In one study, crystal 

structures of 40 different zinc-dependent metalloproteinase-ligand complexes were 

examined with five different docking/scoring approaches (DOCK, FelxX, DrugScore, 

GOLD and AutoDock).[119] The goal of the study was to see which of these programs, 

if any, could accurately analyze the coordination number and geometry around the 

zinc(II) ion.  The ligands examined included carboxylates, hydroxamates, and 

phosphorus-containing ZBGs.  The proposed structure of the docked ZBG was 

compared with the available crystal structure data.  The results of this survey showed 

that correct ZBG binding was predicted in 12, 30, 35, 42, and 25% of the cases for 

DOCK, FlexX, DrugScore, GOLD, and AutoDock, respectively.  As highlighted by 

these findings, most docking programs cannot predict and do not model the interaction 

between inhibitors and active site metal ions correctly.[71, 121] Some newly developed 

methods have been introduced to overcome this limitation, and will be described in 

Section 1.E.v. 

The obvious advantage of structure-based drug design for MMP inhibitors and 

metalloprotein inhibitors, in general, is an atomic-resolution structure of the target 

(potentially with an inhibitor bound), which provides a starting point for the 

development of next-generation inhibitors.  Combining structural information with 

computational studies can help predict the best derivatives to be synthesized, thereby 
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decreasing the number of compounds to be investigated.  Although recent advances in 

X-ray technology, robotics, and computing power are making high-throughput 

crystallography a possibility, a limitation of purely structure-based drug design is that 

the time, cost, and expertise required are still quite high.  Furthermore, although the 

number of MMP crystal structures is growing,[71, 72] structural information is not 

available for all known MMPs and even the structural data available provides only a 

static snapshot of the protein or protein-inhibitor complex.  Overall, structure-based 

drug design is the most widely used approach, and structural data plays a critical role 

in many of the other methods discussed below. 

1.E.ii SAR by NMR 

In 1996, Fesik and co-workers at the Abbott laboratories published a method 

that they termed SAR by NMR.[122] This method uses 1H-15N 2D HSQC NMR to 

measure the binding of small molecular fragments to 15N-labeled protein.  The general 

principle underlying this technique is to examine molecular fragments that bind tightly 

to different sites of the target protein and to connect the tightest binding fragments 

through appropriate linkers to give a potent, complete inhibitor (Figure 1-9a).  In the 

first application of this technique to develop an MMPi (targeted at MMP-3), AHA was 

used as the ZBG, and a series of biphenyl groups was examined as backbone 

moieties.[76] While AHA had a relatively weak dissociation constant (Kd) of 17 mM, 

some backbone groups had Kd values as low as 20 µM.  Upon optimizing the linker to 

connect the hydroxamate and biphenyl backbone groups, an MMPi was obtained with 

an IC50 value of 15 nM, thus demonstrating the utility of this method.  While potent 
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backbone groups were identified in this latter study, only AHA was investigated as a 

ZBG fragment, and no work was done to improve the ZBG of the inhibitor.  In 2002, a 

new study applied SAR by NMR to the ZBG portion of the MMPi.[123] Twelve 

compounds were examined for use as potential ZBGs, with some tight binding non-

hydroxamate ZBGs identified.  Ultimately, the study identified a hydroxamic acid 

derivative, napthylhydroxamate, as a lead ZBG based on a high binding affinity for 

MMP-3 and improved in vivo stability. 

A major strength of SAR by NMR is that it avoids the time and expense 

associated with synthesizing large numbers of complex inhibitors.  The approach is 

versatile and allows for the screening of simple molecular fragments.  One potential 

drawback of SAR by NMR is that the method does not generally provide for high-

resolution structures of the bound molecular fragments.  Such information requires 

additional NMR or X-ray crystallography studies.  Other limitations of SAR by NMR 

include low sensitivity and long acquisition times, making the process quite time 

consuming.[124] 

1.E.iii SAR by MS 

Ockey and coworkers at Genentech have used mass spectrometry (MS) to 

screen fragments and develop SAR in order to identify novel MMP-3 inhibitors. [125] 

SAR by MS uses the soft ionization method of electrospray ionization mass 

spectrometry (ESI–MS), but the general principle has many parallels to SAR by NMR 

(Figure 1-9b).  SAR by MS can be used to screen complete inhibitors to identify those 

with the highest affinity, or to screen molecular fragments and then connect the 
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fragments to obtain a potent inhibitor.  To validate the use of ESI-MS as a means to 

determine binding constants, the Kd values for known fragments and inhibitors have 

been determined and compared with those measured using SAR by NMR methods.[76] 

Intact protein-inhibitor complexes were ionized by ESI-MS, as confirmed by 

identification of the appropriate mass/charge peaks in the mass spectra.  Kd values 

were determined by comparing the peak intensities in the mass spectra corresponding 

to inhibitor-bound and unbound protein ions.  In the Genentech study, AHA was used 

as the ZBG fragment for all inhibitors.  Novel fragments targeting the deep 

hydrophobic S1' subsite of MMP-3 were examined by ESI-MS; a library of benzamide 

fragments was specifically evaluated.[125] A small library of fragments linked to a 

hydroxamate ZBG was synthesized and analyzed leading to a novel para-

methoxybenzamide lead compound as an MMP-3 inhibitor with micromolar 

potency.[125] 

The advantages of SAR by MS include fast and sensitive detection of protein-

inhibitor complexes that may be weakly bound with a low rate of false positives.  This 

methodology can be used to measure relative Kd values over a broad range of 

affinities,[125] although absolute binding affinities are difficult to measure.  A 

significant disadvantage of ESI-MS is that it does not provide structural information 

on the mode of binding for a given protein-inhibitor complex.  Screening by ESI-MS 

cannot be used to identify specific protein-inhibitor interactions or to discriminate 

between specific and nonspecific binding of the drug to the target protein. 
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Figure 1-9.  a)  Schematic outline for SAR by NMR.  Using 2D NMR screening, proximal binding sites 
are screened for binding interactions with small molecules.  Each tight-binding fragment is then further 
optimized to identify the tightest binding ligands.  Connecting the fragments with an appropriate linker 
leads to the complete inhibitors.  b) Schematic outline for SAR by MS.  The protein of interest is 
incubated with fragment libraries.  The complexes formed are analyzed by ESI-MS under non-
dissociating conditions. Binding constants are measured to identify the tightest-binding fragments.  
Connecting the fragments with an appropriate linker leads to the complete inhibitors. 

a) b)
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1.E.iv Combined SAR by MS/NMR 

A group at Wyeth provides the only report of an approach that combines the 

strengths of multiple techniques including NMR and MS to discover inhibitors of 

MMP-1.[124] In this study, a library of 32,000 different compounds, with unique 

molecular weights, was utilized.  MMP-1 was incubated with each of the compounds, 

with a maximum number of ten inhibitors per sample analyzed.  Size-exclusion (SE) 

chromatography was then used to remove free ligands and low molecular weight 

buffer components, thereby rapidly isolating the protein-ligand complexes (Figure 

1-10a).  ESI-MS, under denaturing conditions, was then used to identify the bound 

inhibitor by its unique molecular weight.[124] Individual hits identified by ESI-MS 

were then subjected to 1H-15N 2D HSQC experiments to determine the specific 

interactions of the compound with the protein as well as to identify the binding site on 

MMP-1.  These NMR experiments were also used to determine the Kd values of the 

inhibitors.[124] 

The SAR by MS/NMR method allows a library of compounds to be screened 

for activity against the protein of interest.  The combination of SE chromatography 

with ESI-MS has the advantages of SAR by MS, including sensitivity and speed, 

which overcomes some of the disadvantages of the NMR method previously 

described.  The use of 1H-15N 2D HSQC experiments improves upon SAR by MS by 

providing structural information about protein-inhibitor complexes and by 

distinguishing between specific and nonspecific inhibitor binding.  The drawbacks of 

the combined SAR by MS/NMR methodology include the time for the HSQC 

experiments and the availability of a protein structure or a homology model for the 
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target of interest to design iterative inhibitor libraries.  Also, this method involves the 

use of full length inhibitors which requires the synthesis of libraries of complex 

molecules, rather than the small fragments employed in the separate SAR by NMR 

and SAR by MS techniques. 

1.E.v Bioinorganic Approach 

As outlined above, many approaches have been used to design MMP 

inhibitors.  As previously mentioned, the library of peptidomimetic backbones for 

MMP inhibitors is extensive, while by comparison the number of ZBGs is small, 

limited primarily to the hydroxamic acid group.[72, 73] Furthermore, the ZBGs 

proposed as alternatives to the hydroxamic acid group have not been extensively 

studied.  Also, the obstacle of metal ion parameterization has limited computational-

based design of MMP inhibitors.[120] This thesis project sought to address these 

limitations of MMPi design by using a bioinorganic approach that focuses on the 

interaction between the metal binding portion of the compound (for MMP inhibitors 

this would be the ZBG) and the catalytic metal ion of interest.  One of the goals of a 

bioinorganic approach is to expand the ZBG library for metalloprotein inhibition, 

using fundamental inorganic chemistry as a guide.  In light of this goal, heterocyclic 

sulfur-containing ligands were synthesized and characterized along with novel 

transition-metal and lead(II) complexes with these ligands, which will be discussed in 

detail in Chapter 2.        

At the heart of the bioinorganic approach is the use of small molecule model 

complexes of the metalloenzyme active site.  In the case of MMPs, this is the 
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tris(histidine) zinc(II) center; the complex [(TpPh,Me)Zn(OH)] (TpPh,Me = hydrotris(3,5-

phenylmethylpyrazolyl)borate) has been used to model the active site of several 

zinc(II) metalloproteins, including MMPs.[126, 127] The three pyrazole nitrogen atoms 

of [(TpPh,Me)Zn(OH)] mimic the three histidines that surround the zinc(II) ion in the 

MMP active site.  Complexes formed between [(TpPh,Me)Zn(OH)] and a ZBG can be 

readily crystallized and characterized and are proposed to reflect the binding of the 

ZBG in the MMP active site.  This assumption has been validated, in part, by 

comparing the complex of [(TpPh,Me)Zn(AHA)] with the structures of MMPs 

complexed by hydroxamate-based MMP inhibitors.[126] This comparison shows that 

the coordination geometries around the zinc(II) ion in the model complex and in the 

protein structures are quite similar.  [(TpPh,Me)Zn(ZBG)] complexes have elucidated 

the binding of non-hydroxamate ZBGs and have revealed how the binding mode can 

influence the potency of a given ZBG.  Weak monodentate binding to the zinc(II) ion 

observed in the model complex structure explained lower potencies observed with 

inhibitors based on monodentate ZBGs relative to bidentate ZBGs.[126, 128] From these 

model complexes, important information about ZBG binding can be determined that 

can assist in the identification of next-generation ZBGs, as well as their incorporation 

into new MMPi structures.  [(TpPh,Me)Zn(ZBG)] complexes with heterocyclic ZBGs 

will be discussed in Chapter 3.  Recently, our lab has applied this bioinorganic 

approach to identify new ZBGs and novel MMP inhibitors (Figure 1-10b).[77, 127, 129] 

The potencies, relative binding affinities, and thiol reactivities of the alternate ZBGs 

will be discussed in detail in Chapter 3.   
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A disadvantage of this bioinorganic approach is that there are still uncertainties 

associated with using a model complex to obtain the geometry of a metal-ligand 

interaction in a protein active site; although several successful studies have been 

reported to date, it is certainly possible that a model complex will incorrectly predict 

the binding mode of a ZBG in the protein active site.  Additionally, the computational 

methods to interface with the model complexes have still not been optimized, which 

will be a critical factor in using this method to design isoform-selective metalloprotein 

inhibitors.[129] 

Although my work started with MMPs, our bioinorganic approach can be 

applied to other metalloprotein targets.  Therefore, studies to design inhibitors for 

anthrax lethal factor (LF), a zinc(II) hydrolytic enzyme involved in anthrax 

pathogenesis, were performed and will be discussed in detail in Chapter 4.  

Computational modeling studies of a full-length LF inhibitor (LFi) in the protein 

active site will also be discussed.  My attempts to co-crystallize the catalytic domain 

of MMP-3 with novel pyrone-based inhibitors to test the validity of our bioinorganic 

approach will be discussed in Chapter 5. 
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Figure 1-10. a) Schematic outline for SAR by MS/NMR.  The protein of interest is incubated with 
various inhibitors to make protein-inhibitor complexes.  These complexes are then passed through a SE 
column to separate protein-inhibitor complexes from unbound inhibitors.  ESI-MS is then used to 
identify bound inhibitors by their unique molecular weight.  1H-15N 2D HSQC NMR experiments are 
performed to determine the dissociation constants of the bound inhibitors, as well as the key protein-
inhibitor interactions and mode of binding.  b) Schematic outline for Bioinorganic SAR.  Small 
molecule model complexes of an initial fragment, in this case the ZBG, are crystallized and 
characterized.  The small molecule model is then superimposed into the crystal structure of the target 
protein.  Using this hybrid structure as a template, computational methods are then used to identify 
fragments for proximal binding sites.  Connecting the ZBG and backbone fragments with an appropriate 
linker leads to the complete inhibitors. 

 

a) b)
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2 Synthesis, Structure, and Characterization of Metal Complexes with 

Thiopyrone and Hydroxypyridinethione Ligands
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2.A Medicinally Relevant Metal Complexes 

Pyrones and hydroxypyridinones have been widely investigated in the 

bioinorganic community, particularly for use in medicinal applications.  For example, 

3-hydroxy-2-methyl-4H-pyran-4-one (maltol, 6, Figure 2-1) has been studied as a non-

toxic, water-soluble iron(III) delivery agent for the treatment of iron-deficiency 

anemia.[1] The complex [Al(6)3] has been used to investigate how aluminum reaches 

the brain, which may be relevant to pathologies such as Alzheimer’s disease.[2, 3] 

Vanadyl (V=O) complexes of compounds derived from 6 have been extensively 

studied as promising leads for treating diabetes, because of their insulin-mimetic 

activity.  Indeed, bis(ethylmaltolato)oxovanadium(IV) (BEOV) has completed Phase I 

clinical trials for the treatment of adult onset diabetes.[4-7] Hydroxypyridinones 

(HOPOs), compounds such as 3-hydroxy-1-methylpyridin-2(1H)-one (3, Figure 2-1) 

and 3-hydroxy-1,2-dimethylpyridin-4(1H)-one (4, Figure 2-1) and related derivatives, 

have been examined as therapeutic chelating agents for iron overload[8-15] and 

aluminum toxicity.[16, 17] Hydroxypyridinones (1 – 4, Figure 2-1) have also been 

explored as iron chelators for antimalarial drugs.[10] Molybdenum complexes of 

derivatives based on 6 and HOPOs have shown protective ability for diabetic 

hearts.[18] Finally, complexes with technetium(V), rhenium(V), gallium(III), 

indium(III) and gadolinium(III) have been studied as radiopharmaceuticals and 

magnetic contrast agents for medical imaging.[19-22] 
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Figure 2-1. List of heterocyclic compounds examined including hydroxypyridinones (HOPOs, 1 – 4), 
pyrones (5, 6, and 8), hydroxypyridinethiones (HOPTOs, 9 – 11), and thiopyrones (12, 13). 

 

Despite the potentially far-reaching applications of pyrone and 

hydroxypyridinone chelators, few studies have been reported on the sulfur-containing 

analogs of these important metal chelators (9 – 13, Figure 2-1).  Extensive studies 

have been focused on the commercially available 1-hydroxypyridine-2(1H)-thione (9,

Figure 2-1) and related compounds.[23-33] For example, the [Cu(9)2] complex is a 

widely used fungicide.[23] Some hydroxypyridinethione (HOPTO) and 

thiohydroxamate ligands have been proposed as iron sequestering agents based on 

siderophores, which are used by microbes for iron transport.[34-36] HOPOs and 

HOPTOs have been proposed to be therapeutic antioxidants for treating Alzheimer’s 

disease.[37] Hydroxypyridinethiones have also been patented for carcinoma 

treatment.[38] Various reports of the synthesis of 3-hydroxy-2-methyl-4H-pyran-4-

thione (thiomaltol, 13, Figure 2-1) exist,[37, 39-41] along with a few reports of its use as 

an extractant for transition metals.[42-45] However, the previous studies report little 

detailed characterization of the resulting coordination complexes.[46-48] 

Concurrent with the work presented in this chapter, some initial studies on the 

transition-metal chemistry of thiopyrones and hydroxypyridinethiones were reported.  

Farmer and co-workers have suggested that transition-metal complexes with sulfur 



51

containing ligands, such as disulfiram (a disulfide derivative of N,N-

diethyldithiocarbamate) and 13 (Figure 2-1), may find application as melanoma-

specific apoptosis inducers.[49, 50] Like their O,O donor analogs, thiopyrone and 

HOPTO complexes of vanadyl (V=O) and zinc(II) have been studied as insulin 

mimetics for treatment of diabetes.[51-53] For example, Orvig and co-workers have 

studied vanadium(III) and vanadyl(IV) complexes such as [VO(11)2] and [VO(13)2]

for insulin-enhancing effectiveness.[52] Around the time of our reports, Orvig and co-

workers also described the protonation constants for some of the O,S ligands along 

with the coordination chemistry of O,S ligands with gallium(III), indium(III), 

lanthanide(III) ions.[41] Complexes with gallium(III), indium(III), and lanthanide(III) 

have been studied as radiopharmaceuticals for medical imaging.[27, 41, 54-56] 

Characterization of novel transition-metal complexes with HOPTOs and thiopyrones 

is presented here to enhance knowledge about the basic coordination chemistry and to 

address potential specificity in a biological setting of the ligands.    

In addition to the uses as medical chelators mentioned above, the mixed O,S 

donor ligands (9 – 13, Figure 2-1) may be useful in heavy metal waste remediation.  

Studies focused on the use of thiopyrones and hydroxypyridinethiones as potential 

lead(II)-specific chelators are reported here.  The coordination chemistry of the 

lead(II) ion continues to be of particular interest due to the persistence of this metal 

ion as a high priority environmental toxin.[57-59] Substantial effort has been invested in 

the design of selective sensors of lead to detect this pollutant.[60-63] A growing source 

of lead contamination is from discarded electronics such as televisions, computers, and 

cellular phones.[58] Lead was ranked as number two on the 2005 CERCLA List of 
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Hazardous Substances.[64] Significant advancements, by using both biochemical and 

model-based studies,[65] have been made in understanding the molecular mechanisms 

that cause lead toxicity.[66] The ability of lead(II) to undergo metathesis reactions with 

zinc(II) and calcium(II) metalloproteins resulting in loss of metabolic function 

continues to be a primary hypothesis underlying the detrimental effects of lead 

exposure.[67, 68] 

In light of the continued interest in understanding lead toxicity and detecting 

this widespread contaminant, progress toward designing and characterizing lead-

selective sequestering agents remains an important topic.[69, 70] Compounds presently 

used for lead chelation therapy, such as 2,3-dimercaptopropanol (British anti-Lewisite, 

BAL), meso-2,3-dimercaptosuccinic acid (DMSA), sodium 2,3-dimercapto-1-

propanesulfonate (DMPS), and ethylenediaminetetraacetic acid (EDTA), were not 

specifically optimized for “heavy” metal chelation and suffer from side effects 

associated with this lack of selectivity (Figure 2-2).  For example, in addition to 

lead(II), EDTA has the adverse effect of removing essential trace-metal ions.[71] The 

identification of high affinity ligands for lead would prove useful not only for treating 

lead poisoning, but also for developing molecular probes for elucidating the 

biodistribution and biological interactions of this ion in living systems.  The work of 

Raymond and co-workers on thiohydroxamic acids has often been cited as a 

noteworthy effort toward the development of lead(II) specific sequestering agents 

(Figure 2-2).[71-74] The mixed O,S donor ligands introduced here are proposed to have 

an optimal hard/soft Lewis basicity to match the preferences of the lead(II) ion and as 

such have been reported to form extremely stable lead(II) complexes (log β120 = 20.7, 
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for N-phenylthiobenzohydroxamic acid in 70% aqueous dioxane).[75] Despite these 

encouraging results, no significant advancements of these systems have been reported 

for nearly a decade. 

Figure 2-2. Current lead(II) chelation therapy.  Thiohydroxamates and ligands based on 9 of Figure 
2-1 had been previously synthesized and studied for lead(II) sequestration. 

 

Although there is growing interest in O,S mixed donor ligands, very few 

elementary studies of their coordination chemistry or the characteristics of the 

resulting transition-metal complexes have been described.[47] To remedy this 

situation, we and others have examined the basic coordination chemistry of these 

sulfur-containing ligands.  To extend the understanding of the general coordination 

chemistry of the O,S ligands, synthesis and characterization of complexes with 

iron(III), nickel(II), copper(II), cobalt(II), and zinc(II) are discussed below.  In 

addition to expanding our fundamental knowledge about these important ligand 

systems, our studies will also provide insight into use of these ligands (Figure 2-1) for 

therapeutic applications such as metalloprotein inhibition, which will be discussed in 

detail in Chapters 3 and 4.  This chapter also addresses potential use of mixed O,S 

ligands for another medicinal application, lead(II)-chelation therapy.  Spectroscopic 

and electrochemical properties of select complexes are also presented.     

 



54

2.B Synthesis of Thiopyrones and Hydroxypyridinethiones 

We sought to prepare thiopyrones and hydroxypyridinethiones with potential 

therapeutic uses.  Several recent studies have demonstrated the utility of P4S10 in 

combination with hexamethyldisiloxane (HMDO) as an effective reagent for the 

thionation of esters, ketones, amides, and lactones.[76-78] On the basis of these reports 

6 was treated with P4S10 and HMDO in toluene and was heated to reflux (Scheme 

2-1); purification of the product by flash silica column chromatography yielded an 

orange oil after removal of solvent that upon cooling to 4 °C generated 13 as 

analytically pure orange crystals in 70% yield.  A previously described synthesis of 13

utilized a similar approach to that presented here, but relied on multiple 

recrystallizations to obtain the pure product.[39] The generality of the approach used 

here was demonstrated by conversion of 3-hydroxy-4H-pyran-4-one[11] (pyromeconic 

acid, 5) to 3-hydroxy-4H-pyran-4-thione (thiopyromeconic acid, 12) under similar 

conditions (Scheme 2-1).  In the synthesis of 12, CH2Cl2 was used as the reaction 

solvent due to the extreme volatility of the thione product, which proved difficult to 

separate from higher boiling solvents such as toluene.  Compound 12 was isolated as a 

yellow solid in good yield.  There is an earlier report of the synthesis of 12 starting 

with 5 and P4S10 in benzene with a 52% yield.[79] The facile, high yielding reactions 

presented in Scheme 2-1 improved upon prior syntheses.  After we reported the 

syntheses of 12 and 13, other routes to the synthesis of 13 were reported and involved 

1,4-dioxane as a solvent in combination with Lawesson’s reagent or P4S10.[40, 41] 
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Scheme 2-1. Synthesis of HOPTOs (10 and 11) from HOPOS (3 and 4) and of thiopyrones (12 and 13)
from pyrones (5 and 6). 

 

On the basis of our findings, we sought to prepare hydroxypyridinethiones 

derived from 3[15, 80] and 4. However, combination of these starting materials with 

P4S10 with or without HMDO under a variety of solution conditions failed to generate 

the desired compounds.[51, 77, 81] An earlier reported synthesis converted 4 to 11 with 

Lawesson’s reagent in dry toluene with some side products.[37] An attempt to 

reproduce this reaction failed to yield desired product in our hands.  Also, the expense 

of Lawesson’s reagent, the presence of side products, and a low yield (<20%) 

prompted us to seek another synthetic route.  Ultimately, a solventless reaction where 

the hydroxypyridinone starting material was pulverized with P4S10 and heated to 175 

°C under a nitrogen atmosphere allowed for isolation of the desired products 3-

hydroxy-1-methylpyridine-2(1H)-thione (10) and 3-hydroxy-1,2-dimethylpyridine-

4(1H)-thione (11) (Scheme 2-1).[82] Our synthetic scheme improves on the previously 

reported route since it avoids the expense of Lawesson’s reagent and yields pure 

product by recrystallization from hot water.  The general constitution of these 

compounds can be readily identified by their IR spectra.  The sulfur substitution 

results in the expected νC=S stretching mode, which is found at lower wavenumbers 

(~1130 – 1200 cm−1),[83] relative to a normal νC=O band (~1650 – 1700 cm−1).[84] The 
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NMR spectra of the sulfur-containing ligands also show a downfield shift of the ring 

protons, especially of the hydrogen next to the C=S (∆δ ≈ 1 ppm), relative to their 

oxygen-containing analogs. 

A dimeric structure of 11 was obtained, which was consistent with a C–S 

single bond and more ring delocalization and agreed with another report from Orvig 

and co-workers of the same structure (Figure 2-3a, Table 2-4).[41] The sulfur-

containing ZBGs can tautomerize to form a thiol, which can be oxidized to form a 

disulfide-linked dimer (Figure 2-3b).  This dimeric form can react with reductants,[85, 

86] which would be undesirable for therapeutic applications.  An X-ray structure of the 

orange crystals of 13 unambiguously demonstrated that the material was the desired 

product (Table 2-4).  The C–C bonds in the six-membered ring are not equivalent, 

with C1–C2 and C1–C6 bond lengths of ~1.43 Å and C2–C3 and C4–C6 bond lengths 

of ~1.35 Å, indicating that the latter two bonds have significantly more double-bond 

character (Figure 2-3c).  The C–S distance of 1.68 Å is indicative of the expected 

double bond.   



57

Figure 2-3. Structural diagram of a) dimer of 11, b) chemical structure of tautomer and dimer of 11,
and c) structural diagram of 13. Structural diagrams have partial atom-numbering schemes (50% 
probability ellipsoids), and hydrogen atoms have been omitted for clarity. 

 

a) b)

c)
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2.C Ligand Protonation Constants 

The protonation equilibria of the O,S donor ligands were investigated by 

spectrophotometric titrations.  The pKa values were determined by titrating solutions 

of each ligand in water (~15 µM) with KOH at a constant ionic strength (Figure 2-4a 

and b).  The experimentally measured potential data were converted to −log[H3O+]

values based on the electrode potential (E°) and slope, which were obtained from the 

electrode calibration data using Gran’s method.[87, 88] The corresponding pKa values 

were determined using a nonlinear least-squares fit analysis (Table 2-1).[89, 90] The 

ligands show one protonation event, which can be assigned to the hydroxyl group of 

each compound.  The data show that, in general, the O,S donor ligands are more acidic 

than their O,O counterparts.  This is the expected trend because sulfur is less 

electronegative and more polarizable than oxygen, which should increase 

delocalization into the aromatic heterocycle and thereby stabilize the negative charge 

after deprotonation of the hydroxyl oxygen.  This effect appears to be attenuated in the 

10 isomer, which has a pKa1 value that is slightly higher than that of 3. The 

thiopyrones (12 and 13) are found to be more acidic than 10 or 11; this is because the 

more electronegative ring oxygen atoms stabilize the deprotonated form of the 

thiopyrones more effectively than does the ring nitrogen atom of the HOPTOs.  Orvig 

and co-workers have also reported the protonation constants for 11 and 13 as 

determined by potentiometry;[41] their findings are wholly consistent with the values 

reported in Table 2-1. 
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Figure 2-4. a) Experimental spectra from a representative spectrophotometric titration of 13. The 
initial (low pH) spectrum is shown in blue and the final (high pH) spectrum is shown in red (I = 0.1 M 
KCl, T = 25 °C).  b) Calculated spectra from factor analysis for protonated (blue) and deprotonated 
(red) 13.

Table 2-1. Protonation constants for 10, 11, 12, and 13 and for their corresponding O,O analogs (3 – 6, 
Figure 2-1) in aqueous solution. 

Ligand (O,S) pKa Valuea Ligand (O,O) pKa Value 
10 8.97(5) 3 8.89(1)a,c 

11 9.47(2) 4 9.77(1)a,d 

12 7.29(5) 5 7.69(3)b

13 8.16(2) 6 8.513(2)a,e 
a I = 0.10 M KCl, T = 25 °C.  b I = 0.5 M, T = 25 °C., ref. [89] c Ref. [91] d Ref. [92] e Ref. [93] 

a) b)
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2.D Synthesis of Metal Complexes 

 Reaction of these chelators with metal ion salts in mixed methanol–water 

solvent systems in the presence of stoichiometric base yielded the corresponding metal 

complexes in high yields (Scheme 2-2).  The complexes typically precipitate from 

solution and were isolated and purified by vacuum filtration followed by washing with 

copious amounts of deionized water.  Metal complexes with 10, 11, and 13 are 

described below with the numbering following that of Figure 2-1; complexes with 12

were not investigated in detail, as they were anticipated to be essentially identical to 

those obtained with 13. These metal complexes were stable to air and required no 

special handling.  The study described here explores the coordination chemistry of the 

O,S ligands with transition metal ions possessing distinctive coordination preferences.   

Scheme 2-2. Representative reaction schemes for the synthesis of metal complexes a) [Fe(13)3] and b) 
[Pb(10)2]. 

 

a)

b)
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2.E Structural Characterization of Metal Complexes 

Although the solubility of the metal complexes varied significantly, several 

complexes were sufficiently soluble to generate crystals for structural determination.  

The structure of [Cu(10)2] (Section 2.K, Table 2-4) has a distorted square-planar 

geometry as shown in Figure 2-5a.  The bond lengths in [Cu(10)2] are ~2.25 and ~1.94 

Å for the Cu–S and Cu–O bonds, respectively (Table 2-2).  The copper complex with 

10 shows a trans influence with the corresponding cis coordination geometry.  The 

trans influence is a thermodynamic effect where the strongest donor ligands arrange 

themselves trans to the weakest donor ligands (which consequently lengthens the 

weaker metal–ligand bond).[94, 95] The trans influence is distinct from the trans effect, 

the latter of which is a kinetic phenomenon and refers to rates of ligand substitution 

reactions.  [Cu(10)2] shows a distortion of the square-planar structure due to the cis 

geometry with an opening of the S1–Cu–S2 angle to 94.2° and a O1–Cu–O2 angle of 

92.4°.  The ligands are twisted from an idealized square plane with an RMS deviation 

from the plane (five atoms) of 0.17 Å.  There was no structure of the corresponding 

metal complex with 3 in the Cambridge Crystallographic Data Center (CCDC) for 

comparison.  The related copper(II) complex with 1-hydroxy-6-methylpyridine-2(1H)-

thione has a distorted square-pyramidal geometry with the O,S ligands in a cis 

configuration and the copper centers weakly bridged by N-oxide oxygen atoms.[31] 

The [Zn(10)2] complex (Figure 2-5b), due to the substantially different M–S 

and M–O bond lengths of ~2.31 and ~1.96 Å (Table 2-2) possesses a distorted 

tetrahedral coordination sphere as in the other tetrahedral complexes described here 
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(vide infra).  The ideal angles for a tetrahedral geometry are 109.5°.  The angles for 

[Zn(10)2] are 125.0° for S1a–Zn–S1b and 106.3° for O1a–Zn–O1b. The structure of the 

corresponding 3 metal complex is not available in the CCDC for comparison; 

however, the related 1-hydroxy-6-methylpyridine-2(1H)-thione complex with zinc(II) 

has a similar distorted tetrahedral geometry.[31] 

The structure of [Fe(11)3] (Table 2-4) shows a distorted octahedral geometry 

with a facial (fac) arrangement of the ligands, which reflects the strong trans influence 

of the ligand 11 (Figure 2-5c).  For a tris(chelate) complex with a nonsymmetric 

bidentate chelator, the meridional (mer) geometry is statistically favored while the fac 

geometry is enthalpically favored.[95] The Fe–S bond length is ~2.47 Å while the Fe–

O bond length is ~2.01 Å (Table 2-2).  In addition, there are several similarities 

between the structures of [Fe(11)3] and [Fe(4)3], including the similar twist angles of 

the metal centers (43.6 and 44.9°, respectively; 60° for a perfect octahedron).  

Furthermore, [Fe(4)3] also crystallizes as the fac isomer.[91, 96] Indeed, several [M(4)3]

complexes have been found to crystallize as the fac isomer rather than the statistically 

favored mer isomer,[91, 96-101] the latter of which is the commonly observed geometry 

of tris(6) complexes.[1, 2] The preference for the fac geometry in [M(4)3] complexes, 

which were co-crystallized with 12 water molecules, may be due to the extensive 

hydrogen bonding reported in the crystal lattice of these compounds (M = 

aluminum(III), gallium(III), and indium(III)).[99, 100] These [M(4)3] structures have 

been described as ‘exoclathrates’ where the metal complex is rigidly positioned 

outside the aquo hydrogen-bonded network.[102] Therefore, although [Fe(11)3] and 

[Fe(4)3] have fac coordination spheres in the solid state, the geometry with 4 is likely 
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enforced by the extensive hydrogen bonding network, while the geometry with 11

originates from the trans influence of the O,S ligand; no solvent was co-crystallized 

with [Fe(11)3]. 

 

Figure 2-5. Structural diagrams of a) [Cu(10)2], b) [Zn(10)2], c) [Fe(11)3], and d) [Ni(11)2] with partial 
atom numbering schemes (50% probability ellipsoids).  Hydrogen atoms have been omitted for clarity. 

 

Table 2-2. Summary of M–X lengths and observed stereochemical trans influence for chelate metal 
complexes presented here. 

Compound M–S/Å  M–O/Å Coordination geometry, trans influence? 
[Ni(6)2(H2O)2]a 2.05 (M–O) 2.04 Octahedral, n/a 
[Cu(10)2] 2.25 1.94 cis-Square-planar, yes 
[Zn(10)2] 2.31 1.96 Tetrahedral, n/a 
[Fe(11)3] 2.47 2.01 fac-Octahedral, yes 
[Ni(11)2] 2.15 1.88 cis-Square-planar, yes 
[Fe(13)3] 2.50 1.97 fac-Octahedral, yes 
[Ni(13)2] 2.16 1.88 cis-Square-planar, yes 
[Cu(13)2] 2.26 1.93 trans-Square-planar, no 
[Co(13)2] 2.32 1.95 Tetrahedral, n/a 
[Zn(13)2] 2.32 1.96 Tetrahedral, n/a 

a Ni-OH2 2.08 Å; n/a = not applicable 

a)

b) d)

c)
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The [Ni(11)2] complex shows the expected square-planar geometry (Figure 

2-5d) with a cis coordination as predicted from a strong trans influencing ligand.  The 

average Ni–S bond length is ~2.15 Å while the average Ni–O bond length is ~1.88 Å. 

The cis geometry causes a slight distortion in the square-planar conformation with the 

O,S chelators, making the O1–Ni–O2 slightly more acute at 88.4° while opening the 

S1–Ni–S2 angle to 91.1°.  The complex exhibits little out-of-plane distortion with a 

mean deviation from the square plane (five atoms) of 0.01 Å.  No structure of [Ni(4)2]

is available for comparison in the CCDC; however, [Cu(4)2] and [Zn(4)2]·7H2O both 

have two hydroxypyridinone ligands that make up the square plane of either a square- 

planar (copper(II)) or distorted square-pyramidal coordination geometry (zinc(II)).  In 

both cases the 4 chelators display a trans orientation relative to one another.[9, 103] In 

contrast, the related nickel(II) complex with 1-hydroxy-6-methylpyridine-2(1H)-

thione (a methyl-substituted derivative of 9, Figure 2-1) and [Ni(13)2] (vide infra)

show square-planar geometries with a cis orientation of the ligands, as expected from 

a strong trans influencing O,S ligand.[31] 

The complex [Fe(13)3] possesses the expected 6-coordinate, octahedral 

coordination geometry for a tris(chelate) complex (Table 2-4, Figure 2-6a), similar to 

[Fe(11)3].  The average Fe–O and Fe–S bond lengths are 1.97 and 2.50 Å, respectively 

(Table 2-2).  The twist angle of [Fe(13)3] is 48.2°, and is slightly less than the 50.43° 

reported for [Fe(6)3].[1] Unlike the structures of the [Fe(6)3] and [Al(6)3] complexes 

with mer geometries, [Fe(13)3] has a fac geometry.  The ligand 13 demonstrated a 

pronounced trans influence enforcing a facial geometry that is enthalpically favored.  
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The related gallium(III) complex, [Ga(13)3], also has fac geometry as expected with a 

trans influencing ligand like 13.[41] 

Figure 2-6. Structural diagrams of a) [Fe(13)3], b) [Ni(13)2], c) [Ni(6)2(H2O)2], and d) [Cu(13)2] with 
partial atom numbering schemes (50% probability ellipsoids).  Hydrogen atoms have been omitted for 
clarity. 

 

The [Ni(13)2] complex has a 4-coordinate, cis square-planar geometry 

reflecting the trans influence (Figure 2-6b).  The average Ni–O and Ni–S bond 

distances in [Ni(13)2] are 1.88 and 2.16 Å, respectively.  The cis geometry causes a 

slight distortion in the square-planar conformation opening the S1–Ni–S2 angle to 

92.41° while making the O1–Ni–O3 angle more acute at 86.83°.  The square-planar 

geometry of [Ni(13)2] is in contrast to the distorted octahedral geometry of 

[Ni(6)2(H2O)2] (Figure 2-6c) with the two maltol ligands forming a square plane and 

 
a)

d)b)

c)
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two water molecules occupying the axial positions (Table 2-4).  The Ni–O bond 

lengths in [Ni(6)2(H2O)2] are nearly identical at 2.04 Å (Ni–O1) and 2.05 Å (Ni–O3) 

(Table 2-2).  The O1–Ni–O3 angle is 97.60° while the O1–Ni–O4 angle is 90.63° and 

the O3–Ni–O4 angle is 88.17° in [Ni(6)2(H2O)2].  In this complex, the 6 ligands have a 

trans geometry relative to each other and thus do not display a trans influence; the 

same stereochemistry is found in the complex [Zn(6)2(H2O)2].[103] 

In contrast to other O,S donor complexes, the structure of [Cu(13)2] is rather 

surprising, showing a trans geometry (Figure 2-6d), and hence is inconsistent with the 

prominent trans influence observed with other complexes of this ligand and related 

complexes reported here (vide supra).  The copper(II) bond lengths are ~2.26 and 

~1.93 Å for the Cu–S and Cu–O bonds, respectively, and are comparable to the 

corresponding complex with ligand 10 (Table 2-2).  The structure is planar with O1–

Cu–S1 (interligand) angles of 91.6°, close to the idealized value of 90° for a square-

planar complex.  The reasons why this complex does not show a geometry biased by 

the trans influence have not been resolved.  The anomalous trans conformation of 

[Cu(13)2] relative to other square-planar complexes with the O,S ligands mentioned 

here suggests that the energy difference between the cis and trans conformation in the 

copper(II) complexes is small, and only a weak trans influence is present. 

The structure of [Co(13)2] (Table 2-4) reveals the expected tetrahedral 

geometry (Figure 2-7a).  The geometry at the metal center is slightly distorted due to 

the substantially different Co–S versus Co–O bond lengths at ~2.32 and ~1.95 Å, 

respectively.  The O1–Co–O3 angle of 124.2° and the S1–Co–S2 angle of 123.5° are 

both greater than the expected 109.5° for an idealized tetrahedral geometry.  As with 
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[Co(13)2], the structure of [Zn(13)2] also shows a distorted tetrahedral coordination 

sphere (Figure 2-7b) due to the differing Zn–S (2.32 Å) and Zn–O (1.96 Å) bond 

lengths (Table 2-2), resulting in the O1–Zn–O3 angle of 119.9° and the S1–Zn–S2 

angle of 125.4°.  The [Zn(13)2] is distinct from the structurally characterized 

[Zn(6)2(H2O)2], which is comprised of both six- and five-coordinate complexes.[103] 

Presumably the stronger donor ability of 13 precludes the acquisition of additional 

solvent ligands in the solid state.  As described with other O,S ligands and as expected 

based on ionic radii, the order of metal–donor atom distances in the ML2 structures 

presented here is nickel(II) < copper(II) < cobalt(II) ≈ zinc(II).[104] 

The structures of the complexes [Pb(11)2] and [Pb(13)2] are shown in Figure 

2-7c and d (Table 2-4).  Both complexes show a four-coordinate geometry around the 

lead(II) ion, quite similar to that observed in other O,S chelating complexes.[71-73] The 

bond lengths in each complex are similar, with Pb–S and Pb–O distances of 2.67 and 

2.39 Å in [Pb(11)2] and of 2.81 and 2.36 Å in [Pb(13)2].  These bond distances are 

comparable to those found in earlier thiohydroxamic acid complexes.[71-73] The 

coordination geometry around the lead(II) ion is distorted due to the stereoactive lone 

pair of the metal center.[69, 71] This irregular coordination geometry has been found in 

related compounds.[71-73] The crystal structures provide no evidence for bridging 

interactions between neighboring complexes, as has often been found in lead(II) 

complexes with thiohydroxamic acids and hydroxypyridinethiones (typically distant 

Pb•••O interactions).  The closest contact between neighboring complexes in both 

structures is a Pb•••S contact of 4.37 and 3.50 Å for [Pb(11)2] and [Pb(13)2], 

respectively (Figure 2-8).  In the structure of [Pb(13)2], the 3.50 Å contact is 
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potentially within a weak bonding distance, but it appears to be more a result of the 

“nested” packing of the complexes than a specific interaction. 

 

Figure 2-7. Structural diagrams of a) [Co(13)2], b) [Zn(13)2], c) [Pb(11)2], and d) [Pb(13)2] with partial 
atom numbering schemes (50% probability ellipsoids).  Hydrogen atoms have been omitted for clarity. 

c)a)

b) d)
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Figure 2-8. Packing diagram of [Pb(11)2] along the crystallographic a) a axis and b) c axis.  No 
significant intermolecular close contacts are observed.  Packing diagram of [Pb(13)2] along the 
crystallographic c) c axis and d) b axis.  e) The ‘nested’ arrangement of the [Pb(13)2] along the 
crystallographic c axis results in an intermolecular close contact between the lead(II) ion and the sulfur 
atoms of a neighboring complex at ~3.50 Å (shown as green dotted lines). 

 

b)

a)

d)

c)

e)
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2.F UV-Visible Spectroscopy of Metal Complexes 

With the exception of the closed shell zinc(II) complexes, the metal complexes 

described here possessed a range of deep colors from the reddish-brown [Cu(13)2] to 

the dark navy blue [Fe(10)3].  Due to the varied solubility of the metal complexes, the 

electronic spectra of the compounds were recorded in dimethyl sulfoxide (DMSO) 

(10, 11) or methanol (13).  In methanol, the ligand 12 has intense absorption bands at 

272 and 354 nm, which agrees with a previous report.[105] Consistent with an earlier 

report,[48] the ligand 13 has two major absorption bands at 276 and 358 nm in 

methanol, the latter gives the compound its characteristic orange color.   

The results of these electronic spectra measurements of the metal complexes 

are summarized in Table 2-3 and are illustrated in Figure 2-9.  Typical ligand centered 

transitions are observed in the high energy region of these absorption spectra.  In 

addition, the iron(III) and cobalt(II) complexes show broad charge transfer transitions 

in the visible part of the spectrum, which is characteristic of related complexes formed 

with catecholates, pyrones, and hydroxypyridinonates.[106, 107] Based on other studies 

of square-planar nickel(II) thiolate compounds, the multiple features of the nickel(II) 

complex electronic spectra correspond to d-d, LMCT, MLCT, and ligand-centered 

transitions.[107] Characteristic ligand-field transitions for square-planar nickel(II) 

complexes are typically found between 400 and 555 nm (ε = 50-500 M-1 cm-1); 

although [Ni(13)2] has an appropriate transition at 546 nm, the large extinction 

coefficient (ε = ~5000 M-1 cm-1) suggests that this band must be mixed with a 
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substantial charge transfer component.[107] The spectrum of [Ni(13)2] measured here 

is consistent with earlier descriptions of this compound.[48] 

Table 2-3. Summary of UV-visible absorption features for the transition metal coordination complexes 
described in this report. 

 Compound λmax/nm (ε/M-1 cm-1)
[Fe(10)3]a 376 (40400), 482 (6200), 584 (6300) 
[Ni(10)2]a 312 (37000), 454 (26000) 
[Cu(10)2]a 326 (11200), 386 (34400) 
[Zn(10)2]a 278 (12000), 362 (25500), 370 (26100) 
[Fe(11)3]a 352 (36800), 550 (4900) 
[Ni(11)2]a 280 (44500), 314 (17000), 380 (6300), 426 (7500), 458 (6600) 
[Cu(11)2]a 292(13900), 332 (21800), 372 (20800) 
[Zn(11)2]a 290 (8400), 356 (35600) 
[Fe(13)3]b 270 (25400), 298 (25000), 368 (22400), 510 (3300) 
[Ni(13)2]b 290 (33300), 332 (13400), 408 (8300), 478 (6600), 546 (5000) 
[Cu(13)2]b 269 (29000), 313 (27000), 389 (26700) 
[Co(13)2]b 288 (22300), 395 (9000), 454 (5600) 
[Zn(13)2]b 264 (15000), 303 (10400), 380 (23600) 
a Obtained in DMSO.  b Obtained in MeOH.  
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Figure 2-9. Absorbance spectra of O,S ligands and coordination complexes.  a) 10 (black line), 
[Fe(10)3] (red line), [Ni(10)2] (orange line), [Cu(10)2] (green line), and [Zn(10)2] (blue line) in DMSO.  
b) 11 (black line), [Fe(11)3] (red line), [Ni(11)2] (orange line), [Cu(11)2] (green line), and [Zn(11)2]
(blue line) in DMSO.  c) 13 (black line), [Fe(13)3] (red line), [Ni(13)2] (orange line), [Cu(13)2] (green 
line), [Co(13)2] (purple line), and [Zn(13)2] (blue line) in methanol. 

a) b)

c)
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2.G Evaluation of Lead(II)-Complex Stability 

In the lead(II) complexes where the UV, the major transitions are shifted to 

lower energy relative to the corresponding free ligands.[68] In dimethylformamide 

(DMF), ligand 10 has a major absorption band at 358 nm, and compound 11 has a 

major absorption band at 352 nm.  In DMF, ligand 13 has a major absorption band at 

362 nm.  In DMF solution, both [Pb(10)2] and [Pb(11)2] show a single broad transition 

at 376 and 378 nm, respectively, while [Pb(13)2] shows two broad bands centered at 

306 and 402 nm (Figure 2-10a).  The intense electronic transitions of the lead(II) 

complexes provided a spectroscopic handle for a preliminary evaluation of the 

stability of these metal complexes in the presence of biologically relevant metal ions.  

[Pb(13)2] was dissolved in an aqueous solution containing 1.0 M DMF (~12:1 (v/v) 

water:DMF) to a concentration of ~50 µM and titrated with increasing amounts of 

CaCl2 or MgCl2. The spectrum of the [Pb(13)2] complex is essentially unchanged in 

the presence of ~50-fold excess of magnesium(II) or calcium(II), indicating the 

thiopyrone has some selectivity for lead(II) (Figure 2-10b).  The [Pb(13)2] complex 

was also examined in the presence of EDTA in aqueous buffer.  Incubation with 0.1 

equiv of EDTA caused only small changes in the [Pb(13)2] spectra; however, 

competition with either 1 or 10 equiv of EDTA showed a complete loss of the 

[Pb(13)2] complex within ~24 h (Figure 2-10c).  This suggests that the stability of 

[Pb(13)2] is significantly lower that that of the [Pb(EDTA)]2– complex (log β110 = 

18.10).[69] Although we have not yet determined the formation constants for these 

complexes, the results are generally consistent with that found for simple 

thiohydroxamic acids.  The stability constant of [Pb(acetothiohydroxamato)2] is log 
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β120 = 12.40 (in 1:1 MeOH:water), which is also substantially lower than that found 

for EDTA.[74] Tethering of two O,S chelators together to prepare a tetradentate ligand 

may improve the stability of the complexes reported here. 

Figure 2-10. a) Absorbance spectra of O,S ligands and lead(II) complexes: 10 (black line), [Pb(10)2]
(red line), 11 (orange line), [Pb(11)2] (green line), 13 (purple line), and [Pb(13)2] (blue line) in DMF.  b) 
Electronic spectra of [Pb(13)2] titrated with increasing amounts of MgCl2 in aqueous solution 
containing 1.0 M DMF.  The solid blue line is the initial [Pb(13)2] spectrum (~50 µM).  Arrows indicate 
changes upon addition of MgCl2. The final spectrum is shown as the solid red line.  Inset shows the 
absorbance at 360 nm versus increasing concentration of MgCl2. c) Electronic spectra of [Pb(13)2]
before and after incubation with Na2EDTA·2H2O in 10 mM PIPES, 100 mM KCl, 1.0 M DMF, pH 6.8.  
The solid blue line is the initial [Pb(13)2] spectrum (30 µM), and the spectra after ~24 h incubation with 
0.1 equiv of EDTA (red), 1.0 equiv EDTA (green), and 10.0 equiv EDTA (purple). 

a) b)

c)
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2.H Electrochemistry of Metal Complexes 

Relative to ferrocene under the same conditions, [Cu(10)2] and [Cu(13)2]

(Figure 2-11a and b) showed quasireversible redox couples centered at -1.28 V (∆Ep =

0.18 V) and at -1.16 V (∆Ep = 0.18 V), respectively.  Both [Cu(10)2] and [Cu(13)2]

showed reduced reversibility with increasing sweep rate.  The electrochemistry of the 

analogous O,O copper(II) complexes has not been reported.  The electrochemistry of 

[Fe(13)3] was examined and compared with that of [Fe(6)3].  Relative to ferrocene 

under the same conditions, [Fe(13)3] showed a quasireversible redox couple (Figure 

2-11c) centered at -1.24 V (∆Ep = 0.11 V) while that of [Fe(6)3] was -1.36 V (∆Ep =

0.20 V).  Like the copper(II) complexes, both [Fe(13)3] and [Fe(6)3] showed reduced 

reversibility with increasing sweep rate.  As anticipated, the softer O,S donor set of 13

significantly stabilizes the ferrous ion relative to the harder maltol ligand. 
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Figure 2-11. Cyclic voltammogram of a) [Cu(10)2], b) [Cu(13)2], and c) [Fe(13)3] in CH2Cl2 (I = 0.1 
M, scan rate = 50 mV s-1, T = 25 °C). 

 

a) b)

c)
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2.I Conclusions 

In summary, simple, scalable syntheses of the metal chelators 10 – 13 have 

been described (Scheme 2-1).  Spectrophotometric titrations have been performed on 

the HOPTO (10 and 11) and thiopyrone (12 and 13) ligands, showing that they are 

generally more acidic than their O,O analogs (3 – 6) (Figure 2-1).  The coordination 

chemistry of ligands 10, 11, and 13 with iron(III), nickel(II), copper(II), cobalt(II), 

zinc(II), and lead(II) ions has been studied by crystallographic, spectroscopic, and 

electrochemical experiments.  Structural characterization of the homoleptic complexes 

shows the presence of a strong trans influence with one exception, [Cu(13)2].  The 

structures presented here with the O,S ligands represent the first structures of any 

metal complex with ligands 10, 11, and 13. As mentioned above, other reports of 

crystal structures of metal complexes with 13 appeared in the literature shortly after 

our first publication.[41, 50, 52] These findings are the first extensive characterization of 

transition metal complexes of these ligands, which is a fundamental step for 

considering their use in medicinal and environmental bioinorganic chemistry.  Since 

these heterocyclic chelators readily form complexes with a variety of metal ions, 

inhibitors based on these metal binding groups may not be selective for a specific class 

of metalloproteins (vide infra). 

Earlier studies have examined mixed O,S-donor ligands as metal chelators for 

use as sequestering agents for heavy metals such as lead(II),[71-73] which inspired the 

lead(II) ion studies presented here.  Novel lead(II) complexes formed with O,S ligands 

were reported with distorted four-coordinate geometry around the metal center.  



78

Spectrophotometric studies suggest that these O,S chelators have some selectivity for 

lead(II) over other biological relevant cations such as magnesium(II) and calcium(II); 

however, the stability of [Pb(13)2] is significantly lower than that of the [Pb(EDTA)]2– 

complex.  Tetradentate O,S ligands may be more stable lead(II) sequestering agents 

than the free O,S ligands, but these ligands have not yet been synthesized.  The results 

presented in this chapter on transition metal and lead(II) complexes provided 

information for our work to use these chelators in metalloenzyme inhibitors, which 

will be presented throughout the rest of this thesis. 
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2.J Experimental 

General. Unless otherwise noted, starting materials were obtained from 

commercial suppliers and used without further purification.  Compounds and 

complexes are numbered according to Figure 2-1.  3-Hydroxy-1-methylpyridin-2(1H)-

one (3)[15, 80] and 3-hydroxy-4H-pyran-4-one (5, Figure 2-1)[11] were synthesized 

according to a literature procedure.  Elemental analysis was performed at the 

University of California, Berkeley Analytical Facility, NuMega Resonance Labs, Inc. 

(San Diego, CA), or Robertson Microlit Laboratories (Madison, NJ).  1H/13C NMR 

spectra were recorded on a Varian FT-NMR spectrometer running at 300 or 400 MHz 

located in the Department of Chemistry and Biochemistry, University of California, 

San Diego.  Infrared spectra were collected on either a Nicolet AVATAR 360 FT-IR 

or a Perkin Elmer Spectrum One FT-IR instrument under PC control in the 

Department of Chemistry and Biochemistry, University of California, San Diego.  

Mass spectra were acquired at the Small Molecule Mass Spectrometry Facility located 

in the Department of Chemistry and Biochemistry, University of California, San 

Diego.  Gas chromatography electron impact mass spectrometry (GC-EIMS) was 

performed on a ThermoFinnigan Trace GC-MS.  Electrospray ionization mass 

spectrometry (ESI-MS) was performed on either a ThermoFinnigan LCQ Advantage 

(quadrupole ion trap) or a Hewlett-Packard 5989B single-quadrupole mass 

spectrometer located in the Department of Chemistry and Biochemistry, University of 

California, San Diego.  A ThermoFinnigan LCQ-DECA mass spectrometer was used 

for APCI analysis, and the data were analyzed using the Xcalibur software suite.  A 
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ThermoFinnigan MAT 900XL mass spectrometer was used to acquire high-resolution 

mass spectrometry (HRMS) data.  The value ∆ is the error in the measurement (in 

ppm) given by the equation ∆ = [(ME – MT)/ MT] × 106, where ME is the experimental 

mass and MT is the theoretical mass.  The HRMS result for [Zn(10)2] was obtained 

with fast atom bombardment (FAB) as the ion source with 3-nitrobenzyl alcohol as the 

matrix and polyethylene glycol as a reference.  The HRMS results for all other 

complexes were obtained with EI as the ion source and perfluorokerosene as the 

reference.  UV-visible spectra were recorded in methanol using a Hewlett-Packard 

8452A spectrophotometer with the ChemStation software suite or using a Perkin 

Elmer Lambda 25 spectrometer with the UVWinLab 4.2.0.0230 software package.  

Absorbance maxima are given as λmax/nm (ε/M-1 cm-1). 

2.J.i Synthesis of Thiopyrones and Hydroxypyridinethiones 

3-Hydroxy-1-methylpyridine-2(1H)-thione (10).  3-hydroxy-1-methyl-

pyridin-2(1H)-one (3, 500 mg, 3.96 mmol) was ground together with P4S10 (881 mg, 

1.98 mmol) in a mortar and pestle to form a yellow-orange powder.  The powder was 

stirred under nitrogen in a flask fitted with a condenser and heated to 175 ºC for 1.5 h.  

The reaction flask was covered in aluminum foil during the reaction.  The tan glassy 

solid product was dissolved with gentle heating in 25 mL of ddH2O to yield a clear, 

tan liquid.  A small amount of insoluble dark brown material was removed by hot 

filtration, and upon cooling the filtrate in an ice bath the product crystallized as tan 

needles.  The product was isolated by vacuum filtration and rinsed with cold water.  

The remaining filtrate was concentrated on rotary evaporator and was stored at 4 ºC 
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overnight to yield a second crop of product, which was isolated by vacuum filtration.  

Yield: 35%.  Mp 116 – 117 ºC.  1H NMR (CDCl3, 300 MHz, 25 °C): δ 4.03 (s, 3H, –

CH3), 6.62 (t, J = 7.0 Hz, 1H, Ar–H), 6.95 (d, J = 7.8 Hz, 1H, Ar–H), 7.34 (d, J = 6.6, 

1H, Ar–H), 8.46 (s, 1H, –OH).  13C NMR (CDCl3, 100 MHz, 25 °C): δ 47.0 (–CH3), 

112.2 (Ar–C), 113.7 (Ar–C), 132.0 (Ar–C), 155.2 (Ar–C), 169.3 (C=S).  GC–EIMS: 

m/z 141.0 [M•]+. IR (solid pellet with KBr): ν 450, 515, 632, 711, 773, 1044, 1134

(C=S), 1282, 1353, 1415, 1473, 1554, 1627, 3131 (OH) cm–1. Anal. Calc. for 

C6H7NOS: C, 51.04; H, 5.00; N, 9.92.  Found: C, 50.82; H, 5.17; N, 9.89%.  

3-Hydroxy-1,2-dimethylpyridine-4(1H)-thione (11). 3-Hydroxy-1,2-

dimethylpyridin-4(1H)-one (4, 500 mg, 3.59 mmol) was ground together with P4S10 

(799 mg, 1.80 mmol) in a mortar and pestle to form a light yellow powder.  The 

powder was stirred under nitrogen in a flask fitted with a condenser and heated to 175 

ºC for 1.5 h.  The reaction flask was covered in aluminum foil during the reaction.  

The pale yellow solid product was dissolved with gentle heating in 25 mL of water to 

yield a clear, orange solution.  A small amount of insoluble dark brown material was 

removed by hot filtration, and upon cooling the filtrate in an ice bath the product 

crystallized as tan needles.  The product was isolated by vacuum filtration and rinsed 

with cold water.  The remaining filtrate was concentrated on rotary evaporator and 

was stored at 4 ºC overnight to yield a second crop of product, which was isolated by 

vacuum filtration.  Yield: 50%.  Mp 166 – 168 ºC.  1H NMR (d6 –DMSO, 300 MHz, 

25 °C): δ 2.41 (s, 3H, –CH3), 3.81 (s, 3H, –CH3), 7.25 (d, J = 6.6 Hz, 1H, Ar–H), 7.63 

(d, J = 6.6, 1H, Ar–H), 8.71 (s, 1H, –OH).  13C NMR (d6–DMSO, 100 MHz, 25 °C): δ

13.4 (–CH3), 43.5 (–CH3), 125.0 (Ar–C), 129.7 (Ar–C), 133.8 (Ar–C), 152.7 (Ar–C), 
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168.6 (C=S).  GC–EIMS: m/z 155.0 [M•]+. IR (solid pellet with KBr): ν 561, 675,

706, 806, 887, 941, 1097, 1196, 1273, 1350, 1456, 1620, 3074 (OH) cm–1. Anal. Calc. 

for C7H9NOS: C, 54.17; H, 5.84; N, 9.02.  Found: C, 53.78; H, 5.87; N, 9.04%.  

3-Hydroxy-4H-pyran-4-thione (12).  3-Hydroxy-4H-pyran-4-one (5, 0.5 g, 

4.5 mmol) was suspended in 50 mL of CH2Cl2 and dissolved upon heating of the 

solution to ~50 °C.  Hexamethyldisiloxane (HMDO, 1.2 g, 7.5 mmol) and P4S10 (0.4 

g, 0.8 mmol) were added to the stirring solution.  The reaction flask was protected 

from light with aluminum foil, fitted with a condenser, and heated to reflux under 

nitrogen for ~18 h.  The bright orange solution was evaporated to dryness using a 

rotary evaporator to get orange oil.  The product was purified by silica flash column 

chromatography eluting with 1:1 hexanes/CH2Cl2, as a bright yellow fraction.  After 

removal of solvent using a rotary evaporator, the product was obtained as a yellow, 

crystalline solid.  Yield: 70%.  Mp 53 °C.  1H NMR (CDCl3, 400 MHz, 25 °C): δ 7.37

(d, J = 4.8 Hz, 1H, Ar–H), 7.60 (d, J = 5.2 Hz, 1H, Ar–H), 7.68 (s, 1H, –OH), 7.85 (s, 

1H, Ar–H).  13C NMR (CDCl3, 100 MHz, 25 °C): δ 124.7 (Ar–C), 133.4 (Ar–C), 

147.6 (Ar–C), 152.7 (Ar–C), 187.8 (C=S).  GC–EIMS: m/z 127.8 [M•]+. Anal. Calc. 

for C5H4O2S: C, 46.86; H, 3.15.  Found: C, 46.61; H, 3.40%. 

3-Hydroxy-2-methyl-4H-pyran-4-thione (13).  3-Hydroxy-2-methyl-4H-

pyran-4-one (6, 2.5 g, 19.9 mmol) was suspended in 125 mL of toluene and dissolved 

upon heating of the solution to ~100 °C.  HMDO (5.4 g, 33.2 mmol) and P4S10 (1.6 g, 

3.6 mmol) were added to the stirring solution.  The reaction flask was protected from 

light with aluminum foil, fitted with a condenser, and heated to reflux under nitrogen 

for 7.5 h.  A black precipitate was removed by vacuum filtration, and the filtrate was 
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concentrated to give a dark brown solid.  The product was purified by silica flash 

column chromatography eluting with 0 – 4% MeOH in CH2Cl2, as a bright yellow 

band.  After removal of solvent using a rotary evaporator, orange oil was isolated 

giving thiomaltol as orange needles upon storage at 4 °C.  Yield: 70%.  Mp 74 – 77 

°C.  1H NMR (CDCl3, 300 MHz, 25 °C): δ 2.43 (s, 3H, –CH3), 7.29 (d, J = 5.1 Hz, 

1H, Ar–H), 7.55 (d, J = 5.1 Hz, 1H, Ar–H), 7.75 (br s, 1H, –OH).  13C NMR (CDCl3,

100 MHz, 25 °C): δ 15.1 (–CH3), 123.9 (Ar–C), 145.1 (Ar–C), 146.8 (Ar–C), 50.3 

(Ar–C), 185.4 (C=S).  GC–EIMS: m/z 141.9 [M•]+. Anal. Calc. for C6H6O2S: C, 

50.69; H, 4.25.  Found: C, 50.32; H, 4.17%. 

2.J.ii Ligand Protonation Constants 

Measurements were performed with an Orion microcombination glass 

electrode.  The electrode was calibrated for −log[H3O+] by titration of a standardized 

HCl solution (Aldrich, 0.1 M volumetric standard) with KOH (Aldrich, 0.1 M 

volumetric standard) at 25 °C and 0.1 M ionic strength (KCl) using a motorized 

burette (Dosimat,Metrohm, Switzerland) by adding a total of 50 aliquots of KOH 

under a dinitrogen atmosphere (solvent-vapor-saturated gas).  The endpoint, electrode 

potential, and slope were determined by using Gran’s method as implemented in the 

software GLEE.[87, 90] The calibration procedure was repeated three times prior to 

each pKa value determination.  The electrode potential was measured with the Corning 

pH/Ion Analyzer 355, and the emf measurements were reproducible with ±0.1 mV 

accuracy. 
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All protonation constants reported in this study were determined using 

spectrophotometric measurements.  The titrations were automated under PC control 

with programs written in Varian ADL language by Prof. Christoph J. Fahrni at the 

Georgia Institute of Technology.  The UV/Vis absorption spectra of the ligands were 

monitored with a Varian Cary 50 Bio Spectrophotometer for a 3.0 mL solution of the 

corresponding ligand (~15 µM) in 0.1 M KCl under a dinitrogen atmosphere (solvent-

vapor-saturated gas) titrated with 30–60 aliquots of KOH (0.66 mM) using a J-KEM 

Scientific syringe pump (Model 1250) and J-KEM Scientific Infinity Controller.  

Throughout the titration, the temperature was maintained at 25 ± 0.1 °C by circulating 

constant-temperature water through a jacketed titration cell.  The emf of each solution 

was directly measured in the UV quartz cell (electrode diameter 3 mm) and converted 

to −log[H3O+] using the E° and slope, as obtained from the electrode calibration 

procedure described above.  The raw spectral and emf data were processed with 

nonlinear least-squares fit analysis using the SPECFIT (version 3.0.36) software 

package.[108] 

2.J.iii Synthesis of Metal Complexes 

[Fe(10)3].  3 (100 mg, 0.70 mmol) was suspended in 3 mL of methanol and 

was dissolved by the addition of 70 µL of 10 M NaOH (~1 equiv) and 5 mL of water 

producing a yellow solution.  [FeCl3]·6H2O (63 mg, 0.23 mmol) was dissolved in 10 

mL of water and was added dropwise to the reaction mixture resulting in the formation 

of a dark navy blue precipitate.  The reaction flask was covered in aluminum foil, 

fitted with a condenser and heated to reflux (~95 °C) under a dinitrogen atmosphere 
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for 30 min.  The solution was filtered through a fine glass frit and washed with ~40 

mL of water to obtain a dark navy-blue powder.  The product was dried in a vacuum 

oven with heat for ~12 h.  Yield: 80%.  Mp > 300 °C.  IR (solid pellet with KBr): ν

732, 1044, 1131 (C=S), 1300, 1393, 1456, 1593 cm−1. UV-Vis in DMSO: 376 

(40400), 482 (6200), 584 (6300).  EI–HRMS: Calc. for FeC12H12N2O2S2 [ML2]−:

335.9684.  Found, ∆: 335.9688, 1.0 ppm. 

[Ni(10)2].  [Ni(10)2] was synthesized by the same procedure used for [Fe(10)3]

starting from 10 (30 mg, 0.21 mmol) and [Ni(OAc)2]·4H2O (26 mg, 0.11 mmol).  The 

product obtained was a bright orange powder.  Yield: 65%.  Mp > 300 °C.  1H NMR 

(d6–DMSO, 400 MHz, 25 °C): δ 4.00 (s, 6H, –CH3), 6.78 (d, J = 8.0 Hz, 2H, Ar–H), 

7.02 (t, J = 7.2 Hz, 2H, Ar–H), 7.55 (d, J = 6.4 Hz, 2H, Ar–H).  IR (neat, ATR): ν 786,

1041, 1123 (C=S), 1306, 1401, 1458, 1589 cm−1. UV-Vis in DMSO: 312 (37000), 

454 (26000).  APCI–MS: m/z 338.97 [M + H]+. Anal. Calc. for NiC12H12N2O2S2: C, 

42.51; H, 3.57; N, 8.26.  Found: C, 42.51; H, 3.34; N, 8.08%. 

[Cu(10)2].  [Cu(10)2] was synthesized by the same procedure used for 

[Fe(10)3] starting from 10 (100 mg, 0.70 mmol) and [CuCl2]·2H2O (60 mg, 0.35 

mmol).  The product obtained was an olive green powder.  Yield: 97%.  Mp 265 – 270 

°C (decomp.).  IR (neat, ATR): ν 765, 1045, 1127 (C=S), 1298, 1397, 1416, 1458, 

1590 cm−1. UV-Vis in DMSO: 326 (11200), 386 (34400).  APCI–MS: m/z 343.88 [M 

+ H]+. Anal. Calc. for CuC12H12N2O2S2: C, 41.91; H, 3.52;N, 8.15.  Found: C, 41.77; 

H, 3.53; N, 8.27%. 

[Zn(10)2].  [Zn(10)2] was synthesized by the same procedure used for 

[Fe(10)3] starting from 10 (84 mg, 0.59 mmol) and [Zn(OAc)2]·2H2O (66 mg, 0.30 
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mmol).  The product obtained was an off-white powder.  Yield: 88%.  Mp 187–190 °C 

(decomp.). 1H NMR (d6–DMSO, 400 MHz, 25 °C): δ 4.06 (s, 6H, –CH3), 6.90 (d, J =

8.1 Hz, 2H, Ar–H), 6.97 (t, J = 7.0 Hz, 2H, Ar–H), 7.70 (d, J = 5.9 Hz, 2H, Ar–H).  IR 

(neat, ATR): ν 761, 1049, 1122 (C=S), 1290, 1336, 1416, 1458, 1593 cm−1. UV-Vis 

in DMSO: 278 (12000), 362 (25500), 370 (26100). FAB–HRMS: Calc. for 

ZnC12H13N2O2S2 [M + H]+: 344.9704.  Found, ∆: 344.9707, 0.8 ppm. 

[Fe(11)3].  [Fe(11)3] was synthesized by the same procedure used for [Fe(10)3]

starting from 11 (50 mg, 0.32 mmol) and [FeCl3]·6H2O (29 mg, 0.11 mmol).  The 

product obtained was a dark navy blue powder.  Yield: 89%.  Mp 312 °C (decomp.).  

IR (solid pellet with KBr): ν 818, 893, 943, 1194 (C=S), 1294, 1456, 1581 cm−1. UV-

Vis in DMSO: 352 (36800), 550 (4900).  APCI-MS: m/z 365.49 [M − L + H]+. Anal. 

Calc. for FeC21H24N3O3S3·H2O: C, 47.01; H, 4.88; N, 7.83.  Found: C, 46.85; H, 4.75; 

N, 7.77%. 

[Ni(11)2].  [Ni(11)2] was synthesized by the same procedure used for [Fe(10)3]

starting from 11 (50 mg, 0.32 mmol) and [Ni(OAc)2]·4H2O (40mg, 0.16 mmol).  The 

product obtained was a bright orange powder.  Yield: 95%.  Mp > 315 °C.  1H NMR 

(d6–DMSO, 400 MHz, 25 °C): δ 2.33 (s, 6H, –CH3), 3.80 (s, 6H, NCH3), 6.92 (d, J =

6.0 Hz, 2H, Ar–H), 7.29 (d, J = 6.4 Hz, 2H, Ar–H).  IR (solid pellet with KBr): ν 899,

1203 (C=S), 1294, 1462, 1587 cm−1. UV-Vis in DMSO: 280 (44500), 314 (17000), 

380 (6300), 426 (7500), 458 (6600).  APCI–MS: m/z 367.53 [M + H]+. Anal. Calc. for 

NiC14H16N2O2S2: C, 45.80; H, 4.39; N, 7.63.  Found: C, 45.44; H, 4.57; N, 7.43%. 

[Cu(11)2]. [Cu(11)2] was synthesized by the same procedure used for [Fe(10)3]

starting from 11 (76 mg, 0.49 mmol) and [CuCl2]·2H2O (42 mg, 0.25 mmol).  The 
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product obtained was a brown powder.  Yield: 86%.  Mp 254–258 °C (decomp.).  IR 

(neat, ATR): ν 787, 893, 949, 1165, 1200 (C=S), 1295, 1445, 1583 cm−1. UV-Vis in 

DMSO: 292 (13900), 332 (21800), 372 (20800).  APCI–MS: m/z 371.95 [M + H]+.

EI–HRMS: Calc. for CuC14H16N2O2S2: 370.9944.  Found, ∆: 370.9945, 0.4 ppm. 

[Zn(11)2].  [Zn(11)2] was synthesized by the same procedure used for 

[Fe(10)3] starting from 11 (76 mg, 0.49 mmol) and [Zn(OAc)2]·2H2O (54 mg, 0.25 

mmol).  The product obtained was an off-white powder.  Yield: 90%.  Mp 239–244 °C 

(decomp.).  1H NMR (d6–DMSO, 300 MHz, 25 °C): δ 2.46 (s, 6H, –CH3), 3.90 (s, 6H, 

NCH3), 7.39 (d, J = 6.3 Hz, 2H, Ar–H), 7.50 (d, J = 6.6 Hz, 2H, Ar–H).  IR (solid 

pellet with KBr): ν 889, 945, 1109, 1199 (C=S), 1307, 1455, 1585 cm−1. UV-Vis in 

DMSO: 290 (8400), 356 (35600).  EI–HRMS: Calc. for ZnC14H16N2O2S2: 371.9939.  

Found, ∆: 371.9951, 3.2 ppm. 

[Fe(13)3].  13 (60 mg, 0.42 mmol) was suspended in 5 mL of water.  The 

ligand was dissolved by the addition of 42 µL of 10 M NaOH (1 equiv) producing a 

bright yellow solution.  [FeCl3]·6H2O (38 mg, 0.14 mmol) was added to the reaction 

mixture, resulting in the formation of a black precipitate.  The solution was placed 

under a nitrogen atmosphere and heated to reflux for 30 min.  Upon cooling, the 

solution was filtered through a fine glass frit and washed with ~20 mL of water to 

obtain a black powder.  Yield: 71%.  Mp 235 °C (decomp.).  UV-Vis in MeOH: 270 

(25400), 298 (25000), 368 (22400), 510 (3300).  ESI–MS: m/z 337.8 [M – L]+, 143.0 

[L + H]+; Anal. Calc. for FeC18H15O6S3: C, 45.10; H, 3.15.  Found: C, 45.17; H, 

3.08%. 
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[Ni(13)2].  [Ni(13)2] was synthesized by the same procedure used for [Fe(13)3]

starting from 13 (50 mg, 0.35 mmol) and [Ni(OAc)2]·2H2O (43 mg, 0.17 mmol).  The 

product was obtained as a maroon powder.  Yield: 68%.  Mp 230 °C (decomp.).  1H

NMR (CDCl3, 400 MHz, 25 °C): δ 2.47 (s, 6H, –CH3), 7.13 (d, J = 4.8 Hz, 2H, Ar–

H), 7.51 (d, J = 4.8 Hz, 2H, Ar–H).  13C NMR (CDCl3, 100 MHz, 25 °C): δ 15.4 (–

CH3), 119.6 (Ar–C), 143.6 (Ar–C), 152.4 (Ar–C), 164.2 (Ar–C), 178.8 (C=S).  UV-

Vis in MeOH: 290 (33300), 332 (13400), 408 (8300), 478 (6600), 546 (5000).  ESI–

MS: m/z 341.0 [M + H]+. Anal. Calc. for NiC12H10O4S2: C, 42.26; H, 2.96.  Found: C, 

41.96; H, 2.83%. 

[Ni(6)2(H2O)2].  6 (100 mg, 0.79 mmol) was suspended in 3 mL of MeOH.  

The addition of 79 µL of 10 M NaOH to the reaction flask produced a colorless 

solution.  [Ni(OAc)2]·4H2O (99 mg, 0.39 mmol) was dissolved in 4 mL water, and 

added dropwise to the reaction flask to yield a transparent lime green solution.  The 

flask was fitted with a reflux condenser under a dinitrogen atmosphere and heated to 

~65 °C.  Within 30 min, a green precipitate formed, which was collected by vacuum 

filtration with a fine glass frit, and washed with water.  The product was dried in a 

vacuum oven with heat for ~12 h.  Yield: 88%.  Mp 227 – 232 °C.  IR (neat, ATR): ν

833, 917, 1206, 1280, 1465, 1498, 1567 cm−1. APCI–MS: m/z 308.94 [M + H]+. EI–

HRMS Calc. for NiC12H10O6: 307.9825.  Found, ∆: 307.9828, 0.9 ppm.  Anal. Calc. 

for NiC12H14O8·0.25H2O: C, 41.25; H, 4.18.  Found: C, 41.20; H, 3.84%. 

[Cu(13)2].  13 (100 mg, 0.70 mmol) was suspended in 4 mL of methanol and 

was dissolved by the addition of 70.0 µL of 10 M NaOH (~1 equiv) producing a bright 

yellow solution.  [CuCl2]·2H2O (60 mg, 0.35 mmol) was dissolved in 2 mL of water, 
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and added dropwise to the reaction mixture resulting in the formation of a red-brown 

precipitate.  The reaction flask was fitted with a condenser and was heated to reflux 

(~95 °C) under a dinitrogen atmosphere for 30 min.  The solution was filtered utilizing 

a fine glass frit and washed with ~25 mL of water to obtain a red-brown powder.  The 

powder was dried in a vacuum oven with heat for ~12 h.  Yield: 76%.  Mp 224 – 227 

°C (decomp.).  IR (neat, ATR): ν 821, 902, 1182 (C=S), 1215, 1273, 1410, 1490, 1575 

cm−1. UV-Vis in MeOH: 269 (29000), 313 (27000), 389 (26700).  APCI–MS: m/z

345.84 [M+H]+. EI–HRMS: Calc. for CuC12H10O4S2: 344.9311.  Found, ∆: 344.9316,

1.5 ppm. 

 [Co(13)2].  [Co(13)2] was synthesized by the same procedure used for 

[Cu(13)2] starting from 13 (100 mg, 0.70 mmol) and [CoCl2]·6H2O (84 mg, 0.35 

mmol).  The product was a brown powder.  Yield: 80%.  Mp 233–235 °C.  IR (neat, 

ATR): ν 898, 1176 (C=S), 1217, 1279, 1408, 1480, 1567 cm−1. UV-Vis in MeOH: 

288 (22300), 395 (9000), 454(5600).  EI–HRMS: Calc. for CoC12H10O4S2: 340.9347.  

Found, ∆: 340.9343, −1.3 ppm. 

[Zn(13)2].  [Zn(13)2] was synthesized by the same procedure used for 

[Cu(13)2] starting from 13 (100 mg, 0.70 mmol) and [Zn(OAc)2]·2H2O (77 mg, 0.35 

mmol).  The product was a yellow powder.  Yield: 91%.  Mp 265 – 268 °C (decomp.).  

1H NMR (CDCl3, 300 MHz, 25 °C): δ 2.60 (s, 6H, –CH3), 7.56 (d, J = 4.5 Hz, 2H, 

Ar–H), 7.69 (d, J = 4.5 Hz, 2H, Ar–H).  IR (neat, ATR): ν 801, 897, 1178 (C=S), 

1226, 1293, 1409, 1479, 1572 cm−1. UV-Vis in MeOH: 264 (15000), 303 (10400), 

380 (23600).  APCI–MS: m/z 346.88 [M +H]+. Anal. Calc. for ZnC12H10O4S2·H2O: C, 

39.41; H, 3.31.  Found: C, 39.51; H, 2.96%. 
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[Pb(10)2].  10 (29 mg, 0.20 mmol) was suspended in 2 mL of methanol and 

was dissolved by the addition of 20 µL of 10 M NaOH (1 equiv) and 3 mL of water 

producing a yellow solution.  [Pb(OAc)2]·3H2O (39 mg, 0.10 mmol) was dissolved in 

5 mL of water and was added dropwise to the reaction mixture resulting in the 

formation of a pale yellow precipitate.  The reaction flask was covered in aluminum 

foil and sealed; the mixture was stirred for 2.5 h at room temperature.  The solution 

was filtered through a fine glass frit and washed with ~40 mL of water to obtain a pale 

yellow powder.  Yield: 80%.  Mp 219 – 222 ºC (decomp.).  1H NMR (d6–DMSO, 400 

MHz, 25 °C): δ 3.91 (s, 6H, –CH3), 6.47 (d, J = 8.0 Hz, 2H, Ar–H), 6.75 (t, J = 7.0

Hz, 2H, Ar-H), 6.41 (d, J = 6.0 Hz, 2H, Ar-H).  IR (neat, ATR): ν 708, 756, 780, 798, 

1044, 1122 (C=S), 1172, 1228, 1272, 1317, 1384, 1412, 1449, 1529, 1586 cm–1.

APCI–MS: m/z 348.22 [M – L]+. EI–HRMS: Calc. for PbC12H12N2O4S2 [M•]+:

488.0101.  Found, ∆: 488.0096, –1.0 ppm. 

[Pb(11)2]. [Pb(11)2] was synthesized by the same procedure used for [Pb(10)2]

starting from 11 (60 mg, 0.42 mmol) and [Pb(OAc)2]·3H2O (80 mg, 0.21 mmol).  The 

product obtained was a light yellow powder.  Yield: 97%.  Mp 288 – 290 ºC 

(decomp.).  IR (neat, ATR): ν 721, 744, 884, 944, 1104, 1167, 1193 (C=S), 1312, 

1371, 1418, 1574 cm–1. Anal. Calc. for PbC14H16N2O2S2: C, 32.61; H, 3.13; N, 5.43.  

Found: C, 32.47; H, 3.21; N, 5.46%. 

[Pb(13)2]. [Pb(13)2] was synthesized by the same procedure used for [Pb(10)2]

starting from 13 (75 mg, 0.53 mmol) and [Pb(OAc)2]·3H2O (100 mg, 0.26 mmol).  

The product obtained was a bright yellow powder.  Yield: 85%.  Mp 195 ºC 

(decomp.).  1H NMR (d6–DMSO, 400 MHz, 25 °C): δ 2.45 (s, 6H, –CH3), 7.28 (d, J =
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4.4 Hz, 2H, Ar–H), 8.00 (d, J = 4.8 Hz, 2H, Ar–H).  IR (neat, ATR): ν 724, 789, 805, 

892, 1172 (C=S), 1210, 1289, 1360, 1407, 1448, 1567 cm–1. APCI–MS: m/z 349.33 

[M – L]+.

2.J.iv Structural Characterization of Metal Complexes 

X-ray Crystallographic Analysis.  Single crystals of each compound suitable 

for X-ray diffraction structural determination were mounted on quartz capillaries by 

using Paratone oil and were cooled in a nitrogen stream on the diffractometer.  Data 

were collected on a Bruker AXS area detector diffractometer.  Peak integrations were 

performed with the Siemens SAINT software package.  Absorption corrections were 

applied using the program SADABS.  Space group determinations were performed by 

the program XPREP.  The structures were solved by direct methods and refined with 

the SHELXTL software package.[109] All hydrogen atoms were fixed at calculated 

positions with isotropic thermal parameters unless otherwise noted; all non-hydrogen 

atoms were refined anisotropically.  The complexes [Zn(10)2], [Fe(11)3], 

[Ni(6)2(H2O)2], and [Cu(13)2], all possess crystallographically imposed symmetry.  

CIF data are available free of charge via the Internet at http://www.ccdc.cam.ac.uk.  

CCDC reference numbers 210943 – 210945, 235985, 235986, and 246105–246113. 

Structure of 11. Colorless block crystals of 3,4-HOPTO suitable for X-ray 

diffraction structural determination were grown from slow evaporation of a solution of 

the molecule in a mixture of DMSO and methanol.  The molecule existed as a dimer 

with each pair of molecules hydrogen bonding to one water molecule in the crystalline 
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lattice (Figure 2-3).  The water protons were found in the difference map, and their 

positions were refined anisotropically.

Structure of 13.  Orange crystals of 13 suitable for X-ray diffraction structural 

determination were grown from cooling an oil of the compound containing small 

amounts of toluene, CH2Cl2, and methanol to 4 °C.  No co-crystallized solvent 

molecules were found in the unit cell. 

Structure of [Cu(10)2].  Olive green crystals of [Cu(10)2] suitable for X-ray 

diffraction structural determination were grown by slow evaporation from a solution 

of the complex dissolved in methanol.  No solvent molecules were found in the unit 

cell. 

Structure of [Zn(10)2].  Light yellow crystals of [Zn(10)2] suitable for X-ray 

diffraction structural determination were grown by slow evaporation from a solution 

with the complex dissolved in a mixture of methanol and acetone.  No solvent 

molecules were found in the unit cell.  The structure possesses crystallographically 

imposed symmetry with the zinc(II) ion on a 2-fold axis. 

Structure of [Fe(11)3].  Navy blue crystalline needles of [Fe(11)3] suitable for 

X-ray diffraction structural determination were grown from layering a solution of the 

ligand, 11, dissolved in chloroform with a solution of iron(III) chloride hexahydrate 

([FeCl3]·6H2O) dissolved in water.  No solvent molecules were found in the unit cell. 

The structure possesses crystallographically imposed symmetry with the iron(III) ion 

on a 3-fold axis. 

Structure of [Ni(11)2].  Orange crystal plates of [Ni(11)2] suitable for X-ray 

diffraction structural determination were grown from a solution of the complex 
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dissolved in a mixture of DMSO and methanol diffused with ether.  One molecule of 

methanol per complex co-crystallized with the [Ni(11)2].  The hydroxyl hydrogen 

atom on the co-crystallized methanol molecule was found in the difference map and 

therefore its position was refined isotropically. 

Structure of [Fe(13)3].  Black crystals of [Fe(13)3] suitable for X-ray 

diffraction structural determination were grown from slow evaporation of a solution of 

the complex in acetone.  No solvent molecules were found in the unit cell. 

Structure of [Ni(13)2].  Wine-red crystals of [Ni(13)2] suitable for X-ray 

diffraction structural determination were grown from slow evaporation of a solution of 

the complex in acetone.  Two water molecules were found in the asymmetric unit; 

they are not coordinated to the nickel(II) ion.  The water protons were found in the 

difference map, and their positions were refined. 

Structure of [Ni(6)2(H2O)2].  Pale green crystals of [Ni(6)2(H2O)2] suitable for 

X-ray diffraction were grown by slow evaporation of a solution of the complex in a 

mixture of acetone and methanol.  Five water molecules were found in the asymmetric 

unit with two of the water molecules coordinated to the nickel(II) ion.  The structure 

possesses crystallographically imposed symmetry with the nickel(II) ion on an 

inversion center.  The hydrogen atoms in this structure were found in the difference 

map and therefore the position of all hydrogen atoms were refined isotropically. 

Structure of [Cu(13)2].  Wine-red crystals of [Cu(13)2] suitable for X-ray 

diffraction were grown by slow evaporation of a solution of the complex in acetone.  

One water molecule was found in the asymmetric unit.  The structure possesses 
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crystallographically imposed symmetry with the copper(II) ion on an inversion center.  

The 2.46 e/Å3 residual peak is located at 0.1466/0.2716/0.3471 (1.52 Å from O1). 

Structure of [Co(13)2].  Wine-red crystals of [Co(13)2] suitable for X-ray 

diffraction were grown by slow diffusion of pentane into a solution of the complex in 

benzene.  No solvent molecules were found in the unit cell. 

Structure of [Zn(13)2].  Yellow crystals of [Zn(13)2] suitable for X-ray 

diffraction were grown by slow evaporation of a solution of the complex in acetone.  

No solvent molecules were found in the unit cell. 

Structure of [Pb(11)2]. Orange blocks of [Pb(11)2] suitable for X-ray 

diffraction structural determination were grown from layering a solution of the 11

dissolved in acetonitrile on top of a solution of [Pb(OAc)2]·3H2O dissolved in water. 

No solvent molecules were found in the unit cell.  

Structure of [Pb(13)2]. Orange blocks of [Pb(13)2]suitable for X-ray 

diffraction structural determination were grown from a solution with the complex 

dissolved in a mixture of methanol and chloroform diffused with pentane.  No solvent 

molecules were found in the unit cell.  

2.J.v Evaluation of Lead(II)-Complex Stability 

Metal Competition Spectrophotometric Titrations. The [Pb(13)2] solutions 

were prepared by first dissolving the complex in DMF and then diluting with the 

appropriate amount of ddH2O.  For each titration, 2 mL of ~50 µM [Pb(13)2] in an 

aqueous solution containing 1.0 M DMF was added to a quartz VWR 

spectrophotometer cell with a 10 mm pathlength sealed with a Teflon stopper.  The 
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solution was protected from light and incubated at room temperature with stirring for 5 

min between additions of the alkaline earth metal salt solution (CaCl2 or MgCl2, 200

µM – 5 M stock solutions in water with 1.0 M DMF).  Spectra were collected on a 

Hewlett-Packard 8452A (laboratory of Prof. William C. Trogler).  Plotting the change 

in the absorbance maxima versus alkaline earth metal ion concentration (Figure 2-10b 

inset) allowed for determination of the concentration of competing metal ion that 

results in dissociation of the lead(II) complex.  As shown in Figure 2-10b (for MgCl2), 

these titrations do not generate sharp isobestic points suggesting the presence of 

intermediate species that likely consist of 1:1 metal-ligand complexes with both lead 

and the group two ion.  

EDTA Spectrophotometric Titrations.  A 30 µM solution of [Pb(13)2] was 

prepared in 10 mM PIPES, 100 mM KCl, 1.0 M DMF, pH 6.8.  Stock solutions of 6.1 

mM and 0.61 mM Na2EDTA·2H2O were prepared in 10 mM PIPES, 100 mM KCl, 

1.0 M DMF, pH 6.8.  Samples containing 2 mL of [Pb(13)2] were incubated with 100 

µL of 6.1 mM Na2EDTA·2H2O (10 equivalents of EDTA to [Pb(13)2]), 10 µL of 6.1 

mM Na2EDTA·2H2O (1 equivalent of EDTA to [Pb(13)2]), or 100 µL of 0.61 mM 

Na2EDTA·2H2O (0.1 equivalents of EDTA to [Pb(13)2]) with agitation for 27 h.  The 

samples were covered in aluminum foil during incubation.  

2.J.vi Electrochemistry of Metal Complexes 

Cyclic voltammetry experiments were performed by using a Bioanalytical 

Systems (BAS) CV-50W voltammetric analyzer under PC control.  Solutions were 

prepared by dissolving ~10 mg of metal complex in ~10 mL of CH2Cl2 containing 0.1 
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M n-Bu4N(PF6).  The auxiliary and reference electrodes were a platinum wire and a 

silver electrode (Ag/AgClaq), respectively.  A platinum electrode (BAS) was used for 

the working electrode.  Samples were purged with N2(g) for ~2 min before 

experiments were performed.  Sweep rates were varied from 0.050 to 1.500 V s–1 in 

order to check the reversibility of the couple.  The data are reported at a sweep rate of 

0.050 V s–1 at ambient temperature (~25 °C).  The ferrocenium/ferrocene couple 

(Fc+/Fc0) was measured under identical conditions for use as a reference measurement.  

These reference measurements corresponded to E1/2 = +0.473 V, ∆Ep = 0.232 V, 0.500 

V s–1 for the complexes [Cu(10)2] and [Cu(13)2] and to E1/2 = +0.471 V, ∆Ep = 0.127

V, 0.500 V s–1 for [Fe(6)3] and [Fe(13)3].  Potentials are reported relative to Fc+/Fc0.
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2.K Appendix 

Table 2-4. Crystal data for structures presented in this chapter. 

 11 13 [Cu(10)2] [Zn(10)2]
Empirical formula C7H10NO1.5S C6H6O2S CuC12H12N2O2S2 ZnC12H12N2O2S2
T/K 100(2) 100(2) 100(2) 100(2) 
Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic 
Space group C2/c P21/c P21/n Fdd2
a/Å 14.8916(14) 5.3629(4) 7.0152(6) 25.738(3) 
b/Å 11.7054(11) 8.6723(7) 14.9663(13) 8.2241(9) 
c/Å 9.8628(9) 13.5524(11) 12.7659(11) 12.2965(14) 
α/° 90 90 90 90 
β/° 112.9180(10) 99.858(1) 105.9180(10) 90 
γ/° 90 90 90 90 
V/Å3, Z 1583.5(3), 8 621.00(8), 4 1288.9(2), 4 2602.8(5), 8 
Dc/mg m-3 1.302 1.521 1.772 1.765 
Refl. Collected 6706 3780 10823 5326 
Independent reflections 
(Rint)

1801 (0.0177) 1398 (0.0147) 2948 (0.0296) 1486 (0.0255) 

Data/restraints/ 
parameters 

1801/0/114 1398/0/842 2948/0/174 1486/1/88 

Goodness-of-fit on F2 1.087 1.106 1.139 1.144 
Final R indices [I > R1 = 0.0312 R1 = 0.0312 R1 = 0.0431, R1 = 0.0321, 
2σ(I)]a wR2 = 0.0800 wR2 = 0.0880 wR2 = 0.1068 wR2 = 0.0803 
R indices (all data) R1 = 0.0323 R1 = 0.0323 R1 = 0.0463, R1 = 0.0327, 

wR2 = 0.0808 wR2 = 0.0887 wR2 = 0.1085 wR2 = 0.0806 

[Fe(11)3] [Ni(11)2] [Fe(13)3] [Ni(13)2]
Empirical formula FeC21H24N3O3S3 NiC15H20N2O3S2 FeC18H15O6S3 NiC12H14O6S2
T/K 100(2) 100(2) 100(2) 100(2) 
Crystal system Rhombohedral Orthorhombic Triclinic Orthorhombic 
Space group R3c Pbca P–1  Pbcn 
a/Å 15.6574(18) 7.4626(7) 8.5771(6) 22.928(15) 
b/Å 15.6574(18) 19.3473(18) 12.8151(8) 6.6926(4)
c/Å 15.540(4) 22.730(2) 17.6321(11) 18.8132(13) 
α/° 90 90 83.965(1) 90 
β/° 90 90 82.454(1) 90 
γ/° 120 90 81.990(1) 90 
V/Å3, Z 3299.3(9), 6 3281.8(5), 8 1890.7(2), 4 2886.9(3), 8 
Dc/mg m-3 1.566 1.616 1.684 1.735 
Refl. Collected 6528 26647 12010 23027 
Independent reflections 
(Rint)

1585 (0.0356) 3766 (0.0489) 8356 (0.0170) 3309 (0.0251) 

Data/restraints/ 
parameters 

1585/1/96 3766/0/217 8356/0/511 3309/0/208 

Goodness-of-fit on F2 1.161 1.092 0.950 0.998 
Final R indices [I > R1 = 0.0281, R1 = 0.0462, R1 = 0.0407, R1 = 0.0288, 
2σ(I)]a wR2 = 0.0608 wR2 = 0.0913 wR2 = 0.0965 wR2 = 0.0812 
R indices (all data) R1 = 0.0296, R1 = 0.0634, R1 = 0.0538, R1 = 0.0351, 

wR2 = 0.0612 wR2 = 0.0970 wR2 = 0.1005 wR2 = 0.0835 
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Table 2-4 (continued). Crystal data for structures presented in this chapter. 
 [Ni(6)2(H2O)2]· 

3H2O
[Cu(13)2] [Co(13)2] [Zn(13)2]

Empirical formula NiC12H20O11 CuC12H12O5S2 CoC12H10O4S2 ZnC12H10O4S2
T/K 273(2) 100(2) 100(2) 100(2) 
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic 
Space group Pbca C2/c P21/c P21/c
a/Å 4.8648(3) 8.1794(11) 7.4626(8) 7.4514(7) 
b/Å 16.7242(12) 11.3535(15) 23.583(3) 23.556(2) 
c/Å 23.6399(17) 14.2539(19) 7.2977(8) 7.3272(7) 
α/° 90 90 90 90 
β/° 90 96.253(2) 91.154(2) 91.579(2) 
γ/° 90 90 90 90 
V/Å3, Z 1923.3(2), 4 1315.8(3), 4 1284.0(2), 4 1285.6(2), 4 
Dc/mg m-3 1.565 1.837 1.765 1.796 
Refl. Collected 15280 5413 10787 8046 
Independent reflections 
(Rint)

2215 (0.0380) 1503 (0.0241) 2945 (0.0313) 2923 (0.0287) 

Data/restraints/ 
parameters 

2215/0/176 15031/0/94 2945/0/174 2923/0/174 

Goodness-of-fit on F2 1.079 1.062 1.291 1.090 
Final R indices [I > R1 = 0.0326, R1 = 0.0632, R1 = 0.0640, R1 = 0.0356, 
2σ(I)]a wR2 = 0.0665 wR2 = 0.1556 wR2 = 0.1656 wR2 = 0.0741 
R indices (all data) R1 = 0.0436, R1 = 0.0759, R1 = 0.0717 R1 = 0.0418, 

wR2 = 0.0703 wR2 = 0.1629 wR2 = 0.1683 wR2 = 0.0763 

[Pb(11)2] [Pb(13)2]
Empirical formula PbC14H16N2O2S2 PbC12H10O4S2
T/K 100(2) 100(2) 
Crystal system Orthorhombic Monoclinic 
Space group Fdd2 C2/c
a/Å 8.7501(6) 19.397(14) 
b/Å 31.678(2) 4.131(3) 
c/Å 10.7750(7) 16.584(12) 
α/° 90 90 
β/° 90 91.865(10) 
γ/° 90 90 
V/Å3, Z 2986.7(4), 4 1328.2(16), 4 
Dc/mg m-3 1.147 2.448 
Refl. Collected 6335 6706 
Independent reflections 
(Rint)

1694 (0.0447) 1509 (0.0426) 

Data/restraints/parameters 1694/1/96 1509/0/88 
Goodness-of-fit on F2 1.097 1.100 
Final R indices [I > R1 = 0.0270, R1 = 0.0338, 
2σ(I)]a wR2 = 0.0703 wR2 = 0.0827 
R indices (all data) R1 = 0.0280, R1 = 0.0345, 

wR2 = 0.0710 wR2 = 0.0833 
a ∑ ∑−= oco FFFR /1 , { } 2/14222

2 ][/])([ ∑∑ −= oco wFFFwR
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3 Heterocyclic Zinc-Binding Groups as Matrix Metalloproteinase Inhibitors: 

Potency, Toxicity, and Reactivity



108

3.A Introduction 

As discussed in Chapter 1, matrix metalloproteinases (MMPs) are an important 

class of zinc(II)-dependent hydrolytic enzymes involved in tissue restructuring.  

MMPs are important in essential processes such as growth and wound healing, but 

these key enzymes are also implicated in disease states such as heart disease, arthritis, 

and cancer.[1, 2] Because MMPs represent significant therapeutic targets, many 

inhibitors have been designed for MMPs.  MMP inhibitors usually contain a 

peptidomimetic backbone to interact with the protein through noncovalent interactions 

and a zinc chelator (zinc-binding group or ZBG) to coordinate the catalytic zinc(II) ion 

(Figure 3-1).  Extensive efforts have been made to improve inhibitors by manipulating 

the backbone, but significantly fewer efforts have concentrated on optimizing the zinc-

binding group.  Most inhibitors synthesized to date incorporate a hydroxamic acid as 

the ZBG.[3, 4] Although numerous high affinity hydroxamate-based MMP inhibitors 

have been synthesized,[4, 5] none of these compounds have successfully completed 

clinical trials.[6-8] Therefore, other inhibitor design strategies need to be explored for 

effective MMP inhibitors. 

Figure 3-1. Generalized representation of an MMP inhibitor bound in the MMP active site.  Here a 
typical hydroxamic acid-based inhibitor is shown with the ZBG in the box.   
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This thesis describes a bioinorganic approach to inhibitor design that focuses 

on the interaction between the metal-binding groups and the active site metal ion.  As 

mentioned in Chapter 2, pyrones and hydroxypyridinones have been widely 

investigated in the bioinorganic community, particularly for use in medicinal 

applications.  This chapter presents our investigations into using heterocyclic ligands 

(Figure 3-2) in the novel context of MMP inhibitor (MMPi) design.  The ligands in 

Figure 3-2 are commercially available or easily synthesized, which makes them 

attractive targets for study.  An improved synthesis of 3-hydroxy-2H-pyran-2-one (8,

Figure 3-2) is discussed below along with a unique role for this ligand in inhibitor 

design.  As discussed in Chapter 2, ligands 10 – 13 can be synthesized using one-step 

reactions in decent yields. 

Figure 3-2.  List of heterocyclic compounds examined including hydroxypyridinones (HOPOs, 1 – 4), 
pyrones (5, 6, and 8), hydroxypyridinethiones (HOPTOs, 9 – 11), and thiopyrones (12, 13). 

 

As previously mentioned, most inhibitors of MMPs incorporate a hydroxamic 

acid moiety, represented by AHA (acetohydroxamic acid) in Figure 3-2, for metal 

chelation and suffer from limitations such as poor oral availability, limited zinc(II) ion 

selectivity, and decreased potency in vivo.[9-11] To overcome some of these 

limitations, we examined compounds 1 – 13. Similar to AHA, the heterocyclic 

chelators of Figure 3-2 bind in a bidentate fashion to the metal center to form stable 
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monoanionic five-member chelates.  The rigid ring structure of the ZBGs in Figure 

3-2 should increase in vivo stability compared to hydroxamates.  Because 6 is an FDA-

approved food additive (maltol), we propose that many of these ZBGs may be 

biocompatible.  As mentioned in Chapter 1, nature uses sulfur coordination to the 

zinc(II) ion to keep MMPs in their inactive pro-form taking advantage of the 

thiophilicity of the zinc(II) ion.  Incorporating sulfur atoms for zinc(II) ion chelation, 

ligands 9 – 13 should also be potent compounds against MMPs due to the thiophilic 

nature of the zinc(II) ion.  The ligands shown in Figure 3-2 expand the library of 

ZBGs beyond the hydroxamic acid group. 

As mentioned above, the bioinorganic approach to MMPi design used in this 

project focuses on the interaction between the ZBG and catalytic zinc(II) ion.  The use 

of model complexes to mimic the interaction between the protein active site and the 

inhibitor ZBG forms the core of this MMPi design strategy.  Model complexes are 

widely used in inorganic chemistry to simulate spectroscopic, structural, and 

mechanistic features of biological systems.  For example, tripodal ligands that model 

zinc enzymes have been used to model carboxypeptidase, which catalyzes the 

hydrolysis of peptide bonds, and liver alcohol dehydrogenase, which catalyzes the 

oxidation of primary and secondary alcohols.[12] Since tris(pyrazolyl)borate 

complexes can mimic the tris(histidine) coordination environment of some 

biologically-relevant catalytic zinc sites, these complexes have been used to study 

various aspects of zinc enzymes including proposed intermediates of the carbonic 

anhydrase catalytic cycle.[12] The [(TpPh,Me)ZnOH] (TpPh,Me = hydrotris(3,5-

phenylmethylpyrazolyl)borate) complex was also used to model the zinc(II) ion in the 
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highly conserved tris(histidine) coordination environment found in the MMP active 

site.[13, 14] A link between inhibitor potency and binding mode using structural data 

from [(TpPh,Me)Zn(ZBG)] complexes has been found.[13] The binding modes of ZBGs 

5, 7 (2-hydroxycyclohepta-2,4,6-trienone, tropolone), 8, 10, 11, and 13 in the 

[(TpPh,Me)Zn(ZBG)] model complex are discussed below.  Potencies against MMP-3 in 

fluorescence-based and colorimetric-based in vitro assays of the alternate ZBGs of 

Figure 3-2 are presented as well as the use of [(TpPh,Me)Zn(ZBG)] complexes as 

thermodynamic models for determination of relative binding affinities.  The cellular 

toxicity and thiol reactivity studies of the compounds are also reported. 
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3.B Synthesis of 3-Hydroxy-2H-pyran-2-one 

 

Scheme 3-1. General synthesis of 8.

The synthesis of 3-hydroxy-2H-pyran-2-one (8, Figure 3-2) has been 

previously reported.[15-17] 8 has been used as a diene in Diels-Alder reactions using 

phenylboronic acid as a template,[18, 19] but its use as a metal chelator has not been 

explored.  In order to prepare 8, we focused on the procedures reported by Wiley and 

Jarboe[17] and a patented method.[15] Use of the latter method, which required mucic 

acid, NaH2PO4·2H2O, and P2O5 and claimed a 70% yield at 99% purity, repeatedly 

failed in our hands.[15] When following the procedures based on the report by Wiley 

and Jarboe (Scheme 3-1),[17] the synthesis of 8 proved irreproducible with very poor 

yields.  We found working with an open flame (e.g. moved by hand from a Meeker or 

Bunsen burner), as suggested by Wiley and Jarboe, also posed a safety hazard.  

Because this synthesis emphasized heating the reaction such that the mass melted from 

the top downward, a top heating mantle was utilized for more controlled and even 

heating of the round bottom flask; however, these attempts also failed to produce the 

desired product.  Finally, use of a bottom heating mantle and aluminum foil for 

distributing the heat, with the product collected by distillation followed by an 

extraction, worked best to produce 8 and was found to be highly reproducible.  The 

key features we found for a successful, reliable synthesis of 8 include pre-heating the 
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round bottom flask before addition of the starting materials, having a distillation 

apparatus immediately attached once the powders are added to the flask, precisely 

adjusting the solution to pH 7 after distillation,[20] and sonication of the product with 

hexanes for improving purity. 
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3.C Examination of ZBGs Using Tris(pyrazolyl)borate Complexes 

As mentioned above, small-molecule inorganic model complexes reveal the 

binding mode of ZBGs to the metal center.  To better characterize the interaction of 

these ZBGs with the MMP active site zinc(II) ion, studies with tris(pyrazolyl)borate 

model complexes were performed.  Compounds 1 – 4, 6, 9, and AHA had been 

previously shown to coordinate in a bidentate fashion in the model complex 

[(TpPh,Me)Zn(ZBG)].[13, 14, 21] The [(TpPh,Me)Zn(ZBG)] complexes have been shown to 

provide reasonable models of the MMP active site.[13, 22] To confirm that the ligands 

presented here also bound in a similar manner, the complexes [(TpPh,Me)Zn(5)], 

[(TpPh,Me)Zn(7)], [(TpPh,Me)Zn(8)], [(TpPh,Me)Zn(10)], [(TpPh,Me)Zn(11)], and 

[(TpPh,Me)Zn(13)] were synthesized and structurally characterized.  All six ligands bind 

in a bidentate fashion to the zinc(II) ion.  The series of ZBGs presented here can be 

separated into two groups: O,O donor ligands and mixed O,S donor ligands. 

Scheme 3-2. Synthesis of [(TpPh,Me)Zn(ZBG)] model complexes (ZBG = zinc-binding group).  Shown 
here is a representative example for the synthesis of [(TpPh,Me)Zn(10)]. 

 

The O,O donors are non-commercially available pyrones 5 and 8 and 7 (2-

hydroxycyclohepta-2,4,6-trienone, tropolone).  The complex [(TpPh,Me)Zn(5)] has a 
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zinc(II) center with distorted trigonal bipyramidal (τ = 0.65)[23] coordination geometry 

with the 4-carbonyl oxygen atom and one of the pyrazole ring nitrogen atoms 

occupying the axial positions of the coordination sphere (Table 3-4, Figure 3-3a).  An 

ideal trigonal bipyramidal geometry has a τ value of 1 while an ideal square pyramidal 

geometry has a τ value of 0.  The coordinating oxygen atoms have Zn–O distances of 

1.92 and 2.21 Å (Table 3-1).  The complex [(TpPh,Me)Zn(7)] has coordination 

geometry that is intermediate between trigonal bipyramidal and square pyramidal (τ =

0.49) with Zn–O distances of 1.98 and 2.08 Å (Figure 3-3b, Table 3-1).  The 

differences in the Zn–O bond lengths in [(TpPh,Me)Zn(7)] indicate that one of the two 

oxygen atoms in this chelator retains more anionic character than the other.  Such 

differences in M–O bond lengths have been observed in other complexes with 7, such 

as [Sn(7)2] where Sn–O bond lengths of 2.14 and 2.26 Å have been reported.  Similar 

to the other O,O model complexes,[14] the [(TpPh,Me)Zn(8)] complex also has a zinc(II) 

center with distorted trigonal bipyramidal (τ = 0.69) coordination geometry with the 2-

carbonyl oxygen atom and one of the pyrazole ring nitrogen atoms occupying the axial 

positions (Figure 3-3c).  The complex has Zn–O distances of 1.92 and 2.33 Å (Table 

3-1).  It is noteworthy that this is the first reported crystal structure of 8 in any 

capacity, whether alone or as part of a metal complex.  The [(TpPh,Me)Zn(8)] structure 

is nearly identical to the [(TpPh,Me)Zn(5)] complex and the related [(TpPh,Me)Zn(6)] 

structure.  The complex [(TpPh,Me)Zn(6)] is trigonal bipyramidal (τ = 0.69) with Zn–O 

bond lengths of 1.94 and 2.18 Å.[14] 
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Figure 3-3. Structural diagrams of a) [(TpPh,Me)Zn(5)], b) [(TpPh,Me)Zn(7)], and c) [(TpPh,Me)Zn(8)] 
complexes with partial atom numbering schemes (50% probability ellipsoids).  Hydrogen atoms and 
solvent molecules have been omitted for clarity. 

a) b)

c)
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Table 3-1. Bond lengths and τ values for [(TpPh,Me)Zn(ZBG)] complexes.a

ZBG Zn–N bond 
length (Å)  

Zn–O bond length for 
anionic donor atom (Å) 

Zn–X bond length for 
neutral donor atom (Å) 

τ Value 

5 2.08 1.92 2.21 0.65 
7 2.10 1.98 2.08 0.49 
8 2.07 1.92 2.33 0.69 
10 2.15 2.07 2.33 0.38 
11 2.18 2.06 2.30 0.60 
13 2.12 2.06 2.34 0.66 

a Average of corresponding parameters of all [(TpPh,Me)Zn(ZBG)] complexes in the asymmetric unit. 

 

Like the O,O ligands discussed above, the O,S ligands 10, 11, and 13 bind in a 

bidentate fashion to the zinc(II) model complex.  The complex [(TpPh,Me)Zn(10)] has a 

zinc(II) center with a highly distorted square pyramidal (τ = 0.38) coordination 

geometry (Table 3-5, Figure 3-4a).  The coordinating atoms have a Zn–O distance of 

2.07 Å and a Zn–S distance of 2.33 Å (Table 3-1).  The thione sulfur atom occupies a 

planar position in [(TpPh,Me)Zn(10)].  The complex with the O,O analog of 10,

[(TpPh,Me)Zn(3)], has a coordination geometry that is intermediate between trigonal 

bipyramidal and square pyramidal around the zinc(II) center (τ = 0.52) with Zn–O 

distances of 1.94 and 2.21 Å.[14] The complex [(TpPh,Me)Zn(11)] has coordination 

geometry that is distorted trigonal bipyramidal (τ = 0.60) with bond lengths of 2.06 

and 2.30 Å for Zn–O and Zn–S, respectively (Figure 3-4b, Table 3-1).  The 

[(TpPh,Me)Zn(4)] complex with the O,O analog of 11 has a distorted square pyramidal 

coordination environment (τ = 0.44).[14] [(TpPh,Me)Zn(4)] has Zn–O distances of 1.96 

and 2.05 Å.[14] As with [(TpPh,Me)Zn(11)], the thione sulfur atom occupies an 

equatorial position while the hydroxyl oxygen is in the axial position in 

[(TpPh,Me)Zn(13)].  The [(TpPh,Me)Zn(13)] complex also has a zinc(II) center with 

distorted trigonal bipyramidal (τ = 0.66) coordination geometry bond lengths of 2.06 
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and 2.34 Å for Zn–O and Zn–S, respectively (Figure 3-4c, Table 3-1).  In contrast to 

its O,S analog [(TpPh,Me)Zn(13)], [(TpPh,Me)Zn(6)] has the carbonyl oxygen in an axial 

position and the hydroxyl oxygen in an equatorial position.[14] 

Figure 3-4. Structural diagrams of a) [(TpPh,Me)Zn(10)], b) [(TpPh,Me)Zn(11)], and c) [(TpPh,Me)Zn(13)] 
complexes with partial atom numbering schemes (50% probability ellipsoids).  Hydrogen atoms, 
solvent molecules, and disorder have been omitted for clarity. 

 

a) b)

c)
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3.D MMP Assays 

3.D.i Fluorescence-Based MMP Assays 

The ability of these compounds to inhibit the hydrolytic activity of MMP-3 

was measured using an established assay that utilizes a fluorescent peptide 

substrate.[24, 25] A self-quenching fluorogenic peptide (Mca-Pro-Leu-Gly-Leu-Dpa-

Ala-Arg-NH2; Mca = (7-methoxycoumarin-4-yl)-acetyl, Dpa = N-3-(2,4-

dinitrophenyl)-L-α-β-diaminopropionyl) is used in the assay.[25] When this peptide is 

cleaved by MMPs at the Gly-Leu bond, the resulting Mca fluorescence (λex = 335 nm, 

λem = 405 nm) can be monitored.  Increasing fluorescence over time is positively 

correlated with enzyme activity.  To establish a benchmark against which to gauge 

these chelators, AHA (Figure 3-2) was also evaluated as the representative 

hydroxamate chelator for the majority of current MMP inhibitors.[3, 26, 27] The 

compounds under investigation represent only the ZBG portion (Figure 3-2) of an 

MMPi; therefore, it is not surprising that these molecules are not exceptionally potent 

against MMPs.  With appropriate peptidomimetic backbones attached to the ZBGs 

(Figure 3-1), potencies are expected to improve significantly.     

The ZBG potencies were determined in terms of IC50 values.  The IC50 value 

represents the inhibitor concentration required for 50% inhibition of enzyme activity 

compared to uninhibited enzyme activity.  The IC50 values against MMP-3 obtained 

from the kinetic assays are listed in Table 3-2 with typical data shown in Figure 3-5.  

The data obtained indicate that the compounds listed in Figure 3-2 are more effective  
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Table 3-2. IC50 values (µM) for zinc-binding groups (ZBGs) against MMP-1, MMP-2, MMP-3, and in 
cardiac fibroblast (CF) culture using either a fluorescence- or colorimetric-based assay. 

ZBG MMP-1a MMP-2a MMP-3a MMP-3b CF Culturea Potency  
Fluorescence Fluorescence Fluorescence Colorimetric Fluorescence v. AHAc

AHA 41600 ± 400 15000 ± 3000 25000 ± 4000 25000 ± 
4000 

8700 ± 400 NA 

1 ND ND 5700 ± 200 5000 ± 1000 2870 ± 90 4.4-fold 
2 5960 ± 40 5600 ± 100 1600 ± 100 1500 ± 10 3240 ± 140 16-fold 
3 4200 ± 300 2600 ± 400 5100 ± 200 ND 2430 ± 130 4.9-fold 
5 ND ND 7200 ± 1200 8300 ± 900 850 ± 40 3.5-fold 
6 4200 ± 300 2600 ± 100 5700 ± 100 16000 ± 

2000 
273 ± 6 4.4-fold 

7 ND ND ND 1390 ± 80 ND 18-foldd

8 ND ND ND 5700 ± 300 ND 4.4-foldd

9 490 ± 10 100 ± 40 35 ± 3 20 ± 4 790 ± 30 717-fold 
10 680 ± 20 380 ± 10 362 ± 3 ND 135 ± 2 69-fold 
11 150 ± 10 60 ± 10 140 ± 20 ND 51± 2 183-fold 
12 ND ND 120 ± 40 ND 125 ± 2 213-fold 
13 400 ± 10 140 ± 10 210 ± 20 ND 86 ± 2 120-fold 
Compound 4 was not evaluated due to poor aqueous solubility.  a Obtained from at least three 
independent experiments.  b Values from a colorimetric assay.  c Based on IC50 values from MMP-3 
fluorescence assay.  d Based on IC50 values from MMP-3 colorimetric assay.  ND = not determined.  
NA = not applicable. 
 

Figure 3-5. Representative data generated from fluorescent assays of 13. a) Raw data from fluorescent 
assay.  Relative fluorescent units (RFU) produced from substrate cleavage in each reaction well: control 
(0 mM 13, red squares), 0.05 mM 13 (blue circles), 0.1 mM 13 (green circles), 0.2 mM 13 (orange 
circles), 0.3 mM 13 (magenta circles), 0.5 mM 13 (yellow circles), and 1.0 mM 13 (gray circles) are 
plotted versus time in minutes.  b) IC50 

plot of 13. The slopes of kinetic traces from plot a) containing 
inhibitor are compared to the slope of the control (no inhibitor).  The [(inhibitor slope/control slope) × 
100] (% Control) is plotted versus inhibitor concentration.  A linear fit of the data for each experiment 
(three experiments shown in plot b)) gives the IC50 value of the inhibitor where y = 50%. 

a) b)
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inhibitors than AHA, although 4 could not be evaluated due to low solubility.  In 

addition, O,S mixed donor ligands (9 – 13) are all approximately two orders of 

magnitude more potent than AHA against MMP-3 with 9 showing low micromolar 

activity.  The O,S mixed donor ligands (9 – 13) were also more effective MMP 

inhibitors than their O,O analogs. 

To demonstrate that the alternate ZBGs inhibit MMPs by zinc(II) chelation and 

not through interactions specific to the protein backbone or side chains of MMP-3, a 

subset of ligands (AHA control, HOPOs 2 and 3, pyrone 6, HOPTOs 9 – 11, and 

thiopyrone 13 of Figure 3-2) were assayed against two different MMPs (MMP-1 and 

MMP-2) in this study (Table 3-2).  The zinc(II)-tris(histidine) hydrolytic active site is 

conserved throughout the MMP family, but the surrounding subsites in MMPs are not.  

MMP-1 (collagenase-1) and MMP-2 (gelatinase A) have distinct active sites and both 

differ from that of MMP-3 (stromelysin-1).[4] MMP-1 has a shallow S1′ pocket while 

MMP-2 and -3 have intermediate and deep S1′ pockets, respectively.[28] Most 

synthetic inhibitors of MMPs have exploited the S1′ pocket to obtain selectivity over 

MMP-1.[4] MMP-2 and -3 are more closely related; however, there are disparities in 

the S3′ subsite of the two proteinases.  Inhibitors have been designed that are selective 

for MMP-3 over MMP-2 by exploiting the differences in the S3′ subsite.[29] In 

addition to structural differences among these MMPs, the catalytic activities of these 

enzymes show divergent dependences on pH.  MMP-3 has optimal catalytic activity at 

pH 6, while MMP-1 and MMP-2 are most efficient at pH 7.5.[30] 

As mentioned above, a representative subset of alternate ZBGs (AHA control, 

HOPOs 2 and 3, pyrone 6, HOPTOs 9 – 11, and thiopyrone 13 of Figure 3-2) was 
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tested against MMP-1 and -2, and the results were consistent with inhibitory data on 

MMP-3.  The compounds tested (2, 3, 6, 9 – 11, and 13) were more potent inhibitors 

of MMP-1 and MMP-2 than AHA (Table 1).  The O,O donor ligands (2, 3, 6) were 

fourfold to tenfold more potent inhibitors of MMP-1 and threefold to sixfold more 

potent inhibitors of MMP-2 than AHA (Figure 3-6).  The O,S ligands (9 – 11, 13)

showed notable improvements in inhibition, where they demonstrated a 60 – 280-fold 

increase in potency over AHA for MMP-1 and a 40 – 260-fold increase for MMP-2.  

The apparent decrease in efficacy of the compounds against MMP-1 and MMP-2 

compared with MMP-3 may be due to the differences in the assay conditions.  The 

assays were run at the optimal pH values for each enzyme; MMP-3 is most active at 

pH 6, while MMP-1 and MMP-2 are most active at pH 7.5.  The change in pH from 6 

to 7.5 may have an effect on the protonation state of either the inhibitor or the amino 

acid side chains in the active site of the MMPs.  It has been shown that the protonation 

state of a catalytic Glu residue in the active site strongly affects the potency of 

inhibitors.  A more acidic inhibitor (e.g., carboxylate) will be less potent at a higher 

pH, where the Glu residue is deprotonated, while a basic inhibitor (e.g., hydroxamate) 

will be less potent when the pH of the system is lower than the pKa (approximately 

5.6) of the Glu residue.[30] The two most acidic ZBGs, 2 and 9 (pKa 5.8 and 4.6, 

respectively),[31-33] display the most significant decrease in potency, which is 

consistent with the aforementioned trends.  The other ZBGs examined (including 

AHA) have pKa values that are more basic (approximately 8.1 – 9.5),[31, 32, 34] and are 

less affected by the increase in pH.  Nevertheless, the overall inhibitory trend for 

different ZBGs is consistent for all three MMPs.   
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Figure 3-6.  IC50 values of the compounds (AHA, 1 – 13, excluding 4) against MMP-1 (blue), MMP-2 
(red), MMP-3 (green), and in cardiac fibroblast cell culture (white).  The inset highlights the most 
potent compounds (9 – 13). 

On average the ZBGs were twofold more potent against MMP-2 than MMP-1 

(Figure 3-6).  Control experiments without inhibitor showed that MMP-1 is less active 

than MMP-2 (data not shown).  Assuming that the ZBGs act as competitive inhibitors, 

which is consistent with a hypothesis of active-site metal binding, we would expect 

that inhibition of the less-active MMP-1 will exhibit higher IC50 values relative to 

MMP-2.  The fact that AHA exhibits the same difference in potency between MMP-1 

and MMP-2 supports the hypothesis that the differences in IC50 values between MMPs 

are due to differences in enzyme activity and not because of nonspecific protein 

interactions of the ZBGs.  All of the compounds presented here are small, simple 

molecules with little functionality and are unlikely to have any strong, specific 

interactions with the protein subsites.  Overall, compared with AHA, the compounds 

tested here proved to be superior inhibitors of MMP-1, MMP-2, and MMP-3.  The 
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inhibition of three different classes of MMPs by the compounds shown in Figure 3-2 

with similar IC50 values strongly suggests that these ligands inhibit the enzyme 

through enhanced zinc(II) binding and not through noncovalent or other unanticipated 

protein interactions.  This conclusion is further supported by the correlation of IC50 

values with relative binding affinities of these chelators toward an MMP model 

complex, which will be discussed below in Section 3.E.   

Although the IC50 values for the alternate ZBGs are in the micromolar to 

millimolar range, the compounds tested lack a backbone group.  Note that AHA has 

an IC50 value of approximately 25 mM against MMP-3 but has generated many 

nanomolar potency inhibitors when attached to the appropriate backbone.[3-5, 10, 35] For 

example, the SAR by NMR technique discussed in Chapter 1 has been used to design 

potent MMP-3 inhibitors.  The general principle of SAR by NMR involves 

identifying, optimizing, and linking small molecules that bind at different sites of a 

target protein to produce potent inhibitors.[26, 36] While the AHA ZBG had a Kd value 

of 17 mM and some biphenyl backbone moieties had Kd values as low as 20 µM, an 

optimized, linked inhibitor had an IC50 value of 15 nM.[26, 27] This suggests that the 

alternate ZBGs presented here may lead to potent MMP inhibitors when combined 

with the appropriate backbone. 

Since some of the compounds such as 13 were highly colored, concerns arose 

about interference with fluorescence measurements.  To determine the 

quenching/competitive absorption properties of the inhibitors and possible effects on 

the assay data, fluorescence control experiments were performed.  Fluorescence 

intensity measurements at varying concentrations of fluorescent calibration standard 
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(~80 – 400 nM of Mca-Pro-Leu-OH) in the presence of the different inhibitors were 

obtained.  Standard assay conditions (as described below in Section 3.I.iv) were used, 

but no enzyme was added to the wells in the control experiments.  The concentration 

range of calibration standard used in these controls was comparable to the 

concentrations of cleaved substrate produced during the assay.  Three different 

concentrations of each inhibitor, near the IC50 for the respective inhibitor, were 

measured under these conditions.  The quenching or competitive absorption properties 

of each chelator were determined by comparing the fluorescence from the calibration 

standard in the presence and absence of the inhibitors (Figure 3-7a).  For example, the 

slopes of data from Figure 3-7a containing inhibitor (13) are compared to the slope of 

the control (no inhibitor).  The original IC50 value determined from the fluorescence 

assay (Figure 3-5, IC50 value for 13 = 0.11 mM) is adjusted using the linear fit in 

Figure 3-7b (y = -299.72x + 85.399, where the IC50 value of 0.11 mM is x, giving y = 

~52%).  This indicates that only ~52% of the emitted fluorescence is detected during 

the assay with 13. Taking the original IC50 value of 0.11 mM and adjusting it by 52% 

gives the corrected IC50 value of 0.21 mM.  Values reported in Table 3-2 were 

corrected for quenching/competitive absorption. 



126

Figure 3-7.  Representative data generated from fluorescent controls of 13. a) Fluorescence 
quenching/competitive absorption measurement of 13. The relative fluorescent units (RFU) produced 
from each reaction well over a 10 minute period is plotted versus concentration of calibration standard 
(see above for details).  RFU produced from the calibration standard in each well in the presence of 13:
control (0 mM 13, red squares), 0.05 mM 13 (blue circles), 0.10 mM 13 (green circles), and 0.15 mM 
13 (orange circles) are plotted versus concentration of calibration standard.  b)  Fluorescence correction.  
The slopes of data from plot a) containing inhibitor (13) are compared to the slope of the control (no 
inhibitor).  The [(inhibitor slope/control slope) × 100] (% Control) is plotted versus inhibitor 
concentration.  A linear fit of the % Control vs. inhibitor concentration is used to adjust the IC50 value. 

 

3.D.ii Colorimetric MMP Assays 

To confirm the values obtained from fluorescence-based assays, additional 

experiments were performed on some ZBGs using a widely used colorimetric-based 

assay.[37] Activity was monitored after cleavage of a thioester substrate (Ac-Pro-Leu-

Gly-[2-mercapto-4-methyl-pentanoyl]-Leu-Gly-OC2H5).  The sulfhydryl group 

produced upon cleavage by MMPs reacts with 5,5′-dithiobis(2-nitrobenzoic acid) 

(DTNB) to form 2-nitro-5-thiobenzoic acid (TNB2–), which can be observed 

spectrophotometrically (λmax = 412 nm).[38] Absorbance at 405 nm was monitored in 

the assay.  The IC50 values from the colorimetric assays against MMP-3 (Table 3-2) 

are in good agreement with those obtained by fluorescence measurements, with the 

a) b)

y = -299.72x + 85.399 
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exception of compound 6 that shows approximately 3-fold lower potency when 

determined colorimetrically. 

3.D.iii Cell Culture Assays 

The promising inhibitory potential of these compounds against recombinant 

MMPs led us to examine their activities in a cellular assay.  Neonatal rat cardiac 

fibroblast (CF) cultures were selected for evaluating new ZBGs on the basis of two 

primary reasons.  First, CF cells have a well-documented capacity to produce and 

secrete a variety of MMPs into culture media in zymogen form, including MMP-2 and 

MMP-9.[39] The CF-secreted MMPs are amenable to activation by several 

mechanisms, including protease-mediated cleavage by enzymes such as 

plasminogen.[40] Addition of plasminogen activates MMPs by first itself being 

cleaved by urokinase plasminogen activator (uPA) present on the cell surface and then 

cleaving the prodomain of the MMP.[41] A second reason for using CF cultures is an 

increasing body of experimental work indicating that the use of MMP inhibitors may 

have a therapeutic benefit following myocardial infarction.[42] 

The compounds in Figure 3-2 (not including 4, 7, or 8) were analyzed for the 

ability to inhibit plasmin-activated MMPs produced by CFs in culture.  All of the 

alternate ZBGs showed greater potency than AHA, with 11 demonstrating the 

strongest inhibition (Table 3-2).  The order of potency largely paralleled that seen in 

vitro using purified MMPs.  Of notable exception, 6 demonstrated significantly greater 

potency, while 9 showed markedly reduced potency in CF culture.  These 

discrepancies may be due to interactions of these compounds with other components 
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of the cellular media.  At the concentrations of ZBG used to inhibit these enzymes 

these compounds will complex loosely bound metal ions in the culture medium and 

may inhibit metalloenzymes other than MMPs, which might perturb the observed 

efficacy in this assay.  Therefore, assessing the MMP inhibitory capacity of new 

compounds in culture provides additional information regarding their efficacy toward 

a ‘‘physiological’’ mix of MMPs that might remain concealed by in vitro assessment 

alone. 
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3.E Spectrophotometric Titrations Using Tris(pyrazolyl)borate Complexes to 

Determine Relative Binding Affinities 

Compound 4 had limited water solubility and so could not be evaluated in the 

in vitro fluorescence assays (vide supra).  This prompted us to use the aforementioned 

[(TpPh,Me)Zn(ZBG)] complexes as thermodynamic models of MMP inhibition.  

[(TpPh,Me)Zn(ZBG)] complexes were dissolved in a 1:250 DMF:MeOH mixture and 

titrated with increasing amounts of AHA in order to obtain relative binding affinities.  

The competition equilibria in solution can be described by two independent equilibria: 

 (1) [(TpPh,Me)ZnOH]  + ZBG  ↔ [(TpPh,Me)Zn(ZBG)]    KZBG = _    [(TpPh,Me)Zn(ZBG)]__
[(TpPh,Me)ZnOH][ZBG] 

 
(2)  [(TpPh,Me)ZnOH]  + AHA ↔ [(TpPh,Me)Zn(AHA)]   KAHA = _[(TpPh,Me)Zn(AHA)]__

[(TpPh,Me)ZnOH][AHA]

which can be simplified to: 

 (3) [(TpPh,Me)Zn(ZBG)]  + AHA ↔ [(TpPh,Me)Zn(AHA)] + ZBG  Kapp = KAHA/ KZBG 

Plotting the change in the absorbance maxima versus AHA concentration allowed for 

determination of the relative binding affinities for each metal chelator.  The data were 

fit in a satisfactory manner with a 1:1 binding isotherm in the form of: 

(4) fb = Kapp[AHA]/(1 + Kapp[AHA]) 

from which the relative formation constants for the different ZBGs were obtained.  A 

representative titration between [(TpPh,Me)Zn(13)] and AHA is shown in Figure 3-8.  

The results of several such experiments are summarized in Table 3-3.  O,O inhibitors 

showed ~2.4-fold greater affinity for the model complex compared to AHA, while 

more potent O,S ligands gave binding constants with ~14-fold greater affinity relative 

to AHA.
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Figure 3-8.  a) Displacement reaction monitored during the titration of [(TpPh,Me)Zn(13)] with AHA. b) 
Absorption spectra obtained from the titration experiment.  Initial spectrum is shown in heavy red line 
and final spectrum is shown in heavy blue line.  c) Fit of absorbance maxima from this titration (360 nm 
in blue and 398 nm in red) with a 1:1 binding isotherm model. 

Table 3-3.  Relative binding affinities of several novel ZBGs for a tris(pyrazolyl)borate model 
complex. 

[(TpPh,Me)Zn(ZBG)] Kapp
a Affinity vs. AHA 

3 0.32 ± 0.01 3.1-fold 
4 0.54 ± 0.06 1.9-fold 
6 0.46 ± 0.16 2.2-fold 
10 0.072 ± 0.010 14-fold 
11 0.078 ± 0.006 13-fold 
13 0.067 ± 0.009 15-fold 
a Obtained from at least two independent experiments. 

 

a)

b) c)
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Although the equilibrium constants obtained do not provide a clear rank order 

of inhibitor efficacy, they are sufficient to distinguish ligands of high versus moderate 

potency.  On the basis of these results, compound 4 is likely to be a modest inhibitor 

with an IC50 in the low millimolar range.  The correlation of IC50 values with the 

relative binding constants supports our contention that the inhibition of MMP-3 is due 

to direct chelation of these ligands to the active site zinc(II) ion.  This relationship also 

substantiates our claim that small inorganic model complexes even in organic solvents 

mimic the interaction between the ZBGs and the protein in an aqueous buffer. 
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3.F Toxicity Studies of Alternate ZBGs 

Compounds 1 – 13 have been shown both in vitro and in cell culture to be 

potent, broad-spectrum inhibitors of MMPs.  Compound 4 has not been completely 

evaluated owing to poor aqueous solubility; compounds 7 and 8 have not been 

evaluated in cell culture.  We sought to address the question of cytotoxicity and 

biocompatibility using a cell viability assay.  In this assay, cellular viability is 

monitored by the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) or 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium salt (MTS) by mitochondrial enzymes, producing a 

characteristic blue color (Scheme 3-3).  If the cells are not viable, their mitochondria 

cannot process the MTT or MTS, so after cell lysis, the solution remains yellow due to 

MTT or MTS. 

Scheme 3-3. Reduction of yellow MTT, a tetrazole, to blue formazan by mitrochondria is monitored in 
cell viability assays. 

 

Several of the O,S donor atom ZBGs (9 – 13) were found to react with MTT 

and MTS, producing false positives for cell viability in our initial assay attempts.  

False positives arose since, as discussed in Chapter 2, the O,S ZBGs can tautomerize 

to form a sulfhydryl group.  This sulfhydryl group can react with MTT or MTS as a 

reductant yielding formazan.  The ZBG tautomer is thus oxidized to form disulfide-
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linked dimers.  A control experiment between MTT and compounds 9 – 13 in the 

absence of CF cells confirmed this reactivity (data not shown).  To eliminate this 

undesired side reaction, the assay protocol was slightly modified by introducing an 

additional wash step prior to MTT/MTS addition.  After incubating the CF cells with 

inhibitors for 24 h, the cells were washed with fresh medium to remove any excess 

inhibitors from the wells.  Subsequently, the MTT or the MTS was added as per the 

standard protocol to evaluate the viability of the CF cells.  This simple rinse step gave 

reproducible MTT and MTS assay results; the assays along with photomicrographs of 

the CF cells were used for evaluation of inhibitor cytotoxicity.   

Figure 3-9 shows the results of the MTS experiments with CF cells.  The new 

ZBGs showed varying degrees of cytotoxicity, with the sulfur-containing compounds 

(9 – 13) generally being more toxic.  All of the compounds showed low toxicity at 

concentrations up to 100 µM (with the exception of 9), and compounds 1 – 6 were 

comparable to AHA. The MTT assay gave similar results to those obtained with 

MTS, although all of the compounds (including AHA) showed lower cell viability, 

particularly at high concentrations (data not shown).  The photomicrographs shown in 

Figure 3-10 are representative of cell images obtained from control (i.e. untreated) 

CFs and 0.1- and 1.0-mM doses of compound 11. At the 0.1-mM dose of 11, CFs 

showed little evidence of disruption in cell morphology and are comparable to those of 

untreated cells.  In contrast, at the 1.0-mM dose of 11, CFs demonstrated disruption of 

normal cell morphology and evidence of cell death.  For all ZBGs, visual evidence for 

disruption of cell morphology was obtained only at doses of 1.0 mM or higher (data 
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not shown).  In summary, none of the compounds examined are acutely toxic, which 

indicates they are viable moieties for incorporation into full MMP inhibitors. 

 

Figure 3-9. 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium salt (MTS) cell viability assay results.  The relative toxicities of the compounds (AHA, 1 –
13, excluding 4, 7, and 8) in neonatal rat cardiac fibroblasts at concentrations of 0.001 mM (black), 0.01 
mM (white), 0.1 mM (ctossed), and 1.0 mM (gray) of the ZBG listed.  Colorimetric assay values were 
normalized to those of untreated cells. 

 

Figure 3-10. Photopictomicrographs of cardiac fibroblast cells in the a) absence and presence of b) 0.1 
mM 11, and c) 1.0 mM 11. The image in c) is representative of those observed in cells exposed to high 
concentrations of several of the ZBGs. 

 

a) b) c)
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3.G Examination of Thiol Reactivity of O,S Metal–Binding Groups 

As mentioned in Section 3.D.ii, a colorimetric assay with purified MMP-3 was 

performed to confirm the potency of some ZBGs.  Activity was monitored after 

cleavage of a thioester substrate, where the free thiol produced upon cleavage by 

MMPs reacts with DTNB to form TNB2–, which can be observed 

spectrophotometrically.  In certain cases, we observed a chemical reaction between the 

O,S donor ligands and the DTNB reagent used in the assay.  In addition, some O,S 

chelators were found to undergo a reaction with MTT and MTS in cell viability assays 

(vide supra).  These observations prompted us to examine the reactivity of the ZBGs 

in Figure 3-2 with DTNB, as a simple model of reactivity with biological species 

containing thiol moieties.  The reactivity toward thiol-containing biological species 

was of concern, as this can prove disadvantageous for in vivo applications.[27, 43] 

To examine the stability of the compounds, their reaction with DTNB was 

monitored spectrophotometrically.[38] Reactivity with DTNB to produce TNB2– was 

examined at 412 and 405 nm, which represents the λmax of TNB2– and the wavelength 

at which the colorimetric MMP-3 assay was performed, respectively.  For comparison, 

N-methylmercaptoacetamide (N-MMAA) was used as a representative free thiol ZBG.  

As expected, O,O donor ligands such as AHA and 6 showed no reactivity with DTNB 

after 3.75 h of incubation.  In contrast, the free thiol N-MMAA was very reactive with 

DTNB; within 8 min, 91% of N-MMAA in solution had reacted with DTNB (Figure 

3-11).  The different hydroxypyridinethione and thiopyrone isomers showed varying 

reactivity with DTNB, which could be categorized into three groups.  
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Hydroxypyridinethione 10 was the sole member of the first group of compounds 

which showed no reactivity with DTNB, similar to the O,O donor ligands.  In the 

second group, hydroxypyridinethiones 9 and 11 showed a rapid initial reaction with 

DTNB followed by a steady plateau in the kinetic trace.  The degree of conversion for 

9 and 11 was significantly less than that of N-MMAA and was dependent on the 

initial concentration of the ZBG and DTNB, consistent with the establishment of a 

concentration-dependent equilibrium.  The third group of compounds was thiopyrones 

12 and 13, which showed a gradual conversion over time.  The rate of reaction of 

thiopyrones such as 12 and 13 with DTNB is different and varied substantially 

depending on the ring substituents (data not shown).  Using this simple, qualitative 

analysis, both the O,O and O,S donor ligands in Figure 3-2 were found to be much 

less reactive toward DTNB when compared with a free thiol.  In addition, the 

reactivity of thione O,S ligands varied depending on the ring structure (e.g., position 

of endocyclic heteroatoms and ring substituents).  Therefore, the design of complete 

MMP inhibitors based on these chelators can be directed such that the most unreactive 

ZBGs are employed. 
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Figure 3-11. Reaction of ZBGs with DTNB monitored at 412 nm over 3.75 h.  The following ligands 
were studied: thiol N-MMA (black line), O,O ligands 6 (red line) and AHA (black dashed line), and 
O,S ligands 9 (orange line), 10 (green line), 11 (purple line), 12 (blue line), and 13 (aqua line).  
Structure of N-MMA depicted to the right of graph. 
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3.H Conclusions 

A vast library of backbone substituents has been designed to interact with 

specific MMP subsites.  In comparison, little progress has been made on improving 

the ZBG of the inhibitor that binds directly to the ubiquitous active-site zinc(II) ion.  

With the limitations of hydroxamic acids as a ZBG clearly established, it is 

increasingly apparent that improved ligands must be developed for the next generation 

of MMP inhibitors.[35, 44, 45] The bidentate binding mode of the alternate ZBGs (Figure 

3-2) presented here was determined from model complex crystal structures.  

Recombinant MMP and cell culture inhibition assays show that these compounds are 

effective inhibitors of MMPs that likely bind to the active-site zinc(II) ion.  All of the 

compounds studied were more potent inhibitors of MMPs than AHA, which was used 

as a benchmark of the commonly used hydroxamate ZBG found in many inhibitors 

presently under investigation.  Mixed O,S chelators were found to be particularly 

potent, which has been attributed to the thiophilicity of the zinc(II) ion, with IC50 

values down to the low micromolar range.  These heterocycles shown in Figure 3-2 

were among the first compounds reported that showed significantly improved potency 

over comparable hydroxamic acids.  [(TpPh,Me)Zn(ZBG)] complexes were found to 

serve as useful thermodynamic models for broadly ranking the efficacy of different 

chelators with rankings paralleling the in vitro assay results.  Cytotoxicity assays 

performed on primary cultures of CFs show these chelators are essentially nontoxic at 

high micromolar concentrations.  Although the O,S containing ligands showed higher 

toxicity than their O,O analogs at the same concentration, the in vitro assay data 
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showed that the O,S chelators were more potent than the analogous O,O ligands.  This 

indicates that the ligands have little toxicity at the concentrations used in the cell 

culture assays.  Disulfide-exchange studies with DTNB found that the O,S donor 

ligands react with DTNB to different degrees, but all of the heterocyclic compounds 

are far less reactive than simple thiol-based ligands.  In summary, we have presented 

potent, nontoxic, and biocompatible alternatives to the hydroxamic acid chelator are 

available for use in MMP inhibitors.   
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3.I Experimental 

General. Unless otherwise noted, starting materials were obtained from 

commercial suppliers and used without further purification.  Compounds and 

complexes are numbered according to Figure 3-2.  [(TpPh,Me)ZnOH],[21] 3-Hydroxy-1-

methylpyridin-2(1H)-one (3),[46, 47] and 3-hydroxy-4H-pyran-4-one (5)[48] were 

synthesized according to a literature procedure.  Compounds 10 – 13 were synthesized 

as described in Chapter 2, Section 2.J.i.  Elemental analysis was performed at the 

University of California, Berkeley Analytical Facility or at NuMega Resonance Labs, 

Inc. (San Diego, CA).  1H/13C NMR spectra were recorded on a Varian FT-NMR 

spectrometer running at 300 or 400 MHz located in the Department of Chemistry and 

Biochemistry, University of California, San Diego.  Infrared spectra were collected on 

either a Nicolet AVATAR 20 FT-IR instrument (kindly provided by Prof. Emmanuel 

A. Theodorakis) or a Nicolet AVATAR 360 FT-IR under PC control in the 

Department of Chemistry and Biochemistry, University of California, San Diego.  

UV-visible spectra were recorded using a Perkin Elmer Lambda 25 spectrometer with 

the UVWinLab 4.2.0.0230 software package.  Absorbance maxima are given as 

λmax/nm (ε/M-1 cm-1).  Caution!  Perchlorate salts of metal complexes with organic 

ligands are potentially explosive.  Only small amounts of these materials should be 

prepared and they should be handled with great care. 

3.I.i Synthesis of 3-Hydroxy-2H-pyran-2-one (8)   

Mucic acid (100 g, 0.49 mol) and potassium hydrogen sulfate (100 g, 0.73 mol, 

1.51 equiv) were combined in a 400 mL beaker and mixed thoroughly.  A 1 L Pyrex 
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round bottom flask was preheated for about 30 min. in a heating mantle with sand to a 

temperature of ~350 ºC with the top half of the flask covered in aluminum foil.  The 

powder mixture of mucic acid and potassium hydrogen sulfate was added quickly to 

the hot round bottom flask.  After adding the powder, a distillation apparatus was 

immediately attached to the reaction flask.  Within seconds, yellow oil began to distill 

over into the collection flask.  The head temperature during the distillation ranged 

from 100 to 170 °C over ~3.5 h.  After the reaction was complete, the yellow oil was 

adjusted to pH 7.  Then, the mixture was extracted into diethyl ether using a 

continuous liquid/liquid extraction apparatus (Kontes Article No. 584000).  The 

extraction ran overnight under a dinitrogen atmosphere.  The ether fraction was 

concentrated to dryness on a rotary evaporator to obtain a yellow microcrystalline 

material.  The yellow solid was sonicated with 2 × 100 mL hexanes for about 15 min.  

The product was isolated by vacuum filtration and dried in vacuo for about 3 h.  Yield: 

16%.  1H NMR (d6–DMSO, 300 MHz, 25 °C): δ 6.22 (t, J = 6.0 Hz, 1H, Ar–H), 6.61 

(d, J = 6.9 Hz, 1H, Ar–H), 7.31 (d, J = 4.5 Hz, 1H, Ar–H), 9.97 (s, 1H, –OH).  13C

NMR (d6–DMSO, 100 MHz, 25 °C): δ 106.7 (Ar–C), 115.7 (Ar–C), 142.6 (Ar–C), 

143.0 (C–OH), 159.8 (C=O).  APCI–MS: m/z 111.01 [M – H] –.

3.I.ii Synthesis of Tris(pyrazolyl)borate Complexes 

[(TpPh,Me)Zn(5)]. [(TpPh,Me)ZnOH] (200 mg, 0.35 mmol) was added to 30 mL 

of CH2Cl2 to give a clear, colorless solution.  To this stirring solution was added 5 (40 

mg, 0.35 mmol, 1 equiv) dissolved in 10 mL of methanol.  The mixture was stirred at 

room temperature overnight under a dinitrogen atmosphere.  After stirring, the turbid 
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solution was evaporated to dryness on a rotary evaporator to give a pale yellow solid.  

The solid was dissolved in a minimum amount of benzene (~8 mL) and filtered to 

remove any insoluble material.  The filtrate was recrystallized by diffusion of the 

solution with pentane. Yield: 98%.  1H NMR (d6-DMSO, 400 MHz, 25 °C):  δ 2.53 (s, 

9H, pyrazole–CH3), 5.41 (d, J = 5.0 Hz, 1H, pyrone–H), 6.44 (s, 3H, pyrazole–H), 

7.19 (m, 9H, phenyl–H), 7.58 (d, J = 5.4 Hz, 6H, phenyl–H), 7.76 (m, 2H, pyrone–H).  

13C NMR (d6-DMSO, 100 MHz, 25 °C):  δ 12.5, 104.5, 109.3, 126.8, 127.8, 128.0, 

131.8, 139.0, 145.7, 152.2, 153.7, 154.7.  IR (film from CH2Cl2): ν 693, 762, 880, 

1068, 1109, 1178, 1288, 1442, 1597, 2537 (B–H), 3059 cm–1. Anal. Calc. for 

ZnC35H31BN6O3: C, 63.70; H, 4.74; N, 12.74.  Found:  C, 63.46; H, 5.13; N, 12.59%.  

[(TpPh,Me)Zn(7)]. [(TpPh,Me)Zn(7)]  was synthesized by the same procedure 

used for [(TpPh,Me)Zn(5)]  starting from [(TpPh,Me)ZnOH] (200 mg, 0.35 mmol) and 7

(43 mg, 0.35 mmol).  Yield: 73%.  1H NMR (CDCl3, 400 MHz, 25 °C): δ 2.54 (s, 9H, 

pyrazole–CH3), 6.19 (s, 3H, pyrazole–H), 6.49 (d, J = 10.8 Hz, 2H, tropolone–H), 

6.64 (t, J = 9.2 Hz, 1H, tropolone–H), 7.01 (d, J = 10.8 Hz, 2H, tropolone–H), 7.04 

(m, 9H, phenyl–H), 7.50 (m, 6H, phenyl–H).  13C NMR (CDCl3, 100 MHz, 25 °C): δ

12.8, 104.5, 122.8, 123.5, 127.3, 127.5, 127.7, 132.7, 136.7, 145.0, 152.9, 178.4. IR 

(film from CH2Cl2): ν 697, 762, 778, 982, 1067, 1174, 1229, 1366, 1413, 1436, 1517, 

1594, 2535 (B–H), 3044 cm–1. Anal. Calc. for ZnC37H33BN6O2: C, 66.34; H, 4.97; N, 

12.54. Found: C, 66.33; H, 5.27; N, 12.33%. 

[(TpPh,Me)Zn(8)]. [(TpPh,Me)Zn(8)]  was synthesized by the same procedure 

used for [(TpPh,Me)Zn(5)]  starting from [(TpPh,Me)ZnOH] (200 mg, 0.35 mmol) and 8

(40 mg, 0.35 mmol).  Yield: 61%.  1H NMR (d6–DMSO, 400 MHz, 25 °C): δ 2.54 (s, 
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9H, pyrazole–CH3), 6.20 (m, 2H, pyrone–H), 6.47 (s, 3H, pyrazole–H), 6.71 (d, J =

4.8 Hz, 1H, pyrone–H), 7.21 (m, 9H, phenyl–H), 7.61 (d, J = 7.6 Hz, 6H, phenyl–H).  

13C NMR (d6-DMSO, 100 MHz, 25 °C): δ 12.5, 104.6, 109.5, 110.6, 125.0, 126.9, 

127.9, 128.1, 131.6, 135.7, 146.1, 150.5, 152.3, 168.4.  IR (film from CH2Cl2): ν 692, 

761, 1064, 1175, 1315, 1543, 1613, 1656, 2539 (B–H), 3116 cm– 1. Anal. Calc. for 

ZnC35H31BN6O3: C, 63.70; H, 4.74; N, 12.74.  Found:  C, 63.26; H, 5.10; N, 12.60%. 

[(TpPh,Me)Zn(10)].  [(TpPh,Me)Zn(10)] was synthesized by the same procedure 

used for [(TpPh,Me)Zn(5)] starting from [(TpPh,Me)ZnOH] (100 mg, 0.18 mmol) and 10 

(25 mg, 0.18 mmol).  Yield: 43%.  1H NMR (CDCl3, 400 MHz, 25 °C): δ 2.52 (s, 9H, 

pyrazole–CH3), 3.73 (s, 3H, pyridinethione–CH3), 5.76 (d, J = 8.0 Hz, 1H, 

pyridinethione–H), 6.14 (s, 3H, pyrazole–H), 6.21 (t, J = 8.4 Hz, 1H, pyridinethione–

H), 6.72 (d, J = 6.0, 1H, pyridinethione–H), 7.03 (m, 9H, phenyl–H), 7.59 (m, 6H, 

phenyl–H).  13C NMR (CDCl3, 100 MHz, 25 °C): δ 13.1, 46.9, 104.7, 114.6, 116.8, 

123.4, 126.8, 127.1, 128.2, 128.6, 133.1, 144.3, 152.7.  IR (film from CH2Cl2): ν 693, 

758, 780, 1095, 1187, 1291, 1339, 1367, 1443, 1638, 2534 (B–H) cm–1. Anal. Calc. 

for ZnC36H34BN7OS: C, 62.76; H, 4.97; N, 14.23.  Found: C, 62.29; H, 5.34; N, 

14.54%.  

[(TpPh,Me)Zn(11)].  [(TpPh,Me)Zn(11)] was synthesized by the same procedure 

used for [(TpPh,Me)Zn(5)] starting from [(TpPh,Me)ZnOH] (100 mg, 0.18 mmol) and 11 

(28 mg, 0.18 mmol).  Yield: 35%.  1H NMR (d6–DMSO, 400 MHz, 25 °C): δ 1.49 (s, 

3H, pyridinethione–CH3), 2.50 (s, 9H, pyrazole–CH3), 3.59 (s, 3H, pyridinethione–N 

–CH3), 6.35 (s, 3H, pyrazole–H), 7.04 (m, 9H, phenyl–H), 7.11 (d, J = 6.4 Hz, 1H, 

pyridinethione–H), 7.14 (d, J = 6.4 Hz, 1H, pyridinethione–H), 7.58 (m, 6H, phenyl–
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H).  13C NMR (d6–DMSO, 100 MHz, 25 °C): δ 12.4, 12.8, 43.3, 104.6, 122.1, 124.9, 

126.7, 126.9, 127.4, 128.1, 132.4, 144.7, 152.2, 155.8, 161.3.  IR (film from CH2Cl2): 

ν 682, 758, 785, 786, 1068, 1171, 1193, 1329, 1367, 1459, 1540, 1584, 2534 (B–H) 

cm–1 . Anal. Calc. for ZnC37H36BN7OS: C, 63.21; H, 5.16; N, 13.95.  Found: C, 

63.23; H, 5.31; N, 13.99%. 

[(TpPh,Me)Zn(13)].  [(TpPh,Me)Zn(13)] was synthesized by the same procedure 

used for [(TpPh,Me)Zn(5)] starting from [(TpPh,Me)ZnOH] (100 mg, 0.18 mmol) and 13 

(25 mg, 0.18 mmol).  Yield: 77%.  1H NMR (CDCl3, 400 MHz, 25 °C): δ 1.54 (s, 3H, 

thiopyrone–CH3), 2.55 (s, 9H, pyrazole–CH3), 6.15 (s, 3H, pyrazole–H), 7.08 (m, 9H, 

phenyl–H), 7.14 (d, J = 4.4 Hz, 1H, thiopyrone–H), 7.27 (d, J = 4.4 Hz, 1H, 

thiopyrone–H), 7.54 (d, J = 6.4 Hz, 6H, phenyl–H).  13C NMR (CDCl3, 100 MHz, 25 

°C): δ 13.1, 15.6, 104.8, 121.3, 126.7, 127.3, 127.9, 128.2, 133.3, 141.5, 144.4, 151.3, 

152.8, 174.4.  IR (film from CH2Cl2): ν 688, 726, 758, 818, 900, 1090, 1176, 1220, 

1285, 1410, 1573, 2546 (B–H) cm–1. Anal. Calc. for ZnC36H33BN6O2S·benzene: C, 

65.68; H, 5.12; N, 10.94; S, 4.17.  Found: C, 65.47; H, 5.17; N, 11.18; S, 4.09%. 

3.I.iii Structural Characterization of Tris(pyrazolyl)borate Complexes 

X-ray Crystallographic Analysis.  Single crystals of each compound suitable 

for X-ray diffraction structural determination were mounted on quartz capillaries by 

using Paratone oil and were cooled in a nitrogen stream on the diffractometer.  Data 

were collected on either a Bruker AXS or Bruker P4 diffractometer both with area 

detectors.  Peak integrations were performed with the Siemens SAINT software 

package.  Absorption corrections were applied using the program SADABS.  Space 
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group determinations were performed by the program XPREP.  The structures were 

solved by either Patterson or direct methods and refined with the SHELXTL software 

package.[49] All hydrogen atoms, except for the boron hydrogen atoms, were fixed at 

calculated positions with isotropic thermal parameters unless otherwise noted; all non-

hydrogen atoms were refined anisotropically.  The hydrogen atoms on the boron atoms 

were found in the difference maps and the positions were refined. CIF data are 

available free of charge via the Internet at http://www.ccdc.cam.ac.uk.  CCDC 

reference numbers 210943, 233169 – 233171, and 611116 – 611118. 

Structure of [(TpPh,Me)Zn(5)]. Colorless blocks suitable for X-ray diffraction 

structural determination were grown from a solution of the complex dissolved in 

benzene diffused with pentane.   

Structure of [(TpPh,Me)Zn(7)]. Colorless blocks suitable for X-ray diffraction 

structural determination were grown from a solution of the complex dissolved in 

benzene diffused with pentane.  Four independent molecules were found in the 

asymmetric unit as well as a heavily disordered solvent molecule.  Squeeze[50] was 

used to treat the disordered solvent as a diffuse contribution, modeled as one pentane 

molecule (Expected e– count/cell:  42.  Found:  40).   

Structure of [(TpPh,Me)Zn(8)]. Colorless blocks suitable for X-ray diffraction 

structural determination were grown from a solution of the complex dissolved in 

benzene diffused with pentane.   

Structure of [(TpPh,Me)Zn(10)].  Colorless triangular prisms suitable for X-ray 

diffraction structural determination were grown from a solution of the complex 

dissolved in a mixture of benzene and methanol diffused with pentane.  Two 
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independent complexes were found in the asymmetric unit.  In one of the complexes, 

the ligand 10 was slightly disordered and modeled as 90% occupancy in one position 

that was anisotropically refined and 10% occupancy in a second orientation that was 

refined isotropically.  Both orientations indicated bidentate chelation to the metal 

center.   

Structure of [(TpPh,Me)Zn(11)].  Colorless plates suitable for X-ray diffraction 

structural determination were grown from a solution of the complex dissolved in 

benzene diffused with pentane.  Three independent, but essentially isostructural 

complexes were found in the asymmetric unit.   

Structure of [(TpPh,Me)Zn(13)].  Orange blocks suitable for X-ray diffraction 

structural determination were grown from a solution of the complex dissolved in 

benzene diffused with pentane.  One-third of a benzene molecule was found in the 

asymmetric unit.   

3.I.iv MMP Assays 

Fluorescent MMP Assays.  MMP-3 (E. coli recombinant human stromelysin 

catalytic domain, aa 83-255) activity was measured utilizing a 96-well microplate 

fluorescent assay kit purchased from BIOMOL Research Laboratories, following the 

procedure provided with the kit.  Experiments were performed using a Bio-Tek Flx 

800 fluorescence plate reader and Nunc white 96-well plates.  The inhibitors were 

dissolved in DMSO and further diluted (500×) into the assay buffer (50 mM MES, 10 

mM CaCl2, 0.05% Brij-35, pH 6.0).  MMP-3 (~20 nM) was incubated with varying 

concentrations of inhibitors for 1 h at 37 °C, followed by addition of substrate to 
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initiate the assay.  The reactions were agitated by shaking for 1 sec after each 

fluorescence measurement. Upon cleavage of the fluorescent substrate Mca-Pro-Leu-

Gly-Leu-Dpa-Ala-Arg-NH2 (0.4 mM concentration in assay, Mca = (7-

methoxycoumarin-4-yl)-acetyl, Dpa = N-3-(2,4-dinitrophenyl)-L-α-β-

diaminopropionyl) at the Gly-Leu bond, Mca fluorescence (λex = 335 nm, λem = 405 

nm) was measured at 60-second intervals for 15 – 20 minutes (Figure 3-5a). 

Colorimetric MMP Assays. MMP-3 (E. coli recombinant human stromelysin 

catalytic domain, aa 83-255) activity was also measured utilizing a 96-well microplate 

colorimetric assay kit purchased from BIOMOL Research Laboratories, following the 

procedure provided with the kit.  Experiments were performed using a Bio-Tek µ-

Quant colorimetric plate reader monitoring at 402 nm.  The inhibitors were dissolved 

in DMSO and further diluted (500×) into the colorimetric assay buffer (50 mM MES, 

10 mM CaCl2, 0.05% Brij-35, 1 mM DTNB, pH 6.0).  MMP-3 (~20 nM) was 

incubated with varying concentrations of inhibitor at 37 °C for 1 h, followed by 

addition of substrate to initiate the assay.  Cleavage of the thioester bond in the 

substrate Ac-Pro-Leu-Gly-[2-mercapto-4-methyl-pentanoyl]-Leu-Gly-OC2H5 (1.0 mM 

concentration in assay) by MMP-3 produces a sulfhydryl group which reacts with 5,5'-

dithiobis(2-nitrobenzoic acid) (DTNB) to form 2-nitro-5-thiobenzoic acid (λmax = 412 

nm).  Absorption readings were taken at 60-second intervals for 60 min at room 

temperature.  

To determine if the chelators reacted with the colorimetric assay components, 

control experiments were performed.  The inhibitors examined were placed in 

colorimetric assay buffer (without the addition of MMP-3 or the colorimetric 
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substrate), and the absorbance was compared to buffer alone.  This was done to 

determine if the inhibitor showed a reaction with DTNB.  Substrate (1.0 mM) was 

then added to the wells to monitor any additional reaction.  Absorption readings were 

taken at 60-second intervals for 60 min at room temperature.   

CF Preparation. Neonatal rat CFs were prepared as previously described.[51] 

Briefly, CFs were prepared from hearts of 1–2-day-old Sprague–Dawley rats.  

Following collagenase digestions (4 times), non-myocyte cells (mostly fibroblasts) 

were isolated by Percoll density gradient.  The cell suspension was plated onto 

uncoated tissue culture dishes for 30 min to allow preferential attachment of CFs to 

the bottom of the dish.  The nonadherent cells were removed and fresh medium 

(Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum) was added.  CFs 

were allowed to proliferate to confluence and then trypsinized and frozen at –70 °C.  

CF stocks were freshly plated for each experiment and used from first or second 

passages.  When reaching 90% confluence, the cells were serum deprived for 24 h and 

then treated according to the experimental design (vide infra). 

Cell Culture Assays. To activate CF MMPs, cells were treated with 

plasminogen (60 µg/mL, Sigma) for 16 h.  MMP activity was determined by adding 

10 mM of substrate (Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2) (BIOMOL 

International) in assay buffer (50 mM tris(hydroxymethyl)aminomethane, pH 7.5, 150 

mM NaCl, 5 mM CaCl2) with 8 µg/ml aprotinin to neutralize residual plasmin activity, 

to the culture medium.  Fluorescence measurements were collected in a similar 

manner as described for the purified MMP assays (vide supra).  Data were fit to the 

sigmoidal Hill equation y = [ZBG]/([ZBG] + k) using Prism 3.0 (GraphPad Software, 
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San Diego, CA, USA).  In this equation, y is the rate of substrate hydrolysis as a 

fraction of maximal substrate hydrolysis, and k is the ZBG concentration at which 

activity is half-maximal (IC50 value). 

3.I.v Cell Toxicity 

Cell Toxicity. To assess ZBG cell toxicity, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, Sigma) and 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS, Promega) cell 

viability assays were performed according to the manufacturer’s instructions.  MTT 

and MTS are substrates that provide a colorimetric signal in response to viable 

mitochondria.  CF cells were incubated with varying concentrations of inhibitors 

(0.001–10 mM) for 24 h.  After incubation, the cell medium was removed and the 

cells were rinsed three times with fresh medium to remove the excess ZBGs, which 

could interfere with the MTT or MTS reaction.  The cells were then lysed and 

combined with MTT or MTS in medium for 1–2 h.  Following solubilization (required 

only for MTT), absorbance at 570 nm was measured using a microplate reader (Bio-

Tek µ-Quant Instrument, Winooski, VT, USA).  To qualitatively assess ZBG 

cytotoxicity, photomicrographic images of untreated and inhibitor-treated CFs were 

collected 24 h after treatment at several does of each ZBG. 

3.I.vi Thiol Reactivity 

To evaluate inhibitor reactivity with free thiols, assays with DTNB were 

performed.  Inhibitors were dissolved in DMSO and further diluted (250×) into assay 

buffer (50 mM 2-morpholinoethanesulfonate, 10 mM CaCl2, pH 6.0). The assay buffer 
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was chosen to mimic the buffer used for colorimetric MMP-3 assays.  Inhibitor 

solutions (1 mL of 200 µM) were quickly mixed with a solution of DTNB (1 mL of 1 

mM) in assay buffer (giving a 5:1 DTNB-to-ZBG ratio) in a 10-mm quartz cuvette and 

sealed using a Teflon stopper (VWR).  For compounds 9 and 11, additional reactions 

with other ratios of DTNB to ZBG (10:1, 1:1, and 1:10) were also studied.  The 

spectra of the solutions were monitored with one reading per minute for 225 min at 

405 nm (wavelength used for colorimetric MMP assays) and at 412 nm (λmax for 

TNB2–, ε = 13,600 M–1 cm–1 at pH 6.0).[38] Spectra were collected with a PerkinElmer 

Lambda 25 spectrophotometer.  Absorbance versus time was plotted in order to 

provide information about the rate and extent of reaction with DTNB. 
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3.J Appendix 

Table 3-4. Crystal data for [(TpPh,Me)Zn(ZBG)] complexes with O,O ligands. 

 [(TpPh,Me)Zn(5)] [(TpPh,Me)Zn(7)] [(TpPh,Me)Zn(8)] 
Empirical formula ZnC35H31BN6O3 ZnC37H33BN6O2 ZnC35H31BN6O3
T/K 100(2) 100(2) 100(2) 
Crystal system Monoclinic Triclinic Monoclinic 
Space group P21/c P–1 P21/c
a/Å 9.8735(9) 11.1913(7) 9.7938(9) 
b/Å 23.250(2) 17.5806(10) 23.093(2) 
c/Å 13.5433(13) 17.8276(11) 13.5673(13) 
α/° 90 90.7070(2) 90 
β/° 97.987(2) 101.086(10) 97.1030(10) 
γ/° 90 92.5430(10) 90 
V/Å3, Z 3078.8(5), 4 3373.4(4), 4 3044(5), 4 
Dc/mg m-3 1.424 1.319 1.439 
Reflections collected 22128 29419 25703 
Independent reflections (Rint) 7041 (0.0380) 16090 (0.0231) 6858 (0.0335) 
Data/restraints/parameters 7041/0/422 16090/0/861 6858/0/422 
Goodness-of-fit on F2 0.991 1.062 1.014 
Final R indices [I > 2σ(I)]a R1 = 0.0477, R1 = 0.0620, R1 = 0.0345, 

wR2 = 0.0941 wR2 = 0.2114 wR2 = 0.0805 
R indices (all data)a R1 = 0.0707, R1 = 0.0738, R1 = 0.0456, 

wR2 = 0.1008 wR2 = 0.2197 wR2 = 0.0855 

Table 3-5.  Crystal data for [(TpPh,Me)Zn(ZBG)] complexes with O,S ligands. 

[(TpPh,Me)Zn(10)] [(TpPh,Me)Zn(11)] [(TpPh,Me)Zn(13)] 
Empirical formula ZnC36H34BN7OS ZnC37H36BN7OS ZnC38H35BN6O2S
T/K 100(2) 100(2) 100(2) 
Crystal system Triclinic Triclinic Rhombohedral 
Space group P–1 P–1 R–3 
a/Å 12.2734(10) 11.7126(12) 26.5165(15) 
b/Å 12.3288(10) 18.0552(19) 26.5165(15) 
c/Å 25.600(2) 25.683(3) 27.736(2) 
α/° 91.1160(10) 106.762(2) 90 
β/° 101.0140(10) 90.346(2) 90 
γ/° 118.2950(10) 104.607(2) 120 
V/Å3, Z 3320.8(5), 4 5014.2(9), 6 16889(2), 18 
Dc/mg m-3 1.378 1.397 1.267 
Reflections collected 28441 43181 49140 
Independent reflections (Rint) 9389 (0.0308) 22296 (0.0495) 8668 (0.0999) 
Data/restraints/parameters 14764/0/863 22296/0/1324 8668/0/450 
Goodness-of-fit on F2 1.067 1.028 0.981 
Final R indices [I > 2σ(I)] R1 = 0.0738, R1 = 0.0648, R1 = 0.0665, 

wR2 = 0.1787 wR2 = 0.1177 wR2 = 0.1967 
R indices (all data) R1 = 0.0888, R1 = 0.1102, R1 = 0.0908, 

wR2 = 0.1864 wR2 = 0.1324 wR2 = 0.2107 
a ∑ ∑−= oco FFFR /1 , { } 2/14222

2 ][/])([ ∑∑ −= oco wFFFwR
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4 Expanding to Other Metalloproteases: Anthrax Lethal Factor
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4.A Other Metalloproteases 

In 1953, acetazolamide, an inhibitor of the zinc-dependent metalloenzyme 

carbonic anhydrase, was approved by the FDA for treatment of glaucoma and for use 

as a diuretic.[1] The enzyme had only been characterized about a decade earlier, in 

1940, when it was determined to be a zinc-containing enzyme.[2] Since then, 

numerous enzymes containing the zinc(II) ion have been isolated and characterized, 

with the zinc hydrolases making up the largest single group of zinc-dependent 

enzymes.[3] Today, the mononuclear zinc-dependent carbonic anhydrases (CAs), 

MMPs, histone deacetylases (HDACs), and anthrax lethal factor (LF) have all 

garnered substantial attention as targets of high therapeutic value. 

Figure 4-1. Generalized representation of an anthrax lethal factor inhibitor bound in the anthrax lethal 
factor active site.  Here a typical hydroxamic acid-based inhibitor is shown with the ZBG in the box. 

 

Small-molecule inhibitors of these enzymes have been devised to suppress the 

activity of each metalloprotein and thereby elicit a therapeutic effect on the relevant 

disease state.  Despite the differences in these zinc(II) metalloproteins, the design 

strategy for the inhibitors of these proteins shows substantial similarities.  In general, 
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an inhibitor for any one of the aforementioned metalloproteins consists of a 

“backbone” and a metal-binding group (Figure 4-1).  The backbone is a classic 

druglike structure that interacts with the protein through noncovalent interactions such 

as hydrogen bonding, hydrophobic packing, and electrostatics.  The backbone 

component of these inhibitors contributes to both the affinity and selectivity of these 

inhibitors for their metalloprotein targets.  The ZBG is a ligating group that serves to 

coordinate the catalytic zinc(II) ion.  In these compounds, the ZBG contributes to the 

binding affinity of the inhibitor–metalloprotein complex, but is typically not proposed 

to contribute significantly to selectivity (except perhaps for targeting metalloenzymes 

over metal-independent enzymes).  Our bioinorganic approach presented in Chapter 3, 

focusing on the interaction between the catalytic metal center and the metal-binding 

group, may be useful in the development of therapeutics for metalloenzymes other 

than MMPs. 

As mentioned above, several metalloenzymes represent promising or clinically 

validated targets.  CA catalyzes the hydration of carbon dioxide and the dehydration of 

bicarbonate, affecting a variety of processes such as regulating blood pH.[4] Diseases 

associated with CA misregulation include glaucoma, altitude sickness, edema, and 

certain cancers.[3, 5] Most inhibitors of carbonic anhydrase use either a sulfonamide or 

hydroxamate ZBG.[3, 6] As discussed in Chapter 1, MMPs are involved in the 

restructuring of the extracellular matrix and basement membrane, which is important 

for processes such as growth and wound healing, but disruption of the regulation of 

MMP activity is correlated to disease states including cardiovascular disease, asthma, 

and tumor metastasis.[7, 8] As previously mentioned, most MMP inhibitors contain a 
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hydroxamate moiety as the ZBG.  Class I and II histone deacetylases are important 

metalloenzymes in transcriptional regulation.  The regulation of gene expression by 

HDAC inhibition has been proposed as a strategy for cancer treatment and for the 

treatment of other diseases tied to gene regulation.[9, 10] Many HDAC inhibitors also 

use a hydroxamate group as the ZBG.[10-12] Of note, suberoylanilide hydroxaminc acid 

(SAHA, Zolinza, vorinostat) has been approved by the FDA for treatment of 

cutaneous T-cell lymphoma (http://www.zolinza.com).  Data suggest that some of the 

heterocyclic alternate ZBGs shown in Figure 4-2 also inhibit HDACs.[13] 

Figure 4-2. List of heterocyclic compounds examined including hydroxypyridinones (HOPOs, 1 – 4), 
pyrones (5, 6, and 8), hydroxypyridinethiones (HOPTOs, 9 – 11), thiopyrones (12, 13), and nitrogenous 
ligands (14 – 17). 

Although our bioinorganic approach was first applied to MMPs (Chapter 3), 

the focus of this chapter will be to apply the bioinorganic approach to another 

important metalloprotein target, anthrax lethal factor (LF).  Anthrax LF is one of three 

proteins involved in anthrax pathogenesis and lethality.  One of these proteins, 

protective antigen (PA), binds to cell surface receptors and is cleaved by a furin 

protease to form a 63 kDa fragment.[14] The 63 kDa fragments self-assemble to form a 
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heptameric prepore, which can bind up to three molecules of LF and/or edema factor 

(EF).  The complex is endocytosed, and in the acidic environment a pore is formed, 

which allows the release of LF and EF into the host cell.  Inactivation of the LF gene 

in B. anthracis leads to a 1000-fold or greater decrease in virulence, which suggests 

that anthrax pathology is highly dependent on LF.[15] Anthrax LF is a zinc(II)-

dependent, hydrolytic enzyme that cleaves the N terminus of the D domain of 

mitogen-activated protein kinase kinases (MAPKKs).  This cleavage impairs essential 

signal transduction pathways and results in macrophage apoptosis along with other 

harmful consequences for the host.[14, 16, 17] 

Anthrax lethal factor includes four domains: a protective antigen-binding 

domain, a VIP2-like domain, a helix bundle domain, and a catalytic domain (Figure 

4-3).[18] One face of the protective antigen binding domain (domain I) binds to two 

adjacent PA units with Glu135 and Asp182 of domain I forming important 

interactions with Lys197 on adjacent subunits of oligomeric PA.[19] The helix bundle 

domain (domain III) is required for LF activity sharing a hydrophobic surface with the 

catalytic domain (domain IV).[18] Domain III restricts active site access and 

contributes to substrate specificity.  Domain IV contains a nine-helix bundle that is 

packed against a four-stranded-β-sheet.  The catalytic zinc(II) ion is coordinated in a 

tetrahedral geometry by a water molecule, Glu735, and two histidine residues from the 

HEXXH motif (His686 and His690).[18] Glu687 from the HEXXH motif is positioned 

to act as a general base to activate the zinc-bound water for catalysis while Tyr728 is 

positioned to act as a general acid to protonate the amine leaving group.[18] 
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Figure 4-3. Ribbon representation of LF colored by domain: I, PA binding domain (red); II, VIP2-like 
domain (green); III, helix bundle domain (blue); and IV, catalytic domain (purple).  The zinc(II) ion is 
shown in orange.  PDB ID: IJKY.[18] 

Bioterrorism and inadequate treatments for anthrax, especially at late stages of 

infection, have amplified interest in finding effective anthrax lethal factor inhibitors.  

Current FDA-approved treatments for anthrax infection involve antibiotics, which kill 

the bacteria, but do not neutralize any toxins that have been released.  Admnistration 

of a combination of antibiotics and toxin neutralizers (such as LF inhibitors) will help 

minimize the harmful effects of anthrax infection.  Several approaches have led to the 

identification of a variety of LF inhibitors.[20-23] The method of library screening and 

optimization has led to LF inhibitors such as NSC 12155 and neomycin B (Figure 

4-4);[22, 24] the aminoglycoside neomycin B has the dual effect of being an effective 
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antibiotic and a nanomolar lethal factor inhibitor (LFi).[22] Other methods used to 

identify anthrax LF inhibitors include fragment-based NMR screening (BI-11B3, 

Figure 4-4),[25] mass-spectrometry-based screening,[26] and re-examination of 

inhibitors of other metalloproteinases and related hydroxamate-based compounds.[27-

30] The compound (−)epigallocatechin-3-gallate (EGCG, Figure 4-4), which is found 

in green tea and is known to inhibit some MMPs, inhibits anthrax LF in vitro and in 

macrophage cell culture.[20] Another example of a hydroxamate-based inhibitor tested 

as an LFi is the broad-spectrum MMPi GM6001 (Figure 4-4).[30] GM6001 was found 

to be an effective LFi in vitro and in cell culture.[30] Structural characterization of 

GM6001 in the LF active site shows that the hydroxamate group of the inhibitor 

chelates the catalytic zinc(II) ion.[30] Indeed, the direct binding of the active-site 

zinc(II) ion is proposed to be important in the majority of LF inhibitors described to 

date.[22, 24, 25, 30] The ZBGs, shown in Figure 4-1, were selected based on their 

inhibition of MMPs, as well as their potential to overcome the limitations associated 

with hydroxamate-based inhibitors.[31] This chapter presents inhibition data for 

anthrax LF by the heterocyclic chelators depicted in Figure 4-2.  We also report the 

potency and binding of novel, complete LF inhibitors based on thiopyrone chelators 

(AM-2S, PY-2S, and PY-3S, Figure 4-5).  We introduce computational predictions of 

the binding mode for AM-2S.



163

Figure 4-4. Some previously described LF inhibitors: NSC 12155, neomycin B, BI-11B3, EGCG, and 
GM6001.  The ZBG of each full-length inhibitor is boxed if known. 

Figure 4-5. Novel LF inhibitors AM-2S, PY-2S, and PY-3S based on the heterocyclic ZBGs examined 
herein.  The ZBG is boxed.  
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4.B Fluorescence Assays with Anthrax LF 

The in vitro potencies of compounds 1 – 17 (Figure 4-2) against LF were 

evaluated in an assay based on established procedures by using a fluorescent peptide 

substrate (Table 4-1).[32] Upon cleavage of the fluorescent substrate, (Cou)-N-Nle-

Lys-Lys-Lys-Lys-Val-Leu-Pro-Ile-Gln-Leu-Asn-Ala-Ala-Thr-Asp-Lys-(QSY-35)-

Gly-Gly-NH2 (Cou = 7-hydroxy-4-methyl-3-acetylcoumarinyl; QSY-35 = N-(4-((7-

nitro-2,1,3-benzoxzdiazol-4-yl)amino)phenyl)acetyl), at the Pro-Ile bond, the Cou 

fluorescence (λex = 380 nm, λem = 450 nm) was measured.  Compounds 1 – 17 were 

compared with the hydroxamate group used in many LF inhibitors and 

metalloproteinase inhibitors, as represented by acetohydroxamic acid (AHA, Figure 

4-2).  It is important to recognize that compounds 1 – 17 represent only the ZBG 

portion of a metalloproteinase inhibitor.  These ZBGs can be used as platforms to 

which backbone substituents can be added to provide additional potency and 

selectivity, resulting in complete LF inhibitors.  The O,O donor ligands 1, 2, 3, 5, and 

8 on average, showed inhibition similar to that of AHA. Compound 4 had very poor 

water solubility, and compound 6 showed no inhibition up to its solubility limit of ~6 

mM.  Compound 7 had an IC50 value of ~300 µM against LF and had potency 

comparable to the O,S donor ligands.  This suggests that inhibitors based on 1, 2, 3, 5,

and 8 will have similar potencies compared to hydroxamate-based LF inhibitors but 

may avoid some of the clinical shortcomings of hydroxamate-based metalloproteinase 

inhibitors.[31] Ligand 7 is the best inhibitor for anthrax LF of the O,O donor ligands, 

which is consistent with data for 7 against MMP-3.  Furthermore, O,S donor ligands 9
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– 13 showed improved LF inhibition over AHA (Table 4-1).  This is consistent with 

our findings presented in Chapter 3, which show that sulfur-containing ligands inhibit 

zinc-dependent metalloproteinases more effectively than their O,O analogs.   

Table 4-1. IC50 values for ZBGs against anthrax LF and against MMP-3 in a fluorescence-based assay. 

ZBG LF IC50 (µM)a Potency vs. AHAb MMP-3 IC50 (µM)a Potency vs. AHAb

AHA 11400 ± 1000 Not applicable 25000 ± 4000 Not applicable 
1 6100 ± 500 1.9-fold 5700 ± 200 4.4-fold 
2 6570 ± 160 1.7-fold 1600 ± 100 16-fold 
3 32000 ± 3000 0.36-fold 5100 ± 200 4.9-fold 
5 27000 ± 3000 0.42-fold 7200 ± 1200 3.5-fold 
6 >6000 ND 5700 ± 100 4.4-fold 
7 310 ± 60 37-fold 1390 ± 80c 18-foldd

8 9900 ± 700 1.2-fold 5700 ± 300c 4.4-foldd

9 3900 ± 200 2.9-fold 35 ± 3 717-fold 
10 690 ± 70 16-fold 362 ± 3 69-fold 
11 1460 ± 60 7.8-fold 140 ± 20 183-fold 
12 204 ± 16 56-fold 120 ± 40 213-fold 
13 260 ± 30 43-fold 210 ± 20 120-fold 
14 3500 ± 300 3.3-fold 181 ± 10 140-fold 
15 5700 ± 700 2.0-fold 154 ± 13 160-fold 
16 370 ± 40 31-fold 136 ± 9 180-fold 
17 930 ± 30 12-fold 180 ± 30 140-fold 
AM-2S 13.9 ± 0.3 820-fold 5.5 ± 0.6 4500-fold 
PY-2S 38 ± 5 300-fold ND Not applicable 
PY-3S 18.5 ± 1.4 610-fold ND Not applicable 
Compound 4 was not evaluated due to poor aqueous solubility.  a Obtained from at least three 
independent experiments.  b Reported relative to AHA based on fluorescence assay.  c Values from a 
colorimetric assay.  d Based on IC50 values from MMP-3 colorimetric assay.  ND = not determined. 
 

Although alternate ZBGs 1 – 13 show promise for incorporation into potent 

LFi, as discussed in Chapter 2, these ligands readily form metal complexes with a 

variety of metals including iron(III), nickel(II), copper(II), cobalt(II), zinc(II), and 

lead(II).  Therefore, the nitrogenous ligands 14 – 17 (Figure 4-2) were studied as 

alternate ZBGs to expand the ZBG library and to gain more selectivity for zinc(II) 

over other biologically relevant metal ions.  Compounds 14 – 17 are nitrogen and 

mixed nitrogen/oxygen donor atom binding groups as opposed to ligands 1 – 8 with 
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oxygen/oxygen and ligands 9 – 13 with oxygen/sulfur donor atoms.  The nitrogenous 

ligands were chosen based on their binding preference for transition metals such as 

copper(II) and zinc(II) over other metals such as magnesium(II), calcium(II), 

manganese(II), colbalt(II), and nickel(II).[33-35] For example, derivatives of ZBG 15 

bind zinc(II) with higher affinity than calcium(II) or magnesium(II) (log K = 11.8, 

4.20, and 3.97 for zinc(II), calcium(II), and magnesium(II), respectively).[36] 

Derivatives incorporating ZBGs such as 15 (dipicolylamine, DPA) and 17 (1,4,7,10-

tetraazacyclododecane, cyclen) are used in zinc(II)-selective sensors.[33-35] Therefore, 

ZBGs 14 – 17 should be biocompatible in addition to having improved zinc(II) 

selectivity compared to other metal-binding groups explored to date.  The nitrogenous 

ligands 14 – 17 also proved to be comparable or better inhibitors of LF than AHA.

Notably, the alternate ZBGs of Figure 4-2 are generally less potent against anthrax LF 

compared to MMP-3.  The crystal structures of LF available in the PDB have a more 

constricted active site compared to the exposed MMP active site.  The three overlays 

of ZBG 13, templated from the model complex crystal structure coordinates, in the LF 

active site discussed below all have unfavorable steric interactions with LF (PDB 

code: 1PWQ[30]); one has unresolvable steric clashes with the protein.  In contrast, the 

overlays of 13 based on the coordinates from [(TpPh,Me)Zn(13)] do not result in steric 

clashes with MMP (PDB code: 1G4K[37]). 

To obtain potent, selective metalloproteinase inhibitors, the ZBG must be 

appended to a backbone moiety to target the protein of interest.  GM6001 (Figure 4-4) 

has a hydroxamate ZBG that is attached to a complex backbone with a hydrophobic 

leucine mimetic at the P1′ position;[30] the result is that GM6001 is a very potent, 
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broad spectrum MMPi as well as a potent LFi.  This motif, a ZBG appended with a 

hydrophobic P1′ substituent, has been suggested as a general strategy for obtaining 

potent LF inhibitors.[30] Based on this construct, we attached a biphenyl backbone to a 

thiopyrone ZBG (compounds 12 and 13) to obtain the inhibitors AM-2S (27), PY-2S 

(33), and PY-3S (36) (Scheme 4-1 and Scheme 4-2).  Evaluation of AM-2S, PY-2S,

and PY-3S in the LF assay gave IC50 values of ~14, 38, and 19 µM, respectively, 

against LF (Table 4-1).  This value is similar to those of several reported LF 

inhibitors,[38] including GM6001, which has been found to have an IC50 value of 2 – 

20 µM.[25, 30] 

Scheme 4-1. Synthesis of AM-2S (27).  Steps a) – i) were performed according to literature 
procedures.[39, 40] a) SOCl2, RT, 76%; b) Zn/HCl, H2O, 65 – 70 °C, 63%; c) HCHO, NaOH, H2O, RT, 
82%; d) BnBr, NaOH (aq.), MeOH, 80 °C, 80%; e) SO3·pyridine, Et3N, DMSO, CHCl3, RT, 88%; f) 
NH2SO3H, NaClO2, H2O/acetone, RT, 85%; g) NHS, DCC, dry THF, RT; h) R–NH2, THF, RT, 90% (2 
steps); i) 10% Pd/C, H2 (g), 35 psi, MeOH, 76%; j) P4S10, HMDO, benzene, 90 °C, 50%. 
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Scheme 4-2.  Synthesis of PY-2S (33) and PY-3S (36).  a) BnCl, NaOH (aq.), MeOH, 80 °C, 80%; b) 
SeO2, bromobenzene, 155 °C, 81%; c) NH2SO3H, NaClO2, H2O/acetone, RT, 59%; d) NHS, DCC, dry 
THF, RT; e) R–NH2, THF, RT, 55 – 85% (2 steps); f) CH3COOH/HCl, RT, 40 – 95% g) P4S10, HMDO, 
benzene, 90 ºC, 83%. 
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4.C Computational Modeling of AM-2S 

Binding modes of AM-2S within the LF active site were investigated 

computationally using AMBER.[41] A complete set of conformers was generated for 

AM-2S, and each conformer was aligned with the crystal structure of LF (PDB code: 

1PWQ[30]) based on two possible positions for the ZBG (Section 4.E.iii).  The ZBG 

was positioned in the active site of LF based on the model complex crystal structures 

of [(TpPh,Me)Zn(13)] (Chapter 3).[40] Each alignment of every conformer was energy-

minimized under generalized Born solvation while harmonically restraining the 

coordinates of the protein, zinc(II) ion, and ZBG.   

The generalized Born[42] model was used to define the dielectric boundary 

between the solute and solvent.  The boundaries are related to two of the most 

commonly used surface definitions, the van der Waals surface (vdWS) and the 

molecular surface (MS).  With a vdWS, any point not inside a solute atom is defined 

as solvent; with an MS, only points outside the surface defined by rolling a solvent 

sphere over the solute are defined as solvent.  The MS has the attractive property of 

excluding any space smaller than a water molecule from the solvent region, whereas 

the vdWS defines these small crevices between solute atoms as containing water.  

vdWS (or related smoothed surfaces) are commonly used in implicit solvent models 

because they are computationally more tractable than MS, but recent results have 

shown that the nonphysical solvent pockets allowed by vdWS can cause errors in 

protein solvation free energies and hydrogen bonding potentials.[43] The generalized 

Born model attempts to emulate the properties of an MS and is based on a vdWS with 

a geometrically based pairwise correction term; this term corrects for solvent pockets 
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near the surface as well as within the core of the protein.  The generalized Born model 

identified the structure shown in Figure 4-6 as having the lowest free energy.  This 

structure is 2.5 kcal mol–1 lower in energy than the next-best conformer.  The biphenyl 

group is found in the substrate-binding groove of LF near the binding location of that 

observed for the LF20 peptide.[30] 

Figure 4-6. Lowest energy configuration of AM-2S (27) in the LF active site as identified by the 
generalized Born model.  AM-2S is colored by atom type, and the active-site zinc(II) ion is represented 
by an orange sphere. 

 

The configuration illustrated in Figure 4-6 is approximately 28 kcal mol–1 

lower in energy than the best alternative in the second ZBG orientation illustrated in 

Figure 4-7.  Nevertheless, Figure 4-7 may represent a relevant configuration, as there 

are unfavorable steric interactions between the ZBG and protein for both ZBG 

orientations, but they are considerably worse for the conformers in Figure 4-7.  It was 

necessary to keep the protein fairly rigid so that the minimizations would be 
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computationally tractable, which precluded these unfavorable interactions from being 

relaxed in the computational modeling.  Although it seems likely that the protein 

would be sufficiently flexible to decrease or eliminate these interactions, there is no 

straightforward way to calculate the resulting conformations or energies.  Therefore, 

while it is reasonable to compare the relative energies of different poses with the same 

ZBG orientation, no fair comparison can be made between poses having different 

ZBG orientations on the basis of the results presented herein.  Until further studies 

have been conducted that incorporate greater protein flexibility or alternate protein 

conformations that do not clash with the ZBG, the poses illustrated in Figure 4-6 and 

Figure 4-7 should both be considered valid possibilities. 

Figure 4-7. Lowest-energy configuration of AM-2S (27) in the LF active site for the second ZBG 
orientation as identified by the generalized Born model.  AM-2S is colored by atom type, and the 
active-site zinc(II) ion is represented by an orange sphere. 
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The computational docking studies of AM-2S into LF described above are 

consistent with crystallographic data and existing models for developing LF inhibitors.  

For example, a pharmacophore model for lethal factor inhibitors has been developed 

by Panchal and co-workers focusing on aromatic centers and polar centers for 

hydrogen bonding (Figure 4-8).[24] Small organic compounds from the US National 

Cancer Institue Diversity Set with >50% LF inhibition at 20 µM inhibitor 

concentration were used to develop pharmacophoric models.  These models were used 

to identify additional LF inhibitors by 3D database mining, and after refinement using 

X-ray crystallographic data and molecular docking studies, a pharmacophore model 

based on six compounds was developed.[24] The computationally predicted binding of 

AM-2S in LF overlaps with aromatic regions of the described pharmacophore model 

(Figure 4-9). 

 

Figure 4-8.[24] General pharmacophore model of LF inhibitors.  a) Distances between pharmacophore 
centers are listed along the black dashed lines.  Green ellipses represent aromatic centers, red ellipses 
represent polar centers, and blue regions represent neutral areas.  b) Pharmacophoric overlap of LF 
inhibitors with coloring by atom.  Carbon atoms for NSC 12155, yellow; for NSC 357756, magenta; for 
NSC 369721, green; for NSC 369728, light blue.  The pharmacophore model is based on X-ray 
crystallographic data, molecular docking studies, and 3D database mining. 

 

a) b)
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Figure 4-9. Comparison of a) X-ray crystallographic data of NSC 12155 bound to LF (PDB ID: 
1PWP)[24] with the inhibitor colored by atom and the zinc(II) ion shown in magenta and b) 
computational modeling of AM-2S in the LF active site with the inhibitor colored by atom and the 
zinc(II) ion shown in orange. 
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4.D Conclusions 

Of the ZBGs 1 – 13 that were evaluated against anthrax LF, the O,O donor 

ligands on average, showed inhibition similar to that of AHA. Of the O,O donor 

ligands, 7 was the most potent against both LF and MMP-3.  The O,S donor ligands 9

– 13 were more potent than their O,O analogs against both anthrax LF and MMP-3.  

Consistent with our hypothesis that nitrogenous ligands would serve as potent 

alternate chelators for zinc(II)-metalloproteins, the compounds 14 – 17 were more 

potent against both LF and MMP-3 than AHA. These ZBGs may also show improved 

selectivity for zinc(II)-proteins over other metalloproteins.  In general, the ZBGs were 

more potent against MMP-3 compared to LF, which may reflect differences in active 

site accessibility.   

With a library of potent ZBGs that represent alternatives to a hydroxamic acid 

ZBG in hand, full-length inhibitors based on a sulfur-containing ZBG were 

synthesized.  Full-length inhibitors based on a thiopyrone ZBG showed increased 

inhibition against LF compared to the ZBG without a backbone and had similar 

potencies to other LF inhibitors found in the literature.  The low micromolar potencies 

of inhibitors using a sulfur-containing ZBG attached to a simple biphenyl backbone 

were exciting results.  These results suggest that with rational design, potent, novel 

inhibitors of LF based on the proposed alternate ZBGs can be developed.  The 

computational results presented herein revealed potential binding modes of AM-2S 

(27).  The results also highlight difficulties in modeling protein flexibility and 

solvation with current computational modeling methods.  However, comparison of the 

predicted binding modes of AM-2S to co-crystallization data of LF with NSC12155 
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(Figure 4-4) suggested overlap between aromatic centers of a proposed 

pharmacophore model.[24] 
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4.E Experimental 

Unless otherwise noted, starting materials were obtained from commercial 

suppliers and used without further purification.  Compounds are numbered according 

to Figure 4-2.  Compounds 3,[44, 45] 5,[46] 19 – 24,[39] and 3-benzyloxy-2-methyl-4-

pyrone (28, Scheme 4-2)[47] were synthesized according to literature procedures.  

Compounds 8, and 10 – 13 were synthesized as described in Chapter 2, Section 2.J.i.  

Elemental analysis was performed at NuMega Resonance Labs, Inc. (San Diego, CA).  

1H/13C NMR spectra were recorded on a Varian FT-NMR spectrometer running at 300 

or 400 MHz located in the Department of Chemistry and Biochemistry, University of 

California, San Diego.  Mass spectra were acquired at the Small Molecule Mass 

Spectrometry Facility located in the Department of Chemistry and Biochemistry at the 

University of California, San Diego.  A ThermoFinnigan LCQ-DECA mass 

spectrometer was used for the APCI and ESI analysis, and the data were analyzed 

using the Xcalibur software suite.  A ThermoFinnigan MAT 900XL mass 

spectrometer was used to acquire the data for the high resolution mass spectra 

(HRMS).  The value ∆ is the error in the measurement (in ppm), given by the equation 

∆ = [(ME – MT)/MT] × 106, where ME is the experimental mass and MT is the 

theoretical mass.  The HRMS spectra were obtained with fast atom bombardment 

(FAB) as the ion source with 3-nitrobenzylalcohol as the matrix. 

4.E.i Synthesis of Full-length LF Inhibitors 

N-(biphenyl-4-ylmethyl)-3-hydroxy-6-methyl-4-thioxo-4H-pyran-2-

carboxamide (AM-2S, 27).  N-(biphenyl-4-ylmethyl)-3-hydroxy-6-methyl-4-oxo-4H-
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pyran-2-carboxamide (AM-2, 26) was synthesized according to literature 

procedure.[40] 26 (200 mg, 0.60 mmol) was suspended in benzene (80 mL) and 

dissolved upon heating to ~65 °C.  HMDO (323 mg, 2.0 mmol) and P4S10 (97 mg, 0.2 

mmol) were added to the stirring solution.  The reaction flask was fitted with a 

condenser, and heated to reflux (~90 °C) under a dinitrogen atmosphere for 1.5 h.  

After heating, a small amount of brown precipitate was removed by vacuum filtration, 

and the filtrate was concentrated to give a red-orange residue.  The residue was 

purified by silica flash chromatography using a preconditioned column.  The column 

was prepared so as to remove excess metal ions from the silica before loading of the 

reaction mixture.  6 (~50 mg) was dissolved in 5% MeOH in CH2Cl2 (~100 mL) and 

flushed through the packed silica column.  Rinsing with a solution of 6 was continued 

until no red color was observed as a mobile band moving through the silica.  Upon 

disappearance of any red color from the column, two more column volumes of a 

solution of 6 were added to ensure complete demetallation of the silica.  Finally, the 

column was flushed with 2 × 200 mL of 1% MeOH in CH2Cl2 to remove any 

remaining compound 6. The reaction mixture was then loaded onto the conditioned 

column and eluted with 1% MeOH in CH2Cl2 to obtain the desired product as a bright 

yellow band.  After removal of solvent on a rotary evaporator, the product was 

obtained as an orange microcrystalline solid.  Yield:  50%.  1H NMR (CDCl3, 400 

MHz, 25 °C): δ 2.43 (s, 3H, pyrone–CH3), 4.71 (d, J = 5.6 Hz, 2H, –CH2), 7.32 (s, 1H, 

pyrone–H), 7.36 (m, 1H, Ar–H), 7.44 (m, 4H, Ar–H), 7.58 (m, 4H, Ar–H), 7.99 (br s, 

1H, amide–H), 9.53 (s, 1H, pyrone–OH).  13C NMR (CDCl3, 100 MHz, 25 °C): δ

19.8, 43.6, 124.2, 126.8, 127.2, 127.3, 128.1, 128.6, 132.2, 136.1, 140.3, 140.6, 149.5, 
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159.2, 160.3, 190.1.  APCI–MS:  m/z 350.09 [M – H]–. FAB–HRMS Calc. for 

C20H18NO3S [M + H]: 352.1002.  Found, ∆: 352.1004, 0.7 ppm.  Anal. Calc. for 

C20H17NO3S:  C, 68.36; H, 4.88; N, 3.99.  Found:  C, 67.98; H, 4.89; N, 4.16%. 

3-(Benzyloxy)-4-oxo-4H-pyran-2-carbaldehyde (29). Synthesis was based 

on literature procedure.[48] 3-(Benzyloxy)-2-methyl-4H-pyran-4-one (28, 10.1 g, 46 

mmol) was dissolved in 100 mL of bromobenzene with heat in a 500 mL roundbottom 

flask.  SeO2 (15.4 g, 139 mmol, 3 equiv) was added to the stirring mixture.  The 

reaction flask was fitted with a condenser and was heated to reflux (~155 °C) under a 

dinitrogen atmosphere overnight.  After heating, a black powder was removed by 

vacuum filtration, and the orange filtrate was concentrated to give brown oil.  The oil 

still contained some black solid, so the residue was taken up in ~100 mL of diethyl 

ether.  The solid was removed by vacuum filtration, and the filtrate was concentrated 

by rotary evaporation to give red-brown oil.  The product was dried on a Schlenk line 

with a vacuum pump.  Yield: 81%.  1H NMR (CDCl3, 400 MHz, 25 °C): δ 5.48 (s, 2H, 

benzyl–CH2–), 6.51 (d, J = 5.2 Hz, 1H, Ar–H), 7.33 (s, 5H), 7.74 (d, J = 6.0 Hz, 1H, 

Ar–H), 9.84 (s, 1H, aldehyde–H).  

3-(Benzyloxy)-4-oxo-4H-pyran-2-carboxylic acid (30). Synthesis was based 

on literature procedure.[48] 29 (7.3 g, 32 mmol) was dissolved in 50 mL of ddH2O and 

75 mL of acetone to give a clear, red-orange solution.  Sulfamic acid (4.3 g, 44 mmol, 

1.4 equiv) was added to the stirring open vessel at room temperature.  80% NaClO2

(3.0 g, 33 mmol, 1.05 equiv) was added in portions to give a golden yellow solution.  

The reaction was stirred at room temperature with the vessel open to the air for 2 h.  

Yield: 59%.  1H NMR (CDCl3, 300 MHz, 25 °C): δ 5.64 (s, 2H, benzyl–CH2–), 6.52 



179

(d, J = 5.7 Hz, 1H, Ar–H), 7.38 (s, 5H), 7.81 (d, J = 5.7 Hz, 1H, Ar–H).  ESI–MS(+): 

m/z 268.93 [M + Na]+.

3-(Benzyloxy)-N-(biphenyl-4-ylmethyl)-4-oxo-4H-pyran-2-carboxamide 

(PY-2P, 31).  To a suspension of 30 (1.0 g, 4.1 mmol) in dry THF (~40 mL) was 

added NHS (467 mg, 4.1 mmol, 1 equiv), and the mixture was stirred at room 

temperature under a dinitrogen atmosphere for 30 min.  DCC (840 mg, 4.1 mmol, 1 

equiv) was then added, and the reaction was stirred at room temperature under a 

dinitrogen atmosphere for 3 h.  The DCU was removed by vacuum filtration, and 4-

phenylbenzylamine (744 mg, 4.1 mmol, 1 equiv) was added as a solid to the resulting 

filtrate.  The reaction was stirred at room temperature overnight under a dinitrogen 

atmosphere.  The solvent was removed by rotary evaporation to yield a yellow residue.  

The residue was taken up in CHCl3 (50 mL) and washed with 2 × 50 mL saturated 

sodium bicarbonate solution.  The CHCl3 layer was dried over magnesium sulfate and 

concentrated by rotary evaporation to an off-white solid.  This residue was suspended 

in EtOH (2 × 30 mL) and sonicated.  The white product was isolated by vacuum 

filtration and air dried.  A second batch of product was harvested from cold EtOH by 

vacuum filtration.  Yield: 86%.  1H NMR (d6–DMSO, 300 MHz, 25 °C): δ 4.44 (d, J =

6.0 Hz, 2H, backbone benzyl–CH2–), 5.16 (s, 2H, benzyl–CH2–), 6.53 (d, J = 5.7 Hz, 

1 H, Ar–H), 7.33 (m, 8H), 7.46 (t, J = 7.7 Hz, 2H), 7.55 (d, J = 8.4 Hz, 2H), 7.61 (d, J

= 7.8 Hz, 2H), 8.20 (d, J = 5.4 Hz, 1H, Ar–H), 9.18 (t, J = 5.9 Hz, 1 H, amide–H).  

ESI-MS(+): m/z 434.02 [M + Na]+, 411.94 [M + H]+.

N-(biphenyl-4-ylmethyl)-3-hydroxy-4-oxo-4H-pyran-2-carboxamide (PY-

2, 32).  31 (634 mg, 1.5 mmol) was dissolved in 34 mL of a 1:1 solution of 
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concentrated HCl and glacial acetic acid.  The solution was stirred at room 

temperature under a dinitrogen atmosphere for 48 h.  The reaction was co-evaporated 

with methanol (4 × 75 mL) to yield a white solid.  This solid was dried under vacuum.  

Yield: 40%.  1H NMR (d6–DMSO, 300 MHz, 25 °C): δ 4.51 (d, J = 5.7 Hz, 2H, 

backbone benzyl–CH2–), 6.46 (d, J = 5.4 Hz, 1 H, Ar–H), 7.42 (m, 5H), 7.62 (m, 4H), 

8.16 (d, J = 5.4 Hz, 1H, Ar–H), 9.36 (t, J = 5.9 Hz, 1 H, amide–H).  APCI–MS(+): m/z 

321.89 [M + H]+.

N-(biphenyl-4-ylmethyl)-3-hydroxy-4-thioxo-4H-pyran-2-carboxamide 

(PY-2S, 33).  32 (134 mg, 0.42 mmol) was suspended in chloroform (60 mL) and 

dissolved upon heating to ~60 °C.  HMDO (225 mg, 1.4 mmol, 3.3 equiv) and P4S10 

(67 mg, 0.15 mmol, 0.36 equiv) were added to the stirring solution.  The reaction flask 

was fitted with a condenser, and heated to reflux (~70 °C) under a dinitrogen 

atmosphere for 7.75 h.  After heating, a dark brown solid was removed by vacuum 

filtration, and the filtrate was concentrated to give a brown residue.  The residue was 

recrystallized from a 1:2 mixture of benzene:CHCl3 by slow evaporation.  1H NMR 

(CDCl3, 400 MHz, 25 °C): δ 4.71 (d, J = 5.2 Hz, 2H, –CH2–), 7.35 (m, 6H), 7.57 (t, J

= 6.4 Hz, 4H), 7.73 (d, J = 5.2 Hz, 1 H, Ar–H), 7.91 (s, br, 1H, amide–H), 9.69 (s, br, 

1H, –OH).  APCI–MS(+): m/z 337.87 [M + H]+. EI–HRMS Calc. for C19H15O3NS 

[M]: 337.0767.  Found, ∆: 337.0772, 0.4 ppm.  Perfluorokerosene reference. 

3-(Benzyloxy)-N-(2-(biphenyl-4-yl)ethyl)-4-oxo-4H-pyran-2-carboxamide 

(PY-3P, 34). To a suspension of 30 (666 mg, 2.7 mmol) in dry THF (25 mL) was 

added NHS (311 mg, 2.7 mmol, 1 equiv), and the mixture was stirred at room 

temperature under a dinitrogen atmosphere for 30 min.  DCC (558 mg, 2.7 mmol, 1 
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equiv) was then added, and the reaction was stirred at room temperature under a 

dinitrogen atmosphere for 3 h.  The DCU was removed by vacuum filtration, and to 

the resulting filtrate was added 2-(4-biphenyl)ethylamine (533 mg, 2.7 mmol, 1 equiv) 

as a solid.  A precipitate formed immediately after the addition of the amine.  The 

reaction was stirred at room temperature overnight under a dinitrogen atmosphere.  

The solvent was removed by rotary evaporation to yield an off-white solid.  The solid 

was taken up in CHCl3 (25 mL) and washed with 2 × 50 mL saturated sodium 

bicarbonate solution.  The CHCl3 layer was dried over magnesium sulfate and 

concentrated by rotary evaporation to an off-white residue.  This residue was taken up 

in CHCl3 and purified by silica flash chromatography.  The product eluted with 

CHCl3. The white product was dried on a Schlenk line with a vacuum pump for 3.5 h.  

Yield: 55%.  1H NMR (CDCl3, 400 MHz, 25 °C): δ 2.71 (t, J = 7.0 Hz, 2H, ethyl–

CH2–), 3.53 (q, J = 6.5 Hz, 2H, ethyl–CH2–), 5.28 (s, 2H, benzyl–CH2–), 6.45 (d, J =

6.0 Hz, 1 H, Ar–H), 7.20 (m, 5H), 7.33 (m, 5H), 7.41 (t, J = 7.8 Hz, 1H), 7.53 (t, J =

7.2 Hz, 4H), 7.81 (d, J = 5.6 Hz, 1H, Ar–H).  13C NMR (CDCl3, 100 MHz, 25 °C): δ

34.7, 41.0, 75.2, 117.4, 126.8, 127.1, 127.3, 128.6, 128.7, 128.9, 129.0, 129.1, 135.0, 

137.3, 139.5, 140.5, 146.8, 146.9, 154.3, 158.6, 175.5.  ESI–MS(+): m/z 448.05 [M + 

Na]+.

N-(2-(biphenyl-4-yl)ethyl)-3-hydroxy-4-oxo-4H-pyran-2-carboxamide 

(PY-3, 35).  34 (565 mg, 1.3 mmol) was dissolved in 30.7 mL of a 1:1 solution of 

concentrated HCl and glacial acetic acid.  The solution was stirred at room 

temperature under a dinitrogen atmosphere for 24 h.  The reaction was co-evaporated 

with methanol (3 × 30 mL) to yield an off-white solid.  Yield: 95%.  1H NMR (CDCl3,
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400 MHz, 25 °C): δ 2.97 (t, J = 7.0 Hz, 2H, ethyl–CH2–), 3.76 (q, J = 6.5 Hz, 2H, 

ethyl–CH2–), 6.45 (d, J = 6.0 Hz, 1H, Ar–H), 6.81 (s, br, amide–H), 7.32 (m, 4H), 

7.43 (t, J = 7.6 Hz, 1H), 7.56 (m, 4H), 7.67 (d, J = 6.0 Hz, 1H, Ar–H).  13C NMR 

(CDCl3, 100 MHz, 25 °C): δ 35.1, 40.1, 115.3, 126.8, 127.2, 127.4, 128.7, 129.0, 

135.9, 136.8, 139.6, 140.4, 152.9.  ESI–MS(+): m/z 358.06 [M + Na]+.

N-(2-(biphenyl-4-yl)ethyl)-3-hydroxy-4-thioxo-4H-pyran-2-carboxamide 

(PY-3S, 36).  35 (390 mg, 1.2 mmol) was suspended in benzene (120 mL) and 

dissolved upon heating to ~65 °C.  HMDO (627 mg, 3.9 mmol, 3.3 equiv) and P4S10 

(186 mg, 0.4 mmol, 0.36 equiv) were added to the stirring solution.  The reaction flask 

was fitted with a condenser, and heated to reflux (~90 °C) under a dinitrogen 

atmosphere for 2 h.  After heating, a small amount of yellow solid was removed by 

vacuum filtration, and the filtrate was concentrated to give an orange residue.  The 

residue was purified by silica flash chromatography using a preconditioned column.  

The column was prepared so as to remove excess metal ions from the silica before 

loading of the reaction mixture.  6 (~50 mg) was dissolved in 5% MeOH in CHCl3

(~100 mL) and flushed through the packed silica column.  Rinsing with a solution of 6

was continued until no red color was observed as a mobile band moving through the 

silica.  Upon disappearance of any red color from the column, two more column 

volumes of the solution of 6 were added to ensure complete demetallation of the silica.  

Finally, the column was flushed with 2×200 mL of 1% MeOH in CHCl3 to remove 

any remaining 6. The reaction mixture was then loaded onto the conditioned column 

and eluted with 1% MeOH in CHCl3 to obtain the desired product as a bright yellow 

band.  After removal of solvent on a rotary evaporator, crude product was obtained as 
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an orange solid.  The product was then recrystallized from hot benzene.  Yield: 83%.  

1H NMR (CDCl3, 400 MHz, 25 °C): δ 2.97 (t, J = 7.0 Hz, 2H, ethyl–CH2–), 3.78 (q, J

= 6.7 Hz, 2H, ethyl–CH2–), 6.70 (s, br, 1H, amide–H), 7.31 (m, 3H), 7.42 (m, 3H), 

7.56 (t, J = 7.8 Hz, 4H), 7.69 (d, J = 4.8 Hz, 1H, Ar–H).  APCI–MS(+): m/z 352.04 [M 

+ H]+. FAB–HRMS Calc. for C20H18O3NS [M + H]: 352.1002.  Found, ∆: 352.1000, 

–0.5 ppm.  Polyethylene glycol reference. 

4.E.ii Fluorescence-Based Assays 

Fluorescent MMP Assays.  MMP-3 (E. coli recombinant human stromelysin 

catalytic domain, aa 83-255) activity was measured utilizing a 96-well microplate 

fluorescent assay kit purchased from Biomol Research Laboratories, following the 

procedure provided with the kit.  Experiments were performed using a Bio-Tek Flx 

800 fluorescence plate reader and Nunc white 96-well plates.  The inhibitors were 

dissolved in DMSO and further diluted (500×) into the assay buffer (50 mM MES, 10 

mM CaCl2, 0.05% Brij-35, pH 6.0).  Compound 17 was dissolved directly into assay 

buffer.  MMP-3 (~20 nM) was incubated with varying concentrations of inhibitors for 

1 h at 37 °C, followed by addition of substrate to initiate the assay.  The reactions 

were agitated by shaking for 1 sec after each fluorescence measurement. Upon 

cleavage of the fluorescent substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 (0.4 

mM concentration in assay, Mca = (7-methoxycoumarin-4-yl)-acetyl, Dpa = N-3-(2,4-

dinitrophenyl)-L-α-β-diaminopropionyl) at the Gly-Leu bond, Mca fluorescence (λex =

335 nm, λem = 405 nm) was measured at 60-second intervals for 15 – 20 minutes. 
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Recombinant Anthrax Lethal Factor Assays.  Activities of Bacillus 

anthracis recombinant anthrax lethal factor (LF, Calbiochem) were measured 

following literature procedures with some modifications.[32] Experiments were 

performed using a Bio-Tek Flx 800 fluorescence plate reader and Nunc white 96-well 

plates.  The inhibitors (Figure 4-2) were dissolved in DMSO and further diluted 500-

fold in assay buffer (20 mM HEPES, 1.0 mM CaCl2, 0.1 mg/mL BSA, 0.01% Tween-

20, pH 7.0).  Compound 17 was dissolved directly into assay buffer.  LF (3 nM final 

concentration in assay) was incubated with varying concentrations of different 

inhibitors for 45 min at 25 °C, followed by addition of substrate to initiate the assay.  

Reactions were agitated by shaking for 1 sec after each fluorescence measurement.  

Upon cleavage of the fluorescent substrate, (Cou)-N-Nle-Lys-Lys-Lys-Lys-Val-Leu-

Pro-Ile-Gln-Leu-Asn-Ala-Ala-Thr-Asp-Lys-(QSY-35)-Gly-Gly-NH2 (0.75 µM in 

assay; Cou = 7-hydroxy-4-methyl-3-acetylcoumarinyl; QSY-35 = N-(4-((7-nitro-

2,1,3-benzoxzdiazol-4-yl)amino)phenyl)acetyl), at the Pro-Ile bond the Cou 

fluorescence (λex = 380 nm, λem = 450 nm) was measured at 60-second intervals for 20 

min.  Experiments were repeated at least three times.  IC50 values were calculated as 

the inhibitor concentration at which the enzyme is at 50% control activity (no inhibitor 

present). 

4.E.iii Computational Methods 

Docking of AM-2S into anthrax LF was accomplished by using an extension 

of the restrained exhaustive minimization approach previously described.[49] The work 

presented here extends the previously described method in three important ways.  
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First, a brief initial minimization was conducted to attempt to resolve internal steric 

conflicts, rather than eliminating all starting structures with conflicts.  Second, solvent 

effects were represented during the minimization using the generalized Born model.  

Third, due to the increase in computational cost involved with generalized Born, 

structures were minimized to an intermediate level of convergence, clustered, and then 

a single representative from each cluster was minimized to full convergence, to avoid 

duplicating computational efforts. 

LF coordinates were taken from Protein Data Bank structure 1PWQ.[30] Chain 

A of the asymmetric unit was selected.  Residues numbered less than 302 were 

removed to reduce the atom count.  All deleted atoms are on the opposite face of the 

protein from the active site and are more than 30 Å away from the active site zinc(II) 

ion, so this simplification is expected to have minimal effects on the results. 

The zinc-binding group (ZBG) 13 was positioned in the active site of LF based 

on crystal structure coordinates of 13 bound to an active site model [(TpPh,Me)ZnOH] 

(TpPh,Me = hydrotris(3,5-phenylmethylpyrazolyl)borate) (Chapter 3).  Positioning was 

performed by minimizing the RMSD between the protein and model compound for the 

active site zinc ion and coordinating nitrogen atoms.  Due to the rotational symmetry 

of the model compound, three alignments with the protein are possible.  Two of these 

alignments lead to reasonable inhibitor poses, while the third produces unresolvable 

steric clashes with the protein.  A methyl group, the peptide biphenyl unit, and 

hydrogen atoms not present in the model compound crystal structure were added to the 

AM-2S model based on standard equilibrium bond lengths and angles using Cerius2

(Accelrys). 
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For each of the two plausible alignments of the ZBG in the LF active site, a set 

of all possible rotamers of the backbone portion of the inhibitor was generated.  The 

two bonds adjacent to the methylene carbon and the bond connecting the two phenyl 

groups were rotated in 15° increments, while the bond connecting the ZBG with the 

carbonyl carbon was rotated in 180° increments (to maintain ring conjugation).  

Rotamers having steric clashes within the inhibitor were eliminated, leaving 

approximately 12,000 unique inhibitor positions. 

Energy minimizations were conducted using the sander module of the AMBER 

8 suite.  The LF protein was represented using the ff99 force field, modified with the 

phi/psi potential of Simmerling, Strockbine, and Roitberg.[50] The inhibitor was 

modeled using the GAFF force field,[51] with parameter assignments conducted by the 

antechamber module of AMBER.  Inhibitor partial charges were determined using the 

AM1-BCC method, based on a net inhibitor charge of –1. 

For each inhibitor starting position, an initial gas phase minimization (10 steps 

steepest descent followed by 90 steps conjugate gradient) was performed to attempt to 

alleviate steric clashes with the protein.  During this minimization, positions of the 

protein, active site zinc(II) ion, and ZBG portion of the inhibitor were fixed by 

applying harmonic restraints with a force constant of 100 kcal/mol/Å2. Structures that 

successfully completed this minimization yielding a favorable (negative) van der 

Waals energy were passed on to the second stage of minimization. 

In the second minimization stage, harmonic restraints were relaxed to 10 

kcal/mol/Å2, and solvent effects were introduced using the OBC generalized Born 

model (igb = 5) with Bondi radii to define the dielectric boundary.[52] Minimization 
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began with 10 steps of steepest descent and continued with conjugate gradient steps 

until the root mean square of the Cartesian elements of the gradient were less than 

5×10-3 kcal/mol/Å.  This fairly lenient convergence criterion was employed because 

full minimization of every structure was computationally prohibitive. 

After the second minimization, minimized inhibitor structures were clustered 

based on their Cartesian coordinates with the k-means clustering algorithm using 

Euclidian distances and arithmetic means to define cluster centroids.  Because the 

purpose of clustering was to eliminate redundant computation rather than to identify 

an optimal clustering, cluster number was adjusted such that the representative (lowest 

energy) member of each cluster had an RMSD of no more than 1 Å from the 

representative member of the nearest cluster.  25 clusters were sufficient to achieve 

this maximum separation.   

For each cluster, the lowest energy member was selected, and minimization 

was continued separately under the generalized Born model.[42] For this final stage of 

minimization, the convergence criterion was 1 × 10 –4 kcal/mol/Å. 

The method described here is among the most physically rigorous methods for 

restrained docking, but is very computationally intensive. Total computer time was 

approximately 100 processor-weeks using 3.2 GHz Intel Xeon processors. The vast 

majority of this time was spent in the second minimization stage. 
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5 Co-Crystallization Attempts with MMP-3(∆C) and Heterocyclic-Based 

Inhibitors
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5.A Introduction 

As discussed previously, MMPs represent important therapeutic targets, so a 

multitude of inhibitors have been synthesized for MMPs.[1-3] A majority of MMP 

inhibitors have been designed using structural studies as described in Chapter 1, and 

numerous crystal structures of MMPs with and without inhibitors can be found in the 

literature and in the Protein Data Bank (PDB).[2, 4] With an abundance of accessible 

MMP crystallographic data, studies to co-crystallize the catalytic domain of MMP-3, 

also referred to as MMP-3(∆C), with a novel pyrone-based inhibitor designed using a 

bioinorganic approach were undertaken, and these efforts are described here.   

Taking a bioinorganic approach to inhibitor design as discussed in Chapter 1 

(Figure 1-10b), the potencies of heterocyclic ZBGs were evaluated against MMPs and 

anthrax LF and compared to AHA, which represents the commonly used hydroxamate 

ZBG.  As discussed in Chapter 3, the alternate ZBGs were more potent against MMPs 

than AHA. The alternate ZBGs showed comparable or improved potencies compared 

to AHA against anthrax LF as mentioned in Chapter 4.  The promising inhibitory data 

with the ZBGs prompted studies to attach an appropriate backbone to the potent ZBGs 

for a full-length inhibitor.  The rational design of pyrone-based MMP inhibitors 

combined computational modeling using the drug-discovery program Ludi (Accelrys) 

with structural parameters from the [(TpPh,Me)Zn(6)] model complex.[5] Similar to the 

structures presented in Chapter 3, the interaction between the ZBG and the MMP 

catalytic zinc(II) center was modeled using the [(TpPh,Me)Zn(6)] complex (Figure 5-1a 

and b).  Structural coordinates from the model complex were superimposed into the 
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MMP-3 crystal structure (PDB ID: 1G4K)[6] to generate an initial complex (Figure 5-

1c).  After defining a chemically feasible point of attachment, Ludi used a constrained 

docking approach to screen and rank fragments (Figure 5-1d).  A series of novel 

pyrone-based MMP inhibitors was synthesized, and the in vitro potencies reflected the 

Ludi scores.   

This study represents a proof of concept of the utility of inhibitor design based 

on a combination of model complex data and computational modeling.  Comparing 

crystallographic data of one of the pyrone-based inhibitors bound to MMP-3 to model 

complex structural data and computationally predicted inhibitor conformations will 

help test the validity of our bioinorganic approach, which focuses on the interaction 

between the catalytic zinc(II) ion and the ZBG.  Crystallographic studies will enhance 

understanding of how well the model complexes approximate the geometry of the 

metal-ligand interaction when an inhibitor binds at the protein active site.  Because 

computational predictions have not yet been optimized and because conformational 

variability plays a role in inhibitor binding,[7-9] co-crystallization studies can help us 

refine our model and potentially design better inhibitors with increased selectivity. 
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Figure 5-1. Bioinorganic approach to inhibitor design.  a) Structural diagram of [(TpPh,Me)Zn(6)] (50% 
probability ellipsoids).  Hydrogen atoms and solvent molecules have been omitted for clarity.  b) 
Chemical representation of [(TpPh,Me)Zn(6)].  c) Superpositioning of model complex coordinates into 
protein crystal structure.  d) Ludi docking for potent pyrone-based MMP inhibitors. 

Overlay

d)

c)

b)a)
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5.B MMP-3(∆C) Expression and Purification 

The recombinant human MMP-3(∆C) protein contains residues Phe83 – 

Thr255.  Detailed procedures for MMP-3(∆C) expression and purification are 

described in Section 5.E.i.  Briefly, inactive proMMP-3(∆C) was overexpressed in E. 

coli where it localized into inclusion bodies.  After isolation, the inclusion bodies were 

dissolved in a denaturing buffer containing 8 M urea and purified using an anion 

exchange column, and the protein was eluted with a salt gradient.  After the protein 

was refolded via dialysis at 4 °C and concentrated, proMMP-3(∆C) was activated 

using 1 mM p-aminophenylmercuric acetate (APMA).  Active protein was purified 

using gel filtration chromatography.  The protein solution was concentrated and stored 

in the gel filtration buffer (50 mM Tris–HCl, pH 7.5, 0.15 M NaCl, 10 mM CaCl2, and 

0.02% (w/v) NaN3, which will be referred to as TNC) at 4 °C.   

The purity of the MMP-3(∆C) sample was examined by several methods.  

After activation with APMA and purification on a gel filtration column, MMP-3(∆C) 

appears as a single band on a 15% Tris–HCl gel using SDS-PAGE (Figure 5-2).  The 

protein eluted from the gel filtration S-200 column in one major peak (Section 5.F, 

Figure 5-8).  N-terminal sequencing of the first 11 residues matched the expected 

sequence, residues Phe83 – Lys94 (Figure 5-3).  Mass spectra showed a protein peak, 

but the molecular weight was lower than the expected value.  Based on the sequence 

encoded in the plasmid (Phe83 – Thr255), the calculated molecular weight using 

ProtParam (http://www.expasy.ch/cgi-bin/protparam) was 19.40 kDa; however, the 

mass spectra show a species with a molecular weight of 18.57 kDa (Section 5.F, 

Figure 5-9).  The calculated molecular weight for Phe83 – Gly247 is 18.58 kDa 
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(Figure 5-3).  In the proMMP-3(∆C) form, the protein can cleave its propeptide 

domain without APMA indicating autocatalysis.  It is possible that the enzyme 

undergoes autocatalysis cleaving a small portion of the C-terminus in its active form.  

A structure for the MMP-3 catalytic domain (residues Phe83 – Pro249) with a formula 

weight of 18802.2[10] and a structure of the MMP-3 catalytic domain (residues Gly88 – 

Gly247) with a formula weight of 17955.2[11] have been reported.  The activity of the 

purified MMP-3(∆C) was tested using an established assay with a commercially 

available fluorescent peptide substrate as described in Chapter 3.[12, 13] Purified MMP-

3(∆C) was found to be active when tested in the fluorescence-based assay, and activity 

was inhibited in the presence of 1 mM ZBG 10 (Figure 5-4).  Activity and inhibition 

of the purified MMP-3(∆C) were comparable to the commercially available MMP-3 

catalytic domain (E. coli recombinant human stromelysin, aa 83 – 255, BIOMOL). 

 

Figure 5-2. 15% Tris–HCl SDS-PAGE gel showing fractions from the purification of MMP-3(∆C).  a) 
Before activation with p-aminophenylmercuric acetate (APMA), b) molecular weight marker, c) 12 h 
after initiation of APMA activation, d) dilution from ~ 7 mg MMP-3(∆C)/mL stock solution, e) dilution 
from ~ 10 mg MMP-3(∆C)/mL stock solution, and f) dilution from ~ 18 mg MMP-3(∆C)/mL stock 
solution.  The stock solutions analyzed in lanes d) – f) were used for crystallization set-ups. 

a) b) c) d) e) f)

25 kDa

20 kDa

proMMP-3(∆C)

MMP-3(∆C)
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Figure 5-3. The amino acid sequence of proMMP-3(∆C) with the following color coding: propeptide 
domain (residues 1 – 82) in orange, β strands in red, and α helices in green.  The orange peptide is 
cleaved during treatment with p-aminophenylmercuric acetate to give active MMP-3(∆C) (Phe83 – 
Thr255).  The histidine residues that coordinate the catalytic zinc(II) ion are underlined (His201, 
His205, and His211). 

 

Figure 5-4. Activity test using commercially available fluorescent substrate showing purified 35 nM 
MMP-3(∆C) activity (purple circles), 20 nM MMP-3 from BIOMOL (green squares), 35 nM purified 
MMP-3(∆C) in the presence of 1 mM 10 (blue diamonds), and 20 nM MMP-3 from BIOMOL in the 
presence of 1 mM 10 (red triangles). 

10
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5.C Crystallization of MMP-3(∆C) Based on Literature Reports 

With pure, active MMP-3(∆C) in hand, a survey of the literature provided 

information to start crystallization studies.  Dr. Hideaki Nagase provided a 

recombinant plasmid encoding human synovial preproMMP-3 for many of the 

published crystal structures, which after activation according to the PDB contained 

Phe83 – Thr255.  We obtained both a recombinant plasmid encoding proMMP-3(∆C) 

(Tyr1 – Thr255) and a glycerol stock of E. coli transformed with this plasmid from Dr. 

Hideaki Nagase, which after activation contains Phe83 – Thr255.  A number of the 

structural studies came from researchers at pharmaceutical companies.  Although the 

structures from these research groups have been deposited in the PDB, the 

publications often did not provide detailed experimental information about the 

crystallization conditions.  The PDB ID and crystallization conditions found in the 

publication and in the PDB Materials and Methods section are listed in Table 5-1.  

From the literature survey, crystallization conditions involved hanging drop vapor 

diffusion at room temperature with reservoir solution components listed as PEG 6000, 

NaCl, MgCl2, and Tris, pH 8.5.  Details such as component concentrations and the 

buffer for the starting protein solution were omitted from several of the publications. 

Based on the available information, crystallization attempts were made, and all 

of the crystallization attempts undertaken in this study are summarized in Table 5-2 in 

Section 5.F.  Protein solutions of MMP-3(∆C), residues Phe83-Thr255, in TNC buffer 

were used for all crystallization set-ups reported here.  Crystallization of MMP-3(∆C) 

was attempted using sitting drop vapor diffusion with a 4 µL drop volume (2 µL 

sample solution and 2 µL reservoir solution) and a 500 µL reservoir volume.  A 
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sample solution containing ~18 mg MMP-3(∆C)/mL in TNC was used.  

Reservoir/well solutions contained 50 mM Tris–HCl, pH 8.5, and screened 5 – 38% 

PEG 6000, 0 – 0.3 M NaCl with 20 mM MgCl2 or 0 – 0.15 M MgCl2 with 0.1 M 

NaCl.  For a sample plate set-up and calculations, see Table 5-3 in Section 5.F.  The 

14 plates set-up based on information from the literature yielded precipitate or have 

remained clear, indicating that the crystallization conditions have not been optimized.  

The attempts included plates using two different protein concentrations, ~18 mg/mL 

and ~7 mg/mL in TNC, with some variations in pH and yielded few potential leads 

after six months of periodic observations.  A few wells in the plates based on literature 

procedures showed spindly, crystalline clusters, but these crystals were not suitable for 

diffraction.  One attempt at a hanging drop diffusion using conditions described above 

also failed to yield any desired crystals.  The attempts described above were exposed 

to fluctuating temperatures due to the location of the plates in a room with a noticeable 

temperature range and on a shelf above a light, which was occasionally left on and 

heated the plates significantly.  Later attempts were placed in an incubator, which had 

less temperature variability.  This should improve reproducibility of the crystallization 

experiments.  No condensation formed on the well cover, which allowed the drops to 

be analyzed and indicated some temperature stability.  Placing plates with water in the 

wells at the bottom and at the top of protein crystallization tray stacks also helps to 

minimize condensation problems. 

During the search for optimal crystallization conditions, a report relevant to the 

crystallization attempts described here was published.  A crystal structure of an MMP-

1 (E200A) mutant was determined, and the MMP-1 (E200A) mutant was purified 
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under conditions similar to the MMP-3(∆C) procedure described here.[14] The 500 µL 

of well solution contained 7 – 12% PEG 6000, 1.3 – 1.6 M ammonium formate, 100 

mM Tris, pH 7.5, and the drop contained 1.75 µL sample (~18 mg MMP-3(∆C)/mL) + 

1.75 µL well solution, and crystallizations were set-up at room temperature using 

hanging drop vapor diffusion.  Screening around the reported conditions still did not 

lead to the desired protein crystals (Section 5.F, Table 5-4).   

5.C.i Crystallization of MMP-3(∆C) Based on Hampton Research Screening 

Kits 

The lack of positive results based on literature procedures prompted screening 

of a wide variety of crystallization conditions using commercially available kits.  The 

Hampton Research Index Screen (96 different conditions), Crystal Screen (50 different 

conditions), and Crystal Screen 2 (48 different conditions) were all attempted at room 

temperature using sitting drop vapor diffusion with 500 µL of the reservoir solution 

and 4 µL drops containing 2 µL of ~7 mg MMP-3(∆C)/mL in TNC and 2 µL of 

reservoir solution.  To provide an idea of the range of conditions screened in these 

Hampton Research kits, the Index Screen incorporated a variety of reagent systems: 

pH values between 3.5 to 8.5, salt concentrations varied with pH, neutralized organic 

acids, high salt concentrations with low polymer concentrations, high polymer 

concentrations with low salt concentrations, low ionic strength varied with pH, and 

PEG and salt concentrations varied with or without pH changes.  The conditions of a 

few wells resulted in crystal formation.  However, these crystals appear to be salt 

crystals based on mixing the well contents with a solution of methylene blue dye 
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either prepared in the lab or obtained as the commercially available Izit solution 

(Hampton Research).  The dye will fill large solvent channels that are present in 

protein crystals turning the crystals blue; salt crystals do not contain large solvent 

channels and will not absorb the blue color.  Control experiments were also used to try 

to classify crystals as salt or protein crystals.  For example, wells 17 (1.26 M sodium 

phosphate monobasic monohydrate, 0.14 M potassium phosphate dibasic, pH 5.6) and 

18 (0.49 M sodium phosphate monobasic monohydrate, 0.91 M potassium phosphate 

dibasic, pH 6.9) of the Index screen both showed crystal clusters, but crystals also 

formed in control wells containing reservoir solution and TNC buffer without protein 

in the sample drop.  Index Screens were also set up at 4 °C using sitting drop vapor 

diffusion with 500 µL of the reservoir solution and 3 µL drops containing 1.5 µL of 

either ~18 mg MMP-3(∆C)/mL or ~7 mg MMP-3(∆C)/mL in TNC and 1.5 µL of 

reservoir solution.  At 4 °C, many of the wells in the ~18 mg MMP-3(∆C)/mL set up 

contained very small irregular crystals that were not present in the ~7 mg MMP-

3(∆C)/mL Index plates.  The crystals formed were likely to be too small for structural 

studies.  Another screen, the MembFac Screen from Hampton Research, was set up 

using sitting drop vapor diffusion with 500 µL of the reservoir solution and 5 µL drops 

containing 2 µL of ~18 mg MMP-3(∆C)/mL in TNC, 2 µL of reservoir solution, and 1 

µL of a 10% solution of Brij-35.  Even though MMPs are not membrane proteins, it 

was suggested that since MMPs are extracellular proteins that associate with basement 

membrane and matrix proteins the MembFac Screen might generate a hit.  Thin fibers 

formed in a few of the wells, but these fibers were too thin for X-ray crystallographic 

analysis.  A small needle cluster formed in well 38 (4% v/v (+/–)-2-methyl-2,4-
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pentanediol, 0.1 M HEPES sodium, pH 7.5, 0.6 M MgSO4).  Additional wells or 

control wells (no protein) using these conditions were not explored. 

Because a few of the wells in both the Index Screen and the Crystal Screen 2 

contained crystals at different protein concentrations and temperatures, a screen based 

on these conditions was performed using the reservoir solutions outlined in Table 5-5 

in Section 5.F.  Sample drops consisted of 1.5 µL of either ~18 mg MMP-3(∆C)/mL 

or ~7 mg MMP-3(∆C)/mL and 1.5 µL of reservoir solution, and plates were incubated 

at 4 °C using both hanging and sitting drop vapor diffusion or at room temperature 

using hanging drop vapor diffusion. 

5.C.ii High Throughput Screening at the Hauptman-Woodward Institute 

Due to continuing difficulties with protein crystallization, a protein sample was 

submitted to the Hauptman-Woodward Institute (http://www.hwi.buffalo.edu/) for 

high throughput crystallization screening.  The Hauptman-Woodward Institute (HWI) 

will screen 1536 different conditions free of charge if >600 µL of protein sample at 

~10 mg/mL can be provided, if the identity of the protein of interest is disclosed, and 

if the acquired information can be added to the HWI database in an attempt to predict 

crystallization conditions for proteins.  The cocktail solutions contained a variety of 

concentrations of salts and other precipitants in buffers ranging from pH 4.5 to 10.5.  

Three different groups of cocktails were used in the screen: salt with buffer, PEG with 

salt and buffer, and Hampton Research Crystallization Cocktails.  The HWI screen 

included the Hampton Research Crystallization Cocktails included the Index Screen, 

Crystal Screen, and Crystal Screen 2, but 11 other Hampton screens were also used.  
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Small volumes of 0.2 µL of cocktail solution and 0.2 µL of MMP-3(∆C) solution (~10 

mg/mL in TNC) were used for microbatch under-oil crystallization attempts (Figure 

5-5).  Hits were identified by visual inspection using the program MacroScope (Figure 

5-6). 

 

Figure 5-5. Scheme for microbatch under-oil technique starting with a) an empty well, b) addition of 
oil, c) addition of aqueous cocktail solution (red drop), d) addition of macromolecule solution (aqua 
drop), e) after centrifugation to ensure merging of the drops (blue drop), and f) crystallization as 
cocktail solution reduces macromolecular solubility. 

 

After a week, there was one hit (Figure 5-7a – d).  This crystal formed with a 

cocktail solution containing 0.1 M ammonium phosphate monobasic (NH4H2PO4), 0.1 

M sodium acetate, pH 5, and 40% (w/v) PEG 400.  However, when the cocktail 

conditions were used in control experiments without protein, salt crystals formed.  

Also, most of the wells containing potassium carbonate (Figure 5-7e) and sodium 

molybdate dihydrate (Figure 5-7f) at a range of pH values contain spherical crystals 

that seem to be salts.  After 4 weeks, the HWI screen gave 38 hits, excluding wells 

containing potassium carbonate and sodium molybdate dihydrate.  Controls with 

reservoir buffer and TNC without protein in the sample drop were set up using both 

hanging drop and sitting drop vapor diffusion methods for the HWI hits (Table 5-6 

a) b) c) d) e) f)
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and Table 5-7).  Many of the conditions in the control wells gave crystalline plates, 

plate clusters, needles, and needle clusters.  Because the control wells lacked MMP-

3(∆C) protein, the crystals formed are salt crystals.  The crystals formed in the control 

wells under the various listed conditions in Table 5-7 had similar morphology.  

Although the crystals formed with protein solution under these conditions are not 

necessarily salt crystals, only the more promising leads were screened.  Highlighted in 

yellow in Table 5-7 were conditions that did not form salt crystals after a week of 

incubation.  Attempts to optimize these conditions for MMP-3(∆C) crystallization 

were represented by Plates 44 – 47 and Plate 51 of Table 5-2.  Note that these attempts 

contained 0.7 equivalents of the inhibitor PY-2 relative to MMP-3(∆C).  PY-2 had 

solubility limitations, and there were errors in the calculations to determine the amount 

of inhibitor to add to the protein solution.  The maximum amount of PY-2 tested in the 

crystallization set-ups was 1.35× the protein concentration since attempts were made 

to minimize the amount of DMSO added to the protein drop.  At higher concentrations 

of PY-2 (even 1.5× the protein concentration), PY-2 precipitated out of the protein 

solution.  Crystallization conditions using the thiopyrone ZBG 13 led to precipitation 

problems when tested using 10× the protein concentration.  Other trials were not 

attempted since more protein needed to be purified to continue the experiments. 
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Figure 5-6. Sampling of well pictures for evaluation using the program MacroScope representing 
potential protein crystals after 4 weeks. 
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a) b) c) d) 

e)  f) 

Figure 5-7. Hit from HWI screen from a cocktail containing 0.1 M ammonium phosphate monobasic 
(NH4H2PO4), 0.1 M sodium acetate, pH 5, and 40% (w/v) PEG 400 a) before protein addition, b) after 4 
days, c) after 1 week, and d) after 2 weeks.  Representative wells showing e) potassium carbonate 
crystals and precipitate and f) sodium molybdate dihydrate crystals. 
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5.D Conclusions and Future Directions 

In summary, most of the crystals formed during optimization attempts were 

salt crystals.  None of the crystals tested took up the blue Izit dye, which should occur 

for protein crystals.  Because the control wells lacked MMP-3(∆C) protein, the 

crystals formed are salt crystals.  The crystals formed in the control wells under the 

various listed conditions in Table 5-7 had similar morphology (crystalline plates, plate 

clusters, needles, and needle clusters).  This suggests that components of the protein 

buffer solution are contributing to the formation of crystals rather than the protein 

itself.  Analysis of the crystals by visual inspection by a more experienced protein 

crystallographer suggested that most of the crystals formed were likely salt crystals 

rather than protein crystals.  Screening around conditions for the HWI hits resulted in 

the formation of crystals in control experiments (no protein present).  Also most of the 

crystals formed in the screening attempts had different morphology than the images 

from the HWI screen.  This suggests that the same component or components may not 

be crystallizing from solution in my hands compared to the HWI set-up.  Work 

towards growing more crystals for analysis on an SDS-PAGE gel and potentially 

cryoprotectant solution trials has been partially successful.  Crystals of similar 

morphology formed under the conditions of the initial crystal hit.  It would be useful 

to test these crystals on an SDS-PAGE gel to see if they contain protein.  If there is an 

appropriate protein band at about 19 – 20 kDa, then screening conditions for 

cryoprotectant solutions and checking the X-ray diffraction pattern of the crystal 

would be useful. 
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Based on the extensive range of conditions tried, crystallization of MMP-

3(∆C) might work if the buffer the protein was stored in was exchanged for a different 

buffer.  The catalytic domain of MMP-3 has been crystallized from a sodium 

cacodylate buffer at pH 6.5.[10] The formation of salt crystals when the TNC buffer 

was mixed with a variety of reservoir solutions suggests that the problem is with the 

TNC buffer, and not with the protein purity or any impurities in reservoir solutions.  

To test the validity of the bioinorganic approach and to provide additional structural 

information, co-crystallization studies using MMP-3(∆C) and inhibitors based on 

alternate ZBGs will continue.   

Also, screening of conditions used for MMP-12 and MMP-8 crystallizations 

may be helpful for the crystallization of MMP-3(∆C).  For example, an MMP12-AHA 

adduct was crystallized by hanging drop vapor diffusion at 20 °C using 2 µL of protein 

solution (10 mM Tris, pH 8, 300 mM NaCl, 5 mM CaCl2, 0.1 mM ZnCl2) mixed with 

2 µL of reservoir solution (25% PEG 6000, 100 mM Tris, pH 8, 200 mM AHA) to 

form the sample drop, which contained 8 mg MMP-12/mL.[7] Co-crystal structures of 

MMP-8 with inhibitors have been successful with the use of MES as the buffer.[15] 
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5.E Experimental 

All buffers were prepared using water purified through a Labconoco Water Pro 

Plus purification system.  Buffers were degassed and sterilized by passing them 

through 0.22 µM filters.  All biochemical reagents were obtained from commercial 

suppliers and were used as provided.  The MMP-3(∆C) expression and purification 

procedures were based on a protocol kindly provided by Dr. Hideaki Nagase and Dr. 

Robert Visse in the Kennedy Institute of Rheumatology Division at the Imperial 

College of Science, Technology, and Medicine.  All protein chromatography was 

performed at room temperature on an ÄKTA Prime biomolecule purification system 

(Amersham Biosciences) using both inline UV and conductance detection.  N-terminal 

sequencing was performed at the University of California, San Diego Division of 

Biology Protein Sequencer Facility.  Matrix-assisted laser desorption time-of-flight 

(MALDI-TOF) mass spectrometry was performed by Dr. Gina Nubile of the Komives 

lab at the University of California, San Diego.  Other mass spectra were acquired at 

the Small Molecule Mass Spectrometry Facility located in the Department of 

Chemistry and Biochemistry at the University of California, San Diego. 

5.E.i MMP-3(∆C) Expression and Purification 

This specific protocol has not been published although this construct has been 

purified before using a different protocol.[16] The plasmid vector pET3A containing 

the human proMMP-3(∆C) DNA and a glycerol stock were generous gifts from Dr. 

Hideaki Nagase.  The pET3a vector containing the desired construct was transformed 

into E. coli BL21(DE3) cells.  Cells were grown in LB containing 75 µg/mL 
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carbenicillin, 10.0 g/L NaCl, 10.0 g/L tryptone, and 5.0 g/L yeast with agitation at 

~240 rpm at 37 °C.  Protein synthesis was induced when O.D. at 590 nm reached 0.4 – 

0.5 by the addition of isopropyl-β-D-thiogalactoside (IPTG) for a final concentration 

of 0.4 mM.  The cells were harvested 4 h after induction by centrifugation at 10,375 × 

g for 20 min at 4 °C.   

The cells were lysed by resuspending the cell pellets in 50 mM Tris–HCl, pH 

8.0, 0.1 M NaCl, 1 mM EDTA, 266 µg/mL lysozyme and shaking the mixture at room 

temperature overnight.  Sodium deoxycholate (1.25 mg/mL) was then added to the 

shaking mixture, and 1 µg/mL DNase I was added to the mixture after about an hour.  

An hour after adding the DNaseI the inclusion bodies were harvested by centrifugation 

at 22,000 × g at 4 °C for 20 min. and were washed with 50 mM Tris–HCl, pH 8.0, 0.1 

M NaCl, 0.5% (v/v) Triton-X 100.  The inclusion bodies were dissolved in 8 M urea, 

20 mM Tris–HCl, pH 8.6, 20 mM dithiothreitol, and 50 µM ZnCl2 and passed over a 

Macro-Prep High Q Support anion exchange column (Bio-Rad) eluting with a salt 

gradient (buffer described above plus 0.5 M NaCl, 0 – 100% over 200 mL).  

Recombinant proMMP-3(∆C) was diluted to an absorbance at 280 nm below 0.3 in 6 

M urea, 50 mM Tris–HCl, pH 8.6, 0.15 M NaCl, 5 mM CaCl2, 0.1 mM ZnCl2, and 

0.02% (w/v) NaN3. For folding, the protein solution was dialyzed against two 10 

volume (relative to the diluted protein solution volume) changes of 50 mM Tris–HCl, 

pH 7.5, 0.15 M NaCl, 10 mM CaCl2, and 0.02% (w/v) NaN3 followed by one 4 

volume change of 50 mM Tris–HCl, pH 7.5, 10 mM CaCl2, and 0.02% (w/v) NaN3 at 

4 °C.  Precipitated protein was removed by centrifugation at 22,000 × g at 4 °C for 20 

min. 
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The protein solution containing folded proMMP-3(∆C) was concentrated to 5 

– 10 mL using an Amicon stirred ultrafiltration cell (Millipore).  ProMMP-3(∆C) was 

activated by incubating with 1 mM APMA at 37 °C overnight.  Any precipitate was 

removed by centrifugation in a microcentrifuge at 13,000 rpm at RT for 15 min.  The 

activated MMP-3(∆C) (Phe83-Thr255) was applied to a Sephacryl S-200 column run 

with buffer containing 50 mM Tris–HCl, pH 7.5, 0.15 M NaCl, 10 mM CaCl2, and 

0.02% (w/v) NaN3 to remove APMA and the cleaved propeptide.  The active catalytic 

domain was concentrated using a Centriprep concentrator (Millipore) at 4 °C to a final 

concentration of ~0.3 mM, and the protein solution was stored at 4 °C. 

5.E.ii Fluorescence-Based MMP Assays 

MMP-3 (~20 nM, E. coli recombinant human stromelysin catalytic domain, aa 

83-255 from BIOMOL) or purified MMP-3(∆C) (~35 nM) activity was determined by 

adding fluorescent substrate to the assay buffer (50 mM MES, 10 mM CaCl2, 0.05% 

Brij-35, pH 6.0).  Experiments were performed using a Bio-Tek Flx 800 fluorescence 

plate reader and Nunc white 96-well plates.  The reactions were agitated by shaking 

for 1 sec after each fluorescence measurement. Upon cleavage of the fluorescent 

substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 (0.4 mM concentration in assay, 

Mca = (7-methoxycoumarin-4-yl)-acetyl, Dpa = N-3-(2,4-dinitrophenyl)-L-α-β-

diaminopropionyl) at the Gly-Leu bond, Mca fluorescence (λex = 335 nm, λem = 405 

nm) was measured at 60-second intervals for 15 – 20 minutes.  Experiments with ZBG 

10 dissolved in DMSO and diluted (500×) into assay buffer involved incubation of 10 

with MMP-3 for 1 h at 37 °C before adding substrate and reading fluorescence. 
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5.F Appendix 

Figure 5-8. Zoomed in view of the S-200 gel filtration chromatogram showing the change in UV 
absorbance at 280 nm over time (min) with the MMP-3(∆C) peak boxed in red. 
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Figure 5-9. Mass spectra of MMP-3(∆C) samples using a) LC–ESI–MS(+) and b) MALDI–TOF–MS.  
The expected molecular weight based on the sequence (Phe83 – Thr255) is 19.40 kDa.  The 
experimentally determined masses are consistent with a truncated protein, Phe83 – Gly247. 

 

Phe83 – Gly247, Calc. MW = 18575 Da
Found ~ 18571 Da 

a)

b)
18564.4855 Calibrated mass
(uncalibrated 18569.9748) 
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Table 5-1. Some published MMP-3 crystallization conditions including all reports that acknowledge receipt of recombinant plasmid encoding human
synovial preproMMP-3 from Dr. Hideaki Nagase.

Ref. PDB ID
MMP-3
Residues T °C

Crystallization
Method pH Conditions

[17] 1UEA S83-S255 RT Sitting drop vapor-diffusion 6 2.5 M NaCl, 200 mM ε-aminocaproic acid, 20 mM Tris-HCl, 4 mM CaCl2, 100 mM
NaOAc

[18] 1B3D Phe83-
Thr255

Vapor diffusion,
macroseeding

7.4 10 mg/mL MMP-3 soln, precipitant 20-24% (w/v) PEG 8000, 2,5% 2-propanol (v/v),
10 mM CaCl2, 0.1 M Tris-HCl (pH 7.5-8.5), diffusion soaking of inhibitors (1 mM)

[10] 1B8Y Phe83-
Thr255

Hanging drop vapor-
diffusion

6.5 Aqueous protein mixed w/ 3-5X inhibitor in DMSO, concentrated in 10 kDa
centricon, 0.5-1 mM protein:inhibitor complex, 10-15% PEG 8000, 0.05 M
(NH4)2SO4, 0.05 M Na cacodylate, equilibrated vs. 20-30% PEG 8000, 0.1 M
(NH4)2SO4, and 0.1 M of the same buffer

[19] 1BIW Phe83-
Thr255

7.5 10 mg/mL protein in 20-24% PEG 8000, 2.5% 2-propanol, 10 mM CaCl2, 0.1 M Tris-
HCl, pH 7.5-8.0

[20] 1BQO Phe83-
Thr255

Hanging drop vapor-
diffusion

7.5

[21] 1D5J Phe83-
Thr255

25 Hanging drop vapor-
diffusion

8.5 PEG 6000, NaCl, MgCl2, Tris

[22] 1D7X Phe83-
Thr255

25 Hanging drop vapor-
diffusion

8.5 PEG 6000, NaCl, MgCl2, Tris

[23] 1D8F Phe83-
Thr255

25 Hanging drop vapor-
diffusion

8.5 PEG 6000, NaCl, MgCl2, Tris, 1 mM inhibitor added to crystal hanging drop for 3 h

[24] 1D8M Phe83-
Thr255

25 Hanging drop vapor-
diffusion

8.5 PEG 6000, NaCl, MgCl2, Tris

[24] 1G05 Phe83-
Thr255

25 Hanging drop vapor-
diffusion

8.5 PEG 6000, NaCl, MgCl2, Tris

[25] 1G49 Phe83-
Thr255

25 Hanging drop vapor-
diffusion

8.5 10 mg/mL MMP-3 soln, precipitant 20-24% (w/v) PEG 8000, 2,5% 2-propanol (v/v),
10 mM CaCl2, 0.1 M Tris-HCl (pH 7.5-8.5), diffusion soaking of inhibitors (1 mM for
4.5 h)

[26] 1HY5 Phe83-
Pro250

-75 Hanging drop vapor-
diffusion

6.5 10 mg/mL MMP-3 soln, precipitant 20-24% (w/v) PEG 8000, 2,5% 2-propanol (v/v),
10 mM CaCl2, 0.1 M Tris-HCl (pH 7.5-8.5), diffusion soaking of inhibitors (1 mM for
4.5 h)
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Table 5-2. Plate identification for crystallization attempts generated during this study. 

Plate 
#’s 

Diffusion 
Method 

Temp
(°C) 

MMP-
3(∆C) 

mg/mL 

Description of Crystallization Conditions 

1 – 2 Sitting 25 18 5-38% PEG 6000, 0-0.3 M NaCl, 20 mM MgCl2, 50 mM 
Tris, pH 8.5 

3 – 4 Sitting 25 18 5-38% PEG 6000, 0.1 M NaCl, 0-0.15 M MgCl2, 50 mM 
Tris, pH 8.5 

5 Sitting 25 18 31-36% PEG 6000, 0.07-0.12 M NaCl, 50 mM MgCl2, 50 
mM Tris, pH 8 

6 Sitting 25 18 31-36% PEG 6000, 0.07-0.12 M NaCl, 50 mM MgCl2, 50 
mM Tris, pH 8.5 

7 Hanging 25 18 23-38% PEG 6000, 0-0.3 M NaCl, 20 mM MgCl2, 50 mM 
Tris, pH 8.5 

8 Sitting 25 7 23-38% PEG 6000, 0-0.3 M NaCl, 20 mM MgCl2, 50 mM 
Tris, pH 8.5 

9 Sitting 25 7 23-38% PEG 6000, 0.1 M NaCl, 0-0.15 M MgCl2, 50 mM 
Tris, pH 8.5 

10 – 13 Sitting 25 7 Hampton Research Index Screen 
14 Sitting 25 varied Controls, reproducing crystals, Crystal Screen 49 and 50 
15 – 16 Sitting 25 7 Hampton Research Crystal Screen 
17 – 18 Sitting 25 7 Hampton Research Crystal Screen 2 
19  Sitting 25 18 7-12% PEG 6000, 0-0.02 M MgCl2, 0.1 M NaCl, 50 mM 

Tris, pH 8.5 
20 Sitting 25 18 14-19% PEG 6000, 0-0.02 M MgCl2, 0.1 M NaCl, 50 mM 

Tris, pH 8.5 
21 Sitting 25 18 7-12% PEG 6000, 0.05-0.14 M MgCl2, 0.1 M NaCl, 50 mM 

Tris, pH 8.5 
22 Sitting 25 18 20-25% PEG 6000, 0.11-0.2 M MgCl2, 0.1 M NaCl, 50 mM 

Tris, pH 8.5 
23 Hanging 25 18 7-12% PEG 6000, 1.3-1.6 M ammonium formate, 100 mM 

Tris, pH 7.5 
24 – 25 Sitting 25 18 Hampton Research MembFac Screen w/ 1 µL 10% Brij-35 
26 – 29 Sitting 4 18 Hampton Research Index Screen 
30 – 31 Sitting 4 7 Hampton Research Crystal Screen 2, wells 1-48 
32 – 35 Sitting 4 7 Hampton Research Index Screen 
36 Sitting 25 7 or 18 1.4 M total conc. of K2HPO4 and NaH2PO4·H2O
37 Sitting 4 7 or 18 1.4 M total conc. of K2HPO4 and NaH2PO4·H2O
38 Hanging 25 7 or 18 1.4 M total conc. of K2HPO4 and NaH2PO4·H2O
39 – 40 Sitting 25a 0 Control plates of TNC buffer w/ HWI hit well solution 
41 – 42 Hanging 25a 0 Control plates of TNC buffer w/ HWI hit well solution 
43 Hanging 25a 7 20-25% PEG 8000, 10 mM CaCl2, 0.1 M Tris, pH 8.5, 

2.5% 2-propanol, 0.7× PY-2  
44 Hanging 25a 7 35-42% PEG 8000, 0.05-0.2 M (NH4)SO4, 0.1 M sodium 

acetate, pH 5, 0.7× PY-2 
45 Hanging 25a 7 16-26% PEG 8000, 0.05-0.2 M Li2SO4, 0.1 M Tris, pH 8, 

0.7× PY-2 
46 Sitting 25a 7 36-42% PEG 1000, 0.05-0.2 M MnSO4·H2O, 0.1 M MES, 

pH 6, 0.7× PY-2 
47 Hanging 25a 7 36-42% PEG 4000, 0.05-0.2 M MnSO4·H2O, 0.1 M MOPS, 

pH 7, 0.7× PY-2 
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Table 5-2 (continued). Plate identification for crystallization attempts generated during this study. 

Plate 
#’s 

Diffusion 
Method 

Temp
(°C) 

MMP-
3(∆C) 

mg/mL 

Description of Crystallization Conditions 

48 Hanging 25a 7 19-29% PEG 6000, 0.1-0.3 M MgCl2, 0.1 M Tris, pH 8, 
1.35× PY-2 

49 Sitting 25a 0 or 7 1.4 M total conc. of K2HPO4 and NaH2PO4·H2O w/ either 
TNC or 1.35× PY-2 

50 Hanging 25a 7 20-25% PEG 8000, 10 mM CaCl2, 0.1 M Tris, pH 7.5-8.5, 
0.1% 2-propanol, 10× 13 

51  25a Screening around B3-B5 of Plate 47, 39-41% PEG 4000, 
0.1-0.2 M MnSO4·H2O, 0.1 M MOPS, pH 7, 1.25× PY-2 

a Indicates that the crystallization plate was stored in an incubator set to 25 °C. 
 
Table 5-3. Crystallization plate calculations for reservoir solutions (500 µL total volume) of Plate 2 
based on reported literature procedures for crystallization of MMP-3 catalytic domain.  Reservoir 
solutions have the following components with the listed final concentrations: 50 mM Tris–HCl, pH 8.5, 
20 mM MgCl2 varying PEG 6000 concentrations (23 – 38%) and NaCl concentrations (0 – 0.3 M). 

Plate 2 % PEG 6000 
NaCl(M) 23 26 29 32 35 38  

0 0 0 0 0 0 0 µL 2 M NaCl 
230 260 290 320 350 380 µL 50% PEG 6000 

 10 10 10 10 10 10 µL 1 M MgCl2
25 25 25 25 25 25 µL 1 M Tris, pH 8.5 

 235 205 175 145 115 85 µL ddH2O 
0.1 25 25 25 25 25 25 µL 2 M NaCl 

230 260 290 320 350 380 µL 50% PEG 6000 
 10 10 10 10 10 10 µL 1 M MgCl2

25 25 25 25 25 25 µL 1 M Tris, pH 8.5 
 210 180 150 120 90 60 µL ddH2O 

0.2 50 50 50 50 50 50 µL 2 M NaCl 
230 260 290 320 350 380 µL 50% PEG 6000 

 10 10 10 10 10 10 µL 1 M MgCl2
25 25 25 25 25 25 µL 1 M Tris, pH 8.5 

 185 155 125 95 65 35 µL ddH2O 
0.3 75 75 75 75 75 75 µL 2 M NaCl 

230 260 290 320 350 380 µL 50% PEG 6000 
 10 10 10 10 10 10 µL 1 M MgCl2

25 25 25 25 25 25 µL 1 M Tris, pH 8.5 
 160 130 100 70 40 10 µL ddH2O 
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Table 5-4. Crystallization calculations for reservoir solutions (500 µL total volume) of Plate 23 based 
on reported conditions for crystallization of MMP-1 (E200A).[14] 

Plate 23 % PEG 6000 
CHOONH4 (M) 7 8 9 10 11 12  

1.3 162.5 162.5 162.5 162.5 162.5 162.5 µL 4 M (NH4)COOH 
70 80 90 100 110 120 µL 50% PEG 6000 

 50 50 50 50 50 50 µL 1 M Tris, pH 8.5 
 217.5 207.5 197.5 187.5 177.5 167.5 µL ddH2O 

1.4 175.0 175.0 175.0 175.0 175.0 175.0 µL 4 M (NH4)COOH 
70 80 90 100 110 120 µL 50% PEG 6000 

 50 50 50 50 50 50 µL 1 M Tris, pH 8.5 
 205.0 195.0 185.0 175.0 165.0 155.0 µL ddH2O 

1.5 187.5 187.5 187.5 187.5 187.5 187.5 µL 4 M (NH4)COOH 
70 80 90 100 110 120 µL 50% PEG 6000 

 50 50 50 50 50 50 µL 1 M Tris, pH 8.5 
 192.5 182.5 172.5 162.5 152.5 142.5 µL ddH2O 

1.6 200.0 200.0 200.0 200.0 200.0 200.0 µL 4 M (NH4)COOH 
70 80 90 100 110 120 µL 50% PEG 6000 

 50 50 50 50 50 50 µL 1 M Tris, pH 8.5 
 180.0 170.0 160.0 150.0 140.0 130.0 µL ddH2O 

Table 5-5. Crystallization calculations for reservoir solutions (500 µL total volume) of Plates 36 – 38.  

 Column 
Row 1 2 3 4 5 6  

A 0.056 0.168 0.28 0.392 0.504 0.616 [K2HPO4] (M) 
18 mg/mL 1.344 1.232 1.12 1.008 0.896 0.784 [NaH2PO4·H2O] (M) 

MMP-3(∆C) 7 21 35 49 63 77 µL 4 M K2HPO4
168 154 140 126 112 98 µL 4 M NaH2PO4·H2O
325 325 325 325 325 325 µL ddH2O 

B 0.728 0.84 0.952 1.064 1.176 1.288 [K2HPO4] (M) 
18 mg/mL 0.672 0.56 0.448 0.336 0.224 0.112 [NaH2PO4·H2O] (M) 

MMP-3(∆C) 91 105 119 133 147 161 µL 4 M K2HPO4
84 70 56 42 28 14 µL 4 M NaH2PO4·H2O

325 325 325 325 325 325 µL ddH2O 
C 0.056 0.168 0.28 0.392 0.504 0.616 [K2HPO4] (M) 

7 mg/mL 1.344 1.232 1.12 1.008 0.896 0.784 [NaH2PO4·H2O] (M) 
MMP-3(∆C) 7 21 35 49 63 77 µL 4 M K2HPO4

168 154 140 126 112 98 µL 4 M NaH2PO4·H2O
325 325 325 325 325 325 µL ddH2O 

D 0.728 0.84 0.952 1.064 1.176 1.288 [K2HPO4] (M) 
7 mg/mL 0.672 0.56 0.448 0.336 0.224 0.112 [NaH2PO4·H2O] (M) 

MMP-3(∆C) 91 105 119 133 147 161 µL 4 M K2HPO4
84 70 56 42 28 14 µL 4 M NaH2PO4·H2O

325 325 325 325 325 325 µL ddH2O 
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Table 5-6. Stock solutions used for control plates for HWI screening conditions.

Buffer [Buffer stock]
(M)

pH Salt [Salt Stock]
(M)

PEG % PEG
stock

sodium citrate 0.94 4 NH4Cl 4.16 400 100
sodium acetate 1 5 (NH4)2SO4 3.8 1000 50

MES 1 6 NH4H2PO4 3 4000 50
sodium cacodylate 1 6.5 KCl 2.58 8000 50

MOPS 1 7 K2HPO4 3.4 20000 50
HEPES 1 7.5 NaH2PO4·H2O 3.69

Tris 1 8 Li2SO4 2.25
CAPS 1 10 MgSO4·7H2O 1

MnSO4·H2O 3.4
KH2PO4 1.42

vol. reservoir soln 500 uL

Table 5-7. Control plate calculations for HWI screening conditions. The rows highlighted in yellow represent conditions that produced crystals in the HWI
screen and did not form crystals in the control experiments (no protein with HWI cocktail). Attempts were made to screen around these conditions (Plates
44 -47.

Well Buffer [Buffer in well] (M) µL stock Salt
[Salt in well]

(M) uL stock PEG in well % PEG in well µL stock µL H2O
A1 MOPS 0.1 50 (NH4)2SO4 0.1 13.2 1000 40 400 36.8
A2 CAPS 0.1 50 (NH4)2SO4 0.1 13.2 1000 40 400 36.8
A3 sodium acetate 0.1 50 (NH4)2SO4 0.1 13.2 8000 40 400 36.8
A4 sodium cacodylate 0.1 50 (NH4)2SO4 0.2 26.3 8000 30 300 123.7
A5 CAPS 0.1 50 (NH4)2SO4 0.1 13.2 4000 40 400 36.8
A6 MES 0.1 50 (NH4)2SO4 0.1 13.2 4000 40 400 36.8
B1 MOPS 0.1 50 Li2SO4·H2O 0.1 22.2 4000 40 400 27.8
B2 CAPS 0.1 50 Li2SO4·H2O 0.1 22.2 4000 40 400 27.8
B3 CAPS 0.1 50 Li2SO4·H2O 0.1 22.2 400 40 200 227.8 220
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Table 5-7 (continued). Control plate calculations for HWI screening conditions. The rows highlighted in yellow represent conditions that produced
crystals in the HWI screen and did not form crystals in the control experiments (no protein with HWI cocktail). Attempts were made to screen around these
conditions (Plates 44 -47).

Well Buffer [Buffer in well] (M) µL stock Salt
[Salt in well]

(M) uL stock PEG in well % PEG in well µL stock µL H2O
B4 sodium acetate 0.1 50 Li2SO4·H2O 0.1 22.2 8000 40 400 27.8
B5 MOPS 0.1 50 Li2SO4·H2O 0.1 22.2 8000 40 400 27.8
B6 MES 0.1 50 Li2SO4·H2O 0.1 22.2 1000 40 400 27.8
C1 CAPS 0.1 50 Li2SO4·H2O 0.1 22.2 1000 40 400 27.8
C2 Tris 0.1 50 Li2SO4·H2O 0.1 22.2 8000 20 200 227.8
C3 HEPES 0.1 50 Li2SO4·H2O 0.1 22.2 20000 40 400 27.8
C4 MOPS 0.1 50 Li2SO4·H2O 0.1 22.2 20000 40 400 27.8
C5 MES 0.1 50 MnSO4·H2O 0.1 14.7 4000 40 400 35.3
C6 MOPS 0.1 50 MnSO4·H2O 0.1 14.7 4000 40 400 35.3
D1 MES 0.1 50 MnSO4·H2O 0.1 14.7 1000 40 400 35.3
D2 sodium acetate 0.1 50 MnSO4·H2O 0.1 14.7 1000 20 200 235.3
D3 sodium citrate 0.1 53.2 KH2PO4 0.1 35.2 1000 40 400 11.6
D4 sodium acetate 0.1 50 NH4H2PO4 0.1 16.7 8000 40 400 33.3
D5 sodium acetate 0.1 50 NH4H2PO4 0.1 16.7 400 40 200 233.3
D6 K2HPO4 0.28 41.2 NaH2PO4·H2O 0.52 70.5 388.4

2A1 sodium acetate 0.1 50 NaH2PO4·H2O 0.1 13.6 20000 40 400 36.4
2A2 Tris 0.1 50 KH2PO4 0.1 14.7 1000 20 200 235.3
2A3 sodium acetate 0.1 50 KH2PO4 0.1 35.2 20000 20 200 214.8
2A4 MES 0.1 50 KH2PO4 0.1 35.2 20000 20 200 214.8
2A5 CAPS 0.1 50 MgSO4·7H2O 0.1 50.0 8000 20 200 200.0
2A6 MES 0.1 50 MgSO4·7H2O 0.1 50.0 400 40 200 200.0
2B1 sodium citrate 0.1 53.2 KCl 0.1 19.4 20000 40 400 27.4
2B2 MES 0.1 50 NH4Cl 0.1 12.0 20000 40 400 38.0
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