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 Carbonic anhydrase was used as a model system to examine the influence of 

metalloenzyme active site environments on coordination by metal-binding 

pharmacophores (MBPs).  This dissertation will first discuss metalloenzymes as 

therapeutic targets, along with inhibitors of these enzymes that have gained FDA 

approval in Chapter 1.  The characteristics of MBPs that have generally been implicated 

in the low clinical success rate of therapeutics targeting these enzymes are then 
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discussed, followed by an explanation of how the use of a more diverse collection of 

MBPs can potentially solve these problems. 

 The coordination of a series of novel MBPs inspired by Zn2+ sensors to Co2+, 

Ni2+, Cu2+, and Zn2+ will then be discussed in Chapter 2.  These studies into the 

fundamental coordination chemistry of MBPs provide valuable information into the 

preferred binding modes of these molecules to active site metal ions. 

 Inhibition of human carbonic anhydrase II (hCAII) by MBPs was investigated 

and those molecules showing activity were cocrystallized in the hCAII active site.  The 

binding modes were then compared to those observed in small-molecule model 

complexes.  Unexpected monodentate coordination by the O,S-donor ligand 3-hydroxy-

2-methylpyran-4-thione is described in Chapter 3.  Further studies using substituted 

derivatives of the 1-hydroxy-1H-pyridin-2-thione MBP are then discussed that show the 

monodentate coordination mode to be a result of interactions with the surrounding 

hCAII active site environment formed upon metal coordination. 

 In Chapter 4, mutants of hCAII were then used to examine the influence of the 

metal coordination sphere on MBP binding.  The affinity and binding mode of 

benzenesulfonamide, a prototypical hCAII inhibitor, to mutants containing altered 

coordination spheres will be discussed that show decreased binding affinity despite a 

common binding mode. 

 Finally, in Chapter 5, a class of inhibitors that bind in the hCAII active site by 

hydrogen bonding to the metal-bound water molecule rather than direct coordination of 

the active site metal ion, are discussed. 
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Chapter 1.  Introduction 
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1.1.  Metalloenzyme Inhibitors as Therapeutics 

 A number of metal ions are essential to life and are involved in a wide variety of 

biological processes including photosynthesis, oxygen transport and activation, cell 

signaling, and transcriptional regulation.1  These ions can perform a diverse set of 

functions including stabilizing protein structure,2 facilitating electron transport,3 and 

catalyzing chemical transformations;4 transition metals have many characteristics that 

make them ideal for these functions including flexible coordination environments, 

tunable redox potentials, and Lewis acidity.  The misregulation of metalloenzymes has 

been implicated and/or observed in many human diseases including tumor growth and 

metastasis, hypertension, and inflammation.5, 6  There are also examples of 

metalloenzymes that are unique to pathogens and are crucial for their survival and 

virulence.  Inhibitors targeting metalloenzymes have been developed to treat a variety of 

diseases, summarized in Table 1-1.7 
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Table 1-1.  Examples of metalloenzymes that have attracted attention as therapeutic 
targets. 

Human Enzyme Cofactor Disease 
Adamalysin Zn2+ Cancer 
Angiotensin Converting Enzyme* Zn2+ Hypertension 
Carbonic Anhydrases* Zn2+ Glaucoma, altitude sickness 
Farnesyltransferase Zn2+ Cancer 
Histone Deacetylase* Zn2+ Cancer 
Matrix Metalloprotease Zn2+ Cancer, inflammation 
Neprilysin Zn2+ Hypertension 
TNF-α Converting Enzyme Zn2+ Cancer 
Lipoxygenase* Fe2+ Asthma 
Histone Demethylase Fe2+ Cancer 
Tyrosinase Cu2+ Cancer 
Methionine Aminopeptidase Mn2+ Cancer 
Pathogenic Enzyme Cofactor Organism 
Anthrax Lethal Factor Zn2+ B. anthracis 
Botulinum Neurotoxin Zn2+ C. botulinum, butyricum, baratii 
LpxC Zn2+ Gram-negative bacteria 
Metallo-β-Lactamases Zn2+ Gram-negative, positive bacteria 
Methionine Aminopeptidase Fe2+ Gram-negative, positive bacteria 
Peptide Deformylase Fe2+ Gram-negative, positive bacteria 
Influenza Polymerase (PA subunit) Mn2+ Influenza virus 
HIV Integrase* Mg2+ Human immunodeficiency virus 

*FDA-approved inhibitors available against these metalloproteins 

 Because turnover by metalloenzymes generally proceeds through a metal-bound 

species,4 blocking the metal-substrate interaction is an effective strategy for inhibition; 

accordingly, a majority of inhibitors targeting metalloproteins coordinate the active site 

metal ion directly.  Generally, metalloenzyme inhibitors consist of two functional 

components:  a metal-binding pharmacophore (MBP) that serves to interact with the 

active site metal ion, and a backbone designed to interact with the amino acid residues of 

the surrounding active site (Figure 1-1).  While interactions between the backbone and 
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protein (e.g. hydrogen bonding, van der Waals contacts) are relatively well-understood,8 

the metal-inhibitor interaction is not as well studied.  Contributing to this lack of 

understanding is the fact that only four classes of MBPs have been widely used in the 

design of metalloenzyme-targeted therapeutics: thiols, phosphonate esters/phosphinic 

acids, carboxylic acids, and hydroxamic acids.7   

 

Figure 1-1.  General scheme for metalloprotein inhibitors.  The MBP (red) binds the 
catalytic metal ion while the backbone is designed to interact with the surrounding 
protein environment.  Only a small selection of MBPs (shown on the right) are 
commonly utilized. 

1.2.  FDA-Approved Metalloenzyme Inhibitors 

 Carbonic anhydrases (CAs) were discovered in 19329 and were the first class of 

enzymes to be shown as metal-dependent.10  CAs are Zn2+-dependent and catalyze the 

reversible hydration of CO2 to bicarbonate and a proton, a process that is relevant to 

many physiological processes including respiration,11 pH balance,12 and ion transport.13  

The aryl sulfonamide MBP, which binds as a monodentate ligand through the amine 

functionality, was shown to lead to extremely potent inhibitors of CAs shortly after its 

discovery,14 leading to the FDA approval of acetazolamide (trade name Diamox, Figure 

1-2) for the treatment of epilepsy in 1953.  Interestingly, this MBP has been shown to be 



 5	  

ineffective for inhibition of any other metalloenzyme.15  Since the bicarbonate anion is 

involved in charge balance during sodium (and therefore water) transport in the eye, CA 

inhibitors have also been applied to the treatment of glaucoma;16  the second-generation 

CA inhibitors dichlorphenamide (trade name Daranide) and methazolamide (trade name 

Neptazane) were approved by the FDA in 1958 and 1959, respectively, for this purpose.  

These inhibitors have also been approved for use as diuretics and in the treatment of 

altitude sickness.  Despite being effective therapeutics, systemic inhibition leads to 

adverse side effects such as fatigue, diuresis, and tingling in the hands and feet, upon 

oral administration of CA inhibitors.17  To overcome this, inhibitors that could be 

administered topically were developed, including dorzolamide (trade name Trusopt), 

approved in 1994, and brinzolamide (trade name Azopt) in 1998 (Figure 1-2).  

Topimirate (trade name Topomax) was approved for the treatment of epilepsy in 1996 

and contains a sulfonamide moiety and weakly inhibits CAs but is thought to elicit 

therapeutic effect through several different mechanisms of action in addition to CA 

inhibition.18 

 
Figure 1-2.  Structures of FDA-approved CA inhibitors.  The amine functional group 
that binds to the active site Zn2+ ion is highlighted in red. 
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 Angiotensin converting enzyme (ACE) is a Zn2+-dependent peptidase involved in 

the regulation of vascular resistance.  The primary polypeptide substrate of ACE, 

angiotensin I, is cleaved to yield angiotensin II, a potent vasoconstrictor.  Consequently, 

inhibition of ACE lowers blood pressure by decreasing angiotensin II secretion.19  ACE 

inhibitors are by far the most widely prescribed metalloprotein-targeted therapeutics, 

being used for the treatment of hypertension as well as congestive heart failure.  The 

first ACE inhibitor approved by the FDA was captopril (Capoten, Figure 1-3) in 1981, 

which uses a thiol MBP.  However, this thiol functional group was implicated in both 

adverse side effects as well as the relatively poor pharmacokinetics (PK) of the drug.20  

In 1985, enalapril (trade name Vasotec), an inhibitor based on the carboxylic acid MBP, 

was approved, followed by several carboxylic acid-based “me too” drugs (Figure 1-3).  

One exception was fosinopril (trade name Monopril), which utilizes a phosphinic acid 

MBP.  To improve oral bioavailability, all of the approved ACE inhibitors containing 

carboxylic or phosphinic acid MBPs (except lisinopril) are administered as ester 

prodrugs that are hydrolyzed by non-specific esterase activity once absorbed.21  

According to the IMS Institute for Healthcare Informatics, lisinopril was the third-most 

prescribed drug in 2011, with over 88 million prescriptions.22 
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Figure 1-3.  Structures of FDA-approved ACE inhibitors, shown as their ester prodrugs 
where applicable with the metal-binding atoms highlighted in red.  Although it is shown 
with enalapril to demonstrate the structural similarity of the two drugs, lisinopril is not 
administered as an ester prodrug. 

 The clinical success of metalloenzyme inhibitors has been remarkably limited 

aside from those targeting CA and ACE.  Zileuton (trade name Zyflo, Figure 1-4), an 

inhibitor of the Fe2+-dependent enzyme 5-lipoxygenase (5-LO, involved in the 

inflammatory response), was approved for the treatment of asthma in 1996.  Although 

zileuton is proposed to bind to the active site Fe2+ ion through its N-hydroxyurea group, 

there is no direct evidence of this binding mode.  In fact, this functionality is not an ideal 

MBP; the lack of effective metal binding by the N-hydroxyurea group is illustrated by 

the fact that there is not a single structure in the Cambridge Structural Database (CSD) 

of this functional group bound to any metal ion.  This is in contrast to the structurally 

related hydroxamic acid group, which has >150 metal-bound structures in the CSD.  
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This is likely due in large part to the fact that N-hydroxyureas are more stable in the ‘E’ 

conformation (oxygen atoms on opposite sites of the N-Ccarbonyl bond, shown in this 

conformation in Figure 1-4), precluding bidentate (O,O)-coordination.23 

 
Figure 1-4.  Structures of FDA-approved 5-LO and HDAC inhibitors.  The metal 
binding mode of zileuton is unknown, so both potential metal-binding atoms are 
highlighted.  Romidepsin is shown in its reduced form, although it is administered in its 
oxidized form, which contains an intramolecular disulfide bond. 

 Recently, the Zn2+-dependent histone deacetylases (HDACs) have attracted 

significant attention as targets for cancer therapeutics.  These enzymes catalyze the 

removal of acetyl groups from the lysine residues of histones (the proteins around which 

DNA is wound to form nucleosomes), altering the structure of nucleosomes and thereby 

DNA translation.24  Inhibition of HDACs increases gene transcription by relaxing the 

protein-DNA complex and although the exact mechanism of action is unclear, treatment 

with HDAC inhibitors has been shown to selectively induce growth arrest, 

differentiation, and apoptosis in cancer cells.25  Vorinostat (trade name Zolinza, Figure 

1-4) was approved by the FDA in 2006 for the treatment of cutaneous T-cell lymphoma 

(CTCL) that has either recurred or has not responded to at least two other forms of 

chemotherapy.  In addition to being the first approved HDAC inhibitor, vorinostat is the 
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only hydroxamate-based metalloprotein inhibitor to gain approval.  Romidepsin (trade 

name Istodax), a natural product initially isolated from Chromobacterium violacium,26 

was approved for the treatment of CTCL (intravenous administration) in patients who 

have not responded to at least one other form of chemotherapy.  To improve 

pharmacodynamics, romidepsin is administered as a prodrug containing an 

intramolecular disulfide bond that is reduced intracellularly, revealing a thiol MBP. 

 
Figure 1-5.  Structure of FDA-approved HIV-IN inhibitors.  Mg2+-binding atoms are 
highlighted in red. 

 One of the most promising metalloenzyme targets of the past decade is the Mg2+-

dependent human immunodeficiency virus I integrase (HIV-1 IN).27  This enzyme is 

involved in the splicing of viral DNA into the host genome, making it one of three that is 

essential for replication.28   HIV-1 IN is unique from the previously discussed targets 

because it utilizes two metal ions in its active site;29 inhibitors generally contain 

extended donor sets capable of coordinating both Mg2+ ions simultaneously.  The MBP 

of raltegravir (trade name Isentress, Figure 1-5), the first HIV-1 IN inhibitor to gain 

FDA approval (in 2007), was not discovered by rational design of a metal coordinating 
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motif but by screening libraries of compounds for antiviral activity in a cell-based 

assay.30  Interestingly, development of HIV-1 IN inhibitors (more broadly, dinuclear 

Mg2+-dependent viral enzymes) represent the only cases where optimization of the MBP 

has been a significant focus of research.31  Dolutegravir (trade name Tivicay), which 

contains the similar donor set to raltegravir but differs in the heterocycle on which the 

donors are appended, was approved in 2013.  Elvitegravir, which contains a 3-

carboxyquinolone MBP (a functional group common in antibiotics, although not for 

metal binding), was approved in 2012 as part of a fixed-dose combination therapy (trade 

name Stribild). 

1.3.  Lack of Clinical Success by Metalloenzyme Inhibitors 

 Despite promising in vitro and preclinical results, metalloenzyme-targeted 

therapeutics are underrepresented in the clinic when considering the number of available 

targets.  It is worth noting that the three most successful cases of metalloenzyme 

inhibitors (those for ACE, HIV-1 IN, and CA) either target an enzyme with no human 

analog (HIV-1 IN), seek to modify the basal physiological function of the target (ACE 

and CA), or utilize a MBPs (aryl sulfonamides) that do not yield inhibition for any other 

metalloenzymes and can be administered topically (CA).  Many of the other promising 

targets (e.g. HDACs, matrix metalloproteinases (MMPs), and farnesyltransferase) are 

known to be upregulated in disease states but also serve a normal physiological function 

that must be maintained during treatment.32, 33  It is thus imperative to design inhibitors 

that are specific not only for one metalloenzyme over another, but also for the specific 

isoforms of a given target that are known to be associated with disease.  Systemic 
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inhibition is often implicated in the adverse side effects observed during treatment with 

metalloenzyme inhibitors.  Due to their relatively small size and broad metal binding 

affinity, the commonly utilized MBPs (thiols, hydroxamic acids, phosphinic/phosphonic 

acids, and carboxylic acids) generally do not lend specificity for one target over another, 

necessitating extensive backbone optimization and making the design of isoform-

specific inhibitors challenging. 

 While the thiol functional group is very effective at metal coordination and 

yields inhibitors with high potency, it is associated with adverse side effects arising from 

off-target binding.34  Thiols are also rapidly inactivated by several metabolic pathways, 

necessitating higher dosing and thus increasing the risk of off-target effects.35  The 

disulfide prodrug strategy (see romidepsin, Figure 1-4) is effective at improving the 

pharmacokinetics of thiol-based drugs, but it does not significantly decrease the side 

effects from off-target binding.  In general, free thiols have been discounted as a viable 

pharmacophore in drug design. 

 It is telling that although the hydroxamic acid moiety is by far the most 

commonly utilized MBP in the field of metalloenzyme inhibitor design, only one 

hydroxamic acid-based inhibitor has gained FDA approval (Vorinostat, Figure 1-4).  

One reason for this discrepancy is the instability of hydroxamic acids.  The MBP is 

susceptible to hydrolysis of the C-N bond as well as glucoronidation followed by a 

variety of metabolic transformations.36  To compensate for rapid conversion to inactive 

species (half-lives commonly on the order of 1-5 hours), hydroxamic acid-based drugs 

must be administered with increased dosing to achieve therapeutic effect, increasing the 

potential for off-target inhibition.  This problem is compounded by the fact that, due to 
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its small size, hydrogen bonding ability, and broad metal coordinating ability, the 

hydroxamic acid group can lead to inhibitors with low target specificity.37 

 Although they do not suffer from the metabolic instability observed with thiol- 

and hydroxamic acid-based inhibitors, carboxylic acid- and phosphinic/phosphonic acid-

based inhibitors generally have poor bioavailability, but this can usually be overcome 

with ester-based prodrugs (see Figure 1-3).  These MBPs are more weakly 

coordinating38 (and therefore usually lead to inhibitors with lower potency than thiol- or 

hydroxamic acid-based analogs)39 but can generally be developed to achieve greater 

selectivity than hydroxamic acids or thiols with thorough backbone optimization.33 

1.4.  Next-Generation MBPs 

 As described above, metabolic stability and target/isoform selectivity need to be 

improved in order for metalloenzyme inhibitors to achieve a higher rate of clinical 

success.  While both of these goals may be achieved through extensive backbone 

optimization, a less-explored approach is to design inhibitors based on novel MBPs that 

are more stable and/or achieve some degree of target selectivity before the inhibitor 

backbone is introduced.40, 41  Several metalloenzyme inhibitors based on novel MBPs 

(aside from those for HIV-1 IN, described above) have shown positive results in clinical 

trials.  One of the more promising cases is that of Entinostat (Figure 1-6), an inhibitor of 

HDACs that improves on the currently approved inhibitors containing traditional MBPs 

(vorinostat and romidepsin, Figure 1-4).  The N-(2-aminophenyl)benzamide MBP not 

only has improved PK but also yields inhibitors that are specific for one structural class 

of HDACs, something not easily accomplished with hydroxamic acid-based inhibitors.42  
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Another promising candidate based on a non-traditional MBP is tipifarnib (trade name 

Zarnestra, Figure 1-6), an inhibitor of farnesyltransferase that is in late-stage clinical 

trials for a variety of cancers.43  The imidazole MBP utilized by tipifarnib has generally 

been avoided due to the association of this functionality with inhibition of cytochrome 

P450s (and therefore with the risk of severe drug-drug interactions),44 but this inhibition 

is not observed for tipifarnib and the drug has even been shown to be metabolized 

through oxidation by cytochrome P450s.45 

 
Figure 1-6.  Structures of inhibitors targeting HDACs (entinostat) and 
farnesyltransferase (tipifarnib) containing non-traditional MBPs that are in late-stage 
clinical trials for the treatment of a variety of cancers. 

 Given the vast amount of knowledge about the metal-binding properties of small 

molecules that has been accrued over decades of research in the field of inorganic 

chemistry, it is surprising how little has translated into the development of MBPs for 

inhibitor design.7  In fact, both of the next-generation MBPs described above were 

discovered not by rational design but by HTS.  HTS involves the testing of large, non-

specific libraries (>10,000 compounds) of relatively complex drug-like molecules (MW 

>300) against a target of interest.  Compounds that show activity are then optimized for 

target potency, selectivity, and PK characteristics.  The discovery of MBPs by this 
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strategy is merely fortuitous.  Efforts in the Cohen lab have focused on using a 

fragment-based lead discovery (FBLD) approach to expand the diversity of MBPs 

utilized in metalloenzyme inhibitors.  In this strategy, much smaller libraries (100-1000 

compounds) of relatively simple fragments (MW <300) are tested against a target.  

Fragments that show activity are then modified through a variety of strategies to 

enhance both their potency and drug-like properties.  As an alternative to HTS, FBLD 

allows for more complete exploration of the chemical space available for inhibitors as 

well as allowing for more focused libraries.46  In our case, the libraries are designed to 

contain molecules that are capable of binding metal ions (Figure 1-7).15   

 
Figure 1-7.  Examples of compounds from MBP libraries. 

 We have shown that despite the fact that all of the compounds in these libraries 

are capable of coordinating metal ions, they do not indiscriminately inhibit 

metalloenzymes (Figure 1-8A).15  Furthermore, different MBPs display selectivity that 

can be maintained even after the inhibitor backbone is introduced (Figure 1-8B).47-54  As 

an example, an inhibitor based on the 3-hydroxypyran-4-thione MBP (Figure 1-8B, left) 
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containing a (S,O)-donor set was shown to have similar activity against the Zn2+-

dependent enzymes anthrax lethal factor (LF) and MMP-3 while its (O,O) analog 

(Figure 1-8B, middle) showed increased activity against MMP-3 but had no activity 

against LF.  Furthermore, this inhibitor had specificity for MMP-3 (part of the 

stromelysin class of MMPs) over MMP-2 (part of the gelatinase class of MMPs).  When 

the inhibitor MBP was changed to the N-methyl-3-hydroxypyridine-4-1H-thione 

heterocycle (Figure 1-8B, right), this selectivity is reversed and the inhibitor shows more 

activity for MMP-2 than MMP-3.   

 Although structural data is not crucial to FBLD, knowledge of how a fragment 

binds to the target allows for a guided, rational approach to maturing it into a more 

potent, drug-like compound.55  In this respect, metalloenzymes are ideal targets for 

MBP-based FBLD; it is highly likely that compounds from MBP libraries that show 

activity do so by coordinating to the active site metal ion, giving a well-defined starting 

point for inhibitor design.56  Since the geometry of this coordination (i.e. bond distances, 

angles, etc.) will affect how the inhibitor is positioned in the active site, a fundamental 

understanding of how MBPs coordinate to metal ions is greatly beneficial to the rational 

development of inhibitors based on these interactions, particularly in the absence of 

explicit structural data. 
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Figure 1-8.  Target selectivity of novel MBPs.  A: Representation of the inhibitory 
activity of a library of MBPs (each column represents one compound, numbered A1-
H12) against a variety of metalloenzyme targets.  Very few MBPs strongly inhibit all 
enzymes tested (i.e. B2 and D2), and some compounds, despite the ability to bind metal 
ions, do not inhibit any of the enzymes tested with significant potency (i.e. C12 and H7).  
Target abbreviations: MMPs, matrix metalloproteinases; HDACs, histone deacetylases; 
5-LO, 5-lipoxygenase; IDE, insulin degrading enzyme; Anthrax LF, anthrax lethal 
factor; NDM-1, New Delhi metallo-β-lactamase 1; LpxC, UDP-3-O-((R)-3-
hydroxylmyristoyl)-N-acetylglucosamine deacetylase; HIV-1 IN, human 
immunodeficiency virus I integrase; Infl. Endo., influenza endonuclease; iNOS, 
inducible nitric oxide synthase.  B: MBPs can modulate selectivity even after the 
inhibitor backbone is appended. 
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1.5.  Systems for Examining MBP-Metal Coordination 

 The most basic system for understanding how a MBP will bind to a metal ion in 

an enzyme active site is its coordination to free metal ions.  This can be characterized 

through a variety of solution-based methods such as potentiometry, UV-Visible and X-

ray absorbance spectroscopy, as well as through X-ray crystallography.  These 

techniques can be useful in determining the affinity and preferred coordination geometry 

of a ligand, as well as bond lengths and angles.  It should be noted that a vast amount of 

data on MBP-metal (e.g. ligand-metal) coordination already exists in CSD.  As an 

example, a survey of the CSD for the structures of two of the common MBPs 

(carboxylic acids and hydroxamic acids, Figure 1-9) to first-row transition metals shows 

an interesting difference in preferred geometry.  While the carboxylic acid functionality 

generally coordinates with one oxygen significantly closer to the metal ion than the 

other (Δd > 0; Δd being the difference between the two metal-oxygen bond lengths), 

hydroxamic acids tend to bind very symmetrically (Δd ≈ 0).  This type of information 

can be beneficial to the design of inhibitors based on MBP-metal coordination.  For 

carboxylic acids, one can infer that the oxygen further from the metal ion (presumably 

the carbonyl) is more available to accept a hydrogen bond.  In the case of the N-

hydroxyurea MBP, the data from the CSD indicates that structure-guided inhibitor 

design should not be based on the assumption of bidentate coordination.   



 18	  

 

Figure 1-9.  Representative examples of how information from the Cambridge 
Structural Database (CSD) can be used to understand the coordination preferences of 
MBPs.  A: The carboxylic acid MBP preferentially adopts asymmetric coordination that 
is essentially monodentate (d2 >> d1).  B: The hydroxamic acid MBP generally 
coordinates in a bidentate, symmetric fashion (d2 ≈ d1). 

 The primary difference between the coordination of MBPs to free metal ions and 

to active site metal ions is that the geometry around free metal ions is not restricted, 

whereas metal ions in protein active sites are bound by protein residues that are 

prearranged and generally enforce specific geometries.57  In order to more accurately 

recapitulate the active site environment, small-molecule model complexes have been 

designed to mimic the coordination sphere of metalloenzyme active site metal ions 

(Figure 1-10).58-60  Many previous studies from the Cohen laboratory have used the 

TpPh,MeZn model scaffold (TpPh,Me = hydrotris(5,3-methylphenylpyrazolyl)borate) to 

approximate the coordination of MBPs to His3Zn(OH) active sites such as CAs and 

MMPs.61-73  A good example of the utility of these model complexes is the coordination 

of the 2-mercaptophenol MBP (see Figure 1-7).  While most structures of this MBP with 

free metal ions show bidentate (O,S) coordination, the TpPh,MeZn complex accurately 

predicts a monodentate binding mode through the thiol functionality,71 the same binding 
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mode that is observed in the active site of human carbonic anhydrase II (hCAII).74  

Unfortunately, to date there are very few examples of next-generation MBPs bound to 

both a model complex and a metalloenzyme target with which to analyze the predictive 

capability of these small molecule models. 

 

Figure 1-10.  Structures of small-molecule model complexes of metalloenzyme active 
sites.  A: Although many coordination spheres can be engineered, the His3Zn model 
TpPh,MeZn scaffold (TpPh,Me = hydrotris(5,3-methylphenylpyrazolyl)borate) has been 
commonly used by the Cohen laboratory and others to examine MBP coordination 
crystallographically.  B: The  (bdtbpza)Zn scaffold (bdtbpza = bis(3,5-di-tert-
butylpyrazol-1-yl)acetate) is an example of a model of (Asp/Glu)His2Zn active sites.75 
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 A preferred method to determine the MBP coordination mode to a target is to 

obtain a protein crystal structure with the MBP bound in the active site.  In the absence 

of such structural data, in silico methods have been commonly utilized to predict 

fragment binding modes, guiding structure-based drug development.76  While the forces 

governing traditional drug-target interactions (i.e. hydrogen bonds, dipole-dipole 

interactions, van der Waals interactions, and solvation energies) are readily described by 

the relatively simple force fields of molecular mechanics (MM), these models do not 

accurately describe metal-ligand bonding.77  Due to the complexities of charge transfer, 

polarization, and electron bonding that occur when a ligand coordinates a metal ion, 

accurate descriptions of these interactions require treatment at the quantum mechanical 

(QM) level.78  This level of treatment is significantly more computationally expensive 

and thus is generally too time-intensive to be applied to the drug design process.   

 One alternative is to combine the QM and MM approaches (QM/MM), which 

involves separating the system into two pieces; QM is applied to one region of the 

system (the interactions that require it) and the rest of the system is described by the 

more simple MM force fields.79  While this is more efficient than treating the entire 

system on the QM level, there are many drawbacks.  First, there are complications with 

merging the QM and MM regions once they are individually computed.80  Second, the 

number of atoms treated at the QM level must still be small to keep the computational 

cost reasonable; for metalloenzymes, this region can only consist of the ligand, metal, 

and metal-coordinated protein side chains.  As a result of these and other factors, current 

computational methods have yet to consistently predict the binding modes and affinities 

of metalloenzyme inhibitors. 
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 One method for overcoming the barriers to computationally predicting the 

binding modes and affinities of metalloenzyme inhibitors is to use a force field similar to 

those used for the MM approach but to add a weighting factor that is based on 

experimental data such as crystal structures or QM computations on known inhibitor-

protein complexes.80, 81  This allows for all of the forces involved in metal-ligand 

bonding to be consolidated into one ‘correction factor’ instead of being calculated 

individually.  Although this approach has the potential to be computationally efficient, it 

requires a significant amount of experimental data and is generally not broadly 

applicable; the experimental corrections are unique to each system and must be 

parameterized individually.  A more thorough understanding of the individual forces 

governing the binding of metalloenzyme inhibitors has the potential to greatly improve 

the efficiency of computational protocols and furthermore, the inhibitor design process 

in general.  One way to examine these forces is by studying the binding of MBPs to a 

model protein system. 

1.6.  Carbonic Anhydrase as a Model System 

  Human carbonic anhydrase II (hCAII) is an ideal model system for studying the 

coordination of inhibitors to a metalloenzyme active site, as it has already been used 

extensively for in-depth study of ‘traditional’ protein-inhibitor interactions.82  The 

enzyme is of moderate size (~30 kDa), highly water-soluble, and stable under standard 

laboratory conditions.  It is also readily expressed, purified in large quantities, and 

crystallized.  The enzyme catalyzes the reversible hydration of carbon dioxide to 

bicarbonate and a proton through a Zn2+-bound hydroxide nucleophile (Figure 1-11). 
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Figure 1-11.  The mechanism of CO2 hydration by hCAII.  The Zn2+-bound water 
molecle (bottom left) is deprotonated to a hydroxide ion (top left) that is is oriented for 
nucleophilic attack on the substrate by a hydrogen bond with a nearby threonine residue 
(top right) to yield a metal-bound bicarbonate anion (bottom right). 

 The active site of hCAII sits at the bottom of a cone-shaped depression and 

consists of a Zn2+ ion coordinated by three histidine residues (His94, 96, and 119).82  

The coordination sphere is completed by a water molecule that is deprotonated due to 

the polarizing effect of the Zn2+ ion.  With the rate-determining step being transfer of the 

resulting proton out of the active site, hCAII is one of the fastest enzymes known.83  Due 

to its high turnover rate, hCAII has been used as a model of enzyme activity; structural 

determinants of hCAII activity have been extensively studied through site-directed 

mutagenesis (both of the Zn2+-coordinating residues as well as the surrounding active 

site environment).84-86  Also, the Zn2+ of hCAII can be substituted with Co2+ with 

retained activity, enabling spectroscopic studies to be performed that are not possible 
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with the d10 Zn2+ active site.87  Thus, hCAII is an ideal system to examine the three 

general forces that can influence the strength and geometry of metal coordination by 

metalloenzyme inhibitors: 

(1) The identity of the metal ion being coordinated 

(2) The coordination sphere of that metal ion provided by the protein 

(3) The interactions between the inhibitor and active site environment formed 

upon metal coordination. 

 This dissertation will focus on using structural data to gain insight into the 

relative influence of the three factors listed above on the binding mode and affinity of 

MBPs to active site of metalloproteins.  This fundamental understanding of the MBP-

metalloprotein interaction will greatly aid in the efficient, rational optimization of the 

next generation of metalloenzyme inhibitors. 
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Chapter 2.  Small-Molecule MBP-Metal Complexes 
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2.1.  Introduction 

 Zinc is an essential element in biology and is involved in a wide variety of 

physiological processes.  The precise role of zinc in many of these processes has yet to 

be elucidated, prompting efforts into the development of probes for selectively sensing 

zinc in a biological environment.  One of the most highly-studied systems for 

fluorescence-based sensing of the Zn2+ ion is the 8-sulfonamidoquinoline scaffold (SAQ, 

Figure 2-1).1  The 8-amidoquinoline (AQ) scaffold has been used in sensors that 

improve on SAQ-based molecules by showing a ratiometric response to Zn2+.2  Sensors 

based on the 8-hydroxyquinoline (HQ) scaffold were developed that yield a response by 

fluorescence decay, which overcomes complications due to background fluorescence in 

biological systems.3    Significant effort is still being applied to the development of  

sensors with greater Zn2+ affinity/selectivity, fluorescence response, and cell 

permeability.  The 2-(2’-hydroxyphenyl)benzoxazole (HPBO) scaffold has been utilized 

to generate sensors with applications in two-photon excitation microscopy.4  Finally, 

sensors that operate on the inhibition of intramolecular proton transfer upon metal 

coordination utilizing the 2-(2’-amidophenyl)benzimidazole (APBI) and 2-(2’-

sulfonamidophenyl)benzimidazole (SPBI) scaffolds have been developed.5, 6 
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Figure 2-1.  Examples of the structures of scaffolds used in Zn2+ sensors.  Metal-
chelating motifs are highlighted in red. 

 In order to design next-generation MBPs for the development of isoform-specific 

matrix metalloproteinase (MMP) inhibitors, the Cohen laboratory looked to the field of 

metal ion sensing for inspiration.7  MMPs are a family of Zn2+-dependent 

endopeptidases that have attracted significant attention as targets for a variety of 

ailments including cardiovascular disease, cancer, and arthritis.8  The MMP family 

degrades components of the extracellular matrix and is further divided into classes, such 

as gelatinases and collagenases, based on substrate specificity (and therefore structural 

similarity).  While the misregulation of MMPs is implicated in many disease states, 

these enzymes also play a crucial role in normal physiological function; therapeutics 
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targeting MMPs have had remarkably little success in the clinic due in part to adverse 

side effects, such as musculoskeletal syndrome, that arise from systemic MMP 

inhibition.8  Therapeutics that are highly specific for disease-associated isoforms should 

cause less disruption to normal physiological function, decreasing the clinical issues 

associated with MMP inhibitors.  Starting with the SAQ and SPBI scaffolds as the MBP, 

inhibitors targeting MMPs were synthesized that achieve selectivity not only for 

different classes (e.g. MMP-2, a gelatinase, vs. MMP-8, a collagenase, Figure 2-2A), but 

also distinguish between isoforms within the same class (e.g. MMP-2 vs. MMP-9).7  

Interestingly, inhibitors based on the series of related MBPs shown in Figure 2-2B 

generally had little activity against MMPs and failed to yield a single inhibitor with an 

IC50 less than 40 µM against any of the MMP isoforms tested.9  Aside from the 8-SAQ 

scaffold, the fundamental coordination chemistry of these MBPs was not known.  

Therefore, in order to fill this gap in knowledge, as well as attempt to gain insight into 

the lack of MMP inhibition by the MBPs shown in Figure 2-2B, transition metal 

complexes of these molecules were synthesized and characterized.  This chapter will 

discuss the results of these synthetic, spectroscopic, and structural studies to better 

characterize these MBPs used in both metal ion sensors and possibly in novel 

metalloprotein inhibitors. 
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Figure 2-2.  Structures of MMP inhibitors based on MBPs inspired by metal-binding 
motifs used in Zn2+ sensors.  A: The 8-AQ and 2-SPBI MBPs can modulate the target 
specificity of inhibitors, even between isoforms in the same class (e.g. MMP-2 vs. 
MMP-9).  B: Structures of similar MBPs that failed to yield a potent MMP inhibitor. 

2.2.  Results and Discussion 

2.2.1.  Metal Complexes of 2-(2’-p-tolylsulfonamido)-1H-benzimidazole 

 A representative example of the APBI scaffold (1) was synthesized in 80% yield 

from 2-(2’-aminophenyl)-1H-benzimidazole, from commercially available starting 

materials (Scheme 2-1) using a previously reported procedure.7  Metal complexes of 1 

were readily formed under mild conditions.  The complexes with Co2+, Ni2+, and Zn2+ 

were obtained by combining methanolic solutions of 1 and a corresponding metal salt at 

room temperature.  Immediate precipitation of the complexes were observed upon 

combining solutions of 1 with acetate salts of Ni2+ and Zn2+ while in the case of Co2+, 

the nitrate salt was used and inclusion of base (triethylamine) was necessary for complex 

formation and precipitation.  Synthesis of the Cu2+ complex was achieved by adding a 

methanolic solution of 1 to a yellow solution of CuCl2 in acetonitrile followed by the 
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addition of aqueous NaOH, which resulted in the solution turning dark red, indicating 

formation of the complex.  This complex did not precipitate out of the reaction mixture, 

so the solvent was removed and the resulting residue dissolved in a mixture of CH2Cl2 

and acetone.  The product was then crystallized by vapor diffusion using diethyl ether as 

the precipitating solvent. 

 
Scheme 2-1.  Synthesis of 1.  Full experimental details can be found in Section 2.4. 

 UV-Vis absorption spectra for the complexes are shown in Figure 2-3.  In the 

UV region, Zn(1)2 has absorbance maxima at 296 nm (ε = 29,000 M-1cm-1), 304 nm (ε = 

35,000 M-1cm-1), and 334 nm (ε = 32,000 M-1cm-1).  The Co2+ and Ni2+ complexes also 

show maxima at 296 and 304 nm (Co(1)2: ε = 33,000 and 37,000 M-1cm-1; Ni(1)2: ε = 

31,000 and 34,000 M-1cm-1).  Additional transitions are observed for Co(1)2 and Ni(1)2  

at 338 nm and 352 nm, respectively (ε = 30,000 M-1cm-1 in both cases).  Cu(1)Cl shows 

only one transition in the UV region (296 nm, ε = 19,000 M-1cm-1).  As shown by their 

absorbance in the visible region of the spectrum (Figure 2-3B), the complexes are 

relatively weakly colored.  The red Co(1)2 complex is the most intensely colored, with 

maxima at 532 nm (ε = 237 M-1cm-1) and 550 nm (ε = 231 M-1cm-1) as well as a weak, 
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broad absorbance centered at 790 nm (ε = 37 M-1cm-1).  The Cu(1)Cl complex has an 

absorbance maximum at 510 nm (ε = 161 M-1cm-1) and a very broad absorbance 

centered at 840 nm (ε = 95 M-1cm-1) that trails into the visible region.  The green Ni(1)2 

complex shows absorbance maxima at 448 and 690 nm (ε=109 and 55 M-1cm-1, 

respectively). The fluorescence of the complexes was checked using a hand-held UV 

lamp (254 and 365 nm) and only Zn(1)2 showed significant emission, consistent with 

reports of the use of 1 and related molecules as Zn2+ sensors.6 
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Figure 2-3.  UV-Vis absorbance spectra of metal complexes of 1.  A: The absorbance in 
the UV region shifts significantly for all four metal complexes relative to the free ligand, 
shown as a dotted black line.  B: The Ni2+, Co2+, and Cu2+ complexes are all weakly 
colored, as demonstrated by their absorbance in the visible region. 
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 Single crystals of the four metal complexes were obtained and their structures 

determined by X-ray diffraction.  Colorless blocks of Zn(1)2⋅2CHCl3 crystallize in the 

monoclinic space group C2/c (Figure 2-4A).  The asymmetric unit consists of a Zn2+ ion 

(half occupancy, on a center of inversion) coordinated by a molecule of 1 through the 

imidazole and sulfonamide nitrogen atoms with bond lengths of 2.005(2) and 1.978(2) 

Å, respectively.  The complex co-crystallized with one CHCl3 molecule in the 

asymmetric unit.  Extension of the inversion symmetry reveals a heavily disordered 

tetrahedral ZnN4 coordination sphere with N-Zn-N angles ranging from 92.1° to 133.2°.  

A long interaction (~2.7 Å) between the Zn2+ ion and one of the sulfonamide oxygen 

atoms may contribute to this distortion. 

 Red and green blocks of Co(1)2⋅2DMF and Ni(1)2⋅2DMF (DMF = N,N-

dimethylformamide) also crystallized in the space group C2/c with similar asymmetric 

units to that of Zn(1)2 but with DMF in the place of CHCl3.  The coordination of 1 to 

Co2+ and Ni2+ is similar to that observed in the Zn2+ complex (Figure 2-4B and C, 

respectively).  In Co(1)2, the Co–N distances are 1.981(3) and 1.992(3) Å for the 

sulfonamide and imidazole nitrogens, respectively.  The tetrahedral CoN4 coordination 

is more distorted than in the Zn2+ complex (N-Co-N angles ranging from 91.5° to 

138.5°) and the interaction between the Co2+ ion and sulfonamide oxygen atoms is ~0.1 

Å closer.  The Ni–N bonds in Ni(1)2 are somewhat shorter at 1.962(2) and 1.981(2) Å 

for the sulfonamide and imidazole nitrogen atoms, respectively.  The NiN4 tetrahedron is 

even more distorted, having angles between 91.1° and 143.7° and a further shortening of 

the distance between the sulfonamide oxygen atoms and the Ni2+ ion is observed. 



	   41	  

 Red blocks of Cu(1)Cl crystallize in the triclinic space group P-1 with an 

asymmetric unit consisting of a Cu2+ ion bound by a single molecule of 1 and a chloride 

ion (Figure 2-4D).  The Cu2+ ion adopts highly distorted square planar geometry 

consisting of the chloride ion, imidazole and sulfonamide nitrogen atoms, and unlike the 

previous structures, a fully coordinated sulfonamide oxygen atom.  The Cu–N distances 

are much shorter than in the previous structures (1.956(3) and 1.908(3)Å for the 

imidazole and sulfonamide nitrogen atoms, respectively.  The Cu–O distance is 2.235(2) 

Å and the Cu–Cl distance is 2.214(1) Å.  The Cu2+ ion is coplanar with the chloride and 

nitrogen donors, while the oxygen donor is distorted 17.6° out of the plane as measured 

by the N-N-Cl-O torsion angle.  Attempts to make a homoleptic Cu(1)2 complex with 

other metal sources such as nitrate, acetate, sulfate, and acetylacetonate were 

unsuccessful. 
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Figure 2-4.  Crystal structures of metal complexes of 1.  The Zn2+ (A), Co2+ (B), and 
Ni2+ (C) complexes are isostructural while the Cu2+ complex (D) could only be obtained 
from the chloride metal salt, resulting in a complex with a single molecule of 1 and a 
chloride ion.  Only the asymmetric units are shown, with co-crystallized solvents and 
most hydrogen atoms omitted for clarity.  Thermal ellipsoids are shown at 50% 
probability. 

 Comparing these complexes to those of the 8-sulfonamidoquinoline MBP (see 

Figure 2-2A), the most significant structural difference is that the benzimidazole-based 

ligand forms a 6-member chelate compared to a 5-member chelate for 8-

sulfonamidoquinolines, resulting in N-Mn+-N bond angles (sometimes referred to as bite 

angles) that are ~10° wider.  The different ligand geometry for the 2-(2’-

sulfonamidophenyl)benzimidazole MBP also brings the sulfonamide functional group 

closer to the metal ion upon coordination, which manifests itself in the interactions 
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between the sulfonamide oxygen atoms and the metal centers, which is not observed in 

8-sulfonamidoquinoline complexes.10-27  The fact that homoleptic complexes of Cu2+ 

cannot be obtained with 1 while they are readily prepared with 8-sulfonamidoquinoline 

ligands is likely a result of the ability of the 2-(2’-sulfonamidophenyl)benzimidazole 

MBP to supply three donor atoms. 

2.2.2.  Metal Complexes of 4-Sulfonamido-(1H)-benzimidazole MBPs 

 In an attempt to improve on the selectivity and potency of MMP inhibitors based 

on the 8-sulfonamidoquinoline and 2-(2’-sulfonamidophenyl)benzimidazole MBPs, 

inhibitors based on the novel 4-sulfonamido-1H-benzimidazole MBP, which contains a 

similar (N,N)-donor set but with a different ligand geometry, were synthesized (Scheme 

2-2).  The 4-sulfonamido-1H-benzimizazole MBP (represented by 2) mimics the 8-

sulfonamidoquinoline metal binding motif but with the endocyclic nitrogen donor as 

part of a 5-member heterocycle.  The 2-phenyl-4-sulfonamido-1H-benzimidazole 

scaffold (represented by 3) maintains the same metal binding motif but also includes a 

phenyl ring on the 2-position to mimic the steric bulk of the 2-(2’-

sulfonamidophenyl)benzimidazole MBP.   

 
Scheme 2-2.  Synthesis of 2 and 3 from 3-nitro-1,2-phenylenediamine.  Full details can 
be found in Section 2.4. 
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 The absorbance spectra of Co(OAc)2 and Cu(OAc)2 show a significant shift in 

the visible region of both λmax and extinction coefficient upon addition of 1 equivalent of 

2, indicating formation of a complex in solution (Figure 2-5).  In the case of Ni(OAc)2, 

the absorbance in the visible region did not change significantly (data not shown), 

indicating that either a complex did not form or that the coordination environment 

around the Ni2+ ion in the complex is similar to that in free solution.  For structural 

analysis, solid samples of the metal complexes of 2 were obtained in a similar fashion to 

those of 1; the coordination complexes with 2 did not precipitate out of solution upon 

formation, so the solvent was removed and the residue crystallized by vapor diffusion.   
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Figure 2-5.  Absorbance spectra (visible region) of Co(OAc)2 and Cu(OAc)2 in the 
presence of 1 equivalent of 2.  The corresponding spectra for Ni(OAc)2, however, 
showed little difference.  The samples contained metal salt (10 mM) with or without the 
inclusion of 2 (10 mM). 

 The Zn(2)3 complex crystallized in the monoclinic space group P21/n with an 

asymmetric unit consisting of one metal ion bound by three molecules of 2 along with a 

co-crystallized molecule of diethyl ether (Figure 2-6A).  The Zn2+ ion adopts trigonal 
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bipyramidal geometry with the sulfonamide nitrogen atoms from two of the ligands as 

axial donors (Zn–N distances of 2.261(3) and 2.319(3) Å).  These ligands are both 

bidentate, with the imidazole nitrogen atoms coordinated in the axial plane (Zn–N 

distances of 2.005(3) and 2.008(3) Å).  The third molecule of 2 acts as a monodentate 

ligand (Zn–N distance of 2.023(3) Å) coordinating only through an imidazole nitrogen 

atom.  The Co(2)3 complex (Figure 2-6B) is isostructural to that of the Zn2+ complex. 

 The Cu(2)3 complex orystallized in the triclinic space group P-1 and although it 

also coordinates three molecules of 2, the geometry around the metal ion is square 

pyramidal rather than trigonal bipyramidal (Figure 2-6C) and there is no co-crystallized 

solvent.  The axial ligand is an imidazole nitrogen atom from one of the chelating 

molecules of 2 with a bond length of 2.249(4) Å.  The Cu–N bond distances for the 

imidazole nitrogen atoms in the equatorial plane are 1.993(4) and 1.978(4) Å while the 

two sulfonamide nitrogen atoms have longer bond distances of 2.075(4) and 2.131(4) Å.  

 The Ni(2)2(H2O)2 complex crystallized in the monoclinic space group P21/c and 

is distinct from the other complexes of 2 in that it only includes two bidentate ligands, 

with the octahedral coordination sphere around the metal ion being completed by two 

water molecules (Figure 2-6D).  The two sulfonamide nitrogen donor atoms are 

positioned trans to each other within the coordination sphere while the water ligands are 

in a cis arrangement.  The sulfonamide nitrogen atoms coordinate with Ni–N distances 

of 2.177(5) and 2.239(5) Å, while the Ni–N imine bond distances are significantly 

shorter at 2.031(5) and 2.069(5) Å.  The asymmetric unit also includes a co-crystallized 

acetone molecule. 
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Figure 2-6.  Crystal structures of metal complexes of 2.  The trigonal bipyramidal Zn2+ 
(A) and Co2+ (B) complexes are isostructural while the Cu2+ complex (C) is similar but 
adopts square pyramidal geometry.  The Ni2+ complex (D) is distinct in that it is 
coordinated by only two molecles of 2 with the octahedral coordination sphere 
completed by two water molecules.  Co-crystallized solvent molecules and most 
hydrogen atoms are omitted for clarity.  Thermal ellipsoids are shown at 50% 
probability. 

 Extensive efforts toward crystallizing complexes of 3 with transition metal salts 

were unsuccessful, partially due to the extraordinarily low solubility of the ligand itself 

and the resulting metal complexes.  When Zn(NO3)2 was used as the metal source and 

no base was included, the ligand crystallized as a free cation with both imidazole 
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nitrogen atoms protonated, cocrystallized in the presence of a nitrate counterion (Figure 

2-7). 

 
Figure 2-7.  The crystal structure of 3·HNO3.  Thermal ellipsoids are shown at 50% 
probability. 

 Although the 4-sulfonamido-1H-benzimidazole metal-binding motif of 2 and 3 

forms a 5-member chelate upon metal coordination similar to that of 8-

sulfonamidoquinoline, the ligand geometry is unique.  The endocyclic nitrogen atom 

being part of a 5-member ring results in a geometry of the Mn+-N interaction that 

deviates from ideal.  This bonding is highly dependent on the nitrogen lone pair being 

oriented toward the metal center, but the geometry of the 5-member benzimidazole ring 

prevents this; the lone pair is pointed ~10° further away from the amide nitrogen.  This 

leads to weaker metal coordination, which could contribute to the diminished inhibitory 

activity of inhibitors based on this MBP.  The fact that the conjugate acid of 3 was 

obtained by crystallization in the presence of Zn2+ without the addition of any other acid 

also suggests that the ligand pKa may also be playing a role. 
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2.2.3.  Metal complexes of 4-Sulfonamidobenzoxazole MBPs 

 Using the procedure shown in Scheme 2.2 but with 2-amino-3-nitrophenol as a 

starting material, benzoxazole analogs of 2 and 3 (4 and 5, Scheme 2-3) were 

synthesized.  When 4 was combined with ZnCl2 along with triethylamine as a base, a 

complex was obtained in which 4 had rearranged to 3-tosyl-7-hydroxybenzimidazole 

(4a, Figure 2-8A), forming a Zn4(4a)6Cl2 cluster (Figure 2-8B and C).  As monitored by 

TLC, the ligand rearrangement occurs slowly (over ~2 days) in the presence of Zn2+ and 

triethylamine but also proceeds at an even slower rate (over ~1 week) with Zn2+ alone.  

The rearranged ligand could be isolated from this mixture by recrystallization from hot 

ethanol for further characterization. 

 
Scheme 2-3.  Synthesis of MBPs 4 and 5.  The procedure is similar to that for 2 and 3 
but with 2-amino-3-nitrophenol as the starting material.  Full experimental details can be 
found in Section 2.4. 
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Figure 2-8.  The rearrangement of 4 to yield 4a.  A: In the presence of Zn2+, the 
benzoxazole ring of 4 opens to allow the ligand to rearrange to the benzimidazole 4a, 
with the crystal structures of both 4 and 4a are shown on the right.  B: The asymmetric 
unit of the cluster formed by 4a and ZnCl2.  C: The Zn4(4a)6Cl2 cluster (shown on the 
left with sulfonamide groups omitted for clarity) has a complicated connectivity, shown 
on the right with chloride ions omitted.  Symmetrically related ligands are shown in the 
same color.  Thermal ellipsoids are shown at 50% probability. 

 When a mixture of CuCl2 and 4 was crystallized, a metal complex was not 

obtained, but a small amount (two crystals) of an unexpected side-product was 

produced.  The crystal structure of the side product revealed that it was the result of 

ligand dimerization (4b, Figure 2-9A), however this product was not obtained when 

Cu(OAc)2 was used as the metal source in the absence of base.  In this case, a 

Cu(4)(OAc)2 complex was obtained in which the Cu2(OAc)4 paddlewheel structure was 

maintained with two molecules of 4 coordinated through the imidazole nitrogen atom 

acting as neutral axial ligands (Figure 2-9B).  Similarly, when Co(acac)2 and Ni(acac)2 
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(acac = acetylacetonate) were used as metal sources without the addition of base, the 

resulting Co(4)(acac)2 and Ni(4)(acac)2 complexes consisted of the metal bound by two 

acac ligands in a planar arrangement and two molecules of 4, bound through the 

imidazole nitrogen atoms, coordinated axially (Figure 2-9C). 

 
Figure 2-9.  Rearrangement of 4 to 4b and monodentate complexes of 4.  A: In the 
presence of CuCl2, 4 dimerizes to yield 4b, which was characterized by X-ray 
crystallography (right).  When combined with Cu(OAc)2 (B) or Ni/Co(acac)2 (C), the 
ligand does not rearrange and acts as a monodentate donor.  Most hydrogens are omitted 
for clarity.  In B, the asymmetric consists of two Cu2(OAc)4(4)2 paddlewheel units but 
only one is shown.  Thermal ellipsoids are shown at 50% probability.  

 The complex of 5 with ZnCl2 yielded a complex with a slightly distorted 

tetrahedral Zn2+ ion coordinated by 5 in a bidentate fashion as well as two chloride 

ligands (Figure 2-10).  The Zn–N bond distances of 2.116(3) and 2.038(3) Å for the 

imine and sulfonamide donors, respectively, are similar to those described for the related 
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MBPs above.  The monoanionic charge of this complex is balanced by a protonated 

triethylamine molecule in the crystal lattice.  Attempts to crystallize 5 with other 

transition metal salts were unsuccessful. 

 
Figure 2-10.  The crystal structure of [Zn(5)Cl2]-.  Hydrogen atoms as well as the 
protonated triethylamine cation and co-crystallized methanol molecule are omitted for 
clariy.  Thermal ellipsoids are shown at 50% probability. 

 The rearrangement of 4 to yield 4a is not without precedent, although this type of 

transformation has only been reported in the presence of a strong base, sodium 

ethanoate.28  The instability of the 4-sulfonamidobenzoxazole MBP is potentially the 

cause of its observed lack of inhibitory activity against MMPs and likely precludes its 

use in metalloenzyme inhibitor development.  Interestingly, this instability was not 

observed for 5, which contains a phenyl group on the 2-position, but metal complexes of 

5 were difficult to obtain due to the poor solubility of the ligand, similar to that observed 

with 3. 
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2.3.  Conclusions 

 Small-molecule complexes can be used to obtain basic information about the 

coordination of MBPs to transition metal ions.  Metal complexes of 1 showed that the 

sulfonamide oxygen atoms can act as a third donor, as well as demonstrating the 

increased bite angle (relative to 8-sulfonamidoquinolines) as a result of the formation of 

a 6-member chelate.  In the case of 2, although a 5-member chelate ring is formed, the 

geometry of the endocyclic nitrogen donor being part of a 5-member ring results in less 

ideal coordination.  These studies also revealed instability of the 7-

sulfonamidobenzoxazole MBP, although a substitution in the 2-position seems to 

stabilize the MBP.  In the absence of other structural data, this information can be 

crucial to the rational structure-based design of metalloenzyme inhibitors.   

2.4.  Experimental Section 

 General.  Unless otherwise noted, chemicals were purchased from commercial 

suppliers and used as received.  Microwave reactions were performed in a 10 mL or 35 

mL microwave vial using a CEM Discover S reactor.  1H NMR spectra were recorded 

on a Varian FT-NMR instrument at the Department of Chemistry and Biochemistry, 

University of California, San Diego.  Mass spectrometry was performed at the Small 

Molecule Mass Spectrometry Facility in the Department of Chemistry and Biochemistry 

at the University of California, San Diego.  UV-Visible spectra were recorded in DMSO 

using a Perkin-Elmer Lambda 25 spectrophotometer. 
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 Crystal Structure Determination. Single crystals were mounted on a nylon 

loop with Paratone oil and placed under a nitrogen cold stream (100 K).  Data was 

collected on a Bruker Apex Platform diffractometer using Mo Kα radiation (λ = 0.71073 

Å) controlled using the APEX 2.0 software package.  A semiempirical method utilizing 

equivalents was employed to correct for absorption.  All data collections were solved 

and refined using the SHELXTL suite.  All non-hydrogen atoms were refined 

anisotropically.  Hydrogen atoms bound to carbon atoms were placed in calculated 

positions and refined isotropically with a riding model.  Hydrogen atoms bound to 

nitrogen and oxygen atoms were found via Fourier difference maps and refined 

isotropically. 

 2-(2′-Tosylaminophenyl)-1H-benzimidazole (1):  A mixture of 2-(2’-

aminophenyl)-1H-benzimidazole (0.250 g, 1.20 mmol) and p-toluenesulfonyl chloride 

(0.342 g, 1.79 mmol) in pyridine (5 mL) was heated in a microwave reactor to 130 °C 

for 3 min.  The mixture was then poured into 40 mL of water and extracted with 2×25 

mL CHCl3.  The combined organic fractions were washed with HCl (1.0 M, aq), dried 

over MgSO4, and evaporated to give the product as a pale yellow solid (0.347 g, 80% 

yield).  1H NMR (CD3OD, 400 MHz) δ 7.81 (dd, 1 H, J1 = 8.0 Hz, J2 = 1.2 Hz), 7.70 

(dd, 1 H, J1 = 8.0 Hz, J2 = 0.8 Hz), 7.64 (d, 1 H, J = 3.2 Hz), 7.63 (d, 1 H, J = 3.2 Hz), 

7.42 (d, 2 H, J = 8.4 Hz), 7.40 (m, 1 H), 7.31 (d, 1 H, J = 3.2 Hz), 7.30 (d, 1 H, J = 3.2 

Hz), 7.22 (dt, 1 H, J1 = 7.6 Hz, J2 = 0.8 Hz), 6.97 (d, 2 H, J = 8.4 Hz), 2.21 (s, 3 H).  

ESI-MS(+): m/z 364.13 [M+H]+. 



	   55	  

 [Zn(1)2]:  A solution of 1 (0.020 g, 0.055mmol) in methanol (3 mL) was added 

dropwise with stirring to a solution of Zn(OAc)2·2H2O (0.006 g, 0.028 mmol) in 

methanol (2 mL) and allowed to stir for 1 h.  The complex was isolated as a white 

precipitate, which was then dissolved in a 1:1 mixture of DMF and CHCl3 and 

crystallized by vapor diffusion using methanol as the non-solvent to obtain diffraction-

quality crystals.  1H NMR (DMSO-d6, 400 MHz) δ 8.15 (d, 1 H, J = 8.0 Hz), 7.68 (d, 2 

H, J = 8.0 Hz), 7.61 (d, 1 H, J = 8.0 Hz), 7.56 (d, 1 H, J = 8.0 Hz), 7.3-7.2 (m, 2 H), 7.08 

(d, 2 H, J = 8.0 Hz), 7.03-6.95 (m, 3 H), 2.24 (s, 3 H).  Anal. Calcd. for 

C40H34N6O5S2Zn: C, 59.44%; H, 4.24%; N, 10.40%.  Found: C, 59.07%; H, 4.44%; N, 

10.39%. 

 [Co(1)2]:  A solution of 1 (0.020 g, 0.055 mmol) in methanol (3 mL) was added 

dropwise with stirring to a solution of Co(NO3)2·6H2O (0.008 g, 0.028 mmol) in 

methanol (2 mL) and allowed to stir for 1 h prior to the addition of triethylamine (7.8 

µL, 0.055 mmol).  The complex was then isolated as a pink precipitate, which was 

dissolved in a 1:1 mixture of DMF and CH2Cl2 and crystallized by vapor diffusion using 

diethyl ether as the non-solvent to obtain diffraction-quality crystals.  Anal. Calcd. for 

C40H32N6O4S2Co: C, 61.30%; H, 4.12%; N, 10.73%.  Found: C, 61.32%; H, 3.98%; N, 

10.56%.   

 [Ni(1)2]:  A solution of 1 (0.020 g, 0.055 mmol) in methanol (3 mL) was added 

dropwise with stirring to a solution of Ni(OAc)2·4H2O (0.007 g, 0.028 mmol) in 

methanol (2 mL) and allowed to stir for 1 h.  The complex was isolated as a green 

precipitate, which was then dissolved in a 1:1 mixture of DMF and CH2Cl2 and 

crystallized by vapor diffusion using diethyl ether as the non-solvent to obtain 
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diffraction-quality crystals.  Anal. Calcd. for C40H32N6O4S2Ni: C, 61.31%; H, 4.12%; N, 

10.73%.  Found: C, 61.11%; H, 4.10%; N, 11.00%. 

 [Cu(1)Cl]:  A solution of 1 (0.020 g, 0.055 mmol) in methanol (3 mL) was 

added dropwise with stirring to a solution of CuCl2·2H2O (0.005 mg, 0.028 mmol) in 

CH3CN (2 mL).   Sodium hydroxide (55 µL, 1.0 M aq) was then and the mixture 

allowed to stir for 1 h.  The solvents were then removed and the residue dissolved in a 

1:1 mixture of acetone and CHCl3 and crystallized by vapor diffusion using diethyl ether 

as the non-solvent.  Anal. Calcd. for C20H16N3O2SCuCl: C, 52.06%; H, 3.50%; N, 

9.11%.  Found: C, 51.61%; H, 3.33%; N, 9.19%.  
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Table 2-1.  Crystal structure refinement statistics for metal complexes of 1. 
Compound Zn(1)2⋅2CHCl3 Ni(1)2⋅2DMF Co(1)2⋅2DMF Cu(1)Cl 

Crystal system Monoclinic Monoclinic Monoclinic Triclinic 
Space group C2/c C2/c C2/c P-1 

a (Å) 16.0240(6) 17.124(2) 16.926(3) 8.063(2) 
b (Å) 16.9386(6) 16.268(2) 16.313(3) 8.733(2) 
c (Å) 16.1452(6) 15.594(2) 15.870(3) 13.168(3) 
α (deg) 90 90 90 87.868(3) 
β (deg) 95.692(1) 95.157(1) 94.278(2) 89.634(2) 
γ (deg) 90 90 90 89.154(2) 
V (Å3) 4360.6(3) 4326.3(5) 4370(2) 926.5(3) 

Z 4 4 4 2 
Dcalcd (g cm−3) 1.567 1.424 1.411 1.654 
μ (mm−1) 1.077 0.605 0.548 1.458 

min/max T 0.6149 / 0.8134 0.8635 / 0.8886 0.8529 / 0.9473 0.7494 / 0.8923 
-19 < h < 19 -20 < h < 20 -22 < h < 16 -10 < h < 10 
-20 < k < 20 -19 < k < 18 -21 < k < 21 -11 < k < 11 hkl ranges 
-19 < l < 19 -18 < l < 18 -20 < l < 18 -17 < l < 17 

total reflections 15629 18376 32469 10555 
unique reflections 4000 3971 4996 3798 

R (int) 0.0251 0.0503 0.0568 0.0448 
parameters/restraints 279 / 0 298 / 0 278 / 0 257 / 0 

R1 (all data) 0.0340 0.0566 0.0852 0.0572 
R1 [I > 2σ(I)] 0.0307 0.0448 0.0636 0.0427 
wR2 (all data) 0.0837 0.1240 0.1753 0.1125 

wR2 [I > 2σ(I)] 0.0809 0.1157 0.1596 0.1046 
max/min residual 

(e−/Å3) 0.532 / -0.476 0.612 / -0.489 1.148 / -0.634 0.631 / -0.724 

G.O.F. 1.007 1.069 1.070 1.065 
 

  



	   58	  

 4-Nitro-1H-benzimidazole.  A mixture of 3-nitro-1,2-phenylenediamine (1.00 

g, 6.53 mmol), triethylorthoformate (2.90 g, 19.6 mmol), and p-toluenesulfonic acid 

(0.062 g, 0.33 mmol) in toluene (25 mL) was heated to 120 °C in a microwave reactor 

for 2 min.  The mixture was then cooled to -78 °C which resulted in the precipitation of 

the product as a yellow solid (0.987 g, 93% yield).  1H NMR (CD3OD, 400 MHz) δ 8.46 

(s, 1 H), 8.23 (d, 1 H, J = 7.6 Hz), 8.10 (d, 1 H, J = 7.6 Hz), 7.46 (t, 1 H, J = 7.6 Hz).  

ESI-MS(+): m/z 164.22 [M+H]+. 

 4-Amino-1H-benzimidazole.  A mixture of 4-nitrobenzimidazole (0.987 g, 6.05 

mmol) and 10% Pd/C (0.644 g, 0.605 mmol) in CH3OH (150 mL) was placed under H2 

atmosphere (40 psig) for 30 min.  The mixture was then filtered through celite and the 

filtrate evaporated to yield the product as a black solid that was used without further 

purification (0.798 g, 99% yield).  ESI-MS(+): m/z 134.21 [M+H]+. 

 4-Tosylamino-1H-benzimidazole (2).  4-Amino-1H-benzimidazole (0.798 g, 

5.60 mmol) and p-toluenesulfonyl chloride (1.14 g, 5.60 mmol) were added to pyridine 

(20 mL) and heated to 100 °C for 3.5 h.  The solvent was then removed and 75 mL 

water added to the residue, resulting in precipitation of the product that was collected by 

vacuum filtration and recrystallized from hot ethanol (0.854 g, 50% yield).  1H NMR 

(400 MHz, DMSO-d6) δ 12.08 (s, 1 H), 10.01 (br s, 1 H),  8.14 (s, 1 H), 7.76 (br s, 1 H), 

7.60 (br s, 1 H), 7.42-7.18 (m, 3 H), 7.08-6.72 (m, 2 H), 2.30 (s, 3 H).  ESI-MS(+): m/z 

288.25 [M+H]+. 

 [Zn(2)3]·(CH3CH2)2O.  A solution of 2 (0.020 g, 0.07 mmol) in CH2Cl2 (2 mL) 

was added dropwise with stirring to a solution of Zn(NO3)2·6H2O (0.010 g, 0.04 mmol) 

in methanol (3 mL).  After the addition of NaOH (35 µL, 1.0 M aq), the solution was 
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allowed to stir for 2 h.  The solvent was then removed and the residue taken up in 

methanol.  The complex crystallized by vapor diffusion using diethyl ether as the non-

solvent.  

 [Co(2)3]·(CH3CH2)2O.  A solution of 2 (0.020 g, 0.07 mmol) in a mixture of 

CH2Cl2 (1 mL) and CH3OH (2 mL) was added dropwise with stirring to a solution of 

Co(acac)2 (0.009 g, 0.04 mmol) in methanol (2 mL) and allowed to stir overnight.  The 

solvent was then removed and the residue taken up in a 1:1 mixture of CHCl3 and 

CH3OH.  The complex was crystallized by vapor diffusion using diethyl ether as the 

non-solvent. 

  [Cu(2)3].  A solution of 2 (0.020 g, 0.07 mmol) in CH2Cl2 (3 mL) was added 

dropwise with stirring to a solution of Cu(acac)2 (0.009 mg, 0.04 mmol) in acetonitrile 

(2 mL).  Triethylamine (9.7 µL, 0.07 mmol) was then added and the solution allowed to 

stir overnight. The solvent was then removed and the residue taken up in a 1:1 mixture 

of CH2Cl2 and acetone.  The complex was crystallized by vapor diffusion using diethyl 

ether as the non-solvent.  

 [Ni(2)2(H2O)2]·(CH3)2CO.  A solution of 2 (0.020 g, 0.07 mmol) in CH2Cl2 (2 

mL) was added dropwise with stirring to a solution of NiCl2 (0.004 g, 0.04 mmol) in 

CH3OH (3 mL).  Triethylamine (9.7 µL, 0.07 mmol) was then added and the solution 

allowed to stir overnight.  The solvent was then removed and the residue taken up in a 

1:1 mixture of CH3OH and acetone.  The complex was crystallized by vapor diffusion 

using diethyl ether as the non-solvent. 
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Table 2-2.  Crystal structure refinement statistics for metal complexes of 2. 

Compound [Zn(2)3] 
·(CH3CH2)2O 

[Co(2)3] 
·(CH3CH2)2O Cu(2)3 

[Ni(2)2(H2O)] 
·(CH3)2CO 

Crystal system Monoclinic Monoclinic Triclinic Triclinic 
Space group P21/n P21/n P-1 P-1 

a (Å) 14.016(3) 14.082(1) 10.307(1) 7.8042(9) 
b (Å) 21.426(5) 21.421(2) 14.164(2) 9.653(1) 
c (Å) 15.589(4) 15.638(1) 16.076(2) 13.521(2) 
α (deg) 90 90 106.076(2) 93.722(2) 
β (deg) 100.610(4) 100.980(2) 104.444(2) 95.255(2) 
γ (deg) 90 90 104.477(2) 109.926(2) 
V (Å3) 4602(2) 4631.1(7) 2037.8(5) 948.6(2) 

Z 4 4 2 2 
Dcalcd (g cm−3) 1.443 1.424 1.505 1.493 

µ (mm−1) 0.732 0.567 0.751 0.214 
min/max T 0.8615 / 0.9574 0.9197 / 0.9832 0.8957 / 0.9778 0.9505 / 0.9957 

-16 < h < 17 -17 < h < 17 -13 < h < 13 -9 < h < 9 
-26 < k < 27 -26 < k < 26 -18 < k < 18 -11 < k < 11 hkl ranges 
-19 < l < 19 -19 < l < 18 -20 < l < 17 -16 < l < 16 

total reflections 33817 35930 23801 12272 
unique reflections 9507 9787 9239 3443 

R (int) 0.1116 0.1073 0.0800 0.0503 
parameters/restraints 612 / 0 612 / 0 565 / 4 281 / 3 

R1 (all data) 0.0928 0.1359 0.1206 0.1068 
R1 [I > 2σ(I)] 0.0532 0.0590 0.0674 0.0940 
wR2 (all data) 0.1360 0.1286 0.1573 0.2475 

wR2 [I > 2σ(I)] 0.1173 0.1062 0.1268 0.2421 
max/min residual 

(e−/Å3) 0.495 / -0.590 0.489 / -0.450 0.606 / -1.483 0.866 / -0.509 

G.O.F. 0.982 1.015 1.023 1.193 
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 2-Phenyl-7-nitrobenzimidazole.  To a solution of 3-nitro-1,2-phenylenediamine 

(0.100 g, 0.65 mmol) in toluene (25 mL) was added trimethylorthobenzoate (340 µL, 1.9 

mmol) and p-toluenesulfonic acid (0.006 g, 0.03 mmol).  The solution was then heated 

to 130 °C in a microwave reactor before being cooled to -20 °C, which resulted in 

precipitation of the product as a yellow solid (0.078 g, 50% yield).  1H NMR (400 MHz, 

DMSO-d6) δ 8.19 (dd, 2 H, J1 = 8.4 Hz, J2 = 0.8 Hz), 8.16 (s, 1 H), 8.15–8.12 (m, 6 H).  

ESI-MS(+): m/z 240.25 [M+H]+. 

 2-Phenyl-7-aminobenzimidazole.  To a solution of 2-phenyl-7-

nitrobenzimidazole (0.300 g, 1.25 mmol) in CH3OH (140 mL) was added 10% Pd/C 

(0.133 g, 0.12 mmol).  The suspension was placed under H2 atmosphere (40 psig) for 30 

min and then filtered through celite.  The filtrate was evaporated to yield a black solid 

that was used without further purification (0.258 g, 81% yield).  ESI-MS(+): m/z 210.33  

[M+H]+. 

 2-Phenyl-7-(tosylamino)-3H-benzimidazole (3).  2-Phenyl-7-

aminobenzoxazole (0.600 g, 2.9 mmol) and p-toluenesulfonyl chloride (1.09 g, 5.7 

mmol) were combined in pyridine (8 mL) and heated in a microwave reactor to 130 °C 

for 3 min.  The solution was then poured into 30 mL of water and extracted with CHCl3.  

The combined organic fractions were evaporated and the product recrystallized from hot 

ethanol (0.702 g, 70% yield).  1H NMR (400 MHz, DMSO-d6) δ 10.67 (s, 1 H),  8.32-

8.26 (m, 2 H), 7.75 (d, 2 H, J = 8.0 Hz), 7.73-7.68 (m, 3 H), 7.48 (d, 1 H, J = 8.0 Hz), 

7.37-7.29 (m, 3 H), 7.22 (d, 1 H, J = 8.0 Hz), 2.28 (s, 3 H).  ESI-MS(+): m/z 364.21 

[M+H]+. 
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 3·HNO3.  A solution of 3 (0.020 g, 0.055 mmol) in CH3OH (2 mL) was added 

dropwise with stirring to a solution of Zn(NO3)2·6H2O (0.008 g, 0.03 mmol) in CH3OH 

(2 mL) and allowed to stir overnight.  The solvent was then removed and the residue 

taken up CHCl3.  The product was crystallized by vapor diffusion using diethyl ether as 

the non-solvent.  

Table 2-3.  Crystal structure refinement statistics for 3·HNO3 

Crystal system Triclinic 
Space group P-1 

a (Å) 7.8042(9) 
b (Å) 9.653(1) 
c (Å) 13.521(2) 
α (deg) 93.722(2) 
β (deg) 95.255(2) 
γ (deg) 109.926(2) 
V (Å3) 948.6(2) 

Z 2 
Dcalcd (g cm−3) 1.493 

µ (mm−1) 0.214 
min/max T 0.9505 / 0.9957 

-9 < h < 9 
-11 < k < 11 hkl ranges 
-16 < l < 16 

total reflections 12272 
unique reflections 3443 

R (int) 0.0503 
parameters/restraints 281 / 3 

R1 (all data) 0.1068 
R1 [I > 2σ(I)] 0.0940 
wR2 (all data) 0.2475 

wR2 [I > 2σ(I)] 0.2421 
max/min residual 

(e−/Å3) 0.866 / -0.509 

G.O.F. 1.193 
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 7-Nitrobenzoxazole.  2-Amino-3-nitrophenol (2.00 g, 13.0 mmol), 

triethylorthoformate (5.76 g, 38.9 mmol), and p-toluenesulfonic acid (0.124 g, 0.64 

mmol) were added to toluene (50 mL) and the mixture heated to 130 °C for 2 min in a 

microwave reactor.  The product precipitated as a pink solid upon cooling to -78 °C 

(1.96 g, 91% yield).  1H NMR (400 MHz, CD3OD) δ 8.79 (s, 1H), 8.26 (dd, 1 H, J1 = 

8.4 Hz, J2 = 0.8 Hz), 8.12 (dd, 1 H, J1 = 8.4 Hz, J2 = 0.8 Hz), 7.67 (t, 1 H, J = 8.4 Hz).  

ESI-MS(+): m/z 165.06 [M+H]+, 186.91 [M+Na]+. 

 7-Aminobenzoxazole.  To a solution of 4-nitrobenzoxazole (1.91 g, 11.6 mmol) 

in CH3OH (160 mL) was added 10% Pd/C (1.24 g, 1.16 mmol).  The suspension was 

placed under H2 atmosphere (40 psig) for 1 h and then filtered through celite.  The 

filtrate was evaporated to yield the product as a black solid that was used without further 

purification (1.42 g, 91% yield).  1H NMR (400 MHz, CD3OD) δ 8.25 (s, 1 H), 7.12 (t, 1 

H, J = 8.4 Hz), 6.87 (dd, 1 H, J1 = 8.4 Hz, J2 = 0.8 Hz), 6.63 (dd, 1 H, J1 = 8.4 Hz, J2 = 

0.8 Hz).  ESI-MS(+): m/z 135.22 [M+H]+. 

 7-(tosylamino)benzoxazole (4).  7-aminobenzoxazole (0.495 g, 3.69 mmol) and 

p-toluenesulfonyl chloride (0.915 g, 4.80 mmol) were added to pyridine (12 mL) and 

heated to 130 °C for 3 min in a microwave reactor.  The mixture was then poured into 

water (50 mL) and extracted with 3 ×	 25 mL CHCl3.  The combined organic layers were 

washed with 1 M HCl (aq), dried over MgSO4, and evaporated.  The product was 

purified by flash chromatography followed by rerystallization out of hot ethanol (0.515 

g, 48% yield).  1H NMR (400 MHz, DMSO-d6): δ 10.65 (s, 1 H), 8.66 (s, 1 H), 7.73 (d, 

2 H, J = 8.0 Hz), 7.45 (d, 1 H, J = 8.4 Hz), 7.32-7.29 (m, 3 H), 7.22 (d, 1 H, J = 8.4 Hz), 
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2.30 (s, 3 H). 13C NMR (100 MHz, DMSO-d6): δ 153.9, 150.5, 143.6, 137.8, 133.0, 

130.0, 129.9, 127.2, 126.4, 116.6, 107.6, 21.4.  ESI-MS(+): m/z 289.19 [M+H]+. 

 3-Tosyl-7-hydroxybenzimidazole (4a).  A solution of 4 (0.020 g, 0.069 mmol) 

and Zn(NO3)2·6H2O (0.010 g, 0.035 mmol) in 6 mL of a 1:1 mixture of CH3OH and 

CHCl3 was allowed to stir for approximately one week.  The solvent was removed and 

the residue recrystallized from hot ethanol.  1H NMR (400 MHz, DMSO-d6) δ 10.28 (br 

s, 1 H), 8.65 (s, 1 H), 7.99 (d, 2 H, J = 8.0 Hz), 7.43 (d, 2 H, J = 8.0 Hz), 7.24 (d, 1 H, J 

= 8.0 Hz), 7.17 (t, 1 H, J = 8.0 Hz), 6.71 (d, 1 H, J = 8.0 Hz), 2.33 (s, 3 H). 

 [Zn4(4a)6Cl2]·2(CH3CH2)2O:  A solution of 4 (0.020 g, 0.069 mmol) in CHCl3 

(3 mL) was added dropwise with stirring to ZnCl2 (0.005 g, 0.04 mmol) dissolved in 

CH3OH (2 mL).  Triethylamine (9.5 µL, 0.069 mmol) was then added and the solution 

allowed to stir overnight.  The solvent was removed and the residue taken up in CH2Cl2. 

The product was crystallized by vapor diffusion using diethyl ether as the non-solvent. 

 2-Amino-3-oxo-1,9-bis(tosylamino)-3H-phenoxazine (4b).  A solution of 4 

(0.020 g, 0.069 mmol) in CHCl3 (3 mL) was added dropwise to a solution of 

CuCl2·2H2O (0.006 g, 0.04 mmol) in CH3OH (2 mL) and  allowed to stir overnight.  The  

solvent was then evaporated and the residue taken up in CHCl3.  The product was 

crystallized by vapor diffusion using diethyl ether as the non-solvent.  ESI-MS(+): m/z 

551.17 [M+H]+. 
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Table 2-4.  Crystal structure refinement statistics for 4 and rearranged products. 

Compound 4·0.5H2O 4a 4b [Zn4(4a)6Cl2] 
·2(CH3CH2)2O 

Crystal system Monoclinic Triclinic Monoclinic Triclinic 
Space group P21/c P-1 P21/c P-1 

a (Å) 13.266(3) 4.930(3) 12.845(2) 13.770(1) 
b (Å) 14.149(3) 11.347(6) 16.028(2) 13.850(1) 
c (Å) 14.279(3) 11.935(6) 26.436 14.323(1) 
α (deg) 90 75.224(7) 90 74.033(3) 
β (deg) 98.181(3) 80.593(7) 98.769(2) 71.268(3) 
γ (deg) 90 80.207(7) 90 75.693(3) 
V (Å3) 42653.0(9) 631.2(6) 5379(1) 2448.9(4) 

Z 4 2 8 2 
Dcalcd (g cm−3) 1.489 1.517 1.541 1.495 

µ (mm−1) 0.258 0.265 0.399 1.224 
min/max T 0.9153 / 0.9267 0.9588 / 0.9843 0.6087 / 0.7452 0.7102 / 0.7494 

-17 < h < 16 -6 < h < 6 -14 < h < 15 -16 < h < 16 
-17 < k < 18 -14 < k < 14 -19 < k < 19 -16 < k < 16 hkl ranges 
-18 < l < 18 -15 < l < 15 -32 < l < 32 -17 < l < 16 

total reflections 21291 8245 43242 24336 
unique reflections 6181 2852 10155 8556 

R (int) 0.0481 0.0430 0.0460 0.0391 
parameters/restraints 384 / 4 185 / 0 750 / 0 613 / 0 

R1 (all data) 0.0876 0.0693 0.0628 0.0641 
R1 [I > 2σ(I)] 0.0707 0.0483 0.0518 0.0422 
wR2 (all data) 0.2002 0.1122 0.1599 0.1337 

wR2 [I > 2σ(I)] 0.1843 0.1002 0.1480 0.1136 
max/min residual 

(e−/Å3) 1.179 / -0.414 0.319 / -0.443 0.582 / -0.856 0.876 / -0.485 

G.O.F. 1.031 1.034 1.026 1.082 
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 [Cu2(OAc)4(4)2]:  A solution of 4 (0.020 g, 0.069 mmol) in CH2Cl2 (2 mL) was 

added dropwise with stirring to a solution of Cu(OAc)2·H2O (0.007 g, 0.04 mmol) in a 

mixture of CH2Cl2 (2 mL) and CH3OH (1 mL).  Triethylamine (9.5 µL, 0.069 mmol) 

was added and the solution allowed to stir overnight.  The solvent was then removed and 

the residue taken up in CHCl3.  The complex was crystallized by vapor diffusion using 

diethyl ether as the non-solvent. 

 [Co(acac)2(4)2]:  A solution of 4 (0.020 g, 0.069 mmol) in CH2Cl2 (2 mL) was 

added dropwise with stirring to a solution of Co(acac)2 (0.009 g, 0.04 mmol) in CHCl3 

(3 mL) and allowed to stir overnight.  The solvent was then removed and the residue 

taken up in CHCl3.  The complex was crystallized by vapor diffusion using diethyl ether 

as the non-solvent. 

 [Ni(acac)2(4)2]:  A solution of 4 (0.020 g, 0.069 mmol) in CH2Cl2 (2 mL) was 

added dropwise with stirring to a solution of Ni(acac)2 (0.009 g, 0.04 mmol) in CHCl3 (3 

mL) and allowed to stir overnight.  The solvent was then removed and the residue taken 

up in CHCl3.  The complex was crystallized by vapor diffusion using diethyl ether as the 

non-solvent. 
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Table 2-5.  Crystal structure refinement statistics for metal complexes of 4. 

Compound Cu2(OAc)4(4)2 Co(acac)2(4)2 Ni(acac)2(4)2 
Crystal system Triclinic Monoclinic Monoclinic 
Space group P-1 P21/n P21/n 

a (Å) 8.1836(4) 10.764(2) 10.6601(7) 
b (Å) 14.1253(8) 11.592(2) 11.6640(7) 
c (Å) 17.2139(9) 15.174(2) 15.1089(9) 
α (deg) 81.685(1) 90 90 
β (deg) 78.719(1) 103.642(2) 103.468(1) 
γ (deg) 80.159(1) 90 90 
V (Å3) 1909.9(2) 1839.8(6) 1839.8(6) 

Z 2 2 2 
Dcalcd (g cm−3) 1.634 1.505 1.515 

µ (mm−1) 1.298 0.646 0.711 
min/max T 0.7374 / 0.9499 0.6179 / 0.7456 0.8096 / 0.9070 

-9 < h < 9 -14 < h < 13 -13 < h < 13 
-16 < k < 15 -14 < k < 14 -15 < k < 15 hkl ranges 
-19 < l < 19 -19 < l < 19 -19 < l < 19 

total reflections 22099 23543 14427 
unique reflections 6061 4218 4073 

R (int) 0.0291 0.0432 0.0395 
parameters/restraints 535 / 0 256 / 0 256 / 0 

R1 (all data) 0.0389 0.0435 0.0421 
R1 [I > 2σ(I)] 0.0305 0.0358 0.0338 
wR2 (all data) 0.0970 0.0946 0.0826 

wR2 [I > 2σ(I)] 0.803 0.0902 0.0763 
max/min residual 

(e−/Å3) 0.443 / -0.577 1.170 / -0.424 0.329 / -0.403 

G.O.F. 1.150 1.044 1.043 
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 7-Nitro-2-phenylbenzoxazole.  A solution of 2-amino-4-nitrophenol (1.00 g, 

6.48 mmol) in trimethylorthobenzoate (3.40 mL, 19.5 mmol) along with p-

toluenesulfonic acid (0.061 g, 0.32 mmol) was heated to 130 °C in a microwave reactor 

for 15 min.  Toluene (10 mL) was then added to the reaction mixture, resulting in 

precipitation of the product (1.35 g, 87% yield).  1H NMR (500 MHz, CDCl3) δ 8.37 (d, 

2 H, J = 8.0 Hz), 8.20 (dd, 1 H, J1 = 8.0 Hz, J2 = 0.5 Hz), 7.92 (dd, 1 H, J1 = 8.0 Hz, J2 = 

0.5 Hz), 7.62 (dt, 1 H, J1 = 7.0 Hz, J2 = 1.0 Hz), 7.57 (t, 2 H, J = 7.0 Hz) 7.49 (dt, 1 H, 

J1 = 8.0 Hz, J2 = 1.0 Hz).  ESI-MS(+): m/z 241.09 [M+H]+. 

 7-Amino-2-phenylbenzoxazole.  To a solution of 7-nitro-2-phenylbenzoxazole 

(0.469 g, 1.95 mmol) in CH3OH (80 mL) was added 10% Pd/C (0.208 g, 0.195 mmol).  

The suspension was placed under H2 atmosphere (40 psig) for 30 min and then filtered 

through celite.  The filtrate was then evaporated to yield a black solid that was used 

without further purification (0.372 g, 91% yield).  1H NMR (500 MHz, CD3OD) δ 8.19 

(m, 2 H), 7.56 (m, 3 H), 7.21 (t, 1 H, J = 8.0 Hz), 6.91 (dd, 1 H, J1 = 8.5 Hz, J2 = 1.0 

Hz), 6.65 (dd, 1 H, J1 = 8.0 Hz, J2 = 1.0 Hz).  ESI-MS(+): m/z 211.23 [M+H]+. 

 2-Phenyl-7-(tosylamino)benzoxazole (5).  A solution of 7-amino-2-

phenylbenzoxazole (0.372 g, 1.77 mmol) and p-toluenesulfonyl chloride (0.850 g, 4.46 

mmol) in pyridine (9 mL) was heated to 130 °C in a microwave for 3 min, cooled,  and 

then poured into water (30 mL).  The product was isolated as an off-white precipitate 

and was further purified by recrystallization from hot methanol (0.375 g, 58% yield).  1H 

NMR (400 MHz, DMSO-d6): δ 10.61 (s, 1 H), 8.13-8.09 (m, 2 H), 7.75 (d, 2 H, J = 8.0 

Hz), 7.64-7.58 (m, 3 H), 7.49 (d, 1 H, J = 8.0 Hz), 7.33-7.27 (m, 3 H), 7.166 (d, 1 H, J = 

7.0 Hz), 2.28 (s, 3 H).  ESI-MS(+): m/z 365.26 [M+H]+. 
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 [Zn(5)Cl2]-[(CH3CH2)3NH]+·CH3OH: A solution of 5 (0.020 mg, 0.055 mmol) 

CH3OH (3 mL) was added dropwise with stirring to a solution of ZnCl2 (0.004 g, 0.028 

mmol) in CH3OH (2 mL).  Triethylamine (7.6 µL, 0.055 mmol) was added and the 

solution allowed to stir overnight.  The solvent was then removed and the residue taken 

up in CH3OH.  The complex was crystallized by vapor diffusion using diethyl ether as 

the precipitant.  

Table 2-6.  Crystal structure refinement statistics for [Zn(5)Cl2]-[(Et)3NH]+·CH3OH 

Crystal system Triclinic 
Space group P-1 

a (Å) 7.8042(9) 
b (Å) 9.653(1) 
c (Å) 13.521(2) 
α (deg) 93.722(2) 
β (deg) 95.255(2) 
γ (deg) 109.926(2) 
V (Å3) 948.6(2) 

Z 2 
Dcalcd (g cm−3) 1.493 

µ (mm−1) 0.214 
min/max T 0.9505 / 0.9957 

-9 < h < 9 
-11 < k < 11 hkl ranges 
-16 < l < 16 

total reflections 12272 
unique reflections 3443 

R (int) 0.0503 
parameters/restraints 281 / 3 

R1 (all data) 0.1068 
R1 [I > 2σ(I)] 0.0940 
wR2 (all data) 0.2475 

wR2 [I > 2σ(I)] 0.2421 
max/min residual 

(e−/Å3) 0.866 / -0.509 

G.O.F. 1.193 
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Chapter 3.  Complexes of MBPs with hCAII 
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3.1.  Introduction 

 As discussed in Chapter 1, small-molecule model complexes such as TpPh,MeZn 

(TpPh,Me = hydrotris(5,3-methylphenylpyrazolyl)borate, Figure 1-10) have been used by 

the Cohen laboratory and others as proxies for the coordination of MBPs to 

metalloenzyme active sites.  In the absence of implicit structural data for an MBP bound 

in a metalloenzyme active site, a binding mode can be assumed based on parameters of 

the MBP-metal interaction (bond distances, angles, and coordination geometry) 

observed in these model complexes.  The primary drawback to using small-molecule 

complexes to mimic MBP-target binding is that these models to not account for the 

influence of the surrounding active site environment on the MBP-metal interaction.  

There are many literature examples of MBP coordination modulated by interactions with 

nearby active site residues.  In one case, inhibitors of the Zn2+-dependent enzyme 

thermolysin based on the α-mercaptocarbonyl MBP have been shown to adopt either 

bidentate (S,O)-coordination or monodentate S-coordination in order to position a 

phenyl group for optimal contacts with a hydrophobic pocket of the active site (Figure 3-

1A).1  Similarly, the N-hydroxyurea MBP of inhibitors targeting carboxypeptidase A 

(also Zn2+-dependent) can act as a monodentate ligand either through the N-hydroxyl 

oxygen or carbonyl oxygen depending on the interaction between a phenyl group of the 

inhibitor and a hydrophobic pocket of the active site (Figure 3-1B).2 

 A more recent example is based on the use of a 3-hydroxy-(1H)-pyridin-2-one 

MBP to target a dinuclear Mn2+-dependent endonuclease.  The presence of a single 

methoxy group on a peripheral aryl ring of the inhibitor changes the coordination mode 

from carbonyl-bridging to hydroxyl-bridging (Figure 3-1C), markedly moving the 
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position of the aryl ring within the active site.3  The endocyclic nitrogen atom of the 

MBP does not appear to play a significant role in this rearrangement, as it does not make 

any close interactions (<3.0 Å) in either conformation.  This chapter will focus on 

examining the binding of MBPs to the active site of human carbonic anhydrase II 

(hCAII) in order to gain insight into the fundamental forces that determine both the 

binding mode and affinities of MBPs in metalloenzyme active sites. 



	   77	  

 

Figure 3-1.  Examples of the coordination mode of MBPs being modulated by inhibitor-
protein interactions.  A: Inhibitors of thermolysin based on the α-mercaptocarbonyl 
MBP (PDB 1QF0 and 1QF2).  B: Two enantiomers of a carboxypeptidase A inhibitor 
based on the N-hydroxyurea MBP (PDB 1HDQ and 1HEE).  C: Inhibitors of influenza 
endonuclease based on the 3-hydroxy-1H-pyridin-2-one MBP (PDB 4MK5, green and 
4MKO, blue). 

 hCAII is an ideal model system for examining the influence of the protein active 

site environment on MBP coordination.4  The enzyme is highly water soluble, stable 

over long periods of time, and contains no disulfide bonds or post-translational 

modifications.  The overall structure of hCAII has been well characterized 

crystallographically and does not change upon binding substrate or inhibitor.  The active 
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site Zn2+ ion is located at the bottom of a cone-shaped depression roughly 15 Å wide and 

15 Å deep and is coordinated by three histidine residues (His94, 96 and 119) with the 

fourth coordination site occupied by a water/hydroxide ion (Figure 3-2).  The active site 

depression is amphiphilic, with one side being largely hydrophobic (the substrate 

binding wall) and the other side hydrophilic in nature.  The hydrophilic side of the active 

site orients the Zn2+-bound hydroxide ion, through a hydrogen bond with Thr199, 

toward the substrate binding site.  It also serves to transfer the proton generated from 

activation of the Zn2+-bound water molecule (to a hydroxide ion) out of the active site 

via a highly-ordered network of water molecules.5 

 
Figure 3-2.  Overall structure of the hCAII active site.  A: The active site sits at the 
bottom of an amphiphilic depression.  Carbon is shown in green while oxygen and 
nitrogen are shown in red and blue, respectively.  Water molecules are shown as red 
spheres.  B: The coordination sphere of the active site Zn2+ ion.  Images generated from 
PDB ID 3KS3. 

 The hydrophilic wall of the hCAII active site is made up of Thr199, Thr200, 

His64, Asn62, and Asn67 (Figure 3-3A).  The Zn2+-bound water (Wa) is oriented by 

hydrogen bonds to Thr199 and a second water molecle, Wb.  These two water molecules 

(Wa and Wb) are generally displaced upon inhibitor binding.  Wb is connected with the 

rest of the water network through a hydrogen bond with W1, which is in turn hydrogen-
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bound to W2, as well a second water that is positioned further into the active site 

depression (for clarity, this second water molecule is not shown in Figure 3-3, as it is 

generally too far into the protein to interact with inhibitors).  W2 further interacts with 

Asn62, Asn67, and W3, which is also hydrogen-bound to Asn67 near the top of the 

active site depression. 

 The residues furthest into the hCAII active site depression on the hydrophobic 

wall are Trp209, Val207, and Val143 (Figure 3-3B).  Further toward the opening of the 

depression are Leu198 (which sits nearly ‘above’ the Zn2+ ion) and Leu141.  Val121 sits 

slightly further toward the opening of the active site, which is lined by Phe131 and 

Gln92. 

 
Figure 3-3.  Detailed structure of the hCAII active site.  A: Residues that make up the 
hydrophilic wall and the highly ordered water network.  His96 is left unlabeled for 
clarity.  B: Residues that make up the hydrophobic wall of the active site.  Images 
generated from PDB ID 3KS3. 

 By examining the structure of benzenesulfonamide bound to hCAII, the 

selectivity of arylsulfonamide MBPs for CA over other metalloenzymes can be 
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rationalized.  The nitrogen atom of the sulfonamide group coordinates in essentially the 

same position as Wa, which is displaced, and upon binding the Zn2+ ion the sulfonamide 

functionality is deprotonated (the pKa in free solution is ~104), resulting in a strong 

electrostatic interaction with the metal ion.  The selectivity of the sulfonamide MBP is 

thought to arise from the optimized hydrogen bonding that is formed upon coordination 

(Figure 3-4).6  The remaining proton on the nitrogen atom allows it to hydrogen bond to 

Thr199 in a fashion very similar to the hydroxide ion generated during catalysis.  In 

addition, one of the sulfonamide oxygen atoms is ideally positioned for a hydrogen bond 

with the backbone amide NH of Thr199.  This coordination mode positions any aryl ring 

attached to the sulfonamide functionality to interact with the hydrophobic wall of the 

active site. 

 
Figure 3-4.  Binding mode of arylsulfonamides to the active site of hCAII.  A: Diagram 
of the hydrogen bonds formed upon coordination.  B: View of benzensulfonamide (Ar = 
Ph, PDB 2WEJ, carbon atoms shown in grey) bound to the active site of hCAII.  
Hydrogen bonds with Thr199 are shown as dotted lines. 

 Aromatic thiols are another class of MBPs that have been shown to effectively 

inhibit hCAII, with Ki values in the low micromolar range.7  The crystal structure of 2-
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mercaptophenol (2-MP) bound to the active site of hCAII shows that, despite containing 

a (S,O)-donor set, it acts as a monodentate ligand through the sulfur atom with the 

hydroxyl group oriented toward the hydrophobic pocket (Figure 3-5A).  The sulfur atom 

occupies a coordination site similar to the Zn2+-bound water that it replaces, although 

with a longer bond to the metal ion due its larger size relative to oxygen.  In contrast, the 

structurally similar MBP 1-hydroxy-1H-pyridin-2-thione (1,2-HOPTO), which also 

contains a (S,O)-donor set, coordinates in a bidentate fashion resulting in highly 

distorted trigonal bipyramidal geometry around the Zn2+ ion (Figure 3-5B).8  The sulfur 

binds on the hydrophobic side of the active site, in an equatorial coordination site, while 

the oxygen atom is on the hydrophilic side of the active site and occupies an axial 

coordination site.  The hydroxyl group, in addition to its interaction with the metal ion, 

has a close interaction with W1 (2.9 Å) and a long interaction (3.2 Å) with the side chain 

of Thr200. 
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Figure 3-5.  Structures of (S,O)-donor MBPs bound to hCAII.  A: 2-Mercaptophenol (2-
MP, PDB 2OSM) binds the active site as a monodentate ligand, resulting in tetrahedral 
geometry around the Zn2+ ion.  The hydroxyl group is oriented toward the hydrophobic 
pocket, making van der Waals contacts with Trp207 and Val143.  B: 1-Hydroxy-2-1H-
pyridin-thione (1,2-HOPTO, PDB 3M1K) coordinates in a bidentate fashion, resulting in 
trigonal bipyramidal geometry.  The hydroxyl group, in addition to coordinating the 
Zn2+ ion, forms a close interaction with W1 and a longer interaction with Thr200. 

 

3.2.  Results and Discussion 

3.2.1.  Binding of Hydroxy-4H-pyran-4-thiones to hCAII 

3.2.1.a.  Inhibitory Activity and X-ray Crystallography 

 Using an activity assay based on the esterase activity of hCAII,9 screening of a 

library of MBPs compiled by the Cohen laboratory (Chelator Fragment Library 1.1, 

CFL-1.1)10 for activity against hCAII revealed that (S,O)-donor ligands including 1,2-

HOPTO as well as 3-hydroxy-4H-pyran-4-thiones thiomaltol (TM), thiopyromeconic 
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acid (TPMA), and allothiomaltol (ATM), show moderate binding affinity with Ki values 

near 1 mM (Figure 3-6 and Table 3-1).  The O-methylated analog of TM (TM-OCH3) 

and 4H-pyran-4-thione (PT) showed no inhibitory activity while methylation of ATM 

resulted in a 10-fold deccrease in activity, indicating that the hydroxyl group plays a key 

role in the binding of these inhibitors. 

 
Figure 3-6.  Structures of 4H-pyran-4-thiones tested for inhibition against hCAII. 

Table 3-1.  Ki values (mM) of 4H-pyran-4-thiones against hCAII 

Compound  Ki Compound Ki Compound Ki 

      TM  1.4 ± 0.2    ATM   0.65 ± 0.06   TPMA      1.1 ± 0.2 
TM-OCH3     >50            ATM-OCH3      6.9 ± 1.0      PT  >10 

 Given their structural similarity, the hydroxy-4H-pyran-4-thiones ATM, TM, and 

TPMA were expected to bind to hCAII in a fashion similar to that of 1,2-HOPTO.  

Indeed, ATM binds as a bidentate ligand with S–Zn and O–Zn distances of 2.6 and 2.3 

Å, respectively (Figure 3-7A).  Although these bond lengths are ~0.2 Å longer than 

those observed in the TpPh,MeZn model complex of ATM (Appendix, Figure 3-26), the 

primary difference between the two complexes is that while the model complex allows 

the ligand to adopt ideal “head-on” coordination (Figure 3-7B, left), the steric 

restrictions of the active site environment force the ligand to adopt a tilted mode of 
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coordination (Figure 3-7B, right).  The coordination mode of ATM to the Zn2+ ion of 

hCAII is essentially the same as that of 1,2-HOPTO (Figure 3-7C) and while the ring of 

ATM occupies a position similar to that of 1,2-HOPTO, the methyl group is positioned 

for additional van der Waals (vdW) interactions (≤4.0 Å) with the side chains of 

Leu198, Phe131, and Gln92 (Figure 3-7D). 
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Figure 3-7.  Binding of ATM to the active site of hCAII.  A: The crystal structure 
shows bidentate coordination to the Zn2+ ion.  The |2Fo-Fc| electron density map (grey, 
contoured at 1.5σ) is shown for the Zn2+ ion and histidine ligands while the omit |Fo-Fc| 
map (red, contoured at 3.0σ) is shown for ATM.  B:  The primary difference between 
the hCAII and TpPh,MeZn complexes of ATM is the tilting of the ligand in the hCAII 
active site.  C: The coordination mode of ATM is similar to that of 1,2-HOPTO 
(translucent, carbon atoms shown in magenta).  D: The methyl group of ATM makes 
additional contacts with the side chains of Leu198, Phe131, and Gln92. 

 In contrast to ATM, the crystal structure of TM bound to hCAII reveals an 

unexpected coordination mode:  the ligand acts as a monodentate donor through the 

sulfur atom with a bond length of 2.4 Å.  The ligand electron density is best fit as a 

combination of two binding modes, both with 50% occupancy, in which the coordinated 
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sulfur atoms overlay (Figure 3-8A).  In one orientation, the hydroxyl and methyl groups 

are oriented toward the hydrophobic wall of the active site (Figure 3-8B).  This 

orientation is similar to that observed for 2-mercaptophenol (Figure 3-5A).  In the 

second conformation, the hydroxyl group is directed toward hydrophilic wall of the 

active site, allowing for an interaction (O−O distance of 2.9 Å) with the side chain of 

Thr200 (Figure 3-8C).  In this conformation the ring of TM is positioned ~1.1 Å closer 

to the to the side chains of Val121 and Leu198, allowing for enhanced vdW interactions.  

The average B factor of TM is significantly greater than that of ATM (40.5 vs. 21.5), 

consistent with its lower affinity and disordered binding.  Efforts to soak TPMA into 

hCAII crystals repeatedly resulted in poorly defined electron density for the MBP that 

could not be adequately modeled. 
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Figure 3-8.  Binding of TM to the active site of hCAII.  A: The crystal structure reveals 
monodentate coordination by TM with electron density that is best fit as a 1:1 
combination of two binding modes.  The |2Fo-Fc| map is shown for the Zn2+ ion and 
protein residues while the omit |Fo-Fc| map is shown for TM, both contoured at 1.5σ.  B: 
In one binding mode, the hydroxyl and methyl groups of TM are oriented toward the 
hydrophobic wall of the active site.  C: In the second binding mode, the hydroxyl group 
is oriented toward the hydrophilic wall where it interacts with the side chain of Thr200. 

3.2.1.b.  X-ray Absorbance Spectroscopy 

 To verify that the binding modes of ATM and TM observed in the hCAII crystal 

structures were representative of those in solution, X-ray absorption spectroscopy (XAS) 

was performed on these complexes through a collaboration with the group of Prof. 
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David Tierney at Miami University (Ohio).  The data for hCAII with and without MBPs 

are shown in Figure 3-9.  Comparison of the Fourier transforms (FTs) in Figure 3-9A 

shows that the MBPs (black lines) only slightly perturb the spectrum relative to the 

inhibitor-free enzyme (grey lines).  Examination of the k-space X-ray absorption fine 

structure (EXAFS) data (Figure 3-9B) reveals that all three MBGs cause a similar shift 

in the third oscillation of the EXAFS (k ~7-9 Å-1); the theoretical EXAFS for Zn−N and 

Zn−S interactions indicates that this is where the two patterns are most likely to show 

visible divergence (Appendix, Figure 3-24), suggesting that all three MBP complexes 

include a Zn−S scattering interaction.  Each MBP causes a similar shift in the shape of 

the Zn X-ray absorption near edge structure (XANES, Appendix Figure 3-25), 

consistent with sulfur coordination.  Detailed fitting results for each data set can be 

found in the Appendix (Figures 3-20, -21, -22, and -23 and Tables 3-4, -5, -6, and -7).   
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Figure 3-9.  X-ray absorption spectra for hCAII bound by ATM, TM, and TPMA.  A:  
The Fourier transforms of the k3-weighted EXAFS.  B: The k3-weighted EXAFS.  Data 
for the complexes are shown in black overlayed with the inhibitor-free spectrum in light 
grey. 

 The curve fitting results are consistent with this qualitative assessment.  The data 

for hCAII with ATM is best fit as 5-coordinate, with the sulfur of the MBP directly 

coordinated (Figure 3-21 and Table 3-5).  In contrast, fits to the TM complex data 

suggest that the total coordination number remains at four with the MBP coordinated 

through only the sulfur atom (Figure 3-22 and Table 3-6).  The TPMA complex is 

strikingly similar to the resting enzyme, and fits to these data also suggest retention of a 

total coordination of four in the TPMA complex with the MBP coordinated through the 

sulfur atom (fits that excluded the Zn−S bond gave fit residuals that were approximately 

2-fold larger, Figure 3-23 and Table 3-7).  In addition, the Zn−N/O distance is slightly 
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longer for the ATM complex compared to the resting enzyme and the complexes with 

TM and TPMA, suggesting higher coordination.   

3.2.1.c.  Computational Analysis 

 To assess the origins of the switch to monodentate coordination of TM and 

TPMA in the active site of hCAII, density functional theory (DFT) computations were 

conducted in collaboration with the laboratory of Prof. J. Andrew McCammon, to 

determine the effect of ligand tilt (as described in Figure 3-7B) on coordination strength.  

Linear transit computations were performed along φ from 180° to 90° for TM 

complexed to a simplified version of the TpPh,MeZn scaffold in which the phenyl groups 

were removed in silico, referred to as TpZn.  At φ = 180°, the plane formed by TM is 

perpendicular to the plane defined by the three Zn2+-coordinating pyrazole nitrogens.  

Similar to the previously reported TpPh,MeZn(TM) crystal structure, this computed 

structure adopts a trigonal bipyramidal geometry with the hydroxyl group as an axial 

donor and the sulfur donor coordinating equatorially.  The calculated O−Zn and S−Zn 

distances (2.08 and 2.45 Å, respectively) are similar to those observed in the crystal 

structure of TpPh,MeZn(TM) (Appendix, Figure 3-27).  

 As TM is forced to tilt along φ, the Zn–donor atom distances increase gradually 

until φ reaches 120°, which is the last point along the linear transit where the ligand 

adopts bidentate coordination (Figure 3-10).  For values of φ < 120°, no stationary states 

corresponding to bidentate coordination are obtained; monodentate coordination through 

the sulfur atom becomes the favored binding mode.  Similar trends in coordination mode 

along the φ-reaction coordinate are also observed for TM and TPMA.  For all three 
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MBPs, the lowest energies are achieved at values of φ near 180°, where the ligand 

assumes its ideal head-on binding mode as observed in the TpPh,MeZn model complexes.  

Distorting the ligand coordination from ϕ  = 180° leads to an increase in relative binding 

energy, which appears to follow a parabolic path up to the point where the coordination 

mode shifts from bidentate to monodentate. 

 
Figure 3-10.  Linear transit computations of ATM, TM, and TPMA bound to TpPh,MeZn.  
Calculated O−Zn distances (top) and relative binding energies (bottom) are plotted as a 
function of tilt angle (φ). 
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3.2.1.d.  Discussion 

 Aside from being tilted away from ideal head-on binding, the coordination of 

ATM to the active site Zn2+ ion of hCAII is similar to that predicted by the TpPh,MeZn 

model complex.  Although this interaction appears to be bidentate, the residual 

inhibitory activity of ATM-OCH3 suggests that the electrostatic interaction between the 

oxygen donor and the Zn2+ ion is not essential for binding and the monodentate binding 

mode of TM, in which there is no interaction between the metal ion and the hydroxyl 

group, further supports this.  It should also be noted that while the methyl group of ATM 

is ideally positioned for vdW interactions with the hydrophobic wall of the active site 

when the ligand adopts bidentate coordination, this is not the case for TM. 

 It appears that in order to maximize other protein-ligand interactions, the O−Zn 

binding interaction is sacrificed.  Ligand acidity is most likely not a driving force in the 

change in coordination, as ATM and TM have similar acidities (pKa = 7.64 and 8.06, 

respectively).11  In one conformation, the hydroxyl and methyl groups of TM are 

oriented toward the hydrophobic wall of the active site, making several vdW contacts.  

In the other, the hydroxyl group is oriented toward the hydrophilic wall of the active 

site, making a contact with the side chain of Thr200.  The fact that TM-OCH3 shows no 

inhibitory activity suggests that this is the binding mode relevant to inhibition; with the 

hydroxyl group oriented toward the hydrophobic wall, it is unlikely the addition of a 

methyl substituent would negatively impact the binding affinity. 

 From the structural data acquired for TM, particularly when compared to that for 

ATM, it is evident that the Zn2+-MBP interaction is not the sole dictator of ligand 

binding.  The DFT-derived geometric and energetic analyses of TpZn(MBP) complexes 
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show that over the ligand orientations available to MBPs in hCAII (φ = 90-143°), there 

can be very small energy differences between monodentate and bidentate coordination 

modes.  For example, between ϕ = 125° and 115°, bidentate and monodentate 

coordination modes for ATM and TM differ in energy by <5 kcal/mol; it is therefore 

reasonable that the orientation of TM can, in some circumstances, be altered by 

interactions with the active site of hCAII.  These findings imply that de novo or 

fragment-based approaches to metalloenzyme inhibitor development must take care in 

the assumptions made about MBP coordination modes. 
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3.2.2.  Binding of 1,2-HOPTO Derivatives to hCAII 

 To understand the origin of the unique coordination mode adopted by TM in the 

active site of hCAII and, more generally, gain greater insight into the influence of active 

site environments on MBP-metalloprotein interactions, a series of derivatives of the 1,2-

HOPTO MBP were synthesized.  In addition to providing a scaffold with known activity 

against hCAII, substituted 1,2-HOPTO MBPs are readily synthesized in two steps from 

commercially available 2-bromopyridines (Scheme 3-1).  The derivatives investigated 

here are summarized in Table 3-2.  In order to elucidate the role of the methyl group in 

forcing the monodentate binding mode of TM, derivatives of 1,2-HOPTO with methyl 

groups appended were examined.  The influence of interactions with the hydrophobic 

wall were then probed by synthesizing 1,2-HOPTO derivatives with larger hydrophobic 

substituents.   

 

Scheme 3-1.  General synthesis of 1,2-HOPTO derivatives.  A substituted 2-
bromopyridine is first oxidized (a) using either m-chloroperoxybenzoic acid or 
H2O2/trifluroacetic acid.  The resulting 2-bromopyridine-N-oxide is then converted to 
the corresponding 1,2-HOPTO (b) with NaSH or thiourea. 
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Table 3-2.  Structure and naming of 1,2-HOPTO derivatives along with hCAII 
inhibitory activities and binding modes. 

Structure Abbreviation Ki (µM) Coordination 
Mode 

 
1,2-HOPTO 510 ± 90 Bidentate 

 
3-CH3-1,2-HOPTO 48 ± 5 Bidentate 

 
4-CH3-1,2-HOPTO 38 ± 5 Bidentate 

 
5-CH3-1,2-HOPTO 260 ± 20 Bidentate 

 
6-CH3-1,2-HOPTO 2,300 ± 200 Monodentate 

 
4,6-(CH3)2-1,2-HOPTO 950 ± 100 Bidentate 

 
3-CF3-1,2-HOPTO 64 ± 5 Bidentate 

 
4-CF3-1,2-HOPTO 14 ± 3 Bidentate 

 

5-CF3-1,2-HOPTO 270 ± 30 Bidentate* 

 
6-CF3-1,2-HOPTO > 10,000 N/A 

 
2,1-HIQTO 15 ± 2 Bidentate 

 

1,2-HOQTO 730 ± 80 N/A 

Benzenesulfonamide (Control) 0.49 ± 0.10  
 *Different coordination mode than 1,2-HOPTO (see Figure 3-15) 

N

S
OH

N

S
OH

N

S
OH

N

S
OH

N

S
OH

N

S
OH

N

S
OHF3C

N

S
OH

F3C

N

S
OH

CF3

N

S
OH

CF3

N

S
OH

N

S
OH



	   96	  

3.2.2.a.  Methyl Derivatives  

 Derivatives of 1,2-HOPTO with a methyl group positioned toward the 

hydrophobic wall (3-CH3-1,2-HOPTO and 4-CH3-1,2-HOPTO) show over a 10-fold 

increase in potency over unsubstituted 1,2-HOPTO (Table 3-2).  When the substituent is 

in a position that, based on the 1,2-HOPTO crystal structure, would not be oriented 

toward either active site wall (e.g. 5-CH3-1,2-HOPTO), inhibition is only slightly 

improved.  Importantly, when a methyl group is positioned toward the hydrophilic side 

of the active site (6-CH3-1,2-HOPTO), significantly weaker inhibition is observed when 

compared to 1,2-HOPTO. 

 To rationalize the inhibition data in Table 3-2, the crystal structures of 3-CH3-, 4-

CH3-, and 5-CH3-1,2-HOPTO bound in the active site of hCAII were determined.  All of 

these derivatives show bidentate coordination by the MBPs (Figure 3-11), identical to 

that of unsubstituted 1,2-HOPTO.  The methyl group of 3-CH3-1,2-HOPTO makes 

additional hydrophobic contacts with the side chains of Val143, Leu198, and Val12 

(Appendix, Figure 3-28), while the methyl group of 4-CH3-1,2-HOPTO is positioned 

slightly further out of the active site, interacting with Val121, Leu198, and Phe131 

(Appendix, Figure 3-29).  As predicted, the methyl group of 5-CH3-1,2-HOPTO does 

not make any contacts (< 4.5 Å) with the hydrophobic wall; the only active site residue 

in close proximity to the methyl group is the side chain amide of Gln92 (3.7 Å, 

Appendix Figure 3-30).   
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Figure 3-11.  Crystal structures of 3-, 4-, and 5-CH3-1,2-HOPTO bound to hCAII.  A: 
3-CH3-1,2-HOPTO; B: 4-CH3-1,2-HOPTO; C: 5-CH3-1,2-HOPTO.  All three show a 
binding mode similar to that of unsubstituted 1,2-HOPTO (Figure 3-5B).  The |2Fo-Fc| 
electron density map is shown in grey for the protein residues and Zn2+ ion (1.5σ) while 
the omit |Fo-Fc| electron density map is shown for the MBPs (4.0σ).  For clarity, only the 
metal active site is shown. 

 The crystal structure of 6-CH3-1,2-HOPTO bound in the active site of hCAII 

reveals that its decreased inhibitory activity is accompanied by a shift to monodentate 

coordination to the Zn2+ ion (Figure 3-12A).  The S−Zn distance (2.3 Å) is consistent 

with those in previously reported structures of monodentate sulfur donors bound to 

active site Zn2+ ions.12  The hydroxyl group, positioned 3.5 Å from the metal ion, is 

oriented toward the hydrophilic wall of the active site, forming a close interaction (2.9 

Å) with the side chain of Thr200.  The change in coordination also places the ring of 6-

CH3-1,2-HOPTO closer to the hydrophobic wall, so that it makes contacts with Val121 

and Val143 in addition to an improved interaction with Leu198 (~0.2 Å closer) relative 

to unsubstituted 1,2-HOPTO (Figure 3-12A, right). 

 Because a methyl group in the 6-position appears to destabilize bidentate 

coordination while the same group in the 4-position stabilizes it, 4,6-(CH3)2-1,2-



	   98	  

HOPTO, which has methyl groups in both positions, was synthesized.  While this MBP 

shows more than a 20-fold decrease in affinity relative to 4-CH3-1,2-HOPTO, the crystal 

structure of 4,6-CH3-1,2-HOPTO bound to hCAII shows that bidentate coordination is 

maintained.  The 6-methyl group extends toward the hydrophilic region of the active site 

(Figure 3-12B), in close proximity to W1 (2.7 Å) as well as W2 and W3 (3.5 and 3.7 Å, 

respectively).  The interaction between W1 and the hydroxyl group of 4,6-(CH3)2-1,2-

HOPTO (3.1 Å) is ~0.2 Å longer than that for unsubstituted 1,2-HOPTO while its 

interaction with the side chain of Thr200 is ~0.2 Å closer.  The contacts with the 

hydrophobic wall of the active site are essentially the same as those observed in the 

crystal structure of 4-CH3-1,2-HOPTO. 
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Figure 3-12.  Crystal structures of 6-CH3-1,2-HOPTO and 4,6-(CH3)2-1,2-HOPTO 
bound in the active site of hCAII.  A: 6-CH3-1,2-HOPTO binds as a monodentate ligand 
to the active site Zn2+ ion.  Unsubstituted 1,2-HOPTO is shown (translucent, carbon 
atoms in magenta) for comparison.  B: 4,6-(CH3)2-1,2-HOPTO maintains bidentate 
coordination similar to unsubstituted 1,2-HOPTO.  The |2Fo-Fc| electron density maps 
are shown in grey (1.5σ) for the Zn2+ ion and protein residues while the omit |Fo-Fc| 
electron density maps are shown in red (3.5σ) for the MBPs. 

3.2.2.b.  Derivatives with Larger Hydrophobic Groups 

 The relatively solvent-exposed methyl group of 5-CH3-1,2-HOPTO and the 

monodentate coordination of 6-CH3-1,2-HOPTO in the active site of hCAII suggest that 

there is a significant penalty for swapping the position of the coordinating atoms of 1,2-
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HOPTO.  That is, rotation of the MBP by 180° so that the oxygen atom is on the 

hydrophobic side of the active site and the sulfur atom is on the hydrophilic side would 

position the methyl groups of these two ligands to make favorable hydrophobic 

interactions similar to those made by 4- and 3-CH3-1,2-HOPTO.  We reasoned that if 

functional groups could be added to the 1,2-HOPTO scaffold that improve these 

hydrophobic interactions, this barrier might be overcome for MBPs with substitutions in 

the 5- or 6-position.  With this goal in mind, 1,2-HOPTO derivatives were synthesized 

with trifluoromethyl and aryl groups appended (Table 3-2).  A slight decrease in potency 

is observed for 3-CF3-1,2-HOPTO relative to its methyl analog (64 µM vs. 48 µM) while 

the same substitution in the 4-position leads to an improvement in potency (14 µM vs. 

38 µM).  The inhibitory activity of 5-CF3-1,2-HOPTO is essentially unchanged from the 

methyl analog while all activity is lost with a trifluoromethyl group in the 6-position (6-

CF3-1,2-HOPTO).  Addition of a second, fused aromatic ring to the 3,4-positions of the 

1,2-HOPTO scaffold also results in a significant increase in binding affinity (2-

hydroxyisoquinoline-1-2H-thione, 2,1-HIQTO, Ki = 15 µM), but results in slightly 

diminished activity when appended to the 5,6-positions (1-hydroxyquinoline-2-(1H)-

thione, 1,2-HOQTO, Ki = 730 µM). 

 The binding modes of 3- and 4-CF3-1,2-HOPTO to hCAII were determined and 

found to be similar to their corresponding methyl analogs (see Appendix, Figures 3-31 

and 3-32).  The trifluoromethyl groups are highly ordered in both structures, suggesting 

favorable interactions with the hydrophobic wall of the active site.  The crystal structure 

of 5-CF3-1,2-HOPTO bound to hCAII shows two different binding modes, each with 

~50% occupancy (Appendix, Figure 3-33).  In the first, the ligand is in fact “flipped” 
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180° and coordinated in a bidentate fashion with the sulfur atom on the hydrophilic side 

of the active site and the oxygen atom closer to the hydrophobic wall.  This switch in 

donor arrangement relative to the other 1,2-HOPTO derivatives places the 

trifluoromethyl group of 5-CF3-1,2-HOPTO in a similar position to that of 4-CF3-1,2-

HOPTO (Figure 3-13).  The S−Zn distance (2.2 Å) is much shorter than the O−Zn 

distance (2.6 Å), and the coordination geometry remains trigonal bipyramidal with the 

oxygen atom as an axial donor.  In the second binding mode, there appears to be no 

metal coordination, as both the S−Zn distance (3.4 Å) and O−Zn distance (4.3 Å) are too 

long for the donors to have any significant interaction with the Zn2+ ion.  Instead of 

metal coordination, the oxygen atom sits in a hydrophilic pocket made up of hydrogen 

bond donors including the backbone amide nitrogen of Thr199 (3.0 Å), and the 

backbone amide nitrogen (3.2 Å) and side chain (3.4 Å) of Thr200 (Appendix, Figure 3-

33).  The position of this oxygen atom does not correspond to that of a water molecule in 

the inhibitor-free structure of hCAII (PDB 3KS3).  In this orientation, the ring of 5-CF3-

1,2-HOPTO is positioned to make contacts with Val121 and Leu198 while the 

trifluoromethyl group interacts with Phe131. 
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Figure 3-13.  Crystal structure of 5-CF3-1,2-HOPTO bound in the active site of hCAII.  
A: The coordination is flipped relative to 4-CF3-1,2-HOPTO, shown as translucent with 
carbon atoms in magenta.  B: This binding mode positions the trifluoromethyl 
substituent for similar interactions with the hydrophobic wall of the active site. 

	   The crystal structure of 2,1-HIQTO bound to hCAII shows coordination similar 

to 1,2-HOPTO (Appendix, Figure 3-34).  Consistent with the significant increase in 

potency relative to the unsubstituted 1,2-HOPTO MBP, the fused aromatic ring has 

extensive interactions with the hydrophobic wall of the active site including Val143, 

Val121, Leu198, and Phe131.  Attempts at soaking 1,2-HOQTO into the active site of 

hCAII led to diffuse electron density that suggested two binding modes similar to those 

of 5-CF3-1,2-HOPTO, but the complex could not be adequately modeled, likely due to a 

combination of the low affinity and solubility of the ligand as well as disordered binding 

(data not shown). 

3.2.2.c.  Derivatives of 4-CH3-1,2-HOPTO with Altered Donor Sets 

 The divergent affinities and hCAII binding modes observed for 6-CH3-1,2-

HOPTO and 5-CF3-1,2-HOPTO supports our hypothesis that the coordinative ability of 
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the MBP is not the sole determinant of the strength and geometry of binding.  To further 

explore this, MBPs similar to 4-CH3-1,2-HOPTO but with alternative donor sets were 

synthesized (Figure 3-14).  2-Mercapto-4-methylpyridine (4-CH3-2MPyr) contains the 

same sulfur donor as 4-CH3-1,2-HOPTO but lacks the oxygen donor and, as a result, is 

~200-fold less active against hCAII (Ki = 7.0 mM).  The corresponding pyridine-N-

oxide (4-CH3-PyrNO), which contains a methyl group and oxygen atom in similar 

geometry but without a sulfur donor atom, showed no measurable inhibition of hCAII.  

The 1-hydroxypyridin-2-1H-one analog (4-CH3-1,2-HOPO), which has an oxygen donor 

instead of sulfur, is more than 30-fold less potent than 4-CH3-1,2-HOPTO (Ki = 1.4 

mM). 

 
Figure 3-14.  Structure and naming of derivatives of 4-CH3-1,2-HOPTO with altered 
donor sets. 

 Much like its thione analog, 4-CH3-1,2-HOPO acts as a bidentate ligand to the 

Zn2+ ion of hCAII (Figure 3-15) with the nitrogen-bound oxygen as the axial donor (2.1 

Å) and the carbonyl oxygen as the equatorial donor (2.2 Å).  This is the reverse of the 

binding mode predicted by the TpPh,MeZn model complex, in which the carbonyl oxygen 

acts as the axial donor.  The MBP is positioned such that the methyl group forms 

contacts with the hydrophobic wall of the active site similar to those of 4-CH3-1,2-

HOPTO (Figure 3-15B).  A water molecule sits above the donor atoms, interacting with 
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the Zn2+-bound carbonyl oxygen of 4-CH3-1,2-HOPO (2.8 Å) as well as both the 

backbone amide NH (2.9 Å) and side chain (2.8 Å) of Thr199.  This water molecule is 

part of the inhibitor-free active site but is not present in any of the bidentate 1,2-HOPTO 

structures.  The side chain of Thr200 is also rotated such that there is no interaction 

between it and the N-hydroxyl group of 4-CH3-1,2-HOPO (4.5 Å).  The crystal structure 

of 4-CH3-MPyr bound to hCAII shows that, despite not containing an oxygen donor, it 

binds in essentially the same fashion as 1,2-HOPTO (Appendix Figure 3-35).  These 

results suggest that although the MBP interactions are malleable, both the S–Zn 

interaction and the hydroxyl group important for good inhibitory activity. 

 
Figure 3-15.  Crystal structure of 4-CH3-1,2-HOPO bound to hCAII.  A: The MBP 
adopts bidentate coordination to the Zn2+ ion.  B: The binding mode is similar to that of 
4-CH3-1,2-HOPTO (shown in translucent magenta) but a water molecule, shown in 
cyan, is present that is displaced by all of the bidentate 1,2-HOPTO derivatives 
discussed. 

 Although they are structurally similar to 4-CH3-2MPyr, aromatic thiols such as 

thiophenol and 2-mercaptophenol (TP and 2MP, Figure 3-16) have been previously 
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reported to inhibit hCAII with Ki values in the low micromolar range.7  In order to 

determine whether the interactions perturbing 1,2-HOPTO binding apply to aromatic 

thiol MBPs, which contain similar donor sets, methyl derivatives of TP and 2MP 

analogous to 4-CH3-1,2-HOPTO were obtained and their binding to hCAII investigated.  

While 3-CH3-TP has similar inhibitory activity to unsubstituted TP (Ki = 2.1 µM vs. 3.5 

µM), the 4-methyl analog of 2MP is significantly more potent (0.52 µM vs. 3.1 µM).  

Remarkably, the activity of 4-CH3-2MP is the same as benzenesulfonamide (Ki = 0.49 

µM),13 the parent MBP of all FDA-approved CA inhibitors, illustrating the benefit that a 

rational approach to MBP design accounting for both metal coordination and MBP-

protein interactions can have. 

 
Figure 3-16.  Structure and naming of aromatic thiol MBPs. 

 The crystal structure of 3-CH3-TP bound to hCAII reveals monodentate 

coordination to the Zn2+ ion similar to that previously reported for 2MP (Appendix, 

Figure 3-36) and the binding mode is very similar to that of 6-CH3-1,2-HOPTO.  The 

methyl group does not interact with the hydrophobic wall of the active site and is 

relatively solvent exposed aside from a close contact (3.8 Å) with the side chain of 

Gln92 while the aromatic ring of the ligand makes extensive contacts with Val121, 

Val143, and Leu198.  The binding of 4-CH3-2MP is essentially the same but the 
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hydroxyl group extends towards the hydrophobic wall, making additional contacts with 

Val143 and Trp209 (Appendix, Figure 3-37). 

3.2.2.d.  Computational Analysis 

 To assess the electronic effects of methyl and trifluoromethyl substituents at the 

4-position of the 1,2-HOPTO scaffold, energy decomposition analyses (EDAs, again in 

collaboration with the laboratory of Prof. J. Andrew McCammon) and compared with 

experimental binding affinities (Table 3-3).  It is important to note that for these studies 

the boron of the TpZn model system was changed to a CH in silico to generate a 

scaffold with the same net charge (q = +2) of a His3Zn active site, referred to here as 

TpCZn.  All EDA computations are performed on two different geometries of the 

TpCZn(MBP) complex:  (a) a freely-optimized TpCZn(MBP) complex, where the 

binding orientation of the MBP is ideal (denoted “Ideal” in Table 3-3); and (b) a 

constrained TpCZn(MBP) complex, where the angle between the plane of the MBP and 

the plane comprising the pyrazole nitrogens that coordinate Zn2+ (φ) is set to ~130°, 

mimicking the conformation from the crystal structure of 1,2-HOPTO bound to hCAII 

(denoted “Protein” in Table 3-3). 
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Table 3-3.  Decomposition of bonding energies for 1,2-HOPTO derivatives bound to the 
TpCZn scaffold. 

Substituent: - 4-CH3 4-CF3 
ΔEElst

c -257.6 -259.9 -242.6 
ΔEOrb

d -101.1 -103.3 -99.0 
ΔESteric

e 95.0 96.4 91.1 “Ideal”a 

ΔETot
f -263.7 -266.9 -250.5 

ΔEElst -242.5 -245.4 -228.2 
ΔEOrb -97.1 -99.1 -95.5 
ΔESteric 84.4 86.1 81.1 “Protein”b 

ΔETot -255.2 -258.3 -242.5 
aResults from EDAs performed on “ideal” geometries, corresponding to freely-optimized TpCZn(MBP) 
complexes. bResults from EDAs performed with the MBP in complex with TpCZn constrained to the 
orientation observed in the crystal structure of 1,2-HOPTO bound to hCAII. cThe electrostatic interaction 
energy between TpCZn and the MBP. dThe orbital interaction energy between TpCZn and the MBP. This 
term in the EDA implicitly accounts for charge transfer, polarization and electron bonding effects.14, 15 
eThe Pauli repulsion energy associated with the bonding of TpCZn and the MBP. fThe total bonding energy 
between TpCZn and the MBP: ΔETot = ΔEElst + ΔEOrb + ΔESteric.14, 15 Further details regarding the EDAs are 
included in Section 3.4.4. 

 For the freely-optimized TpCZn(MBP) complexes (optimized geometries shown 

in the Appendix, Figure 3-38), the 4-CH3-1,2-HOPTO MBP is observed to interact more 

favorably with TpCZn (ΔETot = -266.9) than either 1,2-HOPTO (-263.7) or 4-CF3-1,2-

HOPTO (-250.5).  The more negative bonding energy of 4-CH3-1,2-HOPTO stems from 

more favorable electrostatic (ΔEelst = -259.9 kcal mol-1) and orbital (ΔEorb = -103.3 kcal 

mol-1) interactions with TpCZn.  By contrast, the TpCZn(4-CF3-1,2-HOPTO) complex 

has less stabilization from electrostatic (ΔEelst = -242.6 kcal mol-1) and orbital 

interaction (ΔEorb = -99.0 kcal mol-1) effects.  This trend in bonding energy observed for 

1,2-HOPTO derivatives illustrates the electron-donating and electron-withdrawing 

effects of the methyl and trifluoromethyl substituents, respectively.  Indeed, charge 

distributions obtained for TpCZn(4-CH3-1,2-HOPTO) and TpCZn(4-CF3-1,2-HOPTO) 
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complexes show the latter possesses less negative charge on its S and O donor atoms 

(Appendix, Figure 3-39). 

 The same ordering of 1,2-HOPTO bonding energies is obtained when the MBP 

orientation is constrained to its protein geometry (Table 3-3, “Protein”), however the 

strengths of the individual interactions are significantly diminished.  For instance, the 

values of ΔEelst and ΔEorb in the protein orientation are shifted 15.1 and 4.2 kcal mol-1 

more positive, respectively, compared to their values when the MBP geometry is freely 

optimized.  Consequently, the total bonding energies of TpCZn(MBP) complexes having 

MBP orientations constrained to that of their hCAII complexes are approximately 8 kcal 

mol-1 less favorable than geometries in which the MBP is freely optimized. 

 While the aforementioned bonding energies suggest the hCAII active site Zn2+ 

should preferentially bind, in order, 4-CH3-1,2-HOPTO, 1,2-HOPTO, and 4-CF3-1,2-

HOPTO, the relative nonpolar binding free energies (ΔΔGnp, Appendix, Figure 3-40) 

obtained from thermodynamic integration (TI) computations for these MBPs in complex 

with hCAII oppose this energetic ordering.  These computations account only for the 

interactions between the substituents in the 4-position  of the MBPs (H, CH3, and CF3) 

with the hydrophobic wall of the hCAII active site; electrostatic interactions are ignored 

and the metal coordination geometry is held constant.  With respect to 1,2-HOPTO, the 

values for ΔΔGnp of the 4-CH3-1,2-HOPTO and 4-CF3-1,2-HOPTO MBPs are 1.0 and 

1.8 kcal mol-1 lower in energy. 
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3.2.2.e.  Discussion 

 The results described above demonstrate that relatively minor changes in MBP 

structure can have a substantial effect on both the affinity and binding mode in a 

metalloenzyme active site.  A wide variety of forces play a part including ligand 

electronics, steric restrictions of the active site, and interactions between the MBP and 

the active site environment.  By examining the binding of 4,6-(CH3)2-1,2-HOPTO, 

which maintains bidentate coordination due to stabilization by the methyl group in the 4-

position, the origin of monodentate binding by 6-CH3-1,2-HOPTO in the active site of 

hCAII could be determined (Figure 3-17).  When the MBP adopts bidentate 

coordination, the methyl group in the 6-position extends toward the hydrophilic side of 

the active site, disrupting the highly ordered water network (Figure 3-17B and C).  Two 

water molecules (W2 and W3) are displaced by >0.8 Å as a result of the methyl group, 

breaking a hydrogen bond between them (O−O distances of 4.3 Å and 2.8 Å in the 4,6-

(CH3)2-1,2-HOPTO and 4-CH3-1,2-HOPTO structures, respectively).  This results in W1 

being displaced by ~0.2 Å, lengthening the interaction with the Zn2+-bound oxygen atom 

(O−O distances of 2.9 Å and 3.1 Å in the 4-CH3-1,2-HOPTO and 4,6-(CH3)2-1,2-

HOPTO complexes, respectively).  To avoid these unfavorable interactions, 6-CH3-1,2-

HOPTO adopts monodentate coordination in the active site of hCAII, a binding mode 

that is stabilized by the formation of a hydrogen bond and improved vdW interactions. 
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Figure 3-17.  Comparison of the crystal structures of 4-CH3-1,2-HOPTO and 4,6-
(CH3)2-1,2-HOPTO.   A: The two MBPs nearly overlay, allowing the influence of the 
methyl substituent to be determined.  B, C: The active site water network is disrupted by 
the presence of the methyl group, resulting in the breaking of a hydrogen bond between 
two water molecules as well as a longer interaction between W1 and the Zn2+-bound 
hydroxyl group of 4,6-(CH3)2-1,2-HOPTO. 

 Given the favorable interactions formed between the methyl groups of 3- and 4-

CH3-1,2-HOPTO and the hydrophobic wall of the active site, it is surprising that 5- and 

6-CH3-1,2-HOPTO do not “flip” in the active site to form similar contacts (Figure 3-18).  

This suggests that there is a significant penalty for changing the positions of the O and S 

donor atoms, which likely originates from several features, including:  (1) Coordination 

Preferences - Small-molecule model complexes of His3Zn active sites coordinated by 

bidentate (O,S)-donor ligands exclusively show the sulfur and oxygen atoms as the 

equatorial and axial donors, respectively.16-21  Geometry optimizations of TpCZn(1,2-

HOPTO) complexes show that having the oxygen donor coordinate axially is only 

slightly preferred (ΔE <0.7 kcal mol-1), indicating that there is a non-negligible penalty 

for donor-swapping in the absence of a protein environment.  (2) Active Site 

Electrostatics - If the donors were to swap, the anionic charge on the oxygen would be 

positioned closer to the hydrophobic side of the active site in hCAII, which would be 
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accompanied by an energetic penalty.  (3) Hydrogen Bonding - The interaction between 

the active site hydrogen bonding network and the Zn2+-bound donor atom would be 

significantly weakened with a sulfur atom instead of oxygen atom (Figure 3-18B, shown 

in red).22 

 
Figure 3-18.  Schematic of the two bidentate coordination modes available for 1,2-
HOPTO in the hCAII active site.  A: The binding mode observed for unsubstituted 1,2-
HOPTO includes interactions between the Zn2+-bound oxygen atom and W1 as well as 
the side chain of Thr200.  B: When the MBP is flipped, these additional interactions are 
weakened. 

 MPy-4CH3, which binds in the same conformation as 4-CH3-1,2-HOPTO and 

makes no interactions through its endocyclic nitrogen, is 250-fold less potent.  This 

suggests that the interactions between the anionic oxygen and both the Zn2+ ion and the 

hydrophilic active site environment make a significant contribution to the affinity of 1,2-

HOPTO.  However, it is important to note that the pKa of MPy-4CH3 is significantly 

higher than that of 1,2-HOPTO and it is therefore likely to bind as a neutral species.  In 

this respect, the low binding affinity of MPy-4CH3 also underscores the importance of 

ligand electronics.  Molecules with sulfur as an anionic donor atom (thiophenols) are 
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very potent while analogous compounds with less anionic character on the sulfur (1,2-

HOPTO derivatives) show lower affinity; those with little to no anionic character on the 

sulfur (2-mercaptopyridines and 3-hydroxy-4H-pyran-4-thiones) show an even greater 

decrease in binding.  While this result would seem to indicate that the sulfur donor plays 

a limited role in the binding of 1,2-HOPTO derivatives to hCAII, exclusion of a second 

donor atom entirely (PyNO-4CH3) results in a molecule with no observable activity and 

replacing the sulfur with oxygen (4-CH3-1,2-HOPO) results in a greater than 30-fold 

decrease in binding affinity.  Further demonstrating the intricacies of metal coordination 

in the hCAII active site, aliphatic thiols such as 2-mercaptoethanol have been shown to 

lack inhibitory activity, underscoring the importance of the aromatic ring system.23 

3.3.  Conclusions 

 The rational design of metalloprotein inhibitors requires knowledge as to how 

those inhibitors coordinate the active site metal ion.  While small molecule model 

complexes have historically been used as proxies for coordination in metalloenzyme 

active sites, the results in this Chapter demonstrate that the active site environment can 

have a significant effect on the metal-ligand interaction; in the absence of implicit 

structural data, care must be taken in the assumptions made about metal-inhibitor 

interactions.  The results presented for ATM and TM indicate that the steric restrictions 

of the hCAII active site force ligands to bind in conformations far from ideal head-on 

binding, drastically decreasing the strength of metal coordination.  Other interactions, 

including hydrogen bonding and hydrophobic contacts, dictate the binding mode of the 
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MBP, leading to coordination modes not observed in conventional coordination 

chemistry. 

 The results presented for 1,2-HOPTO derivatives further explore these effects.  

Depending on its position, a peripheral methyl substituent on the 1,2-HOPTO scaffold 

can cause either a greater than 10-fold increase in potency against hCAII (4-CH3-1,2-

HOPTO) or a 5-fold decrease in potency accompanied by a shift to monodentate 

coordination to the active site Zn2+ ion (6-CH3-1,2-HOPTO).  Despite improved 

interactions with the surrounding active site, 4-CF3-1,2-HOPTO shows only a slight 

increase in potency relative to its methyl analog due to a weakening of metal 

coordination by the electron-withdrawing trifluoromethyl group.  While the inhibitory 

activity of a MBP is unquestionably influenced by the strength of metal coordination, 

these findings indicate that the interactions formed between the MBP and the 

surrounding active site environment is equally important. 

 Furthermore, the affinities of MBPs for active site metal ions are much closer to 

those observed for traditional pharmacophore-protein interactions than to those of 

known metal chelators (Figure 3-19).24-28   It is thus more appropriate to consider the 

metal-binding portion of metalloprotein inhibitors as pharmacophores rather than 

chelators.  By recognizing the pharmacophore nature of these functional groups, we can 

use appropriate design principles that will allow us to optimize these components of an 

inhibitor in a rational and effective manner. 
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Figure 3-19.  Metal-binding pharmacophores compared to metal chelators.  The binding 
affinities of MBPs such as 1,2-HOPTO and benzenesulfonamide (BSA) are much closer 
to traditional pharmacophores than to conventional metal chelators.  Examples of such 
chelators include ethylenediaminetetraacetic acid (EDTA) and deferoxamine (DFO).  
The affinity of MBPs for metal ions are also well below those of metalloproteins (e.g. 
zinc fingers, hCAII, etc.) and regulatory proteins such as metallothioneins and 
transferrin, indicative of the pharamcophore nature of these functional groups. 

3.4.  Experimental Section 

3.4.1.  MBP Synthesis 

 General.  All chemicals were purchased from commercial suppliers (Aldrich, 

Alfa Aesar, TCI, or Fisher) and used as received.  1H NMR spectra were recorded on a 

Varian FT-NMR instrument running at 400 MHz at the Department of Chemistry and 

Biochemistry, University of California, San Diego.  Mass spectrometry was performed 

at the Small Molecule Mass Spectrometry Facility in the Department of Chemistry and 

Biochemistry at the University of California, San Diego.  The syntheses of ATM, TM, 

TPMA and 5-hydroxy-2-methyl-4H-pyran-4-one (allomaltol) were performed as 

previously reported.29  Other MBPs were synthesized using a modified version of 
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previously reported procedures.30, 31  In general, synthesis conditions were not optimized 

for maximum yield. 

3.4.1.a.  MBPs for Section 3.2.1. 

 3-Methoxy-2-methyl-4H-pyran-4-one (methylmaltol).  Maltol (1.00 g, 7.93 

mmol) was dissolved in water (5 mL) containing 0.50 g (13 mmol) NaOH and cooled on 

ice.  Dimethylsulfate (830 µL, 8.7 mmol) was added slowly and the reaction was 

allowed to warm to RT and stir for 4 h.  The reaction was then extracted with CH2Cl2 (3 

× 25 mL).  The combined extractions were then washed with 5% KOH (aq., 3 × 25 mL).  

The solvent was removed under reduced pressure to yield a yellow oil that was used 

without further purification.  1H NMR (CDCl3, 400 MHz): δ 7.61 (d, 1 H, J = 6.0 Hz), 

6.36 (d, 1 H, J = 6.0 Hz), 3.85 (s, 3 H), 2.32 (s, 3 H).  ESI-MS(+): m/z 141.19 [M+H]+. 

 3-Methoxy-2-methyl-4H-pyran-4-thione (TM-OCH3).  Methylmaltol (0.200 g, 

1.43 mmol) was dissolved in CH2Cl2 (10 mL) followed by the addition of P2S5 (0.42 g, 

1.9 mmol) and triethylamine (750 µL, 10.2 mmol).  The reaction was allowed to stir 

overnight at RT.  The mixture was washed with 1 M HCl (3 × 10 mL) and the solvent 

removed under reduced pressure.  The product was purified by silica gel 

chromatography eluting with hexanes/ethyl acetate to yield a yellow solid (0.10 g, 46% 

yield).  1H NMR (CDCl3, 400 MHz): δ 7.39 (d, 1 H, J = 5.2 Hz), 7.19 (d, 1 H, J = 5.2 

Hz), 3.88 (s, 3 H), 2.36 (s, 3 H).  ESI-MS(+): m/z 157.17 [M+H]+. 

 3-Hydroxy-2-methyl-4H-pyran-4-thione (ATM).  Allomaltol (0.10 g, 0.79 

mmol) was dissolved in THF (5 mL) followed by the addition of P2S5 (0.088 mg, 0.40 

mmol) and NaHCO3 (0.33 g, 4.0 mmol).  The reaction was allowed to stir overnight at 
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RT.  The mixture was filtered and the solvent removed under reduced pressure.  The 

product was purified by flash chromatography eluting with hexanes/ethyl acetate to 

yield a yellow solid (0.057 g, 51% yield).  1H NMR (DMSO-d6, 400 MHz): δ 8.23 (s, 1 

H), 7.31 (s, 1 H), 2.29 (s, 3 H).  ESI-MS(+): m/z 143.15 [M+H]+. 

 5-Methoxy-2-methyl-4H-pyran-4-one (methylallomaltol).  Allomaltol (0.50 g, 

4.0 mmol) was dissolved in water (10 mL) containing 0.25 g (6.3 mmol) NaOH and 

cooled on ice.  Dimethylsulfate (520 µL, 5.4 mmol) was added and the mixture was 

allowed to warm to RT and stir overnight.  The reaction was then extracted with CH2Cl2 

(3 × 25 mL).  The solvent was removed under reduced pressure and the product purified 

by flash chromatography eluting with hexanes/ethyl acetate to yield a white solid (440 

mg, 79% yield).  1H NMR (CDCl3, 400 MHz): δ 7.49 (s, 1 H), 6.21 (s, 1 H), 3.75 (s, 3 

H), 2.26 (s, 3 H).  ESI-MS(+): m/z 141.29 [M+H]+, 163.18 [M+Na]+. 

 3-Methoxy-2-methyl-4H-pyran-4-thione (ATM-OCH3).  Methylallomaltol 

(0.20 g, 1.4 mmol) was dissolved in THF (10 mL) and NaHCO3 (0.48 g, 5.7 mmol) was 

added.  P2S5 (0.63 g, 2.9 mmol) was added and the reaction was allowed to stir at RT for 

20 min.  The solution was filtered and the solvent removed under reduced pressure.   

The residue was taken up in CH2Cl2 (50 mL) and washed with 1 M HCl (aq, 25 mL).  

The solvent was removed under reduced pressure and the residue purified by flash 

chromatography eluting with hexanes/ethyl acetate to yield a yellow solid (0.167 g, 75% 

yield).  1H NMR (CDCl3, 400 MHz): δ 7.41 (s, 1 H), 7.21 (s, 1 H), 3.84 (s, 3 H), 2.26 (s, 

3 H).  ESI-MS(+): m/z 157.22 [M+H]+, 179.05 [M+Na]+. 
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3.4.1.b.  MBPs for Section 3.2.2. 

 2-Bromo-3-methylpyridine-N-oxide.  2-Bromo-3-methylpyridine (1.00 g, 5.81 

mmol) was combined with m-chloroperoxybenzoic acid (m-CPBA, 2.87 g, 11.6 mmol) 

in CH2Cl2 (20 mL) and allowed to stir overnight.  The solution was then washed with 

sat. NaHCO3 (aq, 25 mL), evaporated under reduced pressure, and the product purified 

by silica gel chromatography eluting with 95:5 CH2Cl2:MeOH to yield a white solid 

(0.960 g, 88% yield).  1H NMR (CDCl3, 400 MHz): δ 8.27 (dd, 1 H, J1 = 6.4 Hz, J2 = 

1.6 Hz), 7.15-7.08 (m, 2 H), 2.46 (s, 3 H).  ESI-MS(+): m/z 188.22 [M+H]+, 211.99 

[M+Na]+. 

 2-Bromo-4-methylpyridine-N-oxide.  2-Bromo-4-methylpyridine (1.00 g, 5.81 

mmol) was combined with m-CPBA (2.87 g, 11.6 mmol) in CH2Cl2 (20 mL) and 

allowed to stir overnight.  The solution was then washed with sat. NaHCO3 (aq, 25 mL), 

evaporated under reduced pressure, and the product purified by silica gel 

chromatography eluting with 95:5 CH2Cl2:MeOH to yield a white solid (0.70 g, 64% 

yield).  1H NMR (CDCl3, 400 MHz): δ 8.24 (d, 1 H, J = 6.4 Hz), 7.46 (d, 1 H, J = 2.4 

Hz), 7.03 (dd, 1 H, J1 = 6.4 Hz, J2 = 2.4 Hz), 2.33 (s, 3H).  ESI-MS(+): m/z 188.25 

[M+H]+, 211.95 [M+Na]+. 

 2-Bromo-5-methylpyridine-N-oxide.  2-Bromo-5-methylpyridine (1.00 g, 5.81 

mmol) was combined with m-CPBA (2.87 g, 11.6 mmol) in CH2Cl2 (20 mL) and 

allowed to stir overnight.  The solution was then washed with sat. NaHCO3 (aq, 25 mL), 

evaporated under reduced pressure, and the product purified by silica gel 

chromatography eluting with 95:5 CH2Cl2:CH3OH to yield a white solid (0.764 g, 70% 
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yield).  1H NMR (CDCl3, 400 MHz): δ 8.24 (s, 1 H), 7.52 (d, 1 H, J = 8.4 Hz), 6.94 (d, 1 

H, J = 8.4 Hz), 2.28 (s, 3 H).  ESI-MS(+): m/z 188.22 [M+H]+, 211.94 [M+Na]+. 

 2-Bromo-6-methylpyridine-N-oxide.  2-Bromo-6-methylpyridine (1.00 g, 5.81 

mmol) was combined with m-CPBA (2.87 g, 11.6 mmol) in CH2Cl2 (20 mL) and 

allowed to stir overnight.  The solution was then washed with sat. NaHCO3 (aq, 25 mL), 

evaporated under reduced pressure, and the product purified by silica gel 

chromatography eluting with 95:5 CH2Cl2:CH3OH to yield a white solid (0.982 g, 90% 

yield).  1H NMR (CDCl3, 400 MHz): δ 7.55 (d, 1 H, J = 8.0 Hz), 7.23 (d, 1 H, J = 8.0 

Hz), 7.01 (t, 1 H, J = 8.0 Hz), 2.58 (s, 3H).  ESI-MS(+): m/z 188.23 [M+H]+. 

 2-Bromo-4,6-dimethylpyridine.  2-Amino-4,6-dimethylpyridine (0.10 g, 0.5 

mmol) was added to 48% HBr (aq, 5 mL) at -25 ºC followed by the addition of NaNO2 

(0.28 g, 1.3 mmol) in water (1 mL).  Bromine (170 µL, 2 eq.) was then added and the 

reaction kept at -25 ºC for 1 hour before warming to RT over 30 min.  The solution was 

diluted with 5 M NaOH (aq, 10 mL) and extracted with 3 × 20 mL CH2Cl2.  The organic 

layer was dried over MgSO4, evaporated under reduced pressure, and purified by silica 

gel chromatography eluting with 97:3 hexanes:ethyl acetate to yield the product as a 

white solid (0.133 g, 44% yield).  1H NMR (CDCl3, 400 MHz): δ 7.11 (s, 1 H), 6.90 (s, 

1 H), 2.46 (s, 3 H), 2.26 (s, 3 H).  ESI-MS(+): m/z 186.20 [M+H]+. 

 2-Bromo-4,6-dimethylpyridine-N-oxide.  2-Bromo-4,6-dimethylpyridine 

(0.190 g, 1.02 mmol) was combined with m-CPBA (0.500 g, 2.04 mmol) in CH2Cl2 (20 

mL) and allowed to stir overnight.  The solution was then washed with sat. NaHCO3 (aq, 

25 mL), evaporated under reduced pressure, and the product purified by silica gel 
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chromatography eluting with 95:5 CH2Cl2:CH3OH to yield a white solid (0.160 g, 78% 

yield).  1H NMR (CDCl3, 400 MHz): δ 7.36 (s, 1 H), 7.02 (s, 1 H), 2.53 (s, 3 H), 2.29 (s, 

3 H).  ESI-MS(+): m/z 202.17 [M+H]+. 

 2-Bromo-3-(trifluoromethyl)pyridine-N-oxide.  2-Bromo-3-

(trifluoromethyl)pyridine (0.40 g, 1.8 mmol) was dissolved in a mixture of 

trifluoroacetic acid (TFA, 5 mL) and trifluoroacetic anhydride (5 mL).  The solution was 

cooled on ice, followed by the dropwise addition of 30% H2O2 (aq, 3 mL).  The solution 

was then allowed to warm to RT before being heated to reflux for 45 min.  The solvent 

was removed under reduced pressure and the product purified by silica gel 

chromatography eluting with 60:40 ethyl acetate:hexanes to yield a white solid (0.314 g, 

74% yield).  1H NMR (CDCl3, 400 MHz): δ 8.50 (d, 1 H, J = 6.4 Hz), 7.50 (d, 1 H, J = 

6.4 Hz), 7.36 (t, 1 H, J = 6.4 Hz).  ESI-MS(+): m/z 242.21 [M+H]+. 

 2-Bromo-4-(trifluoromethyl)pyridine-N-oxide.  2-Bromo-4-

(trifluoromethyl)pyridine (0.35 g, 1.6 mmol) was dissolved in a mixture of TFA (5 mL) 

and trifluoroacetic anhydride (5 mL).  The solution was cooled on ice, followed by the 

dropwise addition of 30% H2O2 (aq, 3 mL).  The solution was then allowed to warm to 

RT before being heated to reflux for 45 min.  The solvent was removed under reduced 

pressure and the product purified by silica gel chromatography eluting with 60:40 ethyl 

acetate:hexanes to yield a white solid (0.310 g, 83% yield).  1H NMR (DMSO-d6, 400 

MHz): δ 8.61 (d, 1 H, J = 6.8 Hz), 8.43 (d, 1 H, J = 2.4 Hz), 7.82 (dd, 1 H, J1 = 6.8 Hz, 

J2 = 2.4 Hz).  ESI-MS(+): m/z 242.19 [M+H]+. 

 2-Bromo-5-(trifluoromethyl)pyridine-N-oxide.  2-Bromo-5-

(trifluoromethyl)pyridine (0.60 g, 2.7 mmol) was dissolved in a mixture of TFA (10 mL) 
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and trifluoroacetic anhydride (10 mL).  The solution was cooled on ice, followed by the 

dropwise addition of 30% H2O2 (30% aq, 5 mL).  The solution was then allowed to 

warm to RT before being heated to reflux for 45 min.  The solvent was removed under 

reduced pressure and the product purified by silica gel chromatography eluting with 

60:40 ethyl acetate:hexanes to yield a white solid (0.310 g, 83% yield).  1H NMR 

(DMSO-d6, 400 MHz): δ 9.00 (s, 1 H), 8.15 (d, 1 H, J = 8.4 Hz), 7.60 (d, 1 H, J = 8.4 

Hz).  ESI-MS(+): m/z 242.31 [M+H]+. 

 2-Bromo-6-(trifluoromethyl)pyridine-N-oxide.  2-Bromo-6-

(trifluoromethyl)pyridine (1.00 g, 4.42 mmol) was dissolved in a mixture of TFA (10 

mL) and trifluoroacetic anhydride (10 mL).  The solution was cooled on ice, followed by 

the dropwise addition of 30% H2O2 (aq, 5 mL, 11 eq.).  The solution was then allowed 

to warm to RT before being heated to reflux for 45 min.  The solvent was removed 

under reduced pressure and the product purified by silica gel chromatography eluting 

with 60:40 ethyl acetate:hexanes to yield a white solid (0.680 g, 64% yield).  1H NMR 

(DMSO-d6, 400 MHz): δ 8.23 (dd, 1 H, J1 = 8.0 Hz, J2 = 1.6 Hz), 7.99 (d, 1 H, J1 = 8.0 

Hz, J2 = 1.6 Hz), 7.41 (t, 1 H, J = 8.0 Hz).  ESI-MS(+): m/z 242.17 [M+H]+. 

 1-Bromoisoquinoline-N-oxide.  1-Bromoisoquinoline (0.20 g, 0.96 mmol) was 

combined with m-CPBA (0.44 g 1.9 mmol) in CH2Cl2 (5 mL) and stirred at RT for 7 h.  

The reaction was washed with 1 M NaOH (aq, 50 mL), and the wash was extracted with 

CH2Cl2 (2 × 20 mL).  The combined organic layers were evaporated under reduced 

pressure and purified by silica gel chromatography eluting with 95:5 CH2Cl2:MeOH to 

yield the product as a white solid (0.125 mg, 58% yield.).  1H NMR (DMSO-d6, 400 

MHz): δ 8.37 (d, 1 H, J = 7.2 Hz), 8.02-7.96 (m, 3 H), 7.79 (ddd, 1 H, J1 = 7.2 Hz, J2 = 
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7.2 Hz, J3 = 1.2 Hz), 7.67 (td, 1 H, J1 = 7.2 Hz, J2 = 1.2 Hz).  ESI-MS(+): m/z 224.28 

[M+H]+. 

 2-Bromoquinoline-N-oxide.  2-Bromoquinoline (0.50 g, 1.9 mmol) was 

combined with m-CPBA (1.1 g, 3.8 mmol) in CH2Cl2 (15 mL) and stirred at RT for 16 

h.  The reaction was washed with 1 M NaOH (aq, 50 mL) and the wash extracted with 

CH2Cl2 (20 mL).  The combined organic layers were evaporated under reduced pressure 

and purified by silica gel chromatography eluting with 60:40 hexanes:ethyl acetate to 

yield the product as an off-white solid (0.253 g, 58% yield.).  1H NMR (DMSO-d6, 400 

MHz): δ 8.50 (d, 1 H, J = 8.8 Hz), 8.05 (d, 1 H, J = 8.0 Hz), 7.87-7.77 (m, 3 H), 7.70 

(dd, 1 H, J1 = 8.0 Hz, J2 = 7.2 Hz).  ESI-MS(+): m/z 224.28 [M+H]+. 

 General Synthetic Procedure For 1-hydroxypyridine-2-1H-thiones (1,2-

HOPTOs).  Substituted 2-bromopyridine-N-oxide (0.20 g unless otherwise noted) was 

added to water (10 mL) followed by the addition of saturated NaSH (aq, 10 mL) and the 

mixture was allowed to stir at RT until starting material was consumed, roughly 30 min.  

The solution was then acidified with 4 M HCl (aq) and extracted with ethyl acetate (3 × 

50 mL).  The combined organic layers were evaporated under reduced pressure and 

purified by silica gel chromatography eluting with hexanes:ethyl acetate to yield the 

products as light yellow solids. 

 3-CH3-1,2-HOPTO.  2-Bromo-3-methylpyridine-N-oxide was used as the 

starting material with the product eluting in 70:30 hexanes:ethyl acetate (0.090 g, 60% 

yield).  1H NMR (CDCl3, 400 MHz): δ 8.05 (d, 1 H, J = 6.8 Hz), 7.31 (d, 1 H, J = 6.8 

Hz), 6.72 (t, 1 H, J = 6.8 Hz), 2.49 (s, 3 H).  13C NMR (DMSO-d6, 100 MHz): δ 167.5, 

139.5, 132.6, 131.6, 112.9, 21.9.  ESI-MS(+): m/z 142.15 [M+H]+. 
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 4-CH3-1,2-HOPTO.  2-Bromo-4-methylpyridine-N-oxide was used as the 

starting material with the product eluting in 70:30 hexanes:ethyl acetate (0.101 g, 67% 

yield).  1H NMR (CDCl3, 400 MHz): δ 7.94 (d, 1 H, J = 6.8 Hz), 7.51 (s, 1 H), 6.59 (d, 1 

H, J = 6.8 Hz), 2.28 (s, 3 H).  13C NMR (DMSO-d6, 100 MHz): 

δ 167.5, 145.3, 133.9, 131.8, 116.2, 20.0.  ESI-MS(+): m/z 142.17 [M+H]+. 

 5-CH3-1,2-HOPTO.  2-Bromo-5-methylpyridine-N-oxide was used as the 

starting material with the product eluting in 60:40 hexanes:ethyl acetate (0.046 g, 31% 

yield).  1H NMR (CDCl3, 400 MHz): δ 7.91 (s, 1 H), 7.59 (d, 1 H, J = 8.8 Hz), 7.13 (d, 1 

H, J = 8.8 Hz), 2.26 (s, 3 H).  13C NMR (DMSO-d6, 100 MHz): δ 165.6, 136.2, 133.9, 

132.3, 125.3, 17.3.  ESI-MS(+): m/z 142.11 [M+H]+. 

 6-CH3-1,2-HOPTO.  2-Bromo-6-methylpyridine-N-oxide was used as the 

starting material with the product eluting in 70:30 hexanes:ethyl acetate (0.072 g, 48% 

yield).  1H NMR (CDCl3, 400 MHz): δ 7.57 (d, 1 H, J = 8.4 Hz), 7.17 (dd, 1 H, J1 = 8.4 

Hz, J2 = 7.6 Hz), 6.61 (d, 1 H, J = 7.6 Hz), 2.58 (s, 3 H).  13C NMR (DMSO-d6, 100 

MHz): δ 166.7, 144.3, 133.2, 128.9, 115.5, 17.7.  ESI-MS(+): m/z 142.18 [M+H]+. 

 3-CF3-1,2-HOPTO.  2-Bromo-3-(trifluoromethyl)pyridine-N-oxide was used as 

the starting material with the product eluting in 90:10 hexanes:ethyl acetate (0.073 g, 

45% yield).  1H NMR (DMSO-d6, 400 MHz): δ 8.76 (d, 1 H, J = 7.2 Hz), 7.95 (d, 1 H, J 

= 7.2 Hz), 6.98 (t, 1 H, J = 7.2 Hz).  13C NMR (DMSO-d6, 100 MHz): δ 167.0, 139.2, 

134.1 (q, JCF = 5 Hz), 126.0 (q, JCF = 270 Hz), 122.6, 112.5.  ESI-MS(-): m/z 194.14 

[M-H]-. 
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 4-CF3-1,2-HOPTO.  2-Bromo-4-(trifluoromethyl)pyridine-N-oxide was used as 

the starting material with the product eluting in 90:10 hexanes:ethyl acetate (0.091 g, 

56% yield).  1H NMR (DMSO-d6, 400 MHz): δ 8.61 (d, 1 H, J = 7.2 Hz), 7.84 (s, 1 H), 

7.12 (d, 1 H, J = 7.2 Hz).  13C NMR (DMSO-d6, 100 MHz): δ 170.6, 138.5, 132.6 (q, JCF 

= 34 Hz), 130.1 (q, JCF = 4 Hz), 122.3 (q, JCF = 270 Hz), 108.8 (q, JCF = 3 Hz).  ESI-

MS(-): m/z 194.15 [M-H]-. 

 5-CF3-1,2-HOPTO.  2-Bromo-5-(trifluoromethyl)pyridine-N-oxide was used as 

the starting material with the product eluting in 95:5 hexanes:ethyl acetate (0.073 g, 45% 

yield).  1H NMR (DMSO-d6, 400 MHz): δ 8.99 (s, 1 H), 7.65 (d, 1 H, J = 8.8 Hz), 7.59 

(d, 1 H, J = 8.8 Hz).  13C NMR (DMSO-d6, 100 MHz): δ 174.2, 135.8 (q, JCF = 5 Hz), 

134.4, 128.2 (q, JCF = 3 Hz), 122.7 (q, JCF = 270 Hz), 114.8 (q, JCF = 35 Hz).  ESI-MS(-

): m/z 194.32 [M-H]-. 

 6-CF3-1,2-HOPTO.  2-Bromo-6-(trifluoromethyl)pyridine-N-oxide was used as 

the starting material with the product eluting in 90:10 hexanes:ethyl acetate (0.114 g, 

71% yield).  1H NMR (DMSO-d6, 400 MHz): δ 7.79 (d, 1 H, J = 8.8 Hz), 7.45 (t, 1 H, J 

= 8.8 Hz), 7.36 (d, 1 H, J = 8.8 Hz).  13C NMR (DMSO-d6, 100 MHz): δ 174.0, 138.1, 

134.2 (q, JCF = 35 Hz), 131.7, 118.8 (q, JCF = 270 Hz), 114.2 (q, JCF = 5 Hz).  ESI-MS(-

): m/z 194.28 [M-H]-. 

 2-Hydroxyisoquinoline-1-2H-thione (2,1-HIQTO).  1-Bromoisoquinoline-N-

oxide (0.350 g, 1.56 mmol) was used as the starting material with the product eluting in 

90:10 hexanes:ethyl acetate (0.147 g, 53% yield).  1H NMR (DMSO-d6, 400 MHz): 

δ 8.72 (d, 1 H, J = 8.4 Hz), 8.23 (d, 1 H, J = 7.6 Hz), 7.90 (d, 1 H, J = 8.0 Hz), 7.81 (m, 
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1H), 7.70 (m, 1 H), 7.31 (d, J = 7.6 Hz).  13C NMR (DMSO-d6, 100 MHz): δ 171.4, 

132.0, 131.2, 130.1, 129.5, 128.7, 127.5, 112.3.  ESI-MS(-): m/z 176.23 [M-H]-. 

 1-Hydroxyquinoline-2-1H-thione (1,2-HOQTO).  2-Bromoquinoline-N-oxide 

(0.236 g, 1.05 mmol) was used as the starting material with the product eluting in 95:5 

hexanes:ethyl acetate (0.053 mg, 28% yield).  1H NMR (DMSO-d6, 400 MHz): δ 7.95-

7.75 (m, 4 H), 7.55-7.45 (m, 2 H).  13C NMR (DMSO-d6, 100 MHz): δ 172.9, 137.4, 

132.0, 131.4, 130.9, 128.5, 125.0, 123.6, 113.8.  ESI-MS(-): m/z 176.30 [M-H]-. 

 4,6-(CH3)2-1,2-HOPTO.  2-Bromo-4,6-dimethylpyridine-N-oxide (0.10 g, 0.5 

mmol) and thiourea (0.075 g, 2 eq.) were dissolved in methanol (5 mL) and heated in a 

microwave reactor at 80 ºC for 20 min.  The solution was then poured into 1 M NaOH 

(aq, 25 mL) and stirred for 30 min.  The solution was then acidified with 4 M HCl and 

extracted with ethyl acetate (3 × 25 mL).  The combined organic fractions were 

evaporated and purified by silica gel chromatography eluting with 85:15 hexanes ethyl 

acetate to yield a yellow solid (0.037 g, 48% yield).  1H NMR (CDCl3, 400 MHz): 

δ 7.40 (s, 1 H), 6.44 (s, 1 H), 2.53 (s, 3 H), 2.22 (s, 3 H).  13C NMR (DMSO-d6, 100 

MHz): δ 167.2, 144.6, 134.0, 128.4, 117.0, 19.9, 17.5.  ESI-MS(+): m/z 156.11 [M+H]+. 

 1-Hydroxy-4-methylpyridin-2-1H-one (4-CH3-1,2-HOPO).  The product was 

prepared from 4-methylpyridine-N-oxide as previously reported and verified by 1H 

NMR.31  

 2-Mercapto-4-methylpyridine (4-CH3-2MPyr).  2-Bromo-4-methylpyridine 

(1.00 g, 5.81 mmol) and m-CPBA (3.00 g, 1.7 eq.) were combined in CH2Cl2 (20 mL) 

and allowed to stir for 3 h.  The reaction was washed with sat. NaHCO3 (aq, 25 mL) and 
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evaporated under reduced pressure.  The crude 2-bromo-4-methylpyridine-N-oxide was 

combined with water (10 mL) and sat. NaSH (aq, 5 mL) and heated to 150 ºC in a 

microwave reactor for 1 h.  The solution was then acidified with 4 M HCl (aq) and 

extracted with CH2Cl2 (3 × 25 mL).  The combined organic fractions were evaporated 

under reduced pressure and recrystallized from hot water to yield the product as a yellow 

solid (0.470 g, 65% yield over 2 steps).  No attempt was made to prepare the product 

directly from 2-bromo-4-methylpyridine.  1H NMR (DMSO-d6, 400 MHz): δ 7.53 (d, 1 

H, J = 6.0 Hz), 7.14 (s, 1 H), 6.60 (d, 1 H, J = 6.0 Hz).  13C NMR (DMSO-d6, 100 

MHz): δ 177.4, 149.8, 137.6, 132.7, 115.4, 21.3.  ESI-MS(+): m/z 126.17 [M+H]+. 

 2-Mercapto-4-methylphenol (4-CH3-2MP).  2-Methoxy-5-methylbenzenethiol 

(0.20 g, 1.3 mmol) was dissolved in dry CH2Cl2 (10 mL) and cooled on ice.  BBr3 (6.5 

mL, 1.0 M in CH2Cl2) was added dropwise and the reaction allowed to warm to RT and 

stir overnight.  1.0 M HCl (aq, 10 mL) was then added and the mixture extracted with 

ethyl acetate (3 × 15 mL).  The combined organic fractions were evaporated under 

reduced pressure and purified by silica gel chromatography with the product eluting in 

96:4 hexanes:ethyl acetate as a light yellow oil.  1H NMR (DMSO-d6, 400 MHz): δ 9.69 

(s, 1 H), 7.01 (s, 1 H), 6.74 (d, 1 H, J = 8.0 Hz), 6.71 (d, 1 H, J = 8.0 Hz), 4.46 (s, 1 H), 

2.14 (s, 3 H).  13C NMR (DMSO-d6, 100 MHz): δ 150.7, 129.4, 128.3, 126.4, 118.3, 

114.7, 20.0.  ESI-MS(-): m/z 139.30 [M-H]-.  A small amount (~5%) of what appears to 

be the product in its disulfide form was observed in the 1H NMR. 
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3.4.2.  hCAII Expression, Assays, and Crystallization 

 Protein Expression.  Plasmids encoding human carbonic anhydrase isozyme II 

containing a T7 RNA polymerase promoter and an ampicillin resistance gene (pACA) 

were a generous gift from Prof. Carol Fierke, University of Michigan Medical School.  

The protein was recombinantly expressed and purified using a modified protocol of 

Monnard, et al.32  Escherichia coli BL21(DE3)pLysS cells were heat-shocked with 

plasmid for 45 s at 42 ºC and followed by incubation in sterile Luria-Bertoni (LB) 

medium for 1 h at 37 ºC with gentle shaking.  The cells were then placed onto agar 

plates containing 100 µg/mL ampicillin and 34 µg/mL chloroamphenicol and incubated 

overnight at 37 ºC.  Drug-resistant colonies were transferred to 8 mL LB medium 

containing 100 µg/mL ampicillin and 34 µg/mL chloroamphenicol and incubated 

overnight at 37 ºC.  5 pre-cultures were used to inoculate 5 L of autoclaved induction 

media (20 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl, 0.36× M9 salts solution, 0.4 % 

glucose, 60 µM ZnSO4, 100 µg/mL ampicillin and 34 µg/mL chloramphenicol).  Cells 

were shaken (125 rpm) in induction media at 37 ºC until OD600 = 0.8 – 1.0.  Addition of 

isopropyl-β-D-thiogalactopyranoside (IPTG, 250 µM final concentration) and ZnSO4 

(500 µM final concentration) induced protein expression and the temperature was 

lowered to 30 ºC.  The protease inhibitors phenylmethanesulfonyl fluoride (PMSF, 4 

µg/mL) and Nα-p-tosyl-L-arginine methyl ester hydrochloride (TAME, 1 µg/mL) were 

added to the induction media after 3 hr.  The cells were shaken for an additional 3 hr 

after addition of the protease inhibitors (for a total of 6 hr. of induction), and pelleted via 

centrifugation at 1,000 × g and 4 ºC for 30 min.  Carbonic anhydrase expression was 

monitored via SDS-PAGE and Coomassie staining.  Cells were lysed by activating the 
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gene encoding T7 lysozyme using three cycles of freeze/thaw.  Cells were resuspended 

in a buffer containing 50 mM Tris-SO4, 50 mM NaCl, 10 mM EDTA, pH 8.0, 200 µM 

ZnSO4, 10 µg/mL PMSF, 1 µg/mL TAME, and 1 mM dithiothreitol (DTT).  Cellular 

resuspensions were shaken vigorously (250 rpm) at RT for 1 hr., DNase I (1 µg/L final 

concentration) was added, and cells were shaken for another hour before being 

centrifuged at 10,000 × g  (4 ºC) for 30 min.  Three such extractions were collected for 

each pellet, and were combined and dialyzed against activity buffer (50 mM Tris-SO4, 

0.5 mM ZnSO4, pH 8.0) overnight at 4 ºC. 

 Protein Purification.  Cell lysates were slowly mixed with DEAE-Sephacel ion 

exchange resin equilibrated with activity buffer for 30 min at 4 ºC.  The mixture was 

filtered and the resin was washed three times with activity buffer.  All flow-throughs 

were combined and dialyzed in activity buffer overnight at 4 ºC.  The protein solution 

was then applied to a 20-mL Sepharose-Zn-IDA affinity column equilibrated with 

activity buffer.  The bound enzyme was eluted by a linear gradient of 1 - 200 mM 

imidazole in activity buffer. Fractions containing hCAII (as identified by SDS-PAGE 

and Coomassie staining) were pooled and dialyzed against activity buffer.  Following 

purification by zinc affinity column, the protein solution was loaded onto 25 mL of p-

aminomethylbenzenesulfonamide agarose equilibrated with activity buffer.  The agarose 

was then washed with 5 column volumes of wash buffer (50 mM Na2SO4, 50 mM 

NaClO4, 25 mM Tris-SO4, pH 8.8) and the bound protein was eluted with an elution 

buffer (200 mM NaClO4, 100 mM NaOAc, pH 5.6) until Bradford analysis showed no 

detectable amount of protein.  hCAII-containing fractions (identified via SDS-PAGE 
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and Coomassie staining) were dialyzed extensively against activity buffer.  The solution 

was dialyzed against ddH2O, lyophilized, and redissolved in buffer. 

 Inhibition Constants.  Assays were run in 50 mM HEPES, pH 8.0, I = 100 mM 

with Na2SO4.  Enzyme (100 nM) was incubated with inhibitor for 10 min at RT before 

the addition of p-nitrophenyl acetetate (PNPA, 50 µM – 10 mM final concentration) 

dissolved in DMSO.  Wells contained a final concentration of 5% DMSO and a final 

volume of 100 µL.  For the 10 mM PNPA wells, immediate mixing was necessary to 

prevent precipitation of the substrate.  The reaction was followed using a BioTek Elx808 

plate reader measuring absorbance at 405 nm.  Rates of PNPA hydrolysis in wells 

containing inhibitor but no protein were subtracted from each trial before curve fitting.  

Initial linear rate vs. substrate concentration was plotted for inhibitor-free and enzyme in 

the presence of inhibitor, and for each inhibitor the curves were fit for Ki using 

GraphPad Prism with Km set as a constant (25 mM).  Generally, three inhibitor 

concentrations were used for each fitting, with the best results coming from 

concentrations of 0.5x, 1x, and 2x the Ki.  Representative examples of curve fitting can 

be found in the Appendix. 

 hCAII Crystallization.  Crystals of hCAII were obtained by the sitting-drop or 

hanging-drop vapor diffusion method.  The protein solution consisted of 20 mg/mL 

hCAII and 1 mM p-chloromercuribenzoic acid in 50 mM Tris-SO4, pH 8.0.  The 

precipitant solution contained 2.7−3.0 M (NH4)2SO4 in 50 mM Tris-SO4 pH 8.15.  

Drops consisted of 3 µL of protein solution plus 2.5−4.0 µL of precipitant solution and 

were equilibrated at 18 °C against 750 µL of precipitant solution.  Crystals roughly 

0.3×0.3×0.3 mm in size appeared after two days to three weeks.  Once formed, crystals 
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were transferred to 15 µL of soak solutions containing inhibitor (at saturation, ~1 mM), 

1.5 M sodium citrate, 50 mM HEPES pH 8.15, 5% glycerol, and 2-5% DMSO.  Crystals 

were taken directly from the soak solutions for data collection.  Due to potential 

interference from the high concentration of DMSO necessary for ligand solubility, co-

crystallization of the ligands with hCAII was not attempted. 

 Crystal Structure Determination.  X-ray diffraction studies on hCAII crystals 

were carried out at 100 K with a Bruker D8 Smart 6000 CCD detector and utilizing Cu 

Kα radiation (λ = 1.5478 Å) from a Bruker-Nonius FR-591 rotating anode generator.  

The data were integrated and scaled using the Bruker APEX software suite.  All crystals 

belonged to the monoclinic space group P21.  The data were phased by molecular 

replacement using a previously reported hCAII struc-ture (PDB 3KS333) with water 

molecules removed.  Models were built by alternating refinement using REFMAC534 

and manual visualization and model building in Coot.35  Ligand topologies were 

generated using the PRODRG server.36  The structures have been deposited in the 

Protein Data Bank.   Structures contain p-mercuribenzoic acid bound to Cys206.  Soak 

solutions of 3-CH3-TP and 4-CH3-2MP also contained 2 mM 

tris(carboxyethyl)phosphine (TCEP) as a reducing agent.	   	   Complete data collection 

details and refinement statistics, along with PDB IDs, can be found in the Appendix. 

3.4.3.  X-ray Spectroscopy 

 Samples for XAS (approximately 2 mM in protein) were prepared from 

lyophilized CA (Sigma Aldrich), dissolved in 50 mM phosphate buffer (pH 7.5) that was 

dialyzed overnight against the same buffer to remove salts and adventitious metals.  
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MBP complexes were prepared by addition of a buffered solution of the MBP to the 

hCAII solution to a final concentration of 6 mM (3-fold molar excess).  All samples 

contained 20% (v/v) glycerol as a glassing agent and were loaded in Lucite cuvettes with 

6 µm polypropylene windows before being frozen rapidly in liquid nitrogen.  X-ray 

absorption spectra were measured at the National Synchrotron Light Source (NSLS), 

beamline X3B, with a Si (111) double-crystal monochromator; harmonic rejection was 

accomplished using a Ni focusing mirror.  Fluorescence excitation spectra for all 

samples were measured with a 31-element solid-state Ge detector array.  Samples were 

held at approximately 15 K in a Displex cryostat.   

 EXAFS data collection and reduction were performed according to published 

procedures,37 using the program EXAFSPAK (EXAFSPAK is available free of charge 

from http://www-ssrl.slac.stanford.edu/exafspak.html).  Data were measured in 

duplicate, four scans each on two samples from independent preparations.  As both data 

sets gave similar results in each case, the data were averaged; the experimental spectra 

presented here are the averaged data sets (8 scans per sample).  The data were converted 

from energy to k-space using E0 = 9,680 eV.  EXAFS data were fitted utilizing 

theoretical amplitude and phase functions calculated with FEFF v. 8.00.38  The zinc-

nitrogen and zinc-sulfur scale factors (SZn-N and SZn-S) and the threshold energies, ΔE0, 

were calibrated to the experimental spectra for tetrakis-1-methylimidazole zinc(II) 

perchlorate, [Zn(MeIm)4](ClO4)2, and tetra-n-butylammonium 

zinc(II)tetramesitylthiolate, [N(nBu)4]2[Zn(Smes)4], respectively, and held fixed (SZn-N = 

0.78, SZn-S = 0.85 and ΔE0 = -14 eV for both) in all subsequent fits to the data for hCAII.  

First shell fits were then obtained for all reasonable coordination numbers, including 
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mixed nitrogen/oxygen/sulfur ligation, while allowing the absorber-scatterer distance, 

Ras, and the Debye-Waller factor, σas
2, of each contribution to vary.  Multiple scattering 

contributions from histidine ligands were approximated according to published 

procedures.37  These fits did not attempt to include multiple scattering interactions with 

ring atoms of the MBP, and therefore the outer shell scattering can only be examined 

qualitatively. 

3.4.4.  Computational Methods 

 All geometry optimizations were performed using the Gaussian 09 suite of 

programs,39 utilizing Becke’s three-parameter hybrid method with the Lee, Yang, and 

Parr correlation functional (B3LYP)40-43 with the 6-311+G(d,p) basis set and CPCM 

solvation (ε =10).44-46  The B3LYP functional has previously been used to successfully 

recapitulate geometric parameters of model active sites for Zn2+ metalloproteins,47 as 

well as free energies of water-chloride exchange in zinc chloride complexes.48.  The 

computed geometry agrees with the reference crystal structure to within 0.46 Å heavy 

atom root-mean-square deviation (RMSD).  Much of the deviation resides in positioning 

of the phenyl groups (RMSD = 0.27 Å upon phenyl group omission), although the 

computed structure also contains a slight elongation of the Zn-S bond length (2.42 Å, 

compared to 2.34 Å in the crystal structure).  The latter discrepancy has been noted for 

other Zn(II)-thiol systems in geometry optimizations with the B3LYP functional;49 

however, we accept this constant error and utilize B3LYP in place of more expensive ab 

initio methods. 
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 Linear transit computations for ATM, TM, and TPMA.  Having validated the 

B3LYP functional, a linear transit along φ(Zn-S-O-C) from 180° to 90° was computed, 

starting from the geometry observed in the TpPh,MeZn(TM) crystal structure. To decrease 

the system size and remove steric hindrances that may affect the relative interaction 

energies, the phenyl groups in the TpPh,Me scaffold were removed. 

 Geometry optimization of 1,2-HOPTO complexes.  Geometry optimizations 

were performed utilizing a tris(5-methylpyrazolyl)methane scaffold, referred to here as 

TpCZn.  In addition to omitting the phenyl groups of the TpPh,Me ligand to eliminate 

steric bulk, the TpCZn system provides a rigid scaffold with the correct net charge (q = 

+2) for modeling the hCAII His3Zn center in a computationally efficient manner. 

 Energy Decomposition Analyses.  The Amsterdam Density Functional 2009 

program50 computes total energies with respect to fragments, usually spin-restricted 

atoms.15  This framework conveniently lends itself to computing the bond energy of 

complexes with respect to the individual groups that form the complex.  Using an energy 

decomposition method inspired by the work of Morokuma and co-workers,51 the bond 

energy between the TpCZn scaffold and different MBPs were computed and analyzed in 

terms of contributions from electrostatic, steric and orbital effects.  Briefly, this 

decomposition analysis was performed as follows:14, 15 (A) starting from TpCZn(MBP) 

geometries optimized using the B3LYP/6-311++G(2d,2p) level of theory, the TpCZn 

scaffold (including Zn2+ and the three pyrazole rings) and the MBP were separated to 

enable computation of individual fragment orbitals; (B) the fragments were rejoined to 

the B3LYP/6-311++G(2d,2p) optimized geometry, allowing the bond energy between 

the TpCZn scaffold and MBP to be computed in three steps: (1) An electrostatic 
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interaction term was obtained from the superposition of the electron densities of the two 

fragments. (2) Since the superposition of fragment densities afforded a new density that 

did not obey the Pauli principle, the wavefunction was antisymmetrized and 

renormalized. This step produced a steric term that captured the repulsive effect 

associated with the superposition of the two fragment densities. (3) Upon optimizing the 

wavefunction, an orbital interaction term derived from polarization, charge transfer and 

bonding effects.  Taken together, these three terms (electrostatic, steric and orbital 

interaction) were summed to provide a description of the total bonding energy between 

the TpCZn and MBP fragments. 

	   Thermodynamic integration.  To prepare the different hCAII(MBP) systems 

for thermodynamic integration (TI) computations, the different MBPs and His3Zn center 

in hCAII were parameterized for simulation with the AMBER14 suite of programs.52  

While the parameters for His3Zn were obtained previously, the derivation of force field 

parameters for different MBPs are briefly described here.  

The geometry of each MBP was optimized using Gaussian 0939 at the B3LYP/6-

31G(d,p) level of theory.40-43  Point charges for all atoms were subsequently extracted 

from the electrostatic potential (ESP) computed for each MBP at the B3LYP/6-31G(d) 

level of theory with MK radii53 using the restrained electrostatic potential (RESP) 

program54-56 in AmberTools12.57  All other force field parameters were taken from 

either the AMBER FF99SB-ILDN58, 59 or AMBER GAFF60 force fields.  In all TI 

simulations, the partial charges on the MBGs were set to zero to enable computation of 

the relative nonpolar binding free energies, and softcore potentials61 were used for the R-

group being transformed.  Each system was solvated in a box of TIP3P waters62 with 
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ions added to enforce neutrality.  To maintain the MBP binding geometry observed 

crystallographically, restraints were applied to keep the S–Zn and O–Zn bonds equal to 

2.41 and 2.26 Å, respectively.  Additionally, the orientation of the MBGs in the hCAII 

active site was restrained through application of a dihedral restraint, with the Zn-S-O-N 

angle set to 135°.  These restraints were applied in all simulations with force constants 

of 100 kcal/mol/ Å2.  

Following these preparation steps, TI computations63-65 were then performed 

using the pmemd engine in the AMBER14 suite of programs52, 66 at λ values of 0.0, 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0.  At each λ window, the system was first 

minimized for 5000 steps to remove any steric clashes.  Equilibration was then 

performed in two steps: (1) 500 ps of dynamics were performed at constant pressure and 

temperature (NPT) conditions using a Berendsen barostat67 with isotropic position 

scaling (ntp = 1) and a pressure relaxation time of 2.0 ps, while allowing the system heat 

to 300K with a Langevin thermostat68 having a collision frequency of 2.0 ps-1; (2) upon 

ensuring the system density was equilibrated, 500 ps of constant volume and 

temperature (NVT) equilibration were performed at 300K.  Production molecular 

dynamics (MD) simulations were then performed for 4 ns, and the average value of 

dV/dλ (<dV/dλ>) was subsequently extracted from the final 2 ns upon removing 

correlations in the data, identified using the timeseries module in the pyMBAR program 

(http://simtk.org/home/pymbar).69, 70  The values of <dV/dλ> from each window were 

then plotted as a function of λ and numerically integrated using the trapezoidal rule to 

obtain DDG for the transformation under consideration.  Errors were propagated and 

reported as standard deviation.71 
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3.5.  Appendix 

3.5.1.  Details of XAS Data Fitting 

 
Figure 3-20. EXAFS of inhibitor-free hCAII.  Fourier transforms (A) of k3-weighted 
EXAFS (B) of hCAII are shown with fitting details presented in Table 3-4. 

Table 3-4. Detailed EXAFS curve fitting results for inhibitor-free hCAII.a 

Fit Model Zn-N/O Zn-O Zn-His b Rf c Ru c 

1 4 N/O  1.99 (3.8)   16 189 
2 3 N + 1 O  2.02 (1.1) 1.88 (0.2)    9 163 

3 3 N + 1 O  2.02 (1.1) 1.88 (0.2) 3.02 (5.2)  3.31 (22) 
3.91 (10)   4.11 (16) 39   79 

a Distances (Å) and disorder parameters (in parentheses, σ2 (10-3 Å2)) derive from fits to filtered EXAFS 
data [k = 1.0-14.0 Å-1, R = 0.6-2.3 Å (fits 1-2) or 0.1-4.2 Å (fit 3)], fixing coordination numbers as 
indicated. 

b Multiple scattering paths represent combined paths, as described previously (see Materials and Methods). 
c Goodness of fit (Rf for fits to filtered data; Ru for fits to unfiltered data) defined as 1000*
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Figure 3-21.  EXAFS of hCAII with ATM.  Fourier transforms (A) of k3-weighted 
EXAFS (B) of hCAII are shown with fitting details presented in Table 3-5. 

Table 3-5. Detailed EXAFS curve fitting results for hCAII with ATM.a 

Fit Model Zn-N/O Zn-S Zn-His b Rf c Ru c 

1 4 N/O 2.05 (4.7)   39 275 
2 5 N/O 2.05 (6.2)   34 264 

3 6 N/O 2.05 (7.7)   33 268 

4 3 N/O + 1 S 2.05 (2.8)  2.27 (6.4)  16 219 

5 4 N/O + 1 S 2.05 (4.6) 2.28 (7.7)  10 231 

6 5 N/O (3 His) 2.05 (6.2)  2.99 (5.2)  3.46 (10)  
3.96 (18)   4.12 (18) 

133 148 

7 4 N/O (3 His) + 1 S 2.05 (2.7)  2.28 (5.3) 3.00 (2.8)  3.39 (22) 
3.96 (11)   4.03 (0.8) 

  46   91 

a Distances (Å) and disorder parameters (in parentheses, σ2 (10-3 Å2)) derive from fits to filtered EXAFS 
data [k = 1.0-14.0 Å-1; R = 0.6-2.3 Å (fits 1-5) or 0.1-4.2 Å (fits 6-7)], fixing coordination numbers as 
indicated. 

b Multiple scattering paths represent combined paths, as described previously (see Materials and Methods). 
c Goodness of fit (Rf for fits to filtered data; Ru for fits to unfiltered data) defined as 1000*

 

, where N is the number of data points. 

! 

Re "i,obs( )2 + Im "i,obs( )2[ ] # Re "i,calc( )2 + Im "i,calc( )2[ ]$ 
% 
& 

' 
( 
) i=1

N

*

Re "i,obs( )2 + Im "i,obs( )2[ ]$ 
% 
& 

' 
( 
) i=1

N

*



	   137	  

 
Figure 3-22. EXAFS of hCAII with TM.  Fourier transforms (A) of k3-weighted 
EXAFS (B) of hCAII are shown with fitting details presented in Table 3-6. 

Table 3-6. Detailed EXAFS curve fitting results for hCAII with TM.a 

a Distances (Å) and disorder parameters (in parentheses, σ2 (10-3 Å2)) derive from fits to filtered EXAFS 
data [k = 1.0-14.0 Å-1; R = 0.6-2.3 Å (fits 1-4) or 0.1-4.2 Å (fit 5)], fixing coordination numbers as 
indicated. 

b Multiple scattering paths represent combined paths, as described previously (see Materials and Methods). 
c Goodness of fit (Rf for fits to filtered data; Ru for fits to unfiltered data) defined as 1000*

 

, where N is the number of data points. 
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Fit Model Zn-N/O Zn-S Zn-His b Rf c Ru c 

1 4 N/O 2.01 (4.2)   39 265 

2 5 N/O 2.02 (5.9)   30 247 

3 3 N/O + 1 S 2.00 (2.5) 2.26 (6.3)  13 212 

4 4 N/O + 1 S 2.00 (4.0) 2.26 (8.0)  20 233 

5 3 N/O (3 His) + 1 S 1.99 (2.4) 2.26 (6.1) 3.02 (3.8)  3.32 (30) 
3.97 (3.8)  4.13 (0.6) 

64 102 
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Figure 3-23. EXAFS of hCAII with TPMA.  Fourier transforms (A) of k3-weighted 
EXAFS (B) of hCAII are shown with fitting details presented in Table 3-7. 

Table 3-7. Detailed EXAFS curve fitting results for hCAII + TPMA.a 

Fit Model Zn-N/O Zn-S Zn-His b Rf c Ru c 

1 4 N/O 2.02 (4.6)   29 282 
2 5 N/O 2.02 (6.0)   26 276 

3 6 N/O 2.02 (7.4)   27 293 

4 3 N/O + 1 S 2.01 (3.3) 2.26 (9.6)  12 211 

5 4 N/O + 1 S 2.01 (5.1) 2.26 (13)  18 258 

6 5 N/O (3 His) 2.03 (6.7)  3.05 (6.6)   3.36 (20) 
3.93 (8.3)   4.13 (15) 

55 137 

7 4 N/O (3 His) + 1 S 2.01 (4.9) 2.27 (12) 3.03 (6.3)   3.34 (21) 
3.92 (8.3)   4.13 (12) 

32   79 

a Distances (Å) and disorder parameters (in parentheses, σ2 (10-3 Å2)) derive from fits to filtered EXAFS 
data [k = 1.0-14.0 Å-1; R = 0.6-2.3 Å (fits 1-5) or 0.1-4.2 Å (fits 6-7)], fixing coordination numbers as 
indicated. 

b Multiple scattering paths represent combined paths, as described previously (see Materials and Methods). 
c Goodness of fit (Rf for fits to filtered data; Ru for fits to unfiltered data) defined as 1000*

 

, where N is the number of data points. 
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Figure 3-24. Relative phases of Zn-N (2.00 Å) and Zn-S (2.30 Å) scattering. The 
patterns are largely in phase over the first two oscillations, and largely out of phase 
(leading only to cancelation effects) by the 4th and beyond.  

 

Figure 3-25. XANES spectra for hCAII with ATM, TM, and TPMA.  Individual spectra 
are shown in black with the inhibitor-free spectrum overlayed in light grey. 
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3.5.2.  Supplemental figures 

 

Figure 3-26.  Crystal structure of TpPh,MeZn(ATM).  Thermal ellipsoids are shown at 
50% probability, and hydrogen atoms have been omitted for clarity.  The complex 
cocrystallized with molecules of benzene and 5-methyl-3-phenylpyrazole, which have 
also been omitted. 

 
Figure 3-27.  Overlay of the crystal structure of TpPh,MeZn(TM) and the calculated 
geometry.  The calculated geometry using the B3LYP/6-311+G(d,p) level of theory 
(bronze) agrees well with the crystal structure (blue).   
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Figure 3-28.  Hydrophobic contacts made by the methyl group of 3-CH3-1,2-HOPTO 
upon binding the active site Zn2+ ion of hCAII.  Interactions ≤4.0 Å are indicated with 
arrows along with the C−C distance (in Å).  The |2Fo-Fc| map is shown contoured at 
1.5σ.   

 

Figure 3-29.  Hydrophobic contacts made by the methyl group of 4-CH3-1,2-HOPTO 
upon binding the active site Zn2+ ion of hCAII.  Interactions ≤ 4.0 Å are indicated with 
arrows along with the C−C distance (in Å).  The |2Fo-Fc| map is shown contoured at 
1.5σ. 



	   142	  

 

Figure 3-30.  Interactions formed by the methyl group of 5-CH3-1,2-HOPTO when 
bound in the active site of hCAII.  Interactions ≤ 4.0 Å are indicated with arrows along 
with the C−O or C−N distance (in Å).  The |2Fo-Fc| map is shown contoured at 1.5σ.  

 

Figure 3-31.  The crystal structure of 3-CF3-1,2-HOPTO bound to hCAII reveals 
coordination similar to that of its methyl analog.  The |2Fo−Fc| map (1.5σ) is shown in 
gray for the Zn2+ ion and protein residues while the omit |Fo−Fc| map (4.0σ) is shown in 
red for the ligand.  A view with the methyl analog overlayed in cyan is shown on the 
right. 
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Figure 3-32.  The crystal structure of 4-CF3-1,2-HOPTO bound to hCAII reveals 
coordination similar to that of its methyl analog.  The |2Fo−Fc| map (1.5σ) is shown in 
gray for the Zn2+ ion and protein residues while the omit |Fo−Fc| map (4.0σ) is shown in 
red for the ligand.  A view with the methyl analog overlayed in cyan is shown on the 
right. 

 

Figure 3-33.  The crystal structure of 5-CF3-1,2-HOPTO bound to hCAII shows two 
binding modes.  The |2Fo−Fc| map (1.5σ) is shown in gray for the Zn2+ ion and protein 
residues while the omit |Fo−Fc| map (4.0σ) is shown in red for the ligand.  One of these 
binding modes (shown in blue) has no interaction with the active site Zn2+ ion, 
diagrammed on the right.  



	   144	  

 

Figure 3-34.  The crystal structure of 1,2-HIQTO bound to hCAII reveals coordination 
similar to that of 1,2-HOPTO.  The |2Fo−Fc| map (1.5σ) is shown in gray for the Zn2+ ion 
and protein residues while the omit |Fo−Fc| map (4.0σ) is shown in red for the ligand.  
An overlay with the previously reported structure of hCAII with 1,2-HOPTO (PDB 
3M1K, carbon atoms shown in magenta) is shown on the right. 

 

Figure 3-35.  The crystal structure of 4-CH3-2MPyr bound to hCAII reveals a binding 
mode that similar to	   that of 4-CH3-1,2-HOPTO despite not having an oxygen donor.  
The endocyclic nitrogen does have a close interaction with a water molecule, shown in 
magenta, that does not appear in the crystal structure of inhibitor-free hCAII or in 
complexes with other monodentate inhibitors.  The |2Fo−Fc| map (1.5σ) is shown in gray 
for the Zn2+ ion and protein residues while the omit |Fo−Fc| map (4.0σ) is shown in red 
for the ligand. 
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Figure 3-36.  Crystal structure of 3-CH3-TP bound to hCAII.  The |2Fo−Fc| maps (1.5σ) 
are shown in gray for the Zn2+ ion and protein residues while the omit |Fo−Fc| maps 
(4.0σ) are shown in red for the ligand.  An overlay (right) reveals that this binding mode 
is similar to that observed for 6-CH3-1,2-HOPTO (carbon atoms shown in magenta). 

 

Figure 3-37.  The crystal structure of 4-CH3-2MP bound to hCAII.  The |2Fo−Fc| maps 
(1.5σ) are shown in gray for the Zn2+ ion and protein residues while the omit |Fo−Fc| 
maps (4.0σ) are shown in red for the ligand.  Overlays show that this binding mode is 
similar to that of 3-CH3-TP (middle, carbon atoms shown in magenta) and the previously 
reported structure of 2MP (right, PDB 2OSM, carbon atoms shown in cyan). 
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Figure 3-38.  Optimized geometries of various TpCZn(MBP) complexes.  A: 1,2-
HOPO; B: 1,2-HOPTO, having the O-donor in the axial position; C: 1,2-HOPTO, 
having the S-donor in the axial position; D: 4-CH3-1,2-HOPTO; E: 4-CF3-1,2-HOPTO. 
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Figure 3-39.  Partial charge distributions derived from the molecular electrostatic 
potentials of various geometry-optimized TpCZn(MBP) complexes.   Distributions were 
computed using the CHELPG algorithm72, 73 at the B3LYP/6-311++G(2d,2p) level of 
theory with CPCM solvation44-46 (ε = 10).  A: 1,2-HOPO; B: 1,2-HOPTO; C: 4-CH3-
1,2-HOPTO; D: 4-CF3-1,2-HOPTO. 
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Figure 3-40.  Schematic representation of the alchemical transformations performed to 
obtain the relative nonpolar binding free energies of MBPs in complex with hCAII.  
From this thermodynamic cycle, the difference in nonpolar free energies of two MBPs 
(denoted by MBPA and MBPB) binding to hCAII is defined as ΔΔGnp = ΔGB

bind – 
ΔGA

bind (the vertical reactions above), which can be obtained computationally through 
alchemical transformations: ΔΔGnp = ΔGnp

A→B(bound) - ΔGnp
A→B(unbound) (horizontal 

reactions above).  
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3.5.3.  Examples of Ki Curve Fitting 

 
Figure 3-41.  Representative graphs of curve fitting to obtain Ki for MBPs from Section 
3.2.1.  The rate of hCAII-catalyzed PNPA hydrolysis (mAU/min at 405 nm) was plotted 
against substrate concentration in the presence of increasing amounts of inhibitor, as 
labeled for each MBP. 

 



	   150	  

 

Figure 3-42.  Representative plots of the curve fitting for Ki for MBPs from Section 
3.2.2.  The rate of hCAII-catalyzed PNPA hydrolysis (mAU/min at 405 nm) was plotted 
against substrate concentration in the presence of increasing amounts of inhibitor, as 
labeled for each MBP. 
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3.5.4.  X-ray Crystal Structure Data Collection and Refinement Details 

Table 3-8.  Refinement statistics for the crystal structure of TpPh,MeZn(ATM). 

Empirical Formula C49H47BN8O2S2Zn 
Formula Weight 888.26 
Collection T (K) 100(2) 
Crystal system Triclinic 
Space group P-1 

a (Å) 9.5999(8) 
b (Å) 13.349(1) 
c (Å) 17.864(2) 
α (deg) 74.605(4) 
β (deg) 82.289(5) 
γ (deg) 89.169(4) 
V (Å3) 2186.5(3) 

Z 2 
Dcalcd (g cm−3) 1.349 
μ (mm−1) 0.660 

min/max T 0.6783/0.7451 
-11<h<11 
-15<k<15 hkl ranges 
-21<l<20 

total reflections 27562 
unique reflections 7427 

R (int) 0.0408 
parameters/restraints 563/84 

R1 (all data) 0.0563 
wR2 (all data) 0.1345 

max/min residual 

(e−/Å3) 

0.9981/-0.6451 
G.O.F. 1.0528 
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Table 3-9.  Data collection and refinement statistics for crystal structures of hCAII 
complexes with ATM and TM. 

MPB ATM TM 
PDB ID 4MLX 4MLT 

a (Å) 42.117 42.145 
b (Å) 41.389 41.472 
c (Å) 71.823 72.029 
β (deg) 104.03 104.19 

Space Group P21 P21 
Resolution Range* 

(Å) 
25.33-1.65 

(1.693-1.65) 
19.96-2.00 

(2.051-2.00) 
Completeness* (%) 99.46 (97.3) 99.52 (99.25) 

Rwork* 0.157 (0.163) 0.165 (0.172) 
Rfree* 0.200 (0.269) 0.241 (0.251) 

Bond Length RMS 
(Å) 0.025 0.021 

Bond Angle RMS 
(deg) 2.149 1.884 

*Data used in model building and refinement, which excludes some data used for scaling.  Parentheses 
indicate values for the highest resolution shell 
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Table 3-10.  Data collection and refinement statistics for crystal structures of hCAII 
complexes with 1,2-HOPTO derivatives 

MBP 3-CH3- 
1,2-HOPTO 

4-CH3- 
1,2-HOPTO 

5-CH3- 
1,2-HOPTO 

6-CH3- 
1,2-HOPTO 

4,6-(CH3)2- 
1,2-HOPTO 

PDB ID 4Q7P 4Q7S 4Q7V 4Q7W 4Q81 
a (Å) 42.190(4) 42.108(3) 42.062(3) 42.189(1) 42.179(2) 
b (Å) 41.320(4) 41.415(3) 41.168(2) 41.418(1) 41.360(2) 
c (Å) 71.974(6) 71.983(5) 71.577(4) 72.173(1) 72.045(4) 
β (deg) 104.357(1) 104.116(2) 104.346(3) 104.497(1) 104.288(1) 

Space Group P21 P21 P21 P21 P21 
Total Reflections 109902 102772 111005 180374 154666 

Unique Reflections 31661 22514 31542 47749 34949 
Resolution Range* 

(Å) 
34.86-1.65 

(1.693-1.65) 
40.84-1.80 

(1.847-1.80) 
35.40-1.60 

(1.641-1.60) 
30.60-1.45 

(1.488-1.45) 
22.79-1.55 
(1.59-1.55) 

Completeness* (%) 99.45 (96.09) 98.68 (92.47) 99.33 (97.71) 99.52 (97.93) 99.05 (93.95) 
Rfactor* 0.172 (0.222) 0.191 (0.287) 0.169 (0.218) 0.181 (0.224) 0.175 (0.207) 
Rfree* 0.209 (0.274) 0.226 (0.370) 0.212 (0.268) 0.211 (0.262) 0.200 (0.233) 

Bond Length RMS 
(Å) 0.026 0.023 0.026 0.027 0.026 

Bond Angle RMS 
(deg) 2.132 1.915 2.130 2.291 2.175 

 

1,2-HOPTO 
Derivative 

3-CF3- 
1,2-HOPTO 

4-CF3- 
1,2-HOPTO 

5-CF3- 
1,2-HOPTO 2,1-HIQTO 

PDB ID 4Q83 4Q87 4Q8X 4Q8Y 
a (Å) 42.395(3) 42.203(9) 42.130(2) 42.089(1) 
b (Å) 41.559(3) 41.60(1) 41.316(2) 41.383(2) 
c (Å) 72.130(5) 71.95(2) 71.830(4) 71.767(2) 
β (deg) 104.296(4) 103.974(8) 104.379(3) 104.221(2) 

Space Group P21 P21 P21 P21 
Total Reflections 173669 148259 122699 158758 

Unique Reflections 38981 38404 35123 42730 
Resolution Range* 

(Å) 
39.99-1.55 
(1.59-1.55) 

39.76-1.55 
(1.59-1.55) 

40.81-1.55 
(1.59-1.55) 

35.57-1.45 
(1.488-1.45) 

Completeness* (%) 99.33 (97.59) 99.40 (97.79) 99.58 (98.80) 99.73 (99.07) 
Rfactor* 0.171 (0.186) 0.171 (0.198) 0.165 (0.186) 0.164 (0.209) 
Rfree* 0.199 (0.214) 0.206 (0.244) 0.201 (0.251) 0.195 (0.278) 

Bond Length RMS 
(Å) 0.026 0.025 0.026 0.028 

Bond Angle RMS 
(deg) 2.153 2.085 2.199 2.358 

*Data used in model building and refinement, which excludes some data used for scaling.  Parentheses 
indicate values for the highest resolution shell 
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Table 3-11.  Data collection and refinement statistics for crystal structures of hCAII 
complexes with other MBPs from Section 3.2.2. 

MPB 4-CH3- 
1,2-HOPO 

4-CH3-MPyr 3-CH3-TP 4-CH3-2MP 

PDB ID 4Q8Z 4Q90 4Q9Y 4Q99 
a (Å) 42.212(2) 42.276(4) 42.197(1) 42.1148(8) 
b (Å) 41.201(2) 41.498(5) 41.442(1) 41.2557(7) 
c (Å) 71.724(3) 72.235(8) 71.970(2) 71.824(1) 
β (deg) 104.088(2) 104.374(3) 104.336(1) 104.1745(7) 

Space Group P21 P21 P21 P21 
Total Reflections 151247 145163 194639 200623 

Unique Reflections 37995 40669 35339 38839 
Resolution Range* 

(Å) 
69.57-1.50 

(1.539-1.50) 
34.99-1.54 
(1.58-1.54) 

35.62-1.55 
(1.59-1.55) 

30.43-1.50 
(1.539-1.50) 

Completeness* (%) 98.41 (92.56) 99.56 (99.55) 99.76 (99.46) 99.49 (98.31) 
Rfactor* 0.154 (0.157) 0.167 (0.176) 0.161 (0.164) 0.165 (0.190) 
Rfree* 0.177 (0.214) 0.204 (0.234) 0.197 (0.211) 0.192 (0.251) 

Bond Length RMS 
(Å) 0.029 0.027 0.027 0.027 

Bond Angle RMS 
(deg) 2.348 2.244 2.225 2.260 

*Data used in model building and refinement, which excludes some data used for scaling.  Parentheses 
indicate values for the highest resolution shell 
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Chapter 4.  Complexes of MBPs with hCAII Active Site Mutants 
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4.1.  Introduction 

 A majority of metal ions in metalloenzyme active sites are coordinated by some 

combination of three amino acid functional groups:  the imidazole of His (Nδ or Nε), the 

carboxylic acid of Asp or Glu, and the thiol of Cys.  There are also less common 

examples of carboxamides (Asn or Gln), hydroxyl groups (Tyr, Ser, or Thr), amines 

(Lys or N-termini), the thioether of Met, carboxy C-termini, or a carbonyl oxygen or 

nitrogen atom from the protein backbone acting as coordinating ligands.1  In the case of 

mononuclear Zn2+-dependent metalloenzymes, the metal ion is generally bound by three 

protein residues with the remaining coordination sites open for coordination by species 

involved in the catalytic cycle such as substrate or activated nucleophiles (Figure 4-1).2  

These active site complexes can therefore have an overall charge of +2 (in the case of all 

three ligands being neutral), +1 (one anionic ligand), or neutral (two anionic ligands).  

Because anionic ligands will effect the charge density on the metal and the overall 

charge of the active site, the protein donor set can influence the electrostatic interaction 

between an MBP and the metal, which is a significant driving force in the MBP-

metalloenzyme binding.3  The arrangement of these donors in the coordination sphere 

will also have an impact on the orbital energies of the metal ion as well as the sterics 

surrounding the metal ion.  While structure-based design has been used to develop 

target-specific metalloenzyme inhibitors based on the surrounding active site 

environment, very little attention is paid to the coordination environment of the metal 

ion itself.  To capitalize on the variety of active site coordination environments for the 

development of target-selective metalloenzyme inhibitors, a deeper understanding of 
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how the coordination environment of active site metal ions influences the affinity for 

MBPs is needed. 

 
Figure 4-1.  Representative examples of the variety of coordination environments 
observed for catalytic Zn2+ sites in metalloenzymes.  A: Carbonic anhydrase, PDB 
3KS3.  B: Carboxypeptidase A, PDB 1M4L.  C: Histone deacetylase 7, PDB 3C0Y.  D: 
Alcohol dehydrogenase, PDB 1M6H.  E: Farnesyltransferase, PDB 1FT1.  All examples 
are shown in their inhibitor-free state bound by water molecules, shown as red spheres. 

 As a prototypical metalloenzyme, extensive mutagenesis studies have been 

performed on hCAII, particularly by the groups of Fierke and Christianson, examining 

the influence of coordinating residues on both the function and structure of this 

enzyme.4-7  Not surprisingly, mutation of any one of the three Zn2+-coordinating 

histidine residues (His 94, 96, and 119) drastically decreases (>1000-fold) the Zn2+ 

binding affinity relative to the wild-type (WT) enzyme; however, some of the mutants 
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do retain significant enzymatic activity (Table 4-1).  Because the deprotonation of the 

Zn2+-bound water to a negatively charged hydroxide ion is facilitated by the positive 

charge on the metal, its acidity is highly dependent on the electrostatic interaction with 

the metal ion.  Consequently, mutation of a neutral His ligand to an anionic donor (Asp, 

Glu, or Cys) causes a decrease in the acidity of the Zn2+-bound water molecule.  This is 

further illustrated by the fact that variants with corresponding neutral ligands (i.e. Asn 

vs. Asp or Gln vs. Glu), which would coordinate similarly but are neutral donors, do not 

show as much of a decrease in acidity as those with anionic ligands. 

Table 4-1.  Characterization of hCAII mutants with altered Zn2+ coordination spheres. 

Mutant Kd
a kcat/Km

b pKa
c Mutant Kd

a kcat/Km
b pKa

c 
WT 0.004 1 6.8 His96Cys4 60 0.04 8.5 

His94Asp4 15 0.15 ≥9.6 His96Ala4 100 0.20 8.4 
His94Glu4 14 <0.01 n/a His119Asp4 25 0.33 8.6 
His94Cys4 33 0.05 ≥9.5 His119Cys4 48 <0.01 n/a 
His94Asn5 40 0.15 7.3 His119Asn5 11 0.31 8.1 
His94Gln5 8 <0.01 8.5 His119Gln5 69 0.60 6.9 
His94Ala4 270 <0.01 n/a His119Ala4 n/a <0.01 n/a 

aKd for Zn2+ in nM; bCatalytic efficiency for the conversion of p-nitrophenylacetate to p-nitrophenol, 
relative to WT hCAII; cpKa of the Zn2+-bound water molecule, as determined by the pH-dependence of 
enzyme activity. 

 In addition to the functional characteristics of the enzyme, the affinity of 

acetazolamide, an inhibitor based on the arylsulfonamide MBP (Figure 1-2), was also 

determined for many of the hCAII variants with altered Zn2+ coordination spheres.  The 

binding of arylsulfonamides to the active site of hCAII is proposed to depend greatly on 

the electrostatic interaction between the anionic sulfonamide nitrogen and the positive 

charge on the metal ion,8 so it is not surprising that mutants with anionic ligands showed 
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significantly diminished inhibition by acetazolamide.4  Variants with Asn or Gln in the 

Zn2+ coordination sphere were more effectively inhibited by acetazolamide, consistent 

with the positive charge on the metal ion with neutral carboxamide ligands.5  

 This chapter will focus on examining the binding of a variety of MBPs to active 

site variants of hCAII.  These systems will allow us to study the influence of changes in 

metal coordination sphere on MBP binding.  Because inhibitory activity is the most 

convenient method for determining the affinity of MBPs, only hCAII variants that have 

been shown to retain significant enzymatic activity were considered.  Two mutants 

(His94Asp and His94Cys) were expressed and purified using the same procedure used 

for the WT enzyme, as described in Chapter 3 (Section 3.4.2).  Esterase activity of the 

mutants was quantified using the same colorimetric assay as used in Chapter 3 for the 

WT enzyme, but with enzyme concentrations 10-fold higher when compared to WT 

assays in order to mitigate the effect of the decreased activity of the mutants.  A library 

of MBPs (CFL-1.1)9 was screened for inhibition at a concentration of 500 µM against 

WT hCAII as well has the His94Asp and His94Cys mutants to identify fragments that 

showed selectivity for one variant over another.  Structural characterization of the MBP 

bound to the WT and mutant active sites was then used to rationalize any observed 

differences in potency.  These studies lead to a deeper understanding of the fundamental 

forces that drive MBP potency for the active site Zn2+ ion in one coordination sphere 

versus another.  Combined other more traditional drug design approaches, such as 

backbone optimization, the ability to select MBPs with specificity for metal ions in a 

specific coordination environment could be of added benefit the design of target-specific 

metalloenzyme inhibitors. 
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4.2.  Results and Discussion 

4.2.1.  Crystallization of hCAII Mutants 

  Although both the His94Asp and His94Cys hCAII mutants have been 

structurally characterized, the previously reported structures are of relatively low 

resolution.6, 7  In order to have better insight into the how bond distances change in the 

inhibitor-protein complexes, higher resolution data was obtained.  The crystallization of 

hCAII His94Asp proceeded under conditions similar to those for the WT enzyme.  

Surprisingly, the crystal structure of inhibitor-free hCAII His94Asp contained a 

molecule of tris(hydroxymethyl)aminomethane (Tris, Figure 4-2A), the buffer used for 

crystallization, bound to the active site Zn2+ ion (Figure 4-2B).  Tris binds as a bidentate 

ligand through the amine (2.0 Å bond length) and a hydroxyl group (2.4 Å bond length).  

One of the hydroxyl groups that is not coordinated to the Zn2+ ion forms close 

interactions with both the side chain (O–O distance of 2.8 Å) and backbone NH (O–N 

distance of 2.9 Å) of Thr199 while the other hydroxyl group interacts with the side chain 

of Thr200 (O–O distance of 2.8 Å).  This binding mode was also observed in a 

previousy reported structure of the His94Asn mutant, but that is the only other hCAII 

mutant in which Tris binds to the active site Zn2+ ion (Figure 4-2C).  The primary 

difference between the two structures is that the side chain of Asn94 is in a different 

conformation than Asp94, allowing for an additional interaction between its 

carboxamide NH2 and the Zn2+-bound OH of Tris. 
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Figure 4-2.  Crystal stucture of Tris bound to hCAII His94Asp.  A: Chemical structures 
of buffers used.  B: The crystal structure shows Tris binds as a bidentate ligand to the 
active site Zn2+ ion.  The |2Fo-Fc| map is shown for the protein ligands (grey, 1.5σ) while 
the omit |Fo-Fc| map is shown for Tris (red, 4σ).  C: This binding mode is similar to that 
of Tris bound to hCAII His94Asn, shown with carbon atoms in magenta (PDB 1H4N). 

 Crystals of hCAII His94Asp with the expected metal-bound water nucleophile 

could be obtained either by soaking the Tris-bound crystals in a solution buffered by 

HEPES instead of Tris or by growing the crystals directly from HEPES.  The crystal 

structure of inhibitor-free hCAII His94Asp at 1.55 Å resolution agrees well with the 

previously reported structure at 2.3 Å resolution (PDB 1CVC).  It shows that the Zn2+ 

ion is bound by His96, His119, Asp94 as a monodentate ligand, and two water 

molecules (Figure 4-3A).  One of these water molecules is in a position very similar to 

that of the Zn2+-bound water in the WT enzyme, although the O–Zn distance is ~0.1 Å 

longer (Figure 4-3B).  The second water molecule is only weakly coordinated to the 

Zn2+ ion (O–Zn distance of 2.4 Å) but also has a close interaction (2.7 Å) with the non-

coordinated oxygen of Asp94.  Although the global structure of hCAII is maintained 

upon the mutation of His94 to Asp, there are two significant differences in the active 

site.  First, the highly-ordered active site water network, which was proposed in Chapter 
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3 to play a critical role in the binding of some inhibitors, is not maintained (Figure 4-

3C).  Second, the side chain of Gln92 adopts a different conformation so that it can 

donate a hydrogen bond to the non-coordinated oxygen of Asp94 as opposed to 

accepting a hydrogen bond from the ε-NH of His94 in the WT enzyme (Figure 4-3D). 

 

Figure 4-3.  Crystal structure of inhibitor-free hCAII His94Asp.  A: Asp94 acts as a 
monodentate ligand to the active site Zn2+ ion, which also binds two water molecules.  
The |2Fo-Fc| map is shown in grey for the protein ligands and metal ion (grey, 1.5σ) 
while the omit |Fo-Fc| map is shown for the water molecules (red, 3σ).  B: Overlay of the 
His94Asp active site with that of the WT enzyme.  C: The WT active site water network 
(shown as yellow spheres) is not maintained in the mutant (water molecules shown as 
red spheres).  D: The conformation of Gln92 changes in the mutant to interact with the 
non-coordinated carboxylate oxygen of Asp94.  The WT enzyme is shown with carbon 
atoms in magenta. 
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 Crystals of hCAII His94Cys could only be obtained when crystallization plates 

were prepared under inert atmosphere (N2 atmosphere in a glove bag) and dithiothreitol 

(DTT) was included in the precipitant solution.  The crystal structure at 1.9 Å resolution 

is very similar to the previously reported structure at 2.2 Å resolution (PDB 1CNC).  

The Zn2+ ion adopts a tetrahedral coordination sphere very similar to that of WT hCAII 

(Figure 4-4A).  Similar to the His94Asp mutant, the O–Zn distance for the metal-bound 

water molecule is longer than that of the WT enzyme by ~0.1 Å and the highly ordered 

active site water network is not maintained.  The only other significant difference is that 

since Cys94 is not able to make a hydrogen bonding interaction with Gln92, the 

carboxamide side chain is not highly ordered.  It should be noted that although the 

His119Asp mutant was expressed and purified, attempts to crystallize this mutant were 

unsuccessful because the protein aggregated at concentrations necessary for 

crystallization (300-600 µM) although it did appear to be stable at the concentration 

relevant for activity assays (~10 µM).  Due to the lack of structural characterization, 

hCAII His119Asp was omitted from this study. 
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Figure 4-4.  Crystal structure of hCAII His94Cys.  A: The Zn2+ ion adopts tetrahedral 
coordination.  The |2Fo-Fc| map is shown for the protein ligands and metal ion (grey, 
1.5σ) while the omit |Fo-Fc| map is shown for the water molecule (red, 4σ).  B: Overlay 
of the Zn2+ coordination sphere with that of the WT enzyme, shown with carbon atoms 
and water molecule in magenta. 

 Although the global structure of hCAII does not change upon mutation of His94 

to either Asp or Cys, alignment of the global structures reveals differences in the layout 

of the active sites.  The smaller size of Asp and Cys relative to His results in the active 

site Zn2+ ion being displaced toward residue 94, which means that it is further away 

from Thr199 and closer to the opening of the active site (Figure 4-5).  Consistent with 

the length of the side chains relative to His (three carbons between Cα and the 

coordinating nitrogen), the displacement of the Zn2+ ion is greater for His94Cys (one 

carbon between Cα and the sulfur, 0.9 Å displacement) than His94Asp (two carbons 

between Cα and the oxygen, 0.5 Å displacement).   
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Figure 4-5.  Displacement of the Zn2+ ion in hCAII His94Asp and His94Cys.  A: In the 
His94Asp mutant, the Zn2+ ion (shown in magenta) is displaced by ~0.5 Å relative to 
WT (shown in cyan).  B: The displacement is larger for His94Cys (~0.9 Å, shown in 
yellow) due to the smaller size of the Cys side chain. 

4.2.2.  Binding of Benzenesulfonamide to hCAII Mutants 

 The previously discussed studies on hCAII mutants have shown that 

acetazolamide, a CA inhibitor, has decreased affinity for the His94Asp and His94Cys 

mutants.  To more explicitly examine the effect of the mutations on coordination by the 

prototypical arylsulfonamide MBP used for hCAII inhibitors, the inhibition by 

benzenesulfonamide (BSA) was determined.  The binding of BSA to the His94Asp 

mutant was only 20-fold weaker than that to the WT enzyme (Ki = 11 µM vs. 0.49 µM), 

compared to the 30,000-fold decrease in affinity observed for acetazolamide.  In the case 

of His94Cys, the affinity of BSA (Ki = 5 mM) is ~10,000-fold lower than that with the 

WT enzyme, roughly the same loss in potency observed for acetazolamide. 

 Crystal structures of BSA with the hCAII mutants show that despite the large 

differences in binding affinity, the binding of BSA to the active site Zn2+ ion is nearly 

identical to that found in the WT enzyme, resulting in a distorted tetrahedral 

coordination sphere around the Zn2+ ion with Asp94 acting as a monodentate ligand 
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(Figure 4-6A).  The NBSA−Zn bond length in the His94Asp complex is the same as that 

of the WT complex.  The OAsp−Zn bond is contracted by ~0.1 Å, accompanied by a 

lengthening of the hydrogen bond between Asp94 and Gln92.  In the case of the 

His94Cys mutant (Figure 4-6B), which was inhibited much less effectively by BSA, the 

Zn−N bond length is ~0.1 Å longer than the other two structures, although this is 

accompanied by a closer interaction between one of the sulfonamide oxygen atoms and 

the backbone amide NH of Thr199.  In both mutants, the hydrogen bonding between 

BSA and Thr199 is maintained. 

 

Figure 4-6.  Crystal structures of BSA bound to hCAII mutants.  A: His94Asp.  B: 
His94Cys.  The |2Fo-Fc|  map is shown for the protein residues and Zn2+ ion (grey, 1.5σ) 
while the omit |Fo-Fc| map is shown for BSA (red, 3σ).  C: The overlay of the crystal 
structures of BSA bound to WT hCAII (carbon atoms in cyan), His94Asp (carbon atoms 
in magenta) and His94Cys (carbon atoms in yellow) shows that the binding mode is 
essentially unchanged despite the large differences in inhibitory activity. 

 The lack of significant structural differences between the complexes of 

benzenesulfonamide with WT, His94Asp, and His94Cys hCAII suggests that the 

primary cause of the differences in potency is the electrostatic character of the Zn2+ ion.  

The interaction between the deprotonated sulfonamide nitrogen anion and the Zn2+ 
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cation is proposed to be the primary force behind the high potency of arylsulfonamides 

for hCAII.  The ~20-fold decrease in potency for the His94Asp mutant is likely a result 

of the anionic Asp ligand decreasing the positive charge on the metal ion.  However, 

electrostatics alone are sufficient, to explain the further decrease in potency for the 

His94Cys mutant (~10,000-fold less than WT).  It is possible that in this case, the 

increased covalent bonding of the Cys side chain relatve to Asp changes the electrostatic 

character of the metal ion significantly enough that the N-H bond is not sufficiently 

polarized upon binding, resulting in BSA coordinating as a neutral species rather than in 

its deprotonated form and thus binding with a much lower affinity. 

4.2.3.  Screening of CFL-1.1 Against hCAII Mutants 

  Given its relatively open active site, it is surprising how few compounds from 

CFL-1.1 significantly inhibit WT hCAII; only two compounds show >40% inhibition at 

500 µM (Figure 4-7).  This number greatly increases for the H94C mutant (seven) and 

even more so in the case of H94D (twelve).  As expected, toluenesulfonamide (7h, 

Figure 4-8) is the most potent inhibitor of WT hCAII from the library, showing 

complete inhibition of WT hCAII at 500 µM.  Consistent with the previously discussed 

results for BSA, the activity of 7h is drastically decreased against hCAII H94D and 

shows almost no activity against the H94C mutant.  Three of the O,S-donor set MBPs 

discussed in Chapter 3 (2d, 5d, and 2e, Figure 4-8) show greater inhibition for the 

mutant enzymes compared to WT.  Interestingly, substitution of the heterocyclic oxygen 

of the 2-hydroxythiopyrones with an alkyl amine (e.g. 7e vs. 5d, Figure 4-8) abolishes 

inhibition against the WT enzyme while only slightly changing the activity against the 



	   175	  

two mutants.  Although the conversion of the pyrone ring to a pyridone ring does not 

change the donor set or geometry of the MBPs, the pKa of the hydroxyl group is 

increased, which will impact metal coordination.  When the sulfur atom of these MBPs 

is switched to an oxygen donor (e.g. 4e vs. 12e), the compounds lose their activity 

against the His94Cys variant but maintain weak inhibition against the His94Asp variant.  

The only exception to this is 2-hydroxypyridine-N-oxide (1e), which shows slightly 

greater activity against the H94C mutant.  Other O,O donors such as tropolone (11g), 

show modest activity against the H94D variant, even though tropolone is not active 

against WT or H94C hCAII. 
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Figure 4-7.  Thermal plot representing the results of screening CFL-1.1 against hCAII 
mutants.  Cells are color-coded by inhibition at 500 µM:  black (<20%), red (21-40%), 
orange (41-60%), yellow (>60%).  Grey cells indicate that compounds were not tested 
due to interference with the assay (1g) or lack of solubility under the assay conditions 
(all others).  Percent inhibition values can be found in the Experimental Section. 

 
Figure 4-8.  Structures of selected MBPs from CFL-1.1. 
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4.2.4.  Structural Analysis of hCAII His94Asp Complexes 

 The resolution of hCAII His94Cys crystal structures was generally low (~2.0 Å) 

due to the small size of the crystals that formed.  Since more in-depth structural analysis 

of MBP binding requires higher resolution, only the His94Asp mutant was studied 

further.  The difference in inhibitory activity by the MBPs in CFL-1.1 against hCAII 

His94Asp relative to the WT enzyme is summarized in Table 4-2.  Because the 

His94Asp mutant has diminished Zn2+ binding affinity (Kd = 15 nM), some of the 

improved inhibition observed for compounds in CFL-1.1 is likely a result of removal of 

the active site metal ion rather than formation of a ternary complex; several of the 

molecules that show large increases in potency (2b, 10b, 7g, Figure 4-8) have 

association constants with Zn2+ in the nanomolar range.  The low solubility and 

relatively low affinity of O,S-donor ligands 7e, 11e, and 12e, which show a significant 

increase in potency against the mutant, precluded structural analysis of these ligands 

bound in the active site of hCAII His94Asp.  Since O,O-donor ligands generally 

increased in potency against the mutant, the crystal structures of two of these MBPs 

bound to WT and His94Asp hCAII were obtained. 
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Table 4-2.  Difference in inhibitory activity (% inhibition at 500 µM) for CFL-1.1 
against His94Asp compared to WT hCAII. 

 

 The crystal structure of 11g bound to WT hCAII reveals bidentate coordination 

with O–Zn distances of 2.0 and 2.4 Å (Figure 4-9A) resulting in distorted trigonal 

bipyramidal geometry around the Zn2+ ion.  The asymmetric binding suggests that 

although the ligand can be aromatic, the anionic charge of the ligand is located on just 

one of the oxygen atoms.  That oxygen serves as an equatorial donor in the trigonal 

bipyramid (the other being axial) and also makes a close contact (2.8 Å) with the side 

chain of Thr199.  Similar to the O,O-donor described in Chapter 3 (4-CH3-1,2-HOPO, 

Figure 3-15), a water molecule sits above the donor atoms, interacting with the hydroxyl 

(2.8 Å) and carbonyl (2.5 Å) oxygen donor atoms as well as the backbone amide NH of 

Thr199 (2.9 Å).  The overall tilt of the ligand, as defined by the Zn-O-O-C torsion angle 

(see Section 3.2.1 for a more complete discussion), is 137° compared to an ideal value 

near 180°.  In the case of 11g bound to hCAII His94Asp, the ligand electron density is 

not as well-defined, but it appears to adopt more symmetric coordination with O–Zn 

bond lengths of 1.9 and 2.1 Å.  This results in geometry around the Zn2+ ion that is 

closer to square pyramidal than trigonal bipyramidal (Figure 4-9B) with the two oxygen 
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donors of 11g as well as the two histitine donors comprising the square plane with 

Asp94 as the axial ligand.  The change in coordination geometry results in a binding 

mode very different than that of 11g with the WT enzyme (Figure 4-9C), which 

eliminates the interaction between the Zn2+-bound oxygen atom and Thr199.  There is, 

however, a water molecule that interacts with one of the Zn2+-bound oxygen atoms and 

is in turn hydrogen bonds to the side chain of Thr199 (2.8 Å).  In addition, the ligand is 

far less tilted than in the WT structure (Zn-O-O-C = 168°). 

 
Figure 4-9.  Crystal structures of 11g bound to WT and His94Asp hCAII.  A: The 
binding of 11g to WT hCAII results in trigonal bipyramidal geometry around the Zn2+ 
ion.  B: The binding to the His94Asp active site results in square pyramidal geometry.  
The |2Fo-Fc| mapis show for the protein ligands and Zn2+ ion (grey, 1.5σ) while the omit 
|Fo-Fc| map is shown for the ligands (red, 2σ).  C: The binding mode to the mutant 
(carbon atoms and Zn2+ ion in magenta) is significantly different than that of the WT 
enzyme (carbon atoms and Zn2+ ion in cyan). 

 The binding of 1e to WT and His94Asp is largely the same as that of 11g.  

Although it shows little activity against the WT enzyme (Ki ~10 mM), the high 

solubility of 1e allowed the crystal structure of it bound in the active site to be 

determined (Figure 4-10A).  The carbonyl and hydroxyl oxgen atoms of 1e bind to the 
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Zn2+ ion at 2.4 and 2.2 Å, respectively, resulting in trigonal bipyramidal geometry that is 

highly distorted toward square pyramidal.  Consistent with the greater inhibition of the 

His94Asp mutant by 1e, the electron density in the crystal structure is more well-defined 

than in the WT complex (Figure 4-10B).  The ligand similar geometry to that of the WT 

complex, although the trigonal bipyramidal geometry is slightly less distorted (Figure 4-

10C).  Unlike 11g, which was 30° closer to ideal head-on coordination (Figure 3-7) in 

the mutant complex compared to WT, 1e is only 10° closer to ideal coordination in the 

His94Asp complex. 

 
Figure 4-10.  Crystal structures of 1e bound to WT and His94Asp hCAII.  A: The 
coordination of 1e to WT hCAII.  B:  The coordination of 1e to the His94Asp mutant.  
The |2Fo-Fc| map is shown in grey for protein ligands and Zn2+ ions (1.5σ) while the 
omit |Fo-Fc| map is shown in red for 1e (2.5 and 4σ for WT and His94Asp, respectively).  
C: The binding mode to the mutant (carbon atoms and Zn2+ ion in magenta) overlayed 
with that of the WT enzyme (carbon atoms and Zn2+ ion in cyan). 

 Unlike the two O,O-donor ligands described above, the binding of the S,O-donor 

analog of 1e (2e, 1,2-HOPTO in Chapter 3) to the active site of hCAII His94Asp is 

similar to that of the WT complex, resulting in trigonal bipyramidal geometry around the 

Zn2+ ion with S–Zn and O–Zn bond lengths of 2.4 and 2.1 Å, respectively (Figure 4-
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11A).  Although the donors are a similar position in the His94Asp complex (Figure 4-

11B), the tilt angle of 2e bound to the mutant (155°) is much closer to ideal than that of 

the WT structure (128°).  Unlike the WT complex, there is no interaction between the 

Zn2+-bound oxygen of 2e and the side chain of Thr199. 

 
Figure 4-11.  Crystal structure of 2e bound to hCAII His94Asp.  A: The crystal 
structure reveals bidentate coordination similar to that of the WT complex.  The |2Fo-Fc| 
map is shown for the protein ligands and Zn2+ ion (grey, 1.5σ) while the omit |Fo-Fc| 
map is shown for the ligand (red, 2σ).  B: Overlay of 1e bound to WT hCAII (PDB 
3M1K, carbon atoms in cyan) and the His94Asp mutant (carbon atoms in magenta).  
The donor atoms are positioned similarly (left) but the ligand is much less tilted in the 
mutant structure (right). 

 The large structural changes in the coordination of 11g, 1e, and 2e to the 

His94Asp active site Zn2+ ion compared to that to the WT enzyme make interpretation 

of the results more difficult.  As discussed in Chapter 3, the electrostatic contribution to 

the binding of these MBPs to hCAII is significant so the diminished positive charge on 

the Zn2+ ion should decrease the binding affinity.  Other interactions between the Zn2+-

bound donor atoms and the surrounding protein environment (Thr200 and the active site 

water network) are also diminished in the complexes with the His94Asp mutant, which 



	   182	  

would also be expected to decrease the binding affinity.  In both cases, however, the 

binding affinity appears to increase rather than decrease.  The coordination by 11g, 1e, 

and 2e to the His94Asp mutant is much closer to ideal head-on binding than that for the 

WT, which is predicted to significantly increase the strength of metal coordination 

(Chapter 3, Sections 2.1.c and 2.2.d).  Also, the active site water network is much less 

ordered in the mutant, so it is possible that the energetic penalty for displacing solvent in 

the active site is less.  This would apply to all inhibitors, however, and not all MBPs 

tested show an increase in potency, so any effect from the solvation of the active site is 

likely minimal. 

4.3.  Conclusions 

 The results described here demonstrate that the coordination sphere of an active 

site metal ion can have a significant influence on the binding of MBPs in the active site.  

Mutations in the coordinating residues of hCAII alter this coordination sphere without 

major changes in the overall structure of the enzyme, allowing this variable to be 

isolated and studied.  The decreased affinity observed for benzenesulfonamide binding 

to the His94Asp and His94Cys mutants without significant structural changes 

demonstrates the importance of the electrostatic interaction on binding.  Anionic ligands 

diminish the positive charge on the metal ion, decreasing the strength of interactions 

with anionic ligands.  The binding of bidentate ligands 11g and 2e in the active site of 

the His94Asp mutant demonstrate that, although the global structure of hCAII is 

maintained, the active site of the mutant is different enough to allow for binding modes 

not observed in the WT active site.  These conformational changes, which allow the 
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ligands to adopt more ideal coordination, may help counterbalance any loss in affinity 

due to diminished electrostatic bonding with the metal or other interactions with the 

surrounding active site. 

4.4.  Experimental Section 

 Protein Expression.  Plasmids encoding human carbonic anhydrase isozyme II 

His94Asp and His94Cys mutants containing a T7 RNA polymerase promoter and an 

ampicillin resistance gene (pACA) were a generous gift from Prof. Carol Fierke, 

University of Michigan Medical School.  The protein was recombinantly expressed and 

purified using a modified protocol of Monnard, et al.10  Escherichia coli 

BL21(DE3)pLysS cells were heat-shocked with plasmid for 45 s at 42 ºC and followed 

by incubation in sterile Luria-Bertoni (LB) medium for 1 hr at 37 ºC with gentle 

shaking.  The cells were then placed onto agar plates containing 100 µg/mL ampicillin 

and 34 µg/mL chloroamphenicol and incubated overnight at 37 ºC.  Drug-resistant 

colonies were transferred to 8 mL LB medium containing 100 µg/mL ampicillin and 34 

µg/mL chloroamphenicol and incubated overnight at 37 ºC.  5 pre-cultures were used to 

inoculate 5 L of autoclaved induction media (20 g/L tryptone, 10 g/L yeast extract, 5 g/L 

NaCl, 0.36× M9 salts solution, 0.4 % glucose, 60 µM ZnSO4, 100 µg/mL ampicillin and 

34 µg/mL chloramphenicol).  Cells were shaken (125 rpm) in induction media at 37 ºC 

until OD600 = 0.8 – 1.0.  Addition of isopropyl-β-D-thiogalactopyranoside (IPTG, 250 

µM final concentration) and ZnSO4 (500 µM final concentration) induced protein 

expression and the temperature was lowered to 30 ºC.  The protease inhibitors 

phenylmethanesulfonyl fluoride (PMSF, 4 µg/mL) and Nα-p-tosyl-L-arginine methyl 
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ester hydrochloride (TAME, 1 µg/mL) were added to the induction media after 3 hr.  

The cells were shaken for an additional 3 hr after addition of the protease inhibitors (for 

a total of 6 hr. of induction), and pelleted via centrifugation at 1,000 × g and 4 ºC for 30 

min.  Carbonic anhydrase expression was monitored via SDS-PAGE and Coomassie 

staining.  Cells were lysed by activating the gene encoding T7 lysozyme using three 

cycles of freeze/thaw.  Cells were resuspended in a buffer containing 50 mM Tris-SO4, 

50 mM NaCl, 10 mM EDTA, pH 8.0, 200 µM ZnSO4, 10 µg/mL PMSF, 1 µg/mL 

TAME, and 1 mM dithiothreitol (DTT).  Cellular resuspensions were shaken vigorously 

(250 rpm) at RT for 1 hr., DNase I (1 µg/L final concentration) was added, and cells 

were shaken for another hour before being centrifuged at 10,000 × g  (4 ºC) for 30 min.  

Three such extractions were collected for each pellet, and were combined and dialyzed 

against activity buffer (50 mM Tris-SO4, 0.5 mM ZnSO4, pH 8.0) overnight at 4 ºC. 

 Protein Purification.  Cell lysates were slowly mixed with DEAE-Sephacel ion 

exchange resin equilibrated with activity buffer for 30 min at 4 ºC.  The mixture was 

filtered and the resin was washed three times with activity buffer.  All flow-throughs 

were combined and dialyzed in activity buffer overnight at 4 ºC.  The protein solution 

was then applied to a 20-mL Sepharose-Zn-IDA affinity column equilibrated with 

activity buffer.  The bound enzyme was eluted by a linear gradient of 1 - 200 mM 

imidazole in activity buffer. Fractions containing hCAII (as identified by SDS-PAGE 

and Coomassie staining) were pooled and dialyzed against activity buffer.  Following 

purification by zinc affinity column, the protein solution was loaded onto 25 mL of p-

aminomethylbenzenesulfonamide agarose equilibrated with activity buffer.  The agarose 

was then washed with 5 column volumes of wash buffer (50 mM Na2SO4, 50 mM 



	   185	  

NaClO4, 25 mM Tris-SO4, pH 8.8) and the bound protein was eluted with an elution 

buffer (200 mM NaClO4, 100 mM NaOAc, pH 5.6) until Bradford analysis showed no 

detectable amount of protein.  hCAII-containing fractions (identified via SDS-PAGE 

and Coomassie staining) were dialyzed extensively against activity buffer.  For the 

His94Asp mutant, the solution was dialyzed against ddH2O, lyophilized, and redissolved 

in buffer.  For the His94Cys mutant, the protein solution was then concentrated by 

centrifuging through a Millipore Amicon Ultra centrifugal filter unit with a 3,000 

MWCO regenerated cellulose filter, to a final concentration of 10–20 mg/mL. 

 Inhibition Constants.  Assays were run in 50 mM HEPES, pH 8.0, I = 100 mM 

with Na2SO4.  Enzyme (100 nM for WT, 1 µM for His94Asp and His94Cys mutants) 

was incubated with inhibitor for 10 min at RT before the addition of p-nitrophenyl 

acetetate (PNPA, 50 µM – 10 mM final concentration) dissolved in DMSO.  Wells 

contained a final concentration of 5% DMSO and a final volume of 100 µL.  For the 10 

mM PNPA wells, immediate mixing was necessary to prevent precipitation of the 

substrate.  The reaction was followed using a BioTek Elx808 plate reader measuring 

absorbance at 405 nm.  Rates of PNPA hydrolysis in wells containing inhibitor but no 

protein were subtracted from each trial before curve fitting.  Initial linear rate vs. 

substrate concentration was plotted for inhibitor-free and enzyme in the presence of 

inhibitor, and for each inhibitor the curves were fit for Ki using GraphPad Prism with Km 

set as a constant.  The average Km values used for determination of Ki for WT, H94D, 

and H94C variants were 26 mM, 25 mM, and 19 mM, respectively.  Generally, three 

inhibitor concentrations were used for each fitting, with the best results coming from 

concentrations of 0.5x, 1x, and 2x the Ki. 
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 Screening of CFL-1.1.  Assays were run in 50 mM HEPES, pH 8.0, I = 100 mM 

with Na2SO4.  Enzyme (100 nM for WT, 1 µM for His94Asp and His94Cys mutants) 

was incubated with inhibitor (500 µM final concentration) for 10 min at RT before the 

addition of p-nitrophenyl acetetate (PNPA, 500 µM final concentration) dissolved in 

DMSO.  Wells contained a final concentration of 5% DMSO and a final volume of 100 

µL.  Reported inhibition values are the average of two independent trials of duplicates. 
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Table 4-3.  Percent inhibition of hCAII WT, His94Cys, and His94Asp by CFL-1.1 at 
500 µM. 

 

 hCAII Crystallization.  Crystals of hCAII His94Asp were obtained by the 

sitting-drop or hanging-drop vapor diffusion method.  The protein solution consisted of 

20 mg/mL hCAII and 1 mM p-chloromercuribenzoic acid in either 50 mM Tris-SO4, pH 

8.0 or 50 mM HEPES, pH 8.0.  The precipitant solution contained 2.7−3.0 M (NH4)2SO4 
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in 50 mM Tris-SO4 pH 8.15 or 50 mM HEPES, pH 8.15.  Drops consisted of 3 µL of 

protein solution plus 2.5−4.0 µL of precipitant solution and were equilibrated at 18 °C 

against 750 µL of precipitant solution.  Crystals roughly 0.3×0.3×0.3 mm in size 

appeared after two days to three weeks.  Once formed, crystals were transferred to 15 µL 

of soak solutions containing inhibitor (at saturation, ~1 mM), 1.5 M sodium citrate, 50 

mM HEPES pH 8.15, 5% glycerol, and 2-5% DMSO.  Crystals were taken directly from 

the soak solutions for data collection.  Due to potential interference from the high 

concentration of DMSO necessary for ligand solubility, co-crystallization of the ligands 

with hCAII was not attempted. 

 Crystals of hCAII H94C were obtained by the sitting-drop vapor diffusion 

method.  The protein solution consisted of 10–20 mg/mL hCA II H94C in 50 mM Tris-

SO4, pH 8.0.  The precipitant solution contained 2.7–3.0 M (NH4)2SO4 and 0.5-2.0 mM 

DTT in 50 mM Tris-SO4, 1 mM p-chloromercuribenzoic acid, pH 8.15.  Drops consisted 

of 3 µL of protein solution plus 2.5-4.0 µL of precipitant solution and were equilibrated 

at 18 ºC against 750 µL of precipitant solution.  Crystallization trays were prepared 

under inert atmosphere (N2 in a glove bag) and all crystallization wells were sealed 

before the trays were exposed to air.  Crystals roughly 0.3×0.3×0.03 mm in size 

appeared after 2 days to 3 weeks; wells typically contained 15-25 crystals.  For ligand 

soaking, 5 µL of 3.0 M (NH4)2SO4, 50 mM Tris-SO4, 10% glycerol, pH 8.15 saturated 

with inhibitor was added to the well containing the crystals. 

 Crystal Structure Determination.  X-ray diffraction studies on hCAII crystals 

were carried out at 100 K with a Bruker D8 Smart 6000 CCD detector and utilizing Cu 

Kα radiation (λ = 1.5478 Å) from a Bruker-Nonius FR-591 rotating anode generator.  
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The data were integrated and scaled using the Bruker APEX software suite.  All crystals 

belonged to the monoclinic space group P21.  The data were phased by molecular 

replacement using a previously reported hCAII structure (PDB 3KS311) with water 

molecules removed.  Models were built by alternating refinement using REFMAC512 

and manual visualization and model building in Coot.13  Ligand topologies were 

generated using the PRODRG server.14   
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Table 4-4.  Details of crystal structure data collection and refinement. 

*Data used in model building and refinement, which excludes some data used for scaling.  Parentheses 
indicate values for the highest resolution shell 

Mutant His94Asp His94Asp His94Asp His94Asp WT 
MBP Tris None BSA 11g 11g 

PDB ID --- 4JS6 4JSA --- --- 
a (Å) 41.997(1) 41.804(1) 42.021(1) 41.818(2) 42.031(2) 
b (Å) 41.355(1) 41.217(1) 41.389(1) 41.399(2) 41.347(2) 
c (Å) 72.028(1) 71.895(2) 72.050(2) 72.282(4) 71.990(4) 
β (deg) 104.238(1) 104.461(1) 104.228(2) 104.326(2) 104.222(2) 

Space Group P21 P21 P21 P21 P21 
Total Reflections 147173 134867 161884 129481 56493 

Unique Reflections 37734 63576 46201 38353 16586 
Resolution Range* 

(Å) 
40.71-1.60 

(1.642-1.60) 
40.48-1.55 
(1.59-1.55) 

40.73-1.50 
(1.539-1.50) 

39.57-1.70 
(1.744-1.70) 

20.67-2.00 
(2.052-2.00) 

Completeness* (%) 98.42 (95.10) 99.47 (98.04) 99.49 (98.59) 99.70 (98.83) 99.53 (99.92) 
Rfactor* 0.182 (0.217) 0.186 (0.199) 0.180 (0.217) 0.189 (0.210) 0.175 (0.178) 
Rfree* 0.221 (0.306) 0.222 (0.297) 0.217 (0.303) 0.229 (0.242) 0.252 (0.282) 

Bond Length RMS 
(Å) 0.027 0.027 0.027 0.025 0.024 

Bond Angle RMS 
(deg) 2.290 2.228 2.286 2.004 2.023 

      Mutant WT His94Asp His94Asp His94Cys His94Cys 
MBP 1e 1e 2e None BSA 

PDB ID --- --- 4JSS 4JSW 4JSZ 
a (Å) 42.251(5) 41.901(1) 41.855(2) 41.596(5) 42.065(4) 
b (Å) 41.565(5) 41.436(1) 41.576(2) 41.086(5) 41.345(4) 
c (Å) 72.184(9) 72.430(2) 72.369(3) 71.958(9) 71.959(7) 
β (deg) 104.463(4) 104.127(1) 104.434(2) 103.658(2) 104.267(2) 

Space Group P21 P21 P21 P21 P21 
Total Reflections 120552 142461 162199 99376 78336 

Unique Reflections 39120 38627 41442 21210 25236 
Resolution Range* 

(Å) 
35.73-1.70 

(1.744-1.70) 
39.61-1.55 
(1.59-1.55) 

35.76-1.50 
(1.539-1.50) 

40.42-1.90 
(1.949-1.90) 

35.56-1.90 
(1.949-1.90) 

Completeness* (%) 98.07 (90.09) 99.74 (98.56) 98.66 (94.85) 99.56 (97.71) 97.59 (95.16) 
Rfactor* 0.181 (0.208) 0.182 (0.209) 0.193 (0.277) 0.222 (0.302) 0.170 (0.187) 
Rfree* 0.231 (0.241) 0.218 (0.258) 0.226 (0.325) 0.281 (0.356) 0.230 (0.259) 

Bond Length RMS 
(Å) 0.025 0.026 0.028 0.021 0.024 

Bond Angle RMS 
(deg) 1.971 2.262 2.293 1.918 1.892 
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Chapter 5.  Nucleophile Recognition as a Binding Mode to hCAII 
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5.1.  Introduction 

 As discussed in Chapter 1, the most commonly cited drawbacks of therapeutics 

that contain metal-binding pharmacophores (MBPs) are poor pharmacokinetics and lack 

of target specificity.  One strategy to potentially avoid these issues in the development of 

metalloenzyme inhibitors is to omit the MBP altogether.1  These inhibitors rely on the 

optimization of other interactions with the target active site using traditional drug design 

to overcome the loss in potency resulting from not directly interacting with the metal 

ion.  Inhibitors that have high activity without utilizing a MBP can either be generated 

by removing the MBP from an already optimized inhibitor (such as derivatives of 

apicidin targeting HDACs, Figure 5-1A),2 or by the identification of potent scaffolds 

with high-throughput screening (Figure 5-1B).3, 4  These MBP-free inhibitors have 

shown potential for increased isoform selectivity, and although the clinical success of 

HDAC inhibitors does not seem to hinge on isoform selectivity (both FDA-approved 

inhibitors are broad-spectrum), specific inhibitors could be valuable as tools for 

elucidating the complex role of the various isoforms in physiological function.5 
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Figure 5-1.  Examples of HDAC inhibitors highlighting different strategies for omitting 
the MBP.  A: The MBP of a known inhibitor can be removed.  Derivatives of apicidin, a 
known HDAC inhibitor, have been developed by removing its ketone MBP (highlighted 
in red).  B: Examples of inhibitors without MBPs based on scaffolds identified by high-
throughput screening (HTS). 

 In the case of inhibitors targeting matrix metalloproteinases (MMPs), inhibitors 

without MBPs have been of substantial interest as a means to obtain isoform selectivity 

for clinical applications.  Although MMP inhibitors have shown promising preclinical 

results for the treatment of cancer and arthritis, not one MMP inhibitor has made it 

through clinical trials and gained FDA approval.6  Doxycycline (Figure 5-2), which 

weakly inhibits MMPs, has been approved for the treatment of periodontal disease, but 

its mechanism of action may not involve direct inhibition of MMPs.7  One of the 

commonly cited reasons for the failure of MMP inhibitors in the clinic is dose-limiting 
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side effects such as musculoskeletal syndrome; because MMPs are involved in a wide 

variety of normal physiological processes in addition to being associated with disease 

states, these side effects are generally attributed to off-target MMP inhibition.6, 8  It 

would therefore be advantageous to have inhibitors that are specific for a disease-

associated MMP isoform (there are over 20) while sparing others.9  The active site Zn2+ 

ion is in a similar environment in the different isoforms, so the metal binding interaction 

is proposed to contribute little to isoform selectivity (particularly with traditional MBPs 

such as hydroxamic and carboxylic acids).10  The design of isoform-specific MMP 

inhibitors is therefore an intriguing case where omitting the metal-binding interaction 

may help in the development of clinically successful therapeutics by limiting the adverse 

side effects arising from off-target inhibition.9 

 
Figure 5-2.  Examples of MMP inhibitors that do not bind the active site Zn2+ ion. 

 There are also examples of molecules binding to human carbonic anhydrase II 

(hCAII) without coordinating the active site Zn2+ ion.11  The synthetic (+)-enantiomer of 

the natural product (–)-xylariamide A, which was identified by a screen of phenolic 

natural products as an inhibitor of hCAII, binds in the active site through extensive 

contacts with the hydrophobic wall of the active site (Figure 5-3A).12  Although 
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hydrolized coumarins have been reported to bind in a similar fashion, re-refinement of 

the crystal structure data (From the PDB, 3IEO) reveals that the experimental electron 

density does not support the binding mode proposed by the authors.13  In fact, the 

electron density is too diffuse to unambiguously prove that the molecule is bound in the 

active site at all.  Another molecule that inhibits hCAII without coordinating the Zn2+ 

ion is phenol, which binds in the active site by hydrogen bonding to the Zn2+-bound 

water molecule, making further interactions with the backbone amide NH of Thr199 and 

the hydrophobic wall of the active site (Figure 5-3B).14  Aliphatic amines have been 

proposed to bind in a similar fashion, but similar to the case of hydrolized coumarins, a 

close examination of the experimental data of spermine bound in the active site of hCAII 

(PDB 3KWA) reveals that the electron density is not sufficient to support any binding 

mode for the molecule in the active site.15  

 
Figure 5-3.  Inhibitors that bind hCAII without coordinating the active site Zn2+ ion.  A: 
(+)-Xylariamide A binds to the active site primarily through contacts with the 
hydrophobic wall (PDB 3P4V).  B: Phenol binds by hydrogen bonding to the Zn2+-
bound water molecule, the backbone amide NH of Thr199, and extensive vdW 
interactions with the hydrophobic wall (coordinate file unavailable in the PDB). 
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 This chapter will focus on the structural characterization of several derivatives of 

benzoic acid bound to hCAII (Figure 5-4).  Despite containing a carboxylic acid MBP, 

these molecules show an indirect mode of inhibition through interaction with the Zn2+-

bound water molecule.  We have dubbed this binding mode “nucleophile recognition” to 

distinguish it from both traditional metal coordination and other binding modes that do 

not interact with the Zn2+ ion or the Zn2+-bound water.   

 
Figure 5-4.  Structures and naming of benzoic acid and phenol derivatives studied. 

5.2.  Results and Discussion 

5.2.1.  Binding of Hydroxybenzoic Acids to hCAII 

 The screen of CFL-1.1 discussed in Chapter 4 showed 5-hydroxysalicylic acid 

(1, Figure 5-4) to be a weak inhibitor of hCAII (IC50 = 5 ± 2 mM).  Although a variety 

of benzoic acid derivatives have been reported to be highly potent inhibitors of hCAII, 

there has been no structural characterization of this class of molecules bound in the 



	   199	  

active site.16, 17  The crystal structure of 1 bound to hCAII shows that, although it 

contains a salicylic acid MBP, the molecule does not interact directly with the active site 

Zn2+ ion (Figure 5-5).  Instead, it interacts with the Zn2+-bound water molecule through 

one of the carboxylate oxygen atoms (O–O distance of 2.6 Å) with the other forming a 

close interaction with the side chain of Thr200 (O–O distance of 2.7 Å).  The 2-hydroxyl 

group is oriented toward the hydrophobic wall of the active site, making vdW 

interactions with Val121 (3.4-3.7 Å), His94 (3.7 Å), and Gln92 (3.8 Å).  The 5-hydroxyl 

group is close enough to Pro202 for a vdW contact and also interacts with a water (O–O 

distance of 2.9 Å), which then interacts with the side chain of Thr200 (O–O distance of 

2.9 Å).  Although the 5-hydroxyl group of 1 is shown to accept a hydrogen bond from 

this water molecule in the diagram shown in Figure 5-5C, it could also act as a hydrogen 

bond donor; X-ray diffraction data alone is not sufficient to assign the position of 

hydrogen atoms.  The ring of 1 is also positioned for extensive vdW interactions with 

the side chain of Leu198 (3.7-4.0 Å) along with the side chains of Phe131 and Gln92 

(3.9 Å).  



	   200	  

 

Figure 5-5.  Binding of 1 to the active site of hCAII.  A: The molecule binds by 
interacting with the Zn2+-bound water molecule rather than coordinating the Zn2+ ion 
directly.  The |2Fo-Fc| map is shown for the protein ligands and Zn2+ ion (grey, 1.5σ) 
while the omit |Fo-Fc| map is shown for the Zn2+-bound water and 1 (red, 4σ).  B: View 
of 1 in the active side depression of hCAII.  C: Diagram of the hydrogen bonding 
network of 1.  

 The isomer 2 showed similar inhibition to 1 (IC50 = 3 ± 1 mM) and the crystal 

structure of 2 bound to hCAII shows a similar binding mode (Figure 5-6) with the 

carboxylate functionality forming a hydrogen bond with the Zn2+-bound water through 

one of its oxygen atoms (O–O distance of 2.6 Å).  Unlike 1, the second carboxylate 

oxygen of 2 does not have a close interaction with the side chain of Thr200, which 

interacts with the 2-hydroxyl group of 2 instead (O–O distance of 2.7 Å, Figure 5-6C).  

As a result, the second carboxylate oxygen only forms weak interactions with the 

backbone NH of Thr199 and Thr200 (3.2 and 3.1 Å, respectively). 
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Figure 5-6.  Binding of 2 to the active site of hCAII.  A: The molecule binds by 
interacting with the Zn2+-bound water molecule rather than coordinating the Zn2+ ion 
directly.  The |2Fo-Fc| map is shown for the protein ligands and Zn2+ ion (grey, 1.5σ) 
while the omit |Fo-Fc| map is shown for the Zn2+-bound water and 2 (red, 4σ).  B: 
Overlay of the binding mode of 2 with that of 1 (carbon atoms in magenta).  C: Diagram 
of the hydrogen bonding network formed by 2 in the hCAII active site.  

 The crystal structure of 3, which also shows weak inhibition (IC50 = 8 ± 2 mM), 

in the active site of hCAII shows that it binds in the same manner as 1 and 2 (Figure 5-

7).  Interestingly, the Zn2+-bound water molecule is displaced relative to that of 

inhibitor-free hCAII and the complexes with 1 and 2 (Figure 5-7B, shown as a magenta 

sphere).  Because 3 does not contain a hydroxyl group ortho- to the carboxylic acid 

functionality, a water molecule remains bound near the hydrophobic wall of the active 

site (Figure 5-7B, shown as a yellow sphere) and interacts with one of the carboxylate 

oxygen atoms of 3 (O–O distance of 2.8 Å).  The second carboxylate oxygen has close 

interactions with both the Zn2+-bound water and the side chain of Thr200 (Figure 3-7C, 

O–O distances of 2.6 Å and 2.7 Å, respectively).  The only interaction the 4-hydroxyl 

group of 3 makes is a vdW contact with Phe131 (3.5 Å). 
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Figure 5-7.  Binding of 3 to the active site of hCAII.  A: The molecule binds by 
interacting with the Zn2+-bound water molecule rather than coordinating the Zn2+ ion 
directly.  The |2Fo-Fc| map is shown for the protein ligands and Zn2+ ion (grey, 1.5σ) 
while the omit |Fo-Fc| map is shown for the Zn2+-bound water and 3 (red, 3σ).  B: A vew 
of 3 in the active site depression.  The Zn2+-bound water of inhibitor-free hCAII is 
shown as a magenta sphere.  C: Diagram of the hydrogen bonding network of 3 in the 
active site of hCAII.  

 Benzoic acid derivatives have been reported to have a variety of potencies 

against hCAII from low millimolar even down to the nanomolar range.16-18  However, it 

should be noted that the reported activities often do not follow a rational structure-

activity relationship.  For example, 5-chlorosalicylic acid, which is structurally similar to 

1 but with the 5-hydroxyl group substituted with chlorine, has a reported Ki of 720 nM 

while salicylic acid, which has no substituent in the 5-position, has a reported Ki of 680 

µM.18  Furthermore, 3 has been previously reported to be a good hCAII inhibitor using a 

CO2 hydration assay (Ki = 10.6 µM)17, but a substantially weaker inhibitor (Ki = 670 

µM)19 using an esterase activity based assay similar to that used for this study.  It is 

unclear whether these discrepancies are a result of the assay protocols not being 

applicable to these “indirect” inhibitors or a result of experimental error. 
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5.2.2.  Binding of Mercaptobenzoic Acids to hCAII 

 In order to determine the persistence of the benzoic acid binding mode described 

above, the inhibition of hCAII by 4 and 5, which contain an aromatic thiol MBP, was 

examined.  Previous studies have shown that aromatic thiols inhibit hCAII with IC50 

values on the order of 1 - 10 µM by coordinating to the Zn2+ ion through a deprotonated 

sulfur atom.20  A switch in binding mode from carboxylate-based hydrogen bonding to 

thiol-based Zn2+ coordination should therefore be reflected by a significant increase in 

potency.  Neither 4 or 5 appear to bind through their thiol functionality, with IC50 values 

of 9 ± 5 and 3 ± 1 mM, respectively.  The indirect, carboxylate-based binding mode was 

confirmed by the crystal structure of 4 bound to hCAII, which binds similarly to 1-3 

(Figure 5-8).  The lack of metal coordination by the thiol groups of 4 and 5 is likely due 

to their protonation state; deprotonation of the carboxylic acid is expected to increase the 

pKa of the thiol functionality, preventing metal binding.  This is supported by the 

observation that the corresponding methyl esters 4-OCH3 and 5-OCH3, which do not 

have an acidic group that can be deprotonated before the thiol, have inhibition consistent 

with thiol binding (IC50 = 25 ± 10 and 10 ± 2 µM, respectively).  Efforts to crystallize 

either of the methyl esters in the active site of hCAII were unsuccessful. 
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Figure 5-8.  Binding of 4 to the active site of hCAII.  A: The |2Fo-Fc| map is shown for 
the protein ligands and Zn2+ ion (grey, 1.5σ) while the omit |Fo-Fc| map is shown for 4 
and the Zn2+-bound water molecule (red, 4σ).  B: The binding mode of 4 is similar to 
that of 1 (shown with carbon atoms in magenta). 

5.2.3.  Binding of Phenols to hCAII 

 Although the crystal structure of phenol bound to hCAII has been reported 

previously, the coordinate file is not available in the PDB.14  To directly compare the 

binding mode of 1-4 to that of phenols, the crystal structures of 6 and 7 bound to hCAII 

were determined.  Both compounds bind to the active site in a manner consistent with 

the previously described phenol structure; one of the hydroxyl groups makes a strong 

hydrogen bond (2.5 Å) with the Zn2+-bound water molecule while the aromatic ring 

makes extensive vdW contacts with the hydrophobic wall (Figure 5-9).  In the case of 7, 

the second hydroxyl group interacts with a water molecule (2.7 Å) that is connected to 

Thr200 through the active site water network (Figure 5-9C). 
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Figure 5-9.  Structures of 6 and 7 bound to the active site of hCAII.  A: The structure of 
6 shows it bound by a hydrogen bond with the Zn2+-bound water.  B: The structure of 7 
shows a similar binding mode, but with more well-defined electron density.  The omit 
|Fo-Fc| maps are shown in red for the ligands contoured at 2σ and 4σ for 6 and 7, 
respectively.  C: The more ordered structure of 7 is likely a result of hydrogen bonding 
through the second hydroxyl group into the active site water network, shown by white 
dotted lines. 

 Given both the additional interaction and more ordered binding mode observed 

for 7 relative to 6, one would expect it to be a more potent inhibitor of hCAII.  On the 

contrary, previous studies using a CO2 hydration assay show 7 to be a much weaker 

hCAII inhibitor than 6, with inhibition constants of 90 nM and 7.7 µM for 6 and 7, 

respectively.17  It is also surprising that these molecules would have such high potency 

given the relatively few interactions they form with the active site upon binding.  Under 

the assay conditions used here, neither 6 or 7 showed significant inhibitory activity at 

concentrations up to 9 mM.  It should be noted that the studies showing 6 and 7 to be 

potent inhibitors are from the same group (that of Supuran, Univerità degli Studi di 

Firenze) that reported the surprising inhibitory activity of salicylic acid derivatives, 

discussed in Section 2.1, against hCAII. 
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5.3.  Conclusions 

 The structures presented in this chapter demonstrate that benzoic acids represent 

a new class of non-metal-binding inhibitors of hCAII that bind in a different fashion 

than phenols.  Recognition of the bound nucleophile may prove to be a viable alternative 

to direct metal binding for the inhibition of metalloenzymes; although these fragments 

inhibit with modest potency, they are sufficient for initiating fragment-based discovery 

efforts.  As a comparison, a simple hydroxamic acid (acetohydroxamic acid) binds the 

Zn2+-dependent MMPs by direct metal coordination yet only inhibits with IC50 values of 

~25 mM.21  Nevertheless, numerous MMP inhibitors have been prepared based on the 

hydroxamic acid fragment with nanomolar potency.  The structures described above 

show that even when an inhibitor contains a functionality that is known to coordinate 

metal ions (such as salicylic acids or thiols), other factors such as pKa and other 

inhibitor-protein interactions can encourage a non-coordinating binding mode in the 

active site of hCAII.  This demonstrates how influential the active site environment can 

be on MBP binding and underscore the importance of structural data in the development 

of metalloenzyme inhibitors. 
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5.4.  Experimental Section 

 General.  Unless otherwise noted, chemicals were purchased from commercial 

suppliers and used as received.  1H NMR spectra were recorded on a Varian FT-NMR 

instrument at the Department of Chemistry and Biochemistry, University of California, 

San Diego.  Mass spectrometry was performed at the Small Molecule Mass 

Spectrometry Facility in the Department of Chemistry and Biochemistry at the 

University of California, San Diego.  Enzyme expression, purification, crystallization, 

and crystal structure determination were performed as described in Chapter 3.   

 4-Mercaptomethyl benzoate (5-OCH3).  4-Mercaptobenzoic acid (5, 0.100 g, 

0.605 mmol), CH3OH (3 mL), and a catalytic amount of H2SO4 were heated in a 

microwave reactor at 70 ºC for 30 min.  The solvent was removed and the product 

purified by silica gel chromatography to yield a white powder (0.104 g, 96% yield).  1H 

NMR (CDCl3, 400 MHz) δ 7.89 (d, 2H, J = 8.0 Hz), 7.28 (d, 2H, J = 8.0 Hz), 3.89 (s, 

3H), 3.60 (s, 1H).  ESI-MS(-): m/z 167.20 (M-H)-. 

 IC50 Determination.  Protein (100 nM final concentration) was incubated with 

varying concentrations of inhibitor (500 nM to 45 mM, depending on solubility) in 50 

mM Tris-SO4 pH 8.0 for 10 min before the addition of p-nitrophenylacetate (500 µM 

final concentration).  The assay was run at 30 ºC with a final well volume of 100 µL and 

5% DMSO.  Cleavage of the substrate to 4-nitrophenol was monitored by the increase in 

absorbance at 405 nm measured on a BioTek ELx808 absorbance plate reader.  Initial 

rates were then compared to those for both inhibitor-free and fully inhibited hCAII (50 

µM benzenesulfonamide) as controls.  Every plate also had control wells containing 

benzenesulfonamide at its reported IC50 value for assay validation.  IC50 values were 
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determined by fitting plots of inhibitor concentration vs. % inhibition in GraphPad 

Prism.  A majority of the inhibition of hCAII esterase activity seen for benzoic acid 

derivatives can be attributed to the pH change resulting from addition of large quantities 

of the inhibitor; when the sodium salts were used, no inhibition was observed (data not 

shown).  More research needs to be done into the possiblity that the assay based on 

hCAII esterase activity is not appropriate for inhibitors indirectly bound to the catalytic 

Zn2+ ion.  
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Table 5-1.  Data collection and refinement statistics for crystal structures of hCAII 
complexes. 

Ligand 1 2 3 
PDB ID 4E3D 4E3F 4E3G 

a (Å) 42.204(2) 42.273(1) 42.144(1) 
b (Å) 41.479(2) 41.407(1) 41.541(1) 
c (Å) 72.119(4) 72.227(1) 72.167(1) 
β (deg) 104.323(3) 104.223(1) 104.429(1) 

Space Group P21 P21 P21 
Total Reflections 124326 158669 145538 

Unique Reflections 33178 41810 35395 
Resolution Range* 

(Å) 
69.88-1.60 

(1.642-1.60) 
35.64-1.50 

(1.539-1.50) 
40.81-1.55 
(1.59-1.55) 

Completeness* (%) 99.66 (98.84) 99.92 (99.90) 99.65 (98.41) 
Rfactor* 0.171 (0.181) 0.169 (0.155) 0.193 (0.197) 
Rfree* 0.210 (0.269) 0.204 (0.220) 0.228 (0.277) 

Bond Length RMS 
(Å) 0.025 0.025 0.026 

Bond Angle RMS 
(deg) 2.124 2.220 2.129 

    Ligand 4 6 7 
PDB ID 4E4A 4E3H 4E49 

a (Å) 42.059(2) 42.115(2) 42.179(1) 
b (Å) 41.530(2) 41.624(2) 41.502(1) 
c (Å) 71.927(4) 71.920(3) 71.824(2) 
β (deg) 104.212(1) 104.138(2) 104.016(2) 

Space Group P21 P21 P21 
Total Reflections 182493 156166 141516 

Unique Reflections 47019 39681 40584 
Resolution Range* 

(Å) 
40.77-1.45 

(1.488-1.45) 
23.80-1.50 

(1.539-1.50) 
40.92-1.45 

(1.488-1.45) 
Completeness* (%) 99.53 (98.77) 99.48 (97.66) 99.44 (97.76) 

Rfactor* 0.187 (0.229) 0.174 (0.223) 0.160 (0.179) 
Rfree* 0.221 (0.256) 0.212 (0.265) 0.185 (0.228) 

Bond Length RMS 
(Å) 0.027 0.027 0.030 

Bond Angle RMS 
(deg) 2.309 2.235 2.321 

*Data used in model building and refinement, which excludes some data used for scaling.  Parentheses 
indicate values for the highest resolution shell 
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