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Developing Metal-binding Isosteres of 8-Hydroxyquinoline as 
Metalloenzyme Inhibitor Scaffolds

Hyeonglim Seo,

Moritz K. Jackl,

Mark Kalaj,

Seth M. Cohen*

Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, 
California, 92093, USA

Abstract

The use of metal-binding pharmacophores (MBPs) in fragment-based drug discovery (FBDD) 

has proven effective for targeted metalloenzyme drug development. However, MBPs can still 

suffer from pharmacokinetic liabilities, such as poor solubility and low membrane permeability. 

Bioisostere replacement is an effective strategy utilized by medicinal chemists to navigate these 

issues during the drug development process. The quinoline pharmacophore and its bioisosteres, 

such as quinazoline, are important building blocks to modulate drug-target interactions and 

physicochemical properties in the design of new therapeutics. More relevant to metalloenzyme 

inhibition, 8-hydroxyquinoline (8-HQ) and its derivatives can serve as MBPs for metalloenzyme 

inhibition. In this report, 8-HQ isosteres are designed and the coordination chemistry of the 

resulting metal-binding isosteres (MBIs) is explored using a bioinorganic model complex. In 

addition, the physicochemical properties and metalloenzyme inhibition activity of these MBIs 

were investigated to establish drug-like profiles. This report provides a new group of 8-HQ-derived 

MBIs that can serve as novel scaffolds for metalloenzyme inhibitor development with tunable, and 

potentially improved, physicochemical properties.
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INTRODUCTION

Metalloenzymes are involved in numerous biological processes and are important 

therapeutic targets to treat a wide range of diseases including cancer, neurological disorders, 

and viral infections.1 The majority of FDA-approved metalloenzyme inhibitors coordinate 

to the catalytic active site metal ion via a metal-binding pharmacophore (MBP), which 

has been evidenced by numerous crystallographic studies of metalloenzyme inhibitors in 

complex with their protein targets.1 However, among these clinically used metalloenzyme 

inhibitors, a limited number of MBPs have been employed to bind active site metal 

ions, with an overreliance on carboxylic acid, hydroxamic acid, and a handful of other 

MBPs. To overcome this limited chemical space for MBPs, efforts have been made 

to development fragment libraries to broaden the scope of MBPs available for lead 

development.2 Nonetheless, these and other commonly investigated MBPs can suffer from 

pharmacokinetic liabilities such as metabolic instability, poor solubility, and low membrane 

permeability (e.g., hydroxamic acid)2 that ultimately limit the usefulness of many MBPs as 

lead scaffolds for the development of effective therapeutics.

To facilitate the development of metalloenzyme inhibitors, isosteric replacement of MBPs 

has been performed to produce metal-binding isosteres (MBIs). Isosteric replacement 

involves replacing functional groups that can result in adverse physicochemical properties 

with less detrimental groups that retain biological activity.3,4 As a result, MBIs combine 

the metal-binding features of MBPs with the principle of isosterism to expand chemical 

diversity and improve pharmacokinetic liabilities. MBIs can then be used as fragments 

for fragment-based drug discovery (FBDD) campaigns directed at metalloenzymes. For 

example, picolinic acid MBIs have been studied by performing isosteric replacements of the 

carboxylic acid and the pyridine ring and their metal-binding ability, electronic properties, 

physicochemical properties, and biological activities were investigated.5–7 These studies 

showed that MBIs are a viable strategy to provide new metal-binding functional groups for 

metalloenzyme inhibition.

Seo et al. Page 2

Inorg Chem. Author manuscript; available in PMC 2023 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



8-Hydroxyquinoline (8-HQ) is a common scaffold found in bioactive small molecules and 

drugs, and has been used for iron-chelation for neuroprotection, anticancer activity, anti-HIV 

activity, and antifungal activity.8, 9 Additionally, this motif has been applied as an MBP 

for metalloenzymes inhibitors including matrix metalloproteinases,10, 11 2-oxoglutarate 

(2OG)/Fe(II) dependent oxygenases,12, 13 and aminopeptidase from Aeromonas proteolytica 
(AAP).14 For example, 5-carboxy-8-hydroxyquinoline was reported as a potent broad-

spectrum inhibitor of the 2OG oxygenases including JmjC demethylases. However, 

like many MBPs, 5-carboxy-8-hydroxyquinoline suffers from low cell permeability.12 

Furthermore, the propensity of underivatized 8-HQ to bind several different metalloenzymes 

can lead to undesirable off-target interactions. Indeed, various strategies, including 

functionalization of the molecule, molecule hybridization, and glycoconjugation have been 

performed to improve the selectivity and decrease toxicity of a broad range of 8-HQ-based 

drug candidates.15–17 However, modifications of the core 8-HQ scaffold has not been widely 

studied in the context of metalloenzyme inhibitor development and it is unknown how 

changes to the molecular structure of 8-HQ will influence important parameters such as 

metal-binding ability and physicochemical properties.

Herein, a novel MBI library of isosteres of 8-hydroxyquinoline (8-HQ) was designed, 

synthesized, and characterized. In total, 30 MBIs of 8-HQ were prepared focusing 

on nitrogen heterocycle replacements with various ring systems. The 8-HQ MBIs 

described here can be categorized into four broad groups: 6,6-membered ring MBIs, 6,5-

membered ring MBIs, sulfonamide MBIs, and 6,6,5-membered fused ring MBIs. Their 

physicochemical profiles (pKa and logD7.4) were explored to gain insights about their 

electron donor ability and pharmacological properties. The metal-binding of the MBIs was 

studied using a bioinorganic model system and compared to the parent 8-HQ compound. 

Furthermore, the inhibition activities of MBIs against representative metalloenzymes were 

determined.

RESULT AND DISCUSSION

Library Design and MBI Synthesis.

8-Hydroxy quinoline (8-HQ) binds to transition metal ions through its oxygen and nitrogen 

donor atoms.18 In the design of 8-HQ MBIs, the 5-membered chelate ring of the ligand 

bound to the metal was retained in the MBI design and selection. Two parts of the molecule, 

the quinoline ring and the hydroxyl group, were investigated for isosteric replacement 

(Figure 1). First, several different aromatic heterocyclic replacements were carried out 

on the quinoline ring by varying ring sizes and adding heteroatoms. The heterocyclic 

cores of the potential MBIs were evaluated using DrugBank19 to find drug-like fragments, 

which is a drug database that includes FDA-approved small-molecule drugs, as well as 

experimental drugs. Indole, purine, benzimidazole, and quinazoline were found as common 

substructures in the DrugBank database (>120 small molecules, Table S1). These nitrogen 

heterocycles are widely used as scaffolds in drug discovery and are common motifs in FDA-

approved drugs.20, 21 Including these four scaffolds, 14 aromatic heterocycles were also 

considered for use as quinoline isosteres based on their structural similarity and synthetic 

accessibility (Table S1). For the hydroxyl group replacements, sulfonamide, carbamate, 
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carbamide, imidazole, and triazole groups were utilized. Combined, this produced a library 

consisting of 30 MBIs in total (Figure 1). Importantly, although some of these compounds, 

or substructures of these compounds have been reported to have biological activity,22–27 

their use as a metal-binding scaffolds in metalloenzyme inhibitors have not been extensively 

investigated. Indeed, a search of the Cambridge Crystallographic Data Centre (CCDC) 

shows that even the fundamental coordination chemistry of most molecules described in this 

study have not been described. For example, while >2300 structures containing 8-HQ bound 

to metals are available in the CCDC, few structures of 8-HQ MBIs have been described 

and at least 20 of the MBIs reported here have no entries of metal complexes in the CCDC 

(Table S2).

MBIs 1, 3, 4, 5, 7, 9, 10, 11, 13, 14, 15, and 17 were purchased from commercial vendors, 

while the remaining MBIs synthesized from widely available starting materials. MBIs 2, 

6, 16, and 25 – 30 were synthesized based on annulation reactions using commercially 

available starting materials. MBI 8 was prepared through methylation and deprotection 

of an O-benzyloxy-protected benzimidazole. MBI 12 was synthesized by deprotection 

of an O-benzyloxy-protected indole. MBIs 18 – 24 were prepared by the reaction of 

anilines with methyl sulfonyl chloride. The detailed synthetic procedures and the complete 

characterization of all synthesized MBIs can be found in the Supporting Information.

Physicochemical Properties Analysis.

Physicochemical properties (pKa and logP) of MBIs were measured using UV-based or 

potentiometric methods using a SiriusT3 apparatus (Table 1).28–30 LogD7.4 values were 

derived from measured pKa and logP and logD7.4 values were used to gauge the lipophilicity 

of MBIs (Table 1). In general, for pKa values of 8-HQ MBIs, there are two values in the 

range of pH 2.0 – 12.0. The first value (pKa1) is related to the conjugated acid (protonated 

nitrogen) of the heteroaromatic ring system and the second value (pKa2) corresponds to the 

hydroxyl group or its isosteric replacement (Table 1). Overall, a broad range of acidities 

(pKa1 = 2.16 – 5.43, pKa2= 3.34 – 11.75) and lipophilicities (logD7.4=−3.83 – 1.97) were 

measured for the MBIs.

Physicochemical properties of 6,6-membered ring MBIs (MBIs 1 – 5) were modulated by 

the presence of nitrogen atoms in the ring structure. This change was reflected in the acidity 

and the lipophilicity of the MBIs. Specifically, MBIs containing more nitrogen atoms had 

lower pKa values indicating an increase in the acidity of the hydroxyl groups and a decrease 

in the basicity of the nitrogen atoms of the ring systems. In addition, significantly lower 

logD7.4 values were observed when more nitrogen atoms were added to the ring system. For 

example, MBI 5, which contains the most nitrogen atoms in the ring system, showed the 

lowest pKa and logD7.4 values in this group.

In the case of 6,5-membered ring MBIs (MBIs 6 – 17), higher pKa1 values were observed 

for MBIs 8, 9, and 10. These findings suggest that the heteroaromatic nitrogen atoms of 

MBIs 8, 9, and 10 are more basic compared to the other 6,5-membered rings. In general, the 

lipophilicity decreased as more heteroatoms are added to the ring system. Interestingly, this 
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was not observed for MBI 7 containing the benzothiazole scaffold – the lipophilicity of this 

MBI was almost identical to 8-HQ (logD7.4 = 1.84 for MBI 7 vs 1.85 for 8-HQ).

When the hydroxyl groups are replaced with sulfonamides (MBIs 18 – 24), both pKa values 

slightly decreased. However, similar trends shown in the above MBIs were observed for the 

sulfonamide MBIs. The nitrogen ring count in the aromatic system decreases the pKa values 

(MBIs 18 – 20) and certain scaffolds (MBIs 23 and 24) show relatively high pKa1 values. 

The benzothiazole scaffold (MBI 22) significantly increases lipophilicity and indicates the 

highest log D7.4 value in the sulfonamides MBIs (logD7.4 = 1.16 for MBI 22).

In 6,6,5-membered fused ring MBIs (MBIs 25 – 30), MBI 29 have the highest pKa values, 

which indicates that this MBI has the most basic nitrogen in this group. LogD7.4 values of 

these MBIs (logD7.4 = 1.23 to 1.97) were comparable to 8-HQ (logD7.4 = 1.85). MBI 26 was 

an exception (logD7.4 = 0.22), which can be explained with its stronger acidity (pKa2 = 6.45) 

compared to the other three-fused rings – at physiological pH a significant amount of MBI 

26 is deprotonated, which decreases lipophilicity. The results demonstrate that important 

physicochemical properties can be optimized by isosteric replacements.

Structural Analysis.

[TpPh,MeZn(MBI)] (TpPh,Me = hydrotris(5,3-methylphenylpyrazolyl)borate) complexes were 

prepared as a model system to gain an understanding about the metal-binding ability and 

coordination chemistry of the MBIs. [TpPh,MeZn(OH)] complex and its derivatives have 

been broadly used to mimic the tris(histidine) Zn(II) active site of many metalloenzymes 

(e.g., carbonic anhydrase or matrix metalloproteinases).31–33 [TpPh,MeZn(MBI)] complexes 

of 6,6-membered ring MBIs (8-HQ and MBIs 1 – 5) were prepared and analyzed by X-ray 

crystallography (Figure 2). These MBIs coordinate to the Zn(II) center in a bidentate fashion 

via the nitrogen atom of the aromatic ring system and the deprotonated hydroxyl group. 

All complexes generated trigonal bipyramidal geometries with the structural parameter 

τ5 in a similar range (τ5 = 0.67 - 0.73, τ5 = 0; square pyramidal geometry, τ5 = 1; 

trigonal pyramidal geometry). [TpPh,MeZn(1)] containing quinazoline is most similar to 

[TpPh,MeZn(8-HQ)] based on their structural similarities (Table 2). Interestingly, while the 

Zn-O bond lengths were comparable for most MBIs, there was a significant difference in the 

bond lengths of MBI Zn-N distance depending on the ring scaffold. For example, MBI 5, 

which has the highest nitrogen atom count, showed the largest increase in Zn-N bond length, 

with a Zn-N bond length 0.2 Å longer than the Zn-N bond in the 8-HQ complex (Table 2). 

This corresponds to the basicity of MBI 5 (pKa1 < 2) and 8-HQ (pKa1 = 4.97) and suggests 

that the donor ability of the nitrogen donor is reduced as the number of nitrogen atoms in the 

aromatic ring system increases.

Next, [TpPh,MeZn(MBI)] model complexes of 6,5-membered ring MBIs (MBIs 6, 7, 8, 9, 

11, 13, and 16) were studied (Figure 3). In general, these MBIs showed a larger variety of 

binding modes compared to the 6,6-membered ring MBIs. MBI 6 and 11 coordinate to the 

Zn(II) center in a monodentate fashion with the deprotonated hydroxyl group while MBI 

7, 8, and 9 showed bidentate binding to the Zn(II) ion through the oxygen and nitrogen. 

This could be explained by stereo-electronic effects. For MBIs 6 and 11, exchanging the 

Seo et al. Page 5

Inorg Chem. Author manuscript; available in PMC 2023 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6-membered pyridine ring of 8-HQ for a 5-membered oxazole/pyrazole ring positions the 

oxygen and nitrogen donor atoms in a geometry that produces unfavorable bite-angles when 

bound to a metal. For example, MBIs 6 and 11 have the largest value in angle a (Figure 

3), which is one of the angles that makes up the 5-membered chelate ring (~130° for MBIs 

6 and 11 vs. ~116 ° for 8-HQ, Table 3). In addition, the NH group in the pyrazole ring of 

MBI 11 is predominantly located at N1 based on the X-ray structure, which would preclude 

a bidentate binding mode (Figure 3). In contrast, the thiazole ring in MBI 7 leads to a better 

geometry of the oxygen and nitrogen donor atoms for bidentate coordination. Due to the 

lack of hybridization of the sulfur atom, the thiazole ring is distorted, which “squeezes” the 

oxygen and nitrogen donor atoms in a geometry more like 8-HQ, resulting in a bidentate 

binding mode (see angles designated a and b in Figure 3, Table 3). MBIs 8 and 9 have 

potentially better nitrogen donors based on their higher basicity (pKa1 = 4.61 and 5.43, Table 

1) compared to other 6,5-membered ring MBIs (pKa1 of MBI 6, 7, and 11 < 2, Table 1), 

which could compensate for the unfavorable bite-angle and explain the bidentate binding 

modes. Another interesting set of MBIs was purine or pyrimidine-based scaffolds (MBI 

13 – 16). Figure 3 shows that MBI 13 and 16 provided monodentate coordination to the 

Zn(II) center through N1. This finding is explained by metal-binding patterns in the anionic 

form of purine or pyrimidine-based nucleobases such as guanine and thymine.34, 35 Those 

nucleobases are known to be deprotonated at N1 and metal-bindings then take place through 

the deprotonated N1 site.36–40

The [TpPh,MeZn(MBI)] complexes with sulfonamide series (MBI 18 – 24) exhibited similar 

binding behavior as the hydroxyl series discussed above with a few exceptions (Figure 4). 

6,6-Membered sulfonamide rings (MBIs 18 – 20) coordinate to the Zn(II) ion in a bidentate 

fashion. Interestingly, MBIs 18 and 19 resulted in a complex where one pyrazole of the 

TpPh,Me ligand was displaced from the metal center resulting in a tetrahedral geometry (τ4 = 

0.81 - 0.85, τ4 = 0; square planar geometry, τ4 = 1; tetrahedral geometry, Table S5). Pyrazole 

displacement in these model systems has been previously observed in rare cases,5, 41 but 

this remains a rare observation in these systems. In this case, this could indicate the ability 

of these MBIs to have a greater perturbation to the active site of a metalloenzyme upon 

binding. This may also be relevant to the use of 8-sulfonamidoquinoline and its derivatives 

as biological Zn(II) sensors, metal chelators, and ionophores.42–45 For 6,5-membered 

sulfonamide rings, monodentate (MBI 21) and bidentate binding modes (MBIs 23 and 24) 

were found with the [TpPh,MeZn(MBI)] system. Note that the nitrogen atoms of MBI 23 
and 24 (pKa1 = 4.45 and 4.56, Table 1) are more basic compared to MBI 21 (pKa1 <2), 

which potentially translates to a stronger donor ability to the metal center. The improved 

donor ability of benzoimidazole and imidazopyridine scaffolds was also observed for the 

6,5-membered hydroxyl substituted MBIs (8 and 9, see above). All attempts to prepare 

[TpPh,MeZn(22)] resulted in a neutral, homoleptic complex where two ligands coordinate to 

a single Zn(II) ion ([Zn(22)2], Figure S1). This result was rather surprising, as prior studies 

have indicated it is extremely uncommon that an MBI will strip the Zn(II) ion from the 

TpPh,Me spectator ligand.5, 6 Strong affinity toward Zn(II) or unanticipated reactivity with 

the [TpPh,MeZn(OH)] complex could explain the observed metal stripping phenomenon of 

MBI 22. MBI 22 is a previously unreported compound and further studies will be required 

to elucidate its reactivity and affinity toward Zn(II) to explain the unusual behavior seen 
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here. Overall, the results demonstrated that sulfonamide functionalization can be considered 

a good strategy for efficient metal-binding isosteric replacement of 8-HQ.

Lastly, [TpPh,MeZn(MBI)] model complexes of the 6,6,5-membered fused ring MBIs were 

prepared and their binding behavior was investigated (Figure 5). Surprisingly, except for 

MBI 29, all MBIs bound the metal in a monodentate binding mode. This indicates that 

the rigid backbone of these MBIs pre-arranges the donor atoms in a geometry that would 

result in unfavorable bite angles. For example, angle a of the 6,6,5-membered fused ring 

MBIs was at least 10° greater (~127 – 130°, Figure 5, Table 4) than the corresponding 

angle of the 8-HQ (~116°). Consequently, monodentate binding is favored and few bidentate 

binding modes are observed for these compounds. MBIs 25, 27, 28, and 30 bind to the 

Zn(II) center via the deprotonated nitrogen atoms (labeled N1, Figure 5) of the carbamate, 

carbamide, and tetrazole. MBI 25 was specifically designed to try to enforce bidentate 

binding by the arrangement and substitution of the heteroatoms in the 5-membered ring; 

indeed, these complexes, although possessing 4-coordinate Zn(II) centers show a strongly 

distorted geometry with Zn-N2 distances of 2.62 (Table 4). MBI 26 binds to the metal center 

with a negatively charged sulfur atom formed by deprotonation of the thiocarbamate moiety. 

A possible explanation for the metal-binding behavior could be that sterically restrained 

6,6,5-fused rings decreases its coordination ability and iminothiolate could act as a dominant 

metal-binder as a result of tautomerization of the thiocarbamate upon deprotonation.46 As 

mentioned previously, MBI 29 was the only compound exhibiting bidentate coordination. 

This may be explained by the increased donor ability of the imidazole nitrogen atom found 

in MBI 29, which is reflected in the relatively high pKa values compared to other MBIs in 

this subgroup (pKa1 and pKa2 of MBI 29 = 4.92 and 11.75, Table 1). As described above, 

a correlation between metal-binding behavior and basicity is observed for many of the other 

8-HQ MBIs. Presumably, the increased donor ability compensates for the unfavorable bite-

angle caused by steric constraints, resulting in a bidentate binding mode. In summary, the 

comprehensive structural analysis on 8-HQ MBIs in the [TpPh,MeZn(MBI)] model complex 

not only shed light on the effect of different isosteric replacements on the coordination 

chemistry of each MBI (i.e., ligand basicity, bond angle/orientation, donor atom identity, 

and tautomerization), but also presented potentially useful MBIs with various metal-binding 

modes.

MBI Screening.

To evaluate 8-HQ MBIs as potential fragment scaffolds for metalloenzyme inhibitors, the 

inhibitory activity of these MBIs against three Zn(II)-based metalloenzymes was measured. 

Matrix metalloproteinase-2 (MMP-2) and human glyoxalase 1 (GLO1) were selected as 

these enzymes are known to be inhibited by 8-HQ.10, 11, 47 Human carbonic anhydrase 

II (hCAII) is another Zn(II)-based metalloenzyme that was tested in this study. There is 

no significant inhibitory activity reported for 8-HQ against hCAII and thus selectivity of 

the 8-HQ MBI library was evaluated with this enzyme. Both MMP-2 and hCAII contain 

a catalytic Zn(II) ion coordinated by three histidine residues and a water molecule in 

a tetrahedral geometry.48, 49 In GLO1, the Zn(II) ion is coordinated to Gln33, Glu99, 

His126, and Glu172 in an octahedral coordination geometry with two open coordination 

sites occupied by exchangeable water molecules.50 It has been reported that the nitrogen 
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and the hydroxyl oxygen donor atoms of 8-HQ bind to the catalytic Zn(II) ion in MMP-2 

and GLO1 resulting in inhibition.10, 11, 47 To validate this hypothesis, the inhibition activity 

of compounds 31 and 32, as well as 8-HQ were measured against MMP-2 and GLO1 at 

a concentration of 200 μM (Table 5). Compound 31 replaces the pyridine nitrogen donor 

atom with a poor dimethylamino ligand. Compound 32 moves the hydroxyl group to the 

6-position of the quinoline scaffold resulting in an inability to produce bidentate binding. 

Unsurprisingly, the inhibition activity of 31 and 32 against MMP-2 and GLO1 was reduced 

by >50% compared to 8-HQ, suggesting the importance of metal binding to inhibit these 

enzymes (Table 5). All the 8-HQ MBIs were screened at a fragment concentration of 200 

μM. The percent inhibition activity of each MBI is shown in Table 5.

The screening result show that MMP-2 is more effectively inhibited by the 6,6-membered 

ring MBIs. While the 6,6-membered ring MBIs 1 – 3 and 5 showed moderate inhibition (30 

– 40% at 200 μM), the 5,6-membered ring MBIs 6 – 16 were nearly inactive. These results 

confirm previous studies on the development of MMP-2 inhibitors based on 8-sulfonamido 

quinoline derivatives and its 5,6-membered heterocycle isosteres.51, 52 MBIs 1 – 3 and 5, 

which have more nitrogen atoms in the ring system, showed a poorer IC50 value than 8-HQ 

(Figure S2), suggesting that adding nitrogen atoms to the core scaffold does not enhance 

interaction with the binding pocket. On the other hand, sulfonamide MBI 18 showed modest 

improvements in inhibition activity compared to 8-HQ (IC50 of MBI 18 = 153.6±9.8 μM, 

IC50 of 8-HQ = 165.7+12.4 μM, Figure S2). Placing nitrogen atoms on the core scaffold 

(MBIs 19 and 20) did not improve inhibition activity as observed in MBIs 1 – 3 and 

5. Interestingly, MBI 26 showed much higher inhibition activity compared to the other 

6,6,5-membered fused ring MBIs, presumably due to the high affinity of sulfur for zinc. 

The moderate inhibition activity of MBI 26 was confirmed by measuring its IC50 value 

(Figure S2). Compounds 33 and 34 were additionally screened to validate the metal binding 

interaction of MBIs 1 and 18 with MMP-2. Compound 33 has a methyl group on the 

hydroxyl oxygen atom when compared to MBI 1, and compound 34 contains a reverse 

sulfonamide group when compared to MBI 19. Not surprisingly, both compounds 33 and 34 
are not effective inhibitors of MMP-2.

More than half of the 8-HQ MBIs showed significant inhibition activity against GLO1 at 

a fragment concentration of 200 μM. In general, 6,6-membered ring MBIs 1, 2, 18, 19, 

and 20 showed inhibition (>37% at 200 μM) and maintained activity at a lower fragment 

concentration (>21% at 50 μM, Table S6). Importantly, many 6,5-membered MBIs (MBIs 

6 – 13 and 24), which did not show significant inhibition of MMP-2, showed moderate 

inhibition against GLO1. Based on the X-ray data obtained for the model complexes, 

replacing 6,6-membered rings with 6,5-membered ring MBIs produced a greater variety in 

metal-binding modes and orientations. It is possible that the active site of GLO1 is less 

susceptible to those changes in metal-binding. Note that indazole-based MBI 11 showed 

the highest inhibition activity (77% at 200 μM) among the 6,5-membered ring MBIs, and 

MBIs 9 and 24 containing imidazopyridine core exhibited potent inhibition of GLO1 (41% 

and 60% at 200 μM, respectively). These findings suggest that these 8-HQ MBIs could 

be applied as selective fragments for the development of GLO1 inhibitors. In addition, the 

inhibition activity of compounds 33 and 34 were compared with MBI 1 and 18, which 
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showed the highest percent inhibition (>95% at 200 μM). Compound 33 showed a modest 

decrease in inhibition activity while compound 34 exhibited a complete loss of inhibition. 

Finally, as an orthogonal method to evaluate MBI binding with GLO1, thermal shift assays 

(TSAs) were carried out on five select compounds (8-HQ, 1, 18, 19, and 20, Table S7). The 

TSA data was reported as ΔTM (in °C), which refers to the difference in melting temperature 

of MBI-bound GLO1 compared to native, unbound GLO1. Significant ΔTM values (>3 

°C) were observed for all test compounds, providing independent validation of a binding 

interaction between these select MBIs and GLO1.

In contrast to MMP-2 and GLO1, only few MBIs showed inhibition activity against hCAII. 

MBI 12 showed the greatest inhibition of hCAII (89% at 200 μM). TSA data verified 

binding of 12 with hCAII, showing a significant ΔTM value (ΔTM = 7.28±0.18 °C, Table 

S7). Why MBI 12 is an effective inhibitor of hCAII is not obvious; a possible explanation 

could be that the indole group interacts with the zinc-coordinated water molecule, which 

was suggested by molecular docking studies of indole-containing compounds in hCAII.53 

Moreover, a series of benzenesulfonamide derivatives including the indole moiety have been 

reported with an effective inhibitory activity against hCAII.54 Interestingly, compound 34 
did not show any inhibition activity against hCAII, which is surprising because sulfonamides 

are privileged scaffolds for hCAII inhibition.55, 56 The lack of hCAII inhibition by 

compound 34 may be due to the narrow and deep shape of the hCAII active site.49

CONCLUSIONS

In this work, we designed and prepared 30 MBIs derived from 8-HQ that covered a 

wide range of physiochemical properties. The correlation between electron donor ability 

of the MBI and ligand basicity were observed based on the pKa measurement and X-ray 

crystallography of an [(TpPh,Me)Zn(MBI)] model system. In addition, we confirmed that 

other factors such as ring scaffold geometry, donor atom identity, bond angle/orientation, 

and ligand tautomerization can have a pronounced effect on their coordination ability and 

metal-binding modes. This in-depth analysis allows us to gain better understanding of 

structural and electronic features of the MBIs and establish a rudimentary rule for future 

MBI development. Furthermore, bioactivity of the MBIs was monitored by measuring 

enzymatic activity against several metalloenzymes. The results indicated that the MBIs 

have comparable potency and improved selectivity, which demonstrates the potential use 

of 8-HQ MBIs as starting points for the discovery of novel lead candidates in developing 

metalloenzyme inhibitors. In all, this work demonstrates the utility of bioisosterism to 

metalloenzyme inhibition, results in the discovery of new ligands, and provides a greater 

platform for the discovery of a new therapeutics that target metalloenzymes.

EXPERIMENTAL SECTION

General Information.

All reagents and solvents were obtained from commercial sources (Sigma Aldrich, Alfa 

Aesar, TCI, Combi-Blocks etc.) and used without further purification. 8-Hydroxyquinoline, 

MBIs 1, 3, 4, 5, 7, 9, 10, 11, 13, 14, 15, and 17 were purchased from commercial vendors, 

and the remaining were synthesized from widely available starting materials. Detailed 
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synthesis of each MBI is provided in the electronic Supporting Information. Absorbance 

and fluorescence activity assays were carried out using a BioTek Synergy HT or H4 plate 

reader.

Synthesis and Crystallization of Model Complexes.

To obtain an X-ray structure of [(TpPh,Me)Zn(MBI)], [(TpPh,Me)K] and [(TpPh,Me)ZnOH] 

was prepared according to literature methods.57 [(TpPh,Me)ZnOH] (50 mg, 0.09 mmol) was 

dissolved in 15 mL of CH2Cl2 in a 50 mL round-bottom flask. The MBI (0.09 mmol, 1 

equiv) in 10 mL of MeOH was added, and the reaction mixture was stirred overnight under 

a nitrogen atmosphere. The resulting mixture was evaporated to dryness and subsequently 

dissolved in a minimal amount (~1 mL) of benzene. The solution was filtered using a 

syringe filter to remove any undissolved solids. The resulting complex in benzene was 

recrystallized using vapor diffusion with pentane. Crystals typically formed within a few 

days.

Physicochemical Properties Analysis.

Physicochemical properties were determined using a Sirius T3 instrument.29, 58, 59 All 

titrations, both pKa and logP, were performed in 0.15 M KCl with 0.5 M HCl and KOH. 

The pKa of a compound was determined by analysing each MBI sample in triplicate using 

potentiometric titrations. Experiments were typically performed over a pH range of 2.0 

– 12.0. Standard deviations were derived from fitting all three replicate experiments. For 

water insoluble compounds methanol was added and the obtained apparent pKa (psKa) 

was extrapolated to the aqueous pKa by the Yasuda-Shedlovsky procedure.60 LogP was 

determined via potentiometric titrations in the presence of varying ratios of octanol and 

water. The presence of octanol shifts the pKa of ionizable species, and based on the shifts, 

a logP can be determined. Measurements for logP determination were typically performed 

over a pH range of 2.0 – 12.0. Three experiments with varying ratios of water:octanol 

was performed, allowing for a standard deviation to be determined from the fitting of all 

measurements. MBI sample sizes were ~0.5 mg for both pKa and logP measurements.

MMP-2 Assay.

Human recombinant MMP-2 catalytic domain was purchased from ENZO Life Sciences 

(catalog # BML-SE237-0010). Assays were carried out in clear Costar 96-well, half-area, 

flat-bottom assay plates (catalog # 80-2404). Each well contained a total volume of 100 μL 

including buffer (50 mM MES, 10 mM CaCl2, 0.05% Brij-35, pH 7.5), MMP-2 (1.16 U), 

and the fragment solution (200 μM final concentration). After a 30 min incubation period at 

37 °C, the reaction was initiated by the addition of 10 μL of fluorogenic MMP-2 substrate 

(4 μM final concentration, Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2·AcOH, ENZO Life 

Sciences, catalog # BML-P126-0001). Fluorescence was monitored at Ex/Em=328/420 nm 

using BioTek Synergy H4 plate reader, and measurements were recorded every minute 

for 10 min. The rate of fluorescence increase was compared for samples versus negative 

controls (no inhibitor, arbitrarily set as 100% activity). A positive control (NNGH as 

inhibitor, 50 μM final concentration) showed complete inhibition under the assay conditions 

described above. Dose-response curves were generated, analyzed, and fitted to obtain IC50 

values of MBIs using a concentration range of between 10 μM and 1000 or 1500 μM 

Seo et al. Page 10

Inorg Chem. Author manuscript; available in PMC 2023 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



depending on compound solubility (Figure S2). 8-HQ gave an IC50 value of 165.7 ± 12.4 

μM, which is comparable to the literature reported value (130 ± 28 μM).10

GLO1 Assay.

Recombinant human glyoxalase I (GLO1) was purchased from R&D Systems (catalog 

#4959-GL). Assays were carried out in 0.1 M sodium phosphate, pH 7.0 buffer, utilizing 96-

well clear UV plates (Corning UV Transparent Microplates, catalog #3635). A fresh solution 

of GSH (100 mM) and methylglyoxal (MG) (100 mM) was prepared in Millipore grade 

water. The substrate for the assay was prepared by adding 0.43 mL of GSH and 0.43 mL of 

MG to 15.14 mL of buffer. The substrate mixture was vortexed vigorously for 45 s and then 

allowed to sit at room temperature for 15 min. The initial well volume was 50 μL containing 

GLO1 (40 ng) and inhibitor. This protein and inhibitor mixture was incubated for 15–20 

min prior to addition of the substrate. The substrate (150 μL) was then added to the wells 

yielding a maximum amount of 5% DMSO per well. The enzyme activity was measured 

utilizing a Biotek Synergy HT plate reader by measuring absorbance at 240 nm every 1 

min for a duration of 8 min. The rate of absorbance increase was compared for samples 

versus controls containing no inhibitor (set at 100% activity). The absorbance reading for 

background wells containing DMSO, buffer, and substrate (no enzyme or inhibitor) was 

subtracted from the experimental wells. A positive control (Chugai-3d inhibitor, 50 μM final 

concentration) showed complete inhibition under the assay conditions described above.61

hCAII Assay.

The plasmid for recombinant expression of hCAII with a T7 RNA polymerase promoter and 

ampicillin resistance gene (pACA) was a gift from Thomas R. Ward (U. Basel, Switzerland). 

The protein for activity assays was expressed in BL21 Escherichia coli cells and purified as 

reported previously.62 The Zn(II) content of expressed hCAII was measured by inductively 

coupled plasma-mass spectrometry (ICP-MS). The metal-to-protein (Zn:protein) molar ratio 

was determined to be 0.951±0.006, indicating the holo enzyme (fully metalated) is was 

isolated (data not shown). Assays were carried out in clear-bottom Costar 96-well plates 

(catalog # 07-200-706) with a total volume of 100 μL per well. The assay buffer was 

comprised of 50 mM HEPES pH 8.0 and 100 mM NaSO4. MBIs were added from a 50 

mM DMSO stock to a final concentration of 200 μM and incubated with hCAII (40 nM 

final concentration) for 15 min at room temperature. p-Nitrophenyl acetate was used as the 

substrate (500 μM final concentration), and the absorbance at 405 nM was monitored for 

20 min at 1 min intervals using BioTek Synergy H4 plate reader. Percent inhibition was 

determined by comparing the activity of wells. A positive control (acetazolamide inhibitor, 

50 μM final concentration) showed complete inhibition under the assay conditions described 

above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

Metal-binding isosteres (MBIs) of 8-hydroxyquinoline (8-HQ) were designed and their 

coordination chemistry was study using a bioinorganic model system [(TpPh,MeZn(MBI)] 

(TpPh,Me = hydrotris(3,5-phenylmethylpyrazolyl)borate). The MBIs cover a wide range 

of physiochemical properties, while retaining inhibition activity against Zn(II)-dependent 

metalloenzymes. The results demonstrate the utility of 8-HQ MBIs as a starting scaffold 

for metalloenzyme inhibitor development.
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Figure 1. 
(a) Quinoline and examples of its isosteres that are frequently used in drug discovery. (b) 

The hydroxyl group (blue) and the quinoline ring scaffold (red) were replaced with various 

isosteres. (c) Library of 8-HQ MBIs.
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Figure 2. 
Crystal structure of [TpPh,MeZn(MBI)] complexes with 6,6-membered ring MBIs. (ORTEP, 

50% probability ellipsoids). Hydrogen atoms and phenyl groups from the TpPh,Me ligand 

were removed for clarity. Color scheme: carbon = gray, nitrogen = blue, oxygen = red, boron 

= pink, and zinc = green.
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Figure 3. 
Crystal structure of [TpPh,MeZn(MBI)] complexes with 6,5-membered ring MBIs. (ORTEP, 

50% probability ellipsoids). Angle a is defined between the 5- and 6-membered ligand rings 

and angles a and b together are used to describe overall internal ligand geometry on the 

binding modes of MBI 6, 7, and 11. N1 is labeled to indicate the NH group on MBI 11 and 

the nitrogen atom providing monodentate coordination of MBI 13 and 16. Hydrogen atoms 

and phenyl groups from the TpPh,Me ligand were removed for clarity. Color scheme: carbon 

= gray, nitrogen = blue, oxygen = red, sulfur = yellow, boron = pink, and zinc = green.
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Figure 4. 
Crystal structure of [TpPh,MeZn(MBI)] complexes with sulfonamide MBIs. (ORTEP, 50% 

probability ellipsoids). N1 and N2 are labeled to identify nitrogen atoms that are position 

to participate in bidentate coordination to Zn(II) center. Hydrogen atoms and phenyl groups 

from the TpPh,Me ligand were removed for clarity. Color scheme: carbon = gray, nitrogen = 

blue, oxygen = red, sulfur = yellow, boron = pink, and zinc = green.
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Figure 5. 
Crystal structure of [TpPh,MeZn(MBI)] complexes with 6,6,5-membered ring MBIs. 

(ORTEP, 50% probability ellipsoids). Angle a makes is defined between the 5- and 6-

membered ligand rings and is used to describe overall internal ligand geometry on the 

binding modes of the MBIs. N1 and N2 are labeled to identify nitrogen atoms that are 

positioned to participate in bidentate coordination to Zn(II) center. Hydrogen atoms and 

phenyl groups from the TpPh,Me ligand were removed for clarity. Color scheme: carbon = 

gray, nitrogen = blue, oxygen = red, sulfur = yellow, boron = pink, and zinc = green.
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Table 1.

Measured and calculated pKa and logP/D7.4 values of 8-HQ MBI library. pKa values were measured in the 

range of pH 2.0 – 12.0. All pKa and logP experiments yielded standard deviations <0.05. Calculated pKa and 

logP/D7.4 values were obtained using Marvin (ChemAxon) software package. Published pKa values can be 

found in the Supporting Information (Table S3).

MBI
Measured Calculated

pKa logP logD7.4 pKa logP logD7.4

8-HQ 4.97, 9.62 1.86 1.85 4.83, 9.36 1.83 1.82

1 3.38, 8.55 −0.1 −0.13 1.66, 9.03 1.12 1.11

2 8.69 0.93 0.90 2.39, 8.31 1 0.95

3 3.04, 9.50 0.53 0.52 2.99, 13.57 1 0.99

4 2.44, 8.90 −0.52 −0.53 1.51, 11.44 0.88 0.88

5 7.64 −0.6 −0.80 10.65 −0.01 −0.01

6 8.40 1.22 1.18 7.85 1.02 0.89

7 8.74 1.86 1.84 1.61, 8.16 1.81 1.74

8 4.61, 9.30 0.71 0.70 4.82, 8.25 1.18 1.11

9 5.43, 9.29 −0.11 −0.12 5.48, 8.12 0.76 0.38

10 5.28, 8.88 0.68 0.67 5.19, 8.28 0.96 0.88

11 8.37 1.68 1.64 1.08, 8.21 0.99 0.99

12 9.43 1.56 1.56 9.61 1.77 1.77

13 9.17 −0.30 −0.31 2.79, 10.96 0.22 0.22

14 8.81 −1.4 −1.42 2.28, 9.41 −0.01 −0.01

16 2.88, 10.01 0.82 −2.46 0.07, 12.97 0.83 0.83

17 3.34 0.23 −3.83 4.98 −0.22 −2.32

18 3.17, 8.97 1.01 0.99 3.7, 7.25 0.5 0.18

19 8.25 0.23 0.17 1.96, 7.19 −0.2 −0.55

20 2.16, 8.11 0.49 0.41 2.35, 7.15 −0.33 −0.69

21 7.81 0.37 0.23 0.04, 6.97 −0.31 −0.76

22 8.18 1.23 1.16 2.09, 7.1 0.49 0.1

23 4.45, 8.67 0.69 0.67 5.26, 7.18 −0.14 −0.55

24 4.56, 8.34 −0.34 −0.39 5.97, 8.06 −0.87 −1.02

25 8.27 1.49 1.44 4.02, 8.93 1.49 1.48

26 6.45 1.21 0.22 2.41, 5.32 1.53 0.2

27 10.92 1.56 1.56 3.04, 12.09 1.3 1.3

29 4.92, 11.75 1.97 1.97 2.73, 12.01 1.42 1.41

30 7.27 1.59 1.23 1.41, 7.37 1.46 1.15
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Table 2.

Selected bond lengths and angles of [TpPh,MeZn(MBI)] complexes with 6,6-membered ring MBIs.

MBI Binding Mode Zn-O (Å) Zn-N (Å) O-Zn-N (°) Tau, τ5 (°)

8-HQ Bidentate 1.9497(10) 2.1865(12) 80.68(5) 0.73

1 Bidentate 1.9590(13) 2.1893(16) 80.59(6) 0.72

1.9552(13) 2.1938(16) 80.84(6) 0.71

2 Bidentate 1.947(3) 2.220(4) 79.77(12) 0.66

1.944(3) 2.201(3) 79.65(13) 0.67

3 Bidentate 1.958(5) 2.239(6) 78.6(2) 0.73

1.957(5) 2.217(6) 80.1(2) 0.74

4 Bidentate 1.971(6) 2.289(8) 76.5(3) 0.68

1.960(6) 2.255(7) 78.5(2) 0.74

5 Bidentate 1.979(8) 2.363(10) 76.6(3) 0.71

1.971(8) 2.407(10) 76.1(3) 0.68
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Table 3.

Selected bond lengths and angles of [TpPh,MeZn(MBI)] complexes with 6,5-membered ring MBIs.

MBI Binding Mode Zn-O (Å) Zn-N (Å) O-Zn-N (°) Angle a and b (°) Tau (°)

8-HQ Bidentate 1.9497(10) 2.1865(12) 80.68(5) 116.30(14), 122.19(15) τ5, 0.73

6 Monodentate 1.8930(17) - - 129.29(19), 103.55(16) τ4, 0.76

7 Bidentate 1.9417(11) 2.2792(13) 81.22(5) 120.48(13), 90.00(8) τ5, 0.72

8 Bidentate 1.932(2) 2.292(3) 83.32(10) 124.3(3), 106.7(3) τ5, 0.79

1.918(2) 2.340(3) 82.30(10) 124.3(3), 107.1(3) τ5, 0.72

9 Bidentate 1.9612(15) 2.1899(17) 83.40(6) 125.24(19), 105.9(2) τ5, 0.54

11 Monodentate 1.8766(12) - - 130.28(17), 112.11(17) τ4, 0.79
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Table 4.

Selected bond lengths and angles of TpPh,MeZn(MBI) complexes with 6,6,5-membered fused ring MBIs.

MBI Binding Mode Zn-N1 (Å) Zn-N2 (Å) N1-Zn-N2 (°) Angle a (°) Tau (°)

25 Monodentate 1.9438(18) 2.621
c

75.73
c 127.1(2) τ4, 0.72

26 Monodentate 2.2505(6)
a - - 131.8(2) τ4, 0.76

27 Monodentate 1.910(3)
b - - 131.4(3) τ4, 0.72

28 Monodentate 1.9486(14) 2.811
c

72.584
c 128.42(15) τ4, 0.72

29 Bidentate 1.9779(14) 2.4413(14) 79.68(5) 126.55(15) τ5, 0.54

30 Monodentate 1.934(2) 2.933
c

71.21
c 129.9(2) τ4, 0.74

a
Zn-S bond distance.

b
Zn-external nitrogen bond distance.

c
Not bound to the Zn(II) center, measured values based on X-ray crystallographic data.
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Table 5.

Percent inhibition values of 8-HQ MBIs (200 μM) against MMP-2, GLO1, and hCAII. Standard deviations 

from triplicate measurements are given in parentheses. Cells are color-coded by percent inhibition: white 

(<20%), yellow (20–50%), and red (>50%). Black cells were compounds that interfered with the assay due to 

the poor solubility under the assay condition.

MBI MMP-2 GLO1 hCAII

8-HQ 57 (3) 95 (6) <5

1 32 (3) 95 (7) <5

2 34 (2) 37 (5) <5

3 39 (3) <5 <5

4 6 (4) <5

5 34 (5) 10 (5) <5

6 7 (5) 22 (4) 37 (4)

7 <5 27 (4) <5

8 7 (5) 23 (7) 44 (8)

9 6 (9) 41 (4) <5

10 <5 44 (7) <5

11 <5 77 (1) <5

12 17 (7) 30 (5) 89 (2)

13 36 (7) <5

14 7 (9) <5

15 6 (6) <5 <5

16 <5 13 (5) 18 (5)

17 20 (3) <5 <5

18 59 (2) 95 (1) <5

19 13 (5) 87 (4) 51 (6)

20 12 (5) 63 (8) 9 (6)

21 <5 <5 <5

22 <5 <5 <5

23 <5 <5 <5

24 <5 60 (9) 11 (9)

25 7 (5) <5

26 41 (3) 50 (13) 6 (8)

27 9 (5) 31 (10) <5

28 6 (4) <5 63 (2)

29 <5 65 (9) <5

30 <5 <5

31 <5 36 (3) <5

32 26 (7) <5 N/A

33 6 (11) 78 (5) N/A
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MBI MMP-2 GLO1 hCAII

34 9 (5) <5 <5
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