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Isosteres of Hydroxypyridinethione as Druglike Pharmacophores
for Metalloenzyme Inhibition

Rebecca N. Adamek, Cy V. Credille, Benjamin L. Dick, and Seth M. Cohen®
Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA
92093

Abstract

Hydroxypyridine thiones (HOPTOs) are strong ligands for metal ions and are therefore potentially
useful pharmacophores for inhibiting metalloenzymes relevant to human disease. However,
HOPTOs have been sparingly used in drug discovery efforts due, in part, to concerns that this
scaffold will act as promiscuous non-selective metalloenzyme inhibitor, as well as poor
pharmacokinetics (PK), which may undermine drug candidates containing this functional group.
In order to advance HOPTOs as a useful pharmacophore for metalloenzyme inhibitors, a library of
22 HOPTO isostere compounds has been synthesized and investigated. This library demonstrates
that it is possible to maintain the core metal-binding pharmacophore (MBP) while generating
diversity in structure, electronics, and PK properties. This HOPTO library has been screened
against a set of four different metalloenzymes, demonstrating that while the same metal-binding
donor atoms are maintained, there is a wide range of activity between metalloenzyme targets.
Overall, this work shows that HOPTO isosteres are useful MBPs and valuable scaffolds for
metalloenzyme inhibitors.

Keywords
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INTRODUCTION

Metalloenzymes constitute at least one-third of all enzymes, are involved in a broad range of
in vivo functions, and represent a validated class of clinical targets.[!-3] Metalloenzymes
have been linked to a number of human diseases including cancer and heart disease, [l and
have been implicated as targets in both pathogenic bacterial®! and viral vectors.[8] Small
molecule therapeutics containing metal-binding pharmacophores (MBPs) designed to
coordinate the active site metal ion offer an appealing approach in treating diseases linked to
metalloenzymes.[’]

Hydroxypyridinethiones (HOPTQOSs) are natural products derived from the Allium stipitatum
or drumstick onion plant,[8] and are a chemical scaffold highly suited for metal binding.

scohen@ucsd.edu.
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There are three isomeric HOPTO scaffolds, with each bearing a thione and hydroxyl donor
atom metal coordination motif, as shown in Figure 1. These ligands are well established in
the field of inorganic chemistry and are known to form stable, 5-member coordination rings
with a variety of metal ions.[®] This strong metal binding combined with the heterocyclic
nature of the HOPTO scaffold imparts a high binding affinity for metalloenzymes, implying
that HOPTOs can be a useful warhead for drug discovery campaigns against
metalloenzymes.

However, despite their strong affinity for metal ions and metalloenzymes, the therapeutic
potential of the HOPTO MBP has been underexploited. Only zinc pyrithione (a.k.a., 1,2-
HOPTO = 1-hydroxypyridine-2(1H)-thione) (Figure 1) is widely used for its anti-microbial
properties(10] as the active ingredient of anti-dandruff shampoos!*!l and in anti-fouling
agents for paints.[12] There are no reports of FDA approved drugs containing the HOPTO
scaffold for human internal use. This is in contrast to the analogous hydroxy-pyridinone
(HOPO) MBP, derivatives of which have been used in applications, ranging from food
additives to pharmaceuticals.[*3] In particular, HOPO derivatives have been used as MBPs in
metalloenzyme inhibitors, such as the FDA-approved HIV integrase inhibitors raltegravirl14]
(Figure 1), and dolutegravir,[5] in addition to being utilized as a MBP warhead in
innumerable metalloenzyme inhibitor campaigns. Considering that HOPTOs and HOPOs
only differ by a thione versus ketone respectively, it is surprising that the HOPTO scaffold
has not enjoyed the same therapeutic utility as the HOPO scaffold.

In large part, the lack of use of the HOPTO scaffold can be attributed to a broader general
concern around metalloenzyme inhibitors, of which those containing thiols are viewed with
particular reservation (despite the clinical success of compounds such as Captopril).[16-18]
Metalloenzyme inhibitors have suffered under the impression that if a molecule is able to
bind metal, it will act indiscriminately and display broad off-target effects by inhibiting all
available metalloenzymes.[191 However, studies by Chenl20] and Day[?1] demonstrate
otherwise, showing that metalloenzyme inhibitors are as selective in binding to their
respective targets as other small molecule inhibitors, and are not titrated away by the
presence of alternate, off-target metalloenzymes. Furthermore, metalloenzymes are the
validated target of multiple drug discovery campaigns, with there being approximately 64
FDA-approved metal-binding metalloenzyme inhibitors,[4.2223] clearly indicating that the
presence of a MBP does not diminish the therapeutic potential of a molecule.

As for the thiol, there has been concern over potential toxicity issues. There have been
reports of terminal thiol inhibitors such as L-744,832 against farnesyl transferase, which
failed Phase I clinical trials due to off-target effects.[2425] However, it critical to understand
that the thione present in the HOPTO scaffold is not a thiol and therefore has a different
physiochemical and PK profile. As the HOPTO thione predominately exists in the sp?
hybridization with 53:1 thione to thiol,[28] it is not subjected to the same reactivity (and
hence toxicity) associated with the thiol moiety. Furthermore, the bidentate metal-binding
profile of HOPTOs grants potentially greater metalloenzyme specificity than the
monodentate nature of a terminal thiol.

J Biol Inorg Chem. Author manuscript; available in PMC 2019 October 01.
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Outside of the stigma associated with MBPs, the only real drawback associated with the
HOPTO scaffold has been a relatively poor logP, leading to limited aqueous solubility,[27] as
well as a limited scope of meaningful structure activity relationship (SAR) studies on how
modifications to the MBP itself affect overall metal-binding and inhibitory activity. Thus,
detailed herein is a summary of useful HOPTO isosteres and analogues designed with the
purpose of improving PK and maintaining metal binding properties (Figure 2). We have
prepared a 22 component HOPTO metal-binding isostere (MBI) library, demonstrating that
it is possible to access a wealth of synthetic diversity with electronic and PK tunability while
maintaining donor atoms critical for metal binding. In addition to this library, we have also
prepared routes to derivatives of select members of this HOPTO library as a means of
demonstrating their potential for fragment growth and merging strategies.

Finally, for the purpose of evaluating these novel HOPTO scaffolds as fragments useful to
medicinal chemistry, human carbonic anhydrase 11 (hCAII), matrix metalloprotease-12
(MMP-12), New Delhi Metallo-R-lactamase-1 (NDM-1), and influenza endonuclease (PAy)
were selected as metalloenzyme targets to test the validity and selectivity of the HOPTO
library (Figure 3). hCAIl and MMP-12 are both mononuclear Zn%*-dependent human
metalloenzymes, where hCAII regulates blood pH and the MMPs have long been established
as cancer targets. NDM-1 is a dinuclear Zn2*-dependent metalloenzyme that confers
bacterial resistance to R-lactam antibiotics, and PAy is a conserved dinuclear Mn2*-
dependent metalloenzyme vital for influenza virus replication. PAy was included as the O,S
donor is expected to be less suitable for the Mn?* active site (based on hard-soft acid-base
theory) when compared to the Zn2*-dependent metalloenzymes studied here.[28.291 HOPTOs
1 — 22 were screened against these four metalloenzymes at 200 UM and demonstrate that
taking a metal-centric approach and fine-tuning the SAR of just the core MBP generates
different selectivity amongst these metalloenzymes even though the ligand donor set is
maintained.

MATERIALS AND METHODS

Materials.

All reactants and reagents were purchased from either Sigma-Aldrich, Alfa-Aesar, or
Combi-blocks and used with no additional purification. Synthetic protocols and details for 1
— 37 are reported in the SI. Absorbance assays were performed using a BioTek Synergy HT
microplate reader. Fluorescence assays were performed using either a BioTek Synergy HT
microplate reader or a BioTek Synergy H4 microplate reader. hCAIl was prepared as
previously reported,[301 MMP-12 was purchased from Enzo Life Sciences (Farmingdale,
NY, USA), NDM-1 was supplied as a gift from Dr. David Tierney (U. Miami, Ohio), and
influenza endonuclease was expressed and purified as previously reported.[31]

Pharmacokinetic Properties.

All calculated PK data was determined through ChemAxon. Experimental logP and logD7.4
for 1, 4, 9, and 14 was determined using a Sirius T3 instrument. Both pK, and logP were
performed in 0.15 M KCI with 0.5 M HCI and KOH. First the pK, was experimentally
determined through triplicate potentiometric titrations,[32331 Sample sizes contained

J Biol Inorg Chem. Author manuscript; available in PMC 2019 October 01.
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approximately 0.70 mg of MBI for pK, measurements. The experiments were titrated from
pH 12.0 to 2.0, and standard deviations were determined from fitting the three replicate runs.
As 1 had poor aqueous solubility, it was necessary to include HPLC grade MeOH in the
sample analysis.

logP was experimentally determined through potentiometric titrations in the presence of
differing ratios of octanol and water in triplicate runs.[32:33] Sample sizes contained
approximately 0.50 mg of MBI for logP measurements. Again the experiments were titrated
from pH 12.0 to 2.0, and standard deviations were determined from fitting the three replicate
runs. LogDy.4 was then calculated from the measured pK; and logP values.

MMP-12 Assays.

MMP-12 and OmniMMP fluorogenic substrate were purchased as an assay kit from Enzo
Life Sciences, and the assay was performed in a Costar black 96-well plate. Each well
contained a total volume of 100 pL including buffer (50 mM HEPES, 10 mM CaCl,, 0.05%
Brij-35, pH 7.5), human recombinant MMP-12 (0.7 U per well, Enzo Life Sciences),
inhibitor (200 uM), and fluorogenic OmniMMP substrate (4 uM MCA-Pro-Leu-Gly-Leu-
DPA-Ala-Arg-NH,-AcOH, Enzo Life Sciences). The enzyme and inhibitor were initially
incubated together for 15 min at 37 °C, after which the reaction was initiated by substrate
addition. The change in fluorescence was monitored for 20 min with excitation at 320 nm
and reading emission at 400 nm. The negative control wells contained no inhibitor and were
arbitrarily set as 100% enzyme activity.

hCAIl Assays.

hCAIl was prepared as previously reported, 301 and the assay was performed in a Costar
clear 96-well plate. Each well contained a total volume of 100 pL including buffer (50 mM
HEPES, 100 mM NaSOy, pH 8.0), hCAIl (100 nM), inhibitor (200 uM), and p-nitrophenyl
acetate substrate (500 uM). The enzyme and inhibitor were initially incubated together for
15 min at room temperature, after which the reaction was initiated by substrate addition. The
change in absorbance was monitored for 20 min at 405 nm. The negative control wells
contained no inhibitor and were arbitrarily set as 100% enzyme activity.

NDM-1 Assays.

NDM-1 was supplied as a gift from David Tierney, and the Fluorocillin Green substrate was
purchased from ThermoFisher. The assay was performed in a Costar black 96-well plate.
Each well contained a total volume of 100 pL including buffer (50 mM HEPES, 2 mM
CHAPS, 5 pM Zn-SOy, pH 7.0), NDM-1 (100 pM), inhibitor (200 uM), and fluorocillin
green substrate (87 nM). The enzyme and inhibitor were initially incubated together for 20
min at room temperature, after which the reaction was initiated by substrate addition. The
change in fluorescence was monitored for 20 min with excitation at 485 nm and reading
emission at 528 nm. The negative control wells contained no inhibitor and were arbitrarily
set as 100% enzyme activity. ICsq values were determined by incubating various
concentrations of inhibitor with the enzyme using the aforementioned conditions, and the
data were fit using the GraphPad Prism software suite.

J Biol Inorg Chem. Author manuscript; available in PMC 2019 October 01.
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PA\ was prepared as previously reported,[31] and the fluorescent ssDNA-oligo substrate was
purchased from Sigma-Aldrich. The assay was performed in a Costar black 96-well plate.
Each well contained a total volume of 100 pL including buffer (20 mM Tris, 150 mM NacCl,
2 mM MnCl,, 2 mM MgCl,, 10 mM 3-mercaptoethanol, 0.2% Triton-X100, pH 8.0), PAy
(25 nM), inhibitor (200 uM), and fluorescent ssDNA-oligo substrate (200 nM). A single-
stranded, 17-mer DNA substrate labeled with a 5’-FAM fluorophore and a 3’-TAMRA
quencher ([6-FAM]AATCGCAGGCAGCACTC[TAM]) was synthesized by Sigma-Aldrich and
was used to measure PAy cleavage. There was no pre-incubation period, and the reaction
was initiated by substrate addition. The change in fluorescence was monitored for 45 min at
37 °C with excitation at 485 nm and reading emission at 528 nm. The negative control wells
contained no inhibitor and were arbitrarily set as 100% enzyme activity.

RESULTS AND DISCUSSION

Library Development.

The HOPTO library was synthesized as detailed in the SI. Particular focus was placed on the
inclusion of heteroatoms as a means of fine-tuning the HOPTO ring electronics, as seen in
14, as well as the use of bicyclic systems to introduce more lipophilicity and directionality
(Figure 2). In particular, 6 — 8 can be considered as ‘napthyl” isosteres of 1,2-HOPTO and as
a group are designed to evaluate the effect of moving the steric bulk of an additional phenyl
ring around the 1,2-HOPTO core. Likewise, 15 and 16 are also bicyclic analogues of 2,3-
HOPTO, and 18 presents the bicyclic version of 3,4-HOPTO. Compound 9 is a deazapurine
analogue of 1,2-HOPTO that was designed to have improved water solubility; however, as 9
has a potential alternate metal binding site, 10 and 11 were prepared as probes of this
secondary metal-binding functionality. Furthermore, as 2, 4, and 5 are also designed to
contain a secondary metal-binding site, 3 was included as a control for this second metal-
binding site. Finally 20 and 21 are included as analogues of the HOPTO scaffold itself with
no heteroatom and an oxygen heteroatom, respectively.

Elaborated HOPTO Derivatives.

Derivatives of select HOPTO isosteres were prepared as described in the Supporting
Information. Compounds 2, 4, 6, 9, and 19 were selected as representative scaffolds for
derivatization as the fragment growth protocols applied to these molecules are easily
extrapolated to other members of the HOPTO library. Derivatization focused on fragment
growth methods commonly seen in fragment-based drug discovery (FBDD) strategies, with
a particular emphasis was placed on techniques such as metal catalyzed cross couplings (23
— 26, 30 — 34), sulfonamide couplings (27 — 29), as well as nucleophilic substitution (35 —
37). The ability to elaborate these HOPTO isosteres through such varied synthetic
methodologies demonstrates that this library is more than just novel MBP fragments, but
contains structures that readily have the capacity to be developed into lead molecules.
Routes to prepare such derivatives will facilitate future medicinal chemistry efforts based on
these HOPTO scaffolds.

J Biol Inorg Chem. Author manuscript; available in PMC 2019 October 01.
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Pharmacokinetics.

In terms of assessing the druglike potential of a molecule, Lipinski’s Rule-of-Five has long
been the standard guideline for determining oral bioavailability,[34] along with addendums
by Veber[35] and Clark.[3¢] Briefly, some of the more pertinent values include ClogP as a
measure of lipophilicity, ClogD a pH sensitive measure of lipophilicity that takes into
account ionization states, ClogS accounts for aqueous solubility (note that ClogD and ClogS
are typically reported at or near physiological pH 7.4), rotatable bonds affect molecular
flexibility, and (topological) polar surface (PSA or TPSA) area impacts the potential for
membrane permeability. [34-36] As fragments typically have overall less molecular weight
than fully elaborated lead molecules, it has been suggested that fragments require a more
scaled-down approach than the Rule-of-Five, and that a “Rule-of-Three” is more amenable
in assessing fragment-based leads for drug discovery.[37]1 A summary of the idealized values
of these PK constraints for both fragments and elaborated leads is shown in Table 1, with a
comparison of how they apply to each member of the HOPTO library. In particular, PSA,
ClogP, ClogD, and ClogS were chosen as the primary criteria to evaluate the druglikeness of
the HOPTO library as the other considerations of molecular weight, number of hydrogen
bond donors and acceptors, and rotatable bonds are readily met.

Pharmacokinetic (PK) values were calculated using available software from ChemAxon,
following the precedent by Lassalas et al.[38] Briefly, the PSA ranges from 55.56 to 110.11
A2, with ClogP ranging from —0.52 to 2.54, CLogD7 o from —2.44 to 2.41, and ClogS7 o
from —3.72 to 0.03, so that there is a 3 — 5 log difference between the calculated log values
(Table 1). It is worth noting that these calculated values are well within the acceptable
parameters for the Rule-of-Three. Moreover, the fact that these compounds cover a 3 -5 log
range is highly encouraging from a drug discovery perspective, as this breadth of values is
indicative of tunability in terms of PK properties, a necessary feature for drug development.
In terms of the PSA, the library is well tolerated by the Rule-of-Five, but is technically
slightly high by the Rule-of-Three for fragments. This polarity is a necessary feature for
metal binding as Lewis bases are required to engage in meaningful interactions with metal
cations. The higher PSA is not particularly concerning, as a general profile to avoid drug
toxicity is a PSA greater than 75 AZ coupled with a logP less than 3,139 which are values
well matched by the HOPTO MBIs.

In order to corroborate the calculated PK values with actual experimental data, the logP and
logD7 4 were experimentally determined for 1, 4, 9, and 14 as representative compounds. For
1 the logP = 0.51+0.01 and logD~ 4 = —1.86; for 4 the logP = 0.49+0.02 and logD7 4 =
-1.78; for 9 the logP = 0.37+0.03 and logD7 4 = —2.00; and for 14 the logP = -1.02+0.18
and logD7 4 = +1.15. The measured logD7 4 values are not identical to the predicted
calculated values; however, this is not atypical as cyclic, acidic moieties have been
previously reported to have similar discrepancies between computational and experimental
logD values.[38] Furthermore, the experimentally determined logD7 4 for 1, 4, 9, and 14 were
much lower than the ClogDy o, indicating that these HOPTOs are likely to be more water
soluble than predicted; a property that bodes well for the druglikeness of these HOPTO
based compounds. In short, the HOPTO library is tolerated by the canonical Rule-of-Three

J Biol Inorg Chem. Author manuscript; available in PMC 2019 October 01.
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used to evaluate fragments for lead development, which is an excellent indicator for the
potential of the HOPTO scaffold as a lead in inhibitor development against metalloenzymes.

Model Complexes.

Zinc hydrotris(3,5-phenylmethylpyrazolyl)borate [(TpP"Me)Zn(MBI)] complexes were
prepared of 4, 9, and 14; these complexes were crystallized and their structure determined by
single-crystal X-ray diffraction (Figure 4). These compounds were selected as representative
models of the HOPTO library and all demonstrate that the typical HOPTO binding motif (as
exemplified by 1,2-HOPTO, Figure 1) is conserved even after significant electronic and
structural changes have been introduced to the HOPTO ring. These complexes maintain the
binding pose of equatorial thione and axial oxygen with no perturbations to the surrounding
ligand environment of the TP complex. This HOPTO binding is consistent with the 1,2-
HOPTO, 2,3-HOPTO, and 3,4-HOPTO previously reported.[949] The only discernable
difference is that the ligands show different canted angles where the HOPTO ligand is tilted
further forward or back compared to 1,2-HOPTO, but this effect could very well be artifacts
of crystal packing. These [(TpP"Me)Zn(MBI)] model complexes demonstrate that the
HOPTO isosteres maintain the same metal binding mode as the parent HOPTO scaffolds,
regardless of how the electronics and substituents are modified.

Metalloenzyme Assays.

The activity of each metalloenzyme was monitored via kinetic assays that measured either
an increase in fluorescence or absorbance upon substrate hydrolysis (see Experimental
section for details). All compounds were incubated with each metalloenzyme at a fragment
concentration of 200 pM, with the percent inhibition of each fragment displayed in Table 2.
The results of these activity screens shows widely varying SAR preferences for each
individual metalloenzyme, even though the same core ligand donor atoms are maintained
across all of the MBIs.

Both MMP-12 and hCAII have similar active sites that rely on a tris(histidine) coordinated
Zn2* jon for catalytic activity, yet hCAII displays far fewer hits with only 6 having relevant
inhibition against hCAII (Table 2), whereas 4, 5, 6, 11, and 17 all display 94% or better
inhibition against MMP-12. A likely reason for the selectivity observed in hCAll, as
previously detailed in work by Martin,[41] is that the protein active site environment can
impart a great deal of control on what ligands are able to effectively access the Zn?* ion
within the active site. The hCAII active site is fairly sterically and electrostatically
constricted with both hydrophobic and hydrophilic regions, and therefore only allows a
select number of ligands to bind efficiently. Conversely, the active site of MMP-12 is
relatively more open and therefore allows more ligands to bind.

While most reported metallo-R-lactamases (MBLSs) all have similar active site coordination
geometry, NDM-1 was selected as a representative MBL as it is the most prevalently
occurring worldwide,[42] and is currently an important target due to its relevance in causing
antibiotic resistance.l43] The NDM-1 active site is dinuclear Zn?* with Zn; coordinated by a
tris-His group in tetrahedral geometry, and Zn, coordinated by Cys, Asp, and His in a
distorted tetrahedral geometry.[44] A catalytic water sits coordinated mu between the two

J Biol Inorg Chem. Author manuscript; available in PMC 2019 October 01.
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Zn2* jons, and is used as the nucleophile to hydrolyze B-lactam bonds during NDM-1
activity.[44] During inhibition assays, as the Zn; site is relatively less tightly bound with a Kj
value of 2 pM,[45] excess Zn?* was supplied at a concentration of 5 uM to ensure the Zn,
site was fully occupied. In addition, the presence of excess metal in the assay buffer prevents
metal stripping by the HOPTO ligands, which may be an issue at the relatively high
concentrations of fragment utilized in these early screens. While it is possible to make the
argument that including excess Zn?* in the assay buffer would only result in titrating away
the ligand due to formation of the Zn(HOPTO), complex, this is not a concern as this
homoleptic complex would still be able to dissociate and allow for ligand binding at the
enzyme active site to occur. In turn, such event would indicate that the HOPTO ligand has a
preference for the metal in the active site over the free metal in solution, again highlighting
the selectivity dictated by active site environment argument.

From the inhibitor screen at 200 uM, 4, 5, 6, 9, 11, 17, and 21 all performed well against
NDM-1, with greater than 90% inhibition. All of the compounds that may have additional
donor atoms (2, 4, 5, and 9) for binding both metal centers were among the most active
NDM-1 inhibitors. It is possible that these compounds are binding both of the active site
Zn2* jons, thereby generating increased inhibitory activity. Without structural data, it is
difficult to predict if both of the Zn?* ions are coordinated by these HOPTO ligands, but it is
reasonable to assume that these ligands are bound to one metal ion and likely bridging
between the two Zn?* ions. ICsq values for 4, 5, 6, and 9 were determined to be 35, 100, 40,
and 43, pM respectively (see Sl for experimental data). It is encouraging that many members
of the HOPTO library performed this well against NDM-1, even when challenged with
excess Zn2*, indicating that these HOPTO fragments have great potential to be used in
inhibitor discovery campaigns against MBLs such as NDM-1. In particular, 9 stands out as a
lead fragment for further development as it was the most selective for NDM-1 over MMP-12
and hCAII.

PAN was used as a compliment to NDM-1 as it is also a dinuclear metalloenzyme but relies
on active site Mn2* for catalysis, providing a control for a hard Lewis acid metal in
comparison to the softer Zn2*. The PAy active site consists of Mn4 bound by Glu, Asp, and
four waters in an octahedral geometry, and Mn, bound by His, Asp, Glu, two waters, and the
carbonyl backbone of an Ile in a distorted octahedral geometry (Figure 3).146] As the Mn; is
relatively more labile, the influenza endonuclease assay also contained excess Mn2* (and
Mg?2*), to be consistent with previous reports of PAy activity assays and for similar reasons
as described in the NDM-1 assay.3! However, the effect of excess Mn2* metal ions on the
overall activity of metal binding inhibitors has been found to be insignificant so long as the
total concentration of metal ions is above the Kj of the more labile metal binding site.*’
Overall 5, 7, 21, and 22 had the best activity against endonuclease with greater than 90%
inhibition. It is expected that fewer compounds emerged as hits against PAy than NDM-1
due to hard-soft Lewis acid base theory. Furthermore, it is also interesting to note that the
two napthyl HOPTO isosteres, 6 and 7, showed widely varying activity that was contrary to
that observed with the other three metalloenzymes studied here.

Finally, it is worth noting that control compound 20 showed little to no activity against any
of the metalloenzymes tested. As 20 still has the same O, S donor atoms and therefore the
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same binding motif, the lack of activity in 20 is indicative of the importance of the nitrogen
heteroatom in the HOPTO MBP. As stated previously, the nitrogen heteroatom promotes the
thione hybridization, so that the HOPTO ligand exists as a monoanionic species, thereby
facilitating metal binding under physiological conditions. In short, the HOPTO scaffold is
well suited and useful pharmacophore for designing inhibitors against metalloenzymes.

CONCLUDING REMARKS

This library of HOPTO isosteres demonstrate that the HOPTO scaffold is electronically
tunable, and can access a wide range of PK properties without sacrificing metal-binding
capacity. Moreover, these HOPTO fragments display strong inhibition activity, and despite
containing the same ligand donor atoms, they have remarkable selectivity between different
metalloenzymes. These results once again highlight the validity of a metal-centric approach
and demonstrate, even at the fragment level, small modifications to the SAR of the MBP can
have drastic effects on metalloenzyme inhibition. In all, this work should help to expand the
utility of metal binding inhibitor scaffolds such as HOPTOs and eventually lead to new
avenues of therapeutics against metalloenzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The three HOPTO isomers, as well as a few examples of compounds containing HOPTO-

like core scaffolds. The typical mode of HOPTO metal coordination is exemplified by the
structures of Zn(1,2-HOPTO), (middle, CCDC: OXPZND) and [(TpP"M€)zn(1,2-HOPTO)]
complex (right, CCDC: TADXUS). Structures are colored by atom type: boron = pink,
carbon = green or gray, nitrogen = blue, oxygen = red, sulfur = gold, and zinc = orange
(spheres).
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Figure 2.
Top: Assembled library of 22 HOPTO isostere compounds. Bottom.: HOPTO isostere

derivatives demonstrating the potential for additional functionalization.
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Figure 3.
Structures of metalloenzyme active sites used in this study. Metalloenzymes are shown as

ribbons with coordinating residues shown in detail. Zn?* is colored in orange spheres with
Mn2*/Mg?2* in purple, and coordination bonds are displayed as yellow dashes. Upper left:
MMP-12 (20XU). Upper right. h\CAIl (LCA2). Bottom left. NDM-1 (3SPU). Bottom right.
influenza endonuclease (5DES).
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Figure 4.
The [(TpPMMe)zn(MBI)] complexes of compounds 4, 9, and 14.
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Table 1.

Summary of the properties used to assess the druglikeness of small molecules, as applied to both fully
elaborated leads and fragments. The calculated PK values for each member of the HOPTO library is displayed

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

below.

compoons [ 5 )| e | ctnors [ cis, [ oome | oo T oo
Rule-of- | 40m2 | <5 <5 <4 <5 <10 <5
Five

R#Lerg' <60A2 | <3 <3 <4 <3 <3 <3
1 5556 | 0.1 0.90 -1.33 1 2 0
2 9286 | 042 | -244 0.49 2 4

3 8142 | 063 | -220 0.00 2 3 1
4 11011 | -038 | -070 | -1.24 2 4 2
5 11011 | -052 | -032 | -1.80 2 4 2
6 5556 | 2.26 221 -3.29 1 2 0
7 5556 | 0.99 1.06 -3.26 1 2 0
8 55.56 1.94 212 -3.18 1 2 0
9 8424 | 013 0.33 -1.84 2 3 0
10 7280 | 034 0.38 -2.85 2 2 0
1 57.01 1.40 1.36 -2.30 1 2 0
12 55.56 1.29 0.88 -1.11 1 2 0
13 64.35 1.04 0.66 -1.92 2 2 0
14 76.71 1.20 0.31 -1.15 2 3 0
15 6435 | 254 2.22 -3.72 2 2 0
16 7671 | 248 0.45 -0.78 2 3 0
17 55.56 173 1.50 -0.75 1 2 0
18 5556 | 2.42 2.63 -2.55 1 2 0
19 81.42 1.82 1.07 -3.01 2 3 1
20 59.03 1.85 0.86 -0.56 1 1 0
21 61.55 1.63 1.23 -1.33 2 0
22 6155 | 240 231 -3.15 1 2 0
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Table 2.

Percent inhibition at 200 pM of the HOPTO isostere library against various metalloenzymes (enzyme
concentrations and experimental details can be found in the Experimental section and Sl). Percent inhibition is
colored as a heat map with compounds that have no activity in yellow, and gradually moves towards

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

compounds displaying complete inhibition in red.

Compound

MMP-12

1

11

2
3
4
5
6
7
8
9

10
11
12
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