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ABSTRACT

Metalloenzymes represent an important target space for drug discovery. A limitation to the early
development of metalloenzyme inhibitors has been the lack of established structure-activity
relationships (SARs) for molecules that bind the metal ion cofactor(s) of a metalloenzyme. Herein,
we employed a bioinorganic perspective to develop an SAR for inhibition of the metalloenzyme
influenza RNA polymerase PAy endonuclease. The identified trends highlight the importance of
the electronics of the metal-binding pharmacophore (MBP), in addition to MBP sterics, for
achieving improved inhibition and selectivity. By optimizing the MBPs for PAy endonuclease, a
class of highly active and selective fragments were developed that display 1Csy values <50 nM.
This SAR led to structurally distinct molecules that also displayed ICsy values of ~10 nM,
illustrating the utility of a metal-centric development campaign in generating highly active and

selective metalloenzyme inhibitors.
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Introduction

Metalloenzymes comprise over one-third of all known enzymes, are ubiquitous across all
domains of life, and are implicated in a wide variety of human diseases.'? As a result,
metalloenzymes represent prime target space for drug discovery; however, the clinical
development of metalloenzyme inhibitors is rather limited. In the past five years, only ~9% of
new molecular entities approved by the FDA target metalloenzymes, and <5% of all FDA
approved drugs inhibit metalloenzymes.!> Compounds that are able to interact strongly with an
active site metal center can effectively inhibit the catalytic activity of metalloenzymes, by
disrupting substrate access to the active site and preventing metal-mediated catalysis.>® Metal
binding inhibitors are reversible, but are capable of forming strong interactions due to the large
bond enthalpy of metal-ligand dative or coordinate covalent bonds.

Within the context of metalloenzyme inhibitors, a shortcoming to the development of new
inhibitors has been an over-reliance on a very limited number of metal-binding pharmacophores
(MBPs).#> In addition, despite the importance of metal-ligand interactions in the development of
metalloenzyme inhibitors, relatively little work has been focused on the development and
optimization of MBPs, with a general lack of structural diversity in the MBP chemical space.®’
Indeed, the only metalloenzyme targets where a substantial chemical diversity is present in terms
of the MBPs are inhibitors of HIV integrase (HIV IN) and HIV reverse-transcriptase associated
RNaseH (HIV RNaseH),%? with most of this structural diversity reported in the patent literature.!?-
12 However, despite the structural diversity in the patent literature against these targets, there is
little analysis into the effects of varied MBP cores on metalloenzyme inhibition. Furthermore,
these reports generally do not detail development of the MBP core nor efforts towards MBP

optimization. To address these shortcomings, MBP libraries, consisting of fragment-like
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compounds designed to bind metal ion cofactors in metalloenzyme active sites, have been
developed.!®> These MBP libraries have been used in fragment-based drug discovery (FBDD) to
identify novel inhibitors of several metalloenzymes, including the influenza RNA-dependent RNA
polymerase PA subunit.!3

The influenza polymerase complex is an attractive target for new antiviral therapies,
particularly the polymerase PA endonuclease domain. This domain is both highly conserved
across influenza strains and serotypes and is indispensable for the viral lifecycle.!4
Crystallographic and biochemical studies have shown that the polymerase PA N-terminal
endonuclease domain (PAy) contains a dinuclear metal active site which binds to two Mg?" or
Mn?* cations.!>!¢ The metal cations reside in a pocket comprised of a histidine (His41), an
isoleucine (Ile120), and a cluster of three acidic residues (Aspl08, Glu80, Glul19) that all
coordinate to the active site metal ions (Figure 1).!>!7 These metal ions are essential for catalysis,
and it has been shown that metal coordination by small molecules effectively inhibits endonuclease
activity.!>18-22 Indeed, nearly all reported inhibitors of endonucleases have been shown by X-ray
crystallography or modeling to coordinate to at least one active site metal center, including the
polymerase PA inhibitor Baloxavir marboxil, developed by Roche and Shionogi, which is

currently in Phase III clinical trials in the U.S. and has received regulatory approval in Japan.?3
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Figure 1. Structure of the RNA-dependent RNA polymerase PA subunit active site (PDB ID:
SDES). The endonuclease active site employs two divalent metal cations to facilitate the
hydrolytic cleavage of the phosphodiester backbone of RNA. Protein secondary structure elements
are shown in cartoon representation (gray). Mn?" cations are shown as purple spheres.
Coordinating protein residues are colored by element and labeled and coordinating
water/hydroxide molecules are shown as red spheres. All coordination bonds are displayed as
dashed yellow bonds. This structure, as well as all other protein structures presented, were

generated in PyMOL.?*

The influenza virus RNA polymerase has no proofreading capability, which results in a
high mutation rate of approximately one error per genome replication cycle.?” This results in each
infected cell producing on average ~10,000 new viral mutants during the course of infection.!®
One primary advantage to a discovery campaign focused on metal binding is an intrinsic barrier to

antiviral resistance. Any mutation to the PAy metal coordinating residues (with the exception of
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substituting Glul19 with Asp, which coordinates identically to Glul19) results in total loss of viral
transcription activity and ultimately virulence.?®?” Hence, an inhibitor molecule that obtains
significant binding energy from metal coordination may be less susceptible to antiviral resistance,
as mutations that disfavor metal coordination will likewise disfavor substrate binding and/or
catalytic activity.

Little work has been reported on the optimization of specific metal-ligand interactions for
PAy inhibitors, ! despite some chemical diversity among the various reported PAy inhibitor MBPs
both in terms of chemical structure and coordination motif. However, there are few clear structure-
activity trends that can be derived from the different reported MBPs.?® This lack of consensus
regarding preferred metal coordination interactions is not unique to PAy endonuclease, and has
been a limitation to the development of inhibitors of many metalloenzymes.'® A more detailed
understanding of the metal coordination preferences of the dinuclear metal center of PAy
endonuclease would allow for optimization of MBP domains and produce highly active
endonuclease inhibitors. To this end, a targeted FBDD screen was conducted employing a MBP
library.!3 This screen included MBPs with the ability to coordinate to both metals of the dinuclear
metal active site simultaneously. Using a FRET-labeled DNA oligonucleotide substrate, the
endonuclease activity of the PAy subunit of HIN1 influenza A polymerase was measured in the
presence of MBPs to identify fragments that exhibit strong inhibition. Several MBP fragments
were found to have ICsy values of <500 nM. SAR elucidated from the library screen and
subsequent derivatization identified key chemical properties that were essential for tight binding
to the metal cofactors in the PAy active site. In addition, good selectivity for PAy inhibition over
other dinuclear metalloenzymes was also achieved. This strategy resulted in the identification of

an optimized chemotype for MBP-based inhibition of PAy, with several MBPs displaying 1Cs
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values of <50 nM. X-ray structural determination of MBPs in PAy were used to elucidate key

binding interactions. Ultimately, the identification of key metal binding preferences allowed for

oNOYTULT D WN =

the predictive development of other chemically distinct, highly active inhibitor chemotypes
10 illustrating the value of a bioinorganic, coordination chemistry-based fragment discovery approach

for metalloenzyme inhibitor development.
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Results and Discussion

Fragments in the MBP library were screened for endonuclease inhibition against a
truncated N-terminal (PAy) endonuclease construct employing a FRET-labeled DNA
oligonucleotide, as previously reported.'>!>22 This construct is derived from an influenza A
(A/California/04/2009) HIN1 clinical isolate that has been modified such that residues 52-64 of
the N-terminal (PAy) endonuclease were replaced by a single glycine residue.'®2° This truncation
removes a highly disordered protein loop that engages in protein-protein interactions with other
subunits of the RNA polymerase complex. Loop removal was found to produce higher quality
protein crystals and improve the solution stability of the isolated PAx domain.'®?° Note that
several compounds used in this study were obtained from commercial suppliers (compounds 4-5,
7-14, 16, 19, 23, 31, and 34).

Compounds that exhibited inhibition of PAy endonuclease at a fragment concentration of
200 uM and were predicted to simultaneously coordinate both metal centers in the endonuclease
active site (i.e., possessed a suitable triad of donor atoms)*® were further analyzed with dose-
response experiments to determine ICsy values. The activity of these MBPs is shown in Table 1.
To ensure that the observed activity against endonuclease was not due to metal-stripping, all
inhibition assays were performed with a large excess (2 mM) of both Mn?" and Mg?" metal cations
in the assay media. From these results, a characteristic pharmacophore model with a common
donor triad chemotype was identified that is shared by the most active inhibitors produced in this
study. As shown in Figure 2, compounds sharing this chemotype were predicted to coordinate to
the divalent metal centers as multicoordinate bridging ligands with the conserved phenolic oxygen
atom replacing the bound hydroxide anion observed in the native protein. To elucidate the mode

of binding, crystallographic studies were performed. The truncated PAy construct was co-
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crystalized or soaked with several ligands that share the active chemotype (Figure 2). All X-ray

structures validate the multi-coordinate bridged coordination mode hypothesis. Compound 3 was

oNOYTULT D WN =

observed to coordinate simultaneously to both metal centers with the carbonyl oxygen atom
10 coordinating to Mn-1 at the open coordination site, the phenolic oxygen replacing the bound
hydroxide anion as the bridging ligand, and the carboxylic acid group coordinating to Mn-2 (Figure
15 2). No steric clash was observed within the active site, and binding of compound 3 places each
17 metal ion in an octahedral coordination geometry. From this co-crystal structure, it is inferred that
the majority of the binding enthalpy for 3 is derived from metal coordination and not from other
22 interactions with the protein active site. This is corroborated by the analogous binding mode and

24 similar inhibitory activity of compound 1 (Figure 2).
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Table 1. Select MBP fragments with activity against PAy endonuclease.

Number Compound IC5, (uM) pICsy  LE® Number Compound IC4, (LM) pICs"  LE?
o OH
1 Ox N0 0.043£0.009 M 74 0.84 10 e oH 11.8+2.1 uM 4.9 0.56
OH OH OH OH
(0]
0.
OH
2 o%}oﬂ 3.5+0.6 uM 55 063 1 o o 13.6+09uM 49 048
o g OH OH
07
3 o5 S0 00680011 uyM 72 0.89 12 o o >500 uM <33 NA
L A OH OH OH
H
N =
4 Om >200 uM <37 N/A 13 SN I o >500 uM <33 N/A
OH O OH CH OH
[ B
5 O g 75+1.2uM 5.1 0.64 14 o Sy ' 0.26 = 0.04 uM 6.6 0.65
OH OH OH OH
= NY | N
6 Sy I >100 uM <4 N/A 15 O N7 >100 uM <4 N/A
i oL OH 0 OH
7 o, OH 6.5+0.9 uM 5.2 0.65 16 i z 143+ 1.7 uM 4.8 0.55
o ~=0
OH OH 6H
8 O‘O >100 uM <4 N/A Allomaltol O\\ 17.1+£1.5uM 4.8 0.73
OH O OH I 9
0O, _0OH
9 42+1.0 M 54 0.601 Pyromeconic QO 225+1.0 uM 4.6 0.79
HO OH Acid o

@ pICsg 1s defined as pICsy = —log(ICsp) and is included to provide a linear comparison of relative
inhibition activity. ? Ligand efficiency (LE) provides a measure of binding energy per non-
hydrogen atom in the fragment molecule.

10
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Figure 2 Top left: Representative chemotype shared by active MBP fragments of influenza PAy
highlighting the coordination motif of these MBPs to the dinuclear active site metal ions. Top
right. X-ray co-crystal structure of compound 3 (PDB ID: 6DCZ) in the PAy active site. Mn-2
is also coordinated by two water molecules at the open coordination sites (not shown). Bottom:
X-ray co-crystal structure of compounds 1 (/eft; PDB ID: 6DZQ), 2 (middle; PDB ID: 6DCY),
and 3 (right; PDB ID: 6DCZ) in the PAy active site. All ligands were found to coordinate in a
similar manner. Compound 2 coordinates Mn-2 with the electron density (blue mesh is the 2F-
F. map contoured to 206) corresponding to the carboxylic acid moiety found to be diffuse above
the metal center. The poorer coordination ability of compound 2 is likely due to internal steric

pressure exerted by the methyl group residing alpha to the carboxylic acid.

11
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The inhibitory activity of compounds such as 1 is outstanding given the small molecular
weight of the fragment (ligand efficiency of 0.84). Generally, hits identified in FBDD screening
campaigns have ICsy values >100 uM, and not infrequently >1 mM.”3! More striking is the
comparison between 1 and the related MBPs allomaltol and pyromeconic acid (Table 1, IC5, =
17.1 uM and 22.5 uM, respectively), which were previously identified as PAy hits.!* It was
observed that the addition of only three atoms (in the form of the coordinating carboxylate group)
to these inhibitor scaffolds (to generate compounds 1 and 3, respectively) resulted in a ~500-fold
increase in activity.3? Interestingly, not every MBP that can present a donor atom triad to the PAy
metal centers was found to display such tight binding affinities (e.g., compounds 4, 6, 8, Table 1),
and suggests that the PAy metal centers have specific ligand preferences, which have not been
previously identified for this metalloenzyme.

Based on the excellent activity observed with MBPs such as 1, other fragments were
synthesized to obtain SAR to elucidate what aspects of these molecules were responsible for their
tight binding affinity. Beyond probing simple steric effects or attempting to introduce new protein
contacts, changes to the electronic character of the MBP ring system were explored. The effect of
changes to donor atom identity, Lewis basicity, and isosteric replacement of coordinating moieties
were also investigated. Multiple structural variants of the identified chemotype were ultimately
designed and synthesized, and the effect of modulating each coordinating moiety was assessed by
both biochemical and structural experiments to understand the observed trends.

Conversion of a pyrone to a pyridinone scaffold has been shown to improve activity in
previously reported endonuclease inhibitors.!3 Pyridinones have a greater aromatic character than

pyrones, which can result in greater electron density on the oxygen donor atoms. This change in

12
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ligand electronics generally results in greater ligand basicity, which can lead to stronger
coordination to the hard Lewis acidic metal centers found in endonucleases.?* To probe this effect,
a series of analogs of 1 were synthesized and investigated (Table 2). As expected, conversion of
a pyrone oxygen to a pyridinone nitrogen (17) resulted in an approximately 3-fold increase in
activity relative to 1. In addition, no change in the activity of compounds 1 and 17 was observed
as a function of the presence or absence of excess metal ions in solution (up to 25 mM). These
results conclusively demonstrates that the high affinity of these inhibitor molecules is derived from
a strong binding preference for the dinuclear Mn?" PAy metal centers and not from any general
affinity for free Mn?" in solution.

The position of the nitrogen atom within the ring system strongly effects inhibitory activity.
While 3,4-hydroxypyridinones (17) did show an improvement in activity, 2,3-hydroxypyridinones
(18) and 4,5-hydroxypyrimidinones (19) showed markedly less activity than the 3,4-
hydroxypyridinone or the parent hydroxypyrone fragments, with compounds 18 and 19 showing a
25-fold and 100-fold loss in activity, respectively (relative to 17). Furthermore, N-hydroxy-1,2-
hydroxypyridinones (5) were even less active, with a >400-fold loss in activity when compared to
17. Analysis of the pK, of the phenolic and N-hydroxy protons in these compounds revealed that
the donor oxygen in 5 is less basic (pK, ~7.0 calculated;*? pK, = 7.51 reported)3* than the equivalent
donor oxygen in compounds 16 (pK, ~9.5 calculated)?, 17 (pK, ~11.3 calculated)®3, 18 (pK, ~9.2
calculated)®3, or 19 (pK, ~7.5 calculated)??. This change in ligand basicity is likely the electronic
driving force behind the variation in inhibitory activity, with the most basic ligand 17 being the
most active. Interestingly, the overall inhibitory activity (pICsp) of these fragments was found to
be linearly correlated to the calculated pK, of the bridging oxygen atom (= 0.96, n=6, p <2x10-3;

Figure 3). It was also found that catechol-based fragments, which contained no endocyclic

13
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heteroatoms (e.g., 7), were far less active than the parent pyrone or pyridinone fragments in spite
of their high ligand basicity. Compound 7 is likely too basic to fully deprotonate at physiological
pH (pK, ~9.8, 14.3 calculated;?® pK, = 10.30, 13.48 reported)’> and hence may be unable to
efficiently coordinate to the metal centers in the PAy active site. Compound 7 also ultimately
coordinates as a trianionic species, as opposed to the other MBPs in Table 2, which all coordinate
as dianions.!” This difference in overall charge of the final coordination complex (-2 vs -1) is
substantial, and the vast disparity in activity between compounds 7 and 1 may also be attributed to
the formation of a highly anionic coordination center.

While hydroxypyridine and hydroxypyrimidine MBP scaffolds have been explored as
inhibitors of endonucleases,!'?1%21-22 no systematic study of the effects of their stereoelectronic
differences on enzymatic inhibition has been performed previously. Surprisingly, the subtle
differences in the electronic character of these structurally analogous MBPs has been shown to
have a substantial impact on inhibitory activity. Similar relationships between small changes in
ligand electronics and inhibitory activity have likewise not been well explored in other
metalloenzyme systems;3* however, this new evidence would suggest that the exploration of such

relationships would be extremely valuable in the development of metalloenzyme inhibitors.

14

ACS Paragon Plus Environment

Page 14 of 43



Page 15 of 43

oNOYTULT D WN =

Journal of Medicinal Chemistry

Table 2. Structure and activity of a series of MBP derivatives.

Number Compound IC5, (nM) pICs, Phenol pK ,*
o
1 oA, 43 £ 9 nM 7.4 9.7
OH OH
0 X
3 oA, 68 = 11 nM 7.2 9.6
OH OH

()]
O
4§)i/>

[}

7500 + 1200 nM 5.1 7.0
OH OH
7 OYQ\OH 6400 = 900 nM 52 9.8;14.3
OH OH
HNTS
17 oA, 1743 nM 7.8 11.2
OH OH
=
18 o L NHO 430 +£20 nM 6.4 9.2
OH OH
19 Py 1600 + 400 nM 5.8 7.5

o)
é//:
o

OH OH

¢ Calculated pK, values®3
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13
® pK, vsplCgy

Linear Fit

12 4

5 — T T T T 1 T 17 7 T 1T 1
40 45 50 55 60 65 70 75 80 85 090
pICs,
Figure 3. Inhibition values (pICs) of MBP isologues of compound 1 plotted against the pK, of
their bridging phenolic oxygen atom. A linear correlation (» = 0.96, n = 6, p < 2x107%) was

observed between pK, and plCs, illustrating a ligand electronics-based justification for the

observed disparity in inhibition values of otherwise structurally homologous inhibitors.

Despite high structural similarity, a peculiar disparity in inhibitory activity was observed
between several highly active MBPs (i.e., 1, 3, 17, 18) and compound 2. Compounds 1 and 2 are
structurally nearly identical (the only difference is the position of the carboxylate moiety), but
display a ~100-fold difference in activity. A potential explanation is the steric pressure exerted on
the carboxylic acid moiety by the a-methyl group of 2, which precludes an ideal coordination
geometry. The difference in bridging atom type (phenolic vs. carbonyl oxygen) could also be an
underlying reason for the disparity in activity, as has been previously suggested for related

inhibitor molecules in HIV integrase (HIV IN).3° Structural determination using X-ray

16
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crystallography showed that 1 and 2 shared a similar mode of binding, except the electron density
corresponding to the carboxylic acid moiety of compound 2 is diffuse above that of the Mn-2 metal
ion (Figure 2). This suggests that the carboxylic acid does not coordinate to the metal center with
a preferred orientation, is not co-planar with the aromatic ring, and only makes weak ionic
interactions with the Mn-2 metal ion. To further evaluate this effect, compound 20 was
synthesized (Table 3). Comparison of 17 and 20 shows a similar, ~200-fold difference in activity
as observed with compounds 1 and 2 giving evidence that steric pressure by a proximal methyl
group is a central cause of the dramatic decrease in activity. To ensure that the disparity did not
arise from a steric clash that was not observed crystallographically, compound 21 was synthesized.
Compound 21 should exert the same steric pressure on any active site protein residue or water
network as compound 20, but can also stabilize the carboxylic acid moiety in the proper orientation
for metal binding through an intramolecular hydrogen bond. Compound 21 was found to exhibit
activity similar to compounds 1 and 17. These data suggest that intramolecular steric pressure on
coordinating moieties can cause dramatic differences in the ability of MBP ligands to effectively
coordinate active site metal centers. Thus, care must be taken during structural elaboration of
MBP leads that employ coordinating carboxylic acid moieties to prevent inadvertent perturbations
to the desired modes of metal coordination. Despite the very strong binding enthalpy of
coordination bonds, dative interactions are highly dependent on proper bond angle and

orientation.3¢

17
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Table 3. Structure and activity of MBP inhibitor molecules.

Number Compound 1Cs5o (nM) pICso Number Compound 1Cso (nM) pICso Number Compound 1Cs5o (nM) pICso

N 0N

20 oA, 3900 + 900 nM 5.4 25 Oﬁ)\f}o 3800+ 1100nM 54 30 MY o 1200 + 400 nM 5.9

OH OH _NH OH o-|

e
A
Nz
X 7

21 ;:)il 85+ 17nM 7.1 26 OY@D >50000nM <43 31 HOJ@LOH 1700+£400nM 5.8

OH OH NH OH

HNTSYy
2 o U 420+600M 64 27 NYQ}O 37+80M 7.4 32 HOQOH
"

OH OH

S

11+1.8nM 8.0

o
z

23 8.0+ 1.1 nM 8.1

o;é
<
T
4
z= I
z
4
2 )
d
w
w
b
0
o
)

H, ~200000 nM <37 28 ~19000 nM 4.7

Vo
OH OH o' AN
HO oH
o

07N 0N
24 [NEN N 2700 £+ 600 nM 5.6 29 \o’ N No

NH, OH N OH

540 +80 nM 6.3

Donor atom identity was also found to play a key role in MBP activity against PAy
endonuclease. A small comparison of MBP fragments with similar structures, but different donor
atom sets, is detailed in Table 3. It was found that oxygen donor atoms were preferred to sulfur
donor atoms, with compound 22 displaying a 10-fold decrease in activity relative to 1. This trend
is consistent with a hard-soft theory of Lewis acids and bases, where hard Mg?" or Mn?" Lewis
acid metal centers are expected to form a more stable complexes with harder Lewis base oxygen
donor atoms.?” Some MBPs containing nitrogen donor atoms were found to exhibit good activity
against endonuclease (14), but only compounds containing borderline hard-soft Lewis basic
pyridine-like aryl nitrogen atoms as the coordinating atom were found to be active. Compounds
containing softer Lewis basic alkyl or aniline donor nitrogen atoms were found to have very little
inhibitory activity against endonuclease. For example, 23 (IC5, >200 uM, Table 3) was found to
be a very poor inhibitor of PAy. While these trends are not unexpected based on principles of
inorganic chemistry, such structural relationships are not often explored, optimized, or reported
during the development of metalloenzyme inhibitors, despite the clear effect of incorporating the

correct donor atom type on improving inhibition values.

18
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Conversion of the coordinating carboxylic acid to N-H or N-alkyl amides was found to
greatly impair inhibitory activity (24, 25) compared to the carboxylic acid (Table 3). This trend
was observed with all acid-to-amide conversions, regardless of the activity of the parent compound
(e.g., 18, 26). This transformation does not preclude metal coordination nor cause a
conformational change in mode of binding; however, it does greatly alter the electronics of the
coordinating moiety and the overall charge of the resulting coordination complex. This change to
the electronic character of the coordinating carboxylate is presumed to be the underlying cause for
the observed decrease in activity. This trend stands in contrast to that observed in HIV IN.
Structurally related hydroxypyridinone and hydroxypyrimidinone inhibitors of HIV IN with good
inhibitory activity have been reported that contain both carboxylic acid and amide metal-
coordinating groups, and the inclusion of a metal-coordinating 4-fluorobenzyl amide is a
characteristic motif found in many HIV IN inhibitors including the FDA-approved inhibitors
raltegravir and dolutegravir.'** However, it should be noted that this 4-fluorobenzyl amide group
also makes key interactions with active site nucleotides, and these favorable interactions may
compensate for any potential loss in binding enthalpy from less favorable metal binding.

Isosteric replacement is a common practice in medicinal chemistry to improve activity or
overcome pharmacokinetic liabilities of specific functional groups, such as carboxylic acids.?® The
effects of isosteric replacement in metalloenzyme inhibitors have not been widely studied.?® To
further probe the carboxylic acid moiety, a small series of hydroxypyrone and hydroxypyridinone
core scaffolds containing carboxylic acid isosteres were synthesized.** Compound 27 maintains
an acidic tetrazole coordinating functional group and was found to have activity (ICso = 37 nM)
similar to that of 1. However, structurally similar compounds that were less acidic, such as amides

24 and 25, or azoles 29 and 30 (Table 3), were all found to be between 10- and 100-fold less active.

19
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Interestingly, the structurally similar but overall basic N-hydroxy amidine 28 (ICsy = 19 uM) was
found to be substantially less active than all related isosteres, indicating a strong preference for
acidic coordinating ligands in the PAy metal active site.

To illustrate the utility of a bioinorganic approach to SAR in the development of
metalloenzyme inhibitors, we applied the obtained SAR to the development of other, chemically
distinct PAy inhibitors. to highlight the applicability of a bioinorganic-guided inhibitor
development paradigm beyond single targets or single chemotypes. The obtained SAR suggests
that a tri-oxo, dianionic MBP that is aromatic and somewhat electron rich should be an ideal ligand
for the PAy metal centers. With this information, we were able to synthesize an unrelated MBP,
o-hydroxytropolone (32), that matches the proposed SAR, but is chemically distinct from 1 or 17.
Indeed, 32 was found to inhibit PAy with an exceptional ICsy value of 11 nM (Table 3).
Hydroxytropolone compounds 32 and 33 share similar ligand basicity as compound 17 despite
belonging to a distinct chemotype. The calculated pK, of the phenolic oxygens of 32 are ~10.1
and ~12.7,33 respectively, and the calculated pK, of the phenolic oxygens of 33 are ~9.8 and
~11.9,3 respectively, compared to the phenolic oxygen of 17 (pK, = ~11.2). The calculated pK,
values of these compounds compared to their inhibitory activity are consistent with the trends
observed with pyridinone carboxylate MPB inhibitors detailed in Table 2 and Figure 3, with
relatively basic and electron rich donor oxygen atoms that result in exceptional inhibitory activity.

As compared to compounds 1 or 17, compound 32 is more rigid, in terms of metal-
coordinating atoms; in compounds 1 or 17, the coordinating carboxylic acid moiety can rotate
whereas in 32, the three coordinating oxygen atoms are geometrically constrained in the proper
orientation for metal binding. The improved activity of 32 over 1 or 17 is likely due in part to the

added rigidity of this MBP’s pre-organized binding pose for the two active site metal ions. The
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overall ligand geometry (i.e., two 5-membered chelate rings), which is likely mimetic of the shape
and charge of the S-membered phosphate ester transition state intermediate, may also explain the
observed increase in inhibitory activity. It is also worth noting that a-hydroxytropolone derivatives
have been identified as inhibitors of other dinuclear DNA/RNA processing metalloenzymes, such
as HIV IN and HIV RNaseH.*! However, simple a-hydroxytropolone derivatives were shown to
have 100- to 1000-fold less inhibitory activity against HIV IN or RNaseH than compound 32
displayed against PAy,*! highlighting that even similar metalloenzymes can display very specific
ligand preferences and that ligand selectivity can be engineered into MBPs. Further analysis of
several MBPs that share a similar chemotype with 32 indicate that the electronic, as opposed to
steric, aspects of this compound are responsible for its very high activity. N-Hydroxyphthalamide
(16), which possesses a similar donor triad, but is mono-anionic and more acidic, and pyrogallol
(31), which also possesses a similar donor triad, but is trianionic and more basic, are both
significantly less active than 32. Consistent with this SAR, gallic acid (9), was found to be much
less active than the analogous a-hydroxytropolone compound 33. The structure of 33 bound to
PAy (Figure S1) shows that the ligand binds to the active site as a bridging multidentate ligand,
with the central carbonyl oxygen acting as a bridging atom and both hydroxyl moieties replacing
the coordinating water molecules observed in the native structure. This binding mode is analogous
to compounds such as 1. The carboxylic acid moiety of 33 was not observed to engage in any
protein or water network interactions at the resolutions obtained, and the high inhibitory activity
is attributed to the optimized metal coordination. The identification of this novel inhibitor scaffold
demonstrates that metal-centric SAR is useful for predictive development of metalloenzyme
inhibitors and that similar analysis can be broadly applicable for any metalloenzyme inhibitor

development.
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Finally, to validate the activity and selectivity of these highly active MBP inhibitors, cell-
based antiviral activity assays and metalloenzyme cross-inhibition screens were performed.*? A
subset of the MBP (compounds 1, 3, 17, 18, 22, 27, 32, and 33) were examined, which showed
little antiviral activity in cell-based assays (Supporting Information; Figures S2 and S3), likely due
to their high ionizability and low molecular weight.#34* This result is not unexpected for these
MBP fragments, which are intended as core scaffolds in FBDD for fragment growth efforts to
achieve more complete inhibitors that can display cellular activity and drug-likeness. A cross-
inhibition screen of compound 1 was performed as a representative example of the series (Table
S1). Compound 1 was screened against eight other relevant metalloenzymes, specifically: HIV
IN, human carbonic anhydrase I, MMP-2, human glyoxalyase 1, NDM-1, HDAC-6, human
arginase 1, and human methionine aminopeptidase 1. At a concentration of 200 uM, no substantial
cross-inhibition was observed with 1, even against other dinuclear metalloenzymes, such as NDM-
1 (Zn*"), human arginase 1 (Mn?*), human methionine aminopeptidase 1 (Mn?"), and HIV
integrase (Mg?").3% Despite the small size of these fragment molecules, which increases the
likelihood of off-target binding, optimized PAy inhibitors were found to display surprising good
selectivity. The strong preference that this chemotype displays for PAy endonuclease over other
metalloenzymes is evidence that target selectivity can be effectively engineered into MBP
fragments by optimization for the specific coordination environment of a target metalloenzyme.
This finding is corroborated by other work investigating metalloenzyme inhibitor selectivity,*3-46
and stands in contrast to the widely held belief that MBP-containing compounds are intrinsically
promiscuous. The data herein clearly suggest that the dogma that metal-coordinating
metalloenzyme inhibitors may not be sufficiently selective over off-target metalloenzymes is not

well substantiated.
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To further illustrate that target selectivity can be engineered by MBP optimization,
isologues of 1 were screened against the related dinuclear metalloenzymes human arginase 1
(Argl), human methionine aminopeptidase 1 (MetAP1), and NDM-1 (Table 4). A total of 25
structurally related MBPs were screened against these three enzymes (200 uM MBP
concentration) and PAy endonuclease (500 nM MBP concentration). Clear and distinct ligand
preferences for each metalloenzyme are readily apparent (Table 4), despite the high degree of
structural similarity between these fragments. This highlights the effects of varied ligand
electronics on selectivity profiles in different metalloenzyme systems. Additional analysis shows
that trends in donor atom preference remain, with compound 22 (which contains a sulfur donor
atom) showing the expected preference for the soft Zn** metal centers of NDM-1 over the hard
Mn?* of Argl and MetAP1. Argl also clearly shows a preference for more highly basic MBP
ligands, such as 7 and 28, which stands in contrast to the preferences displayed by PAy, despite
both metalloenzymes employing dinuclear Mn?" centers. These data further substantiate the
hypothesis that activity and selectivity can both be achieved through proper optimization of metal-

ligand interactions.
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to red with increasing inhibition values.

Table 4. Single concentration cross-inhibition studies of MBPs against PAy endonuclease and
Final inhibitor concentration employed in assays is

indicated in the table header for each enzyme. Percent inhibition is listed and colored from yellow

Compound | Endonuclease

PA, Hl.lman Huma::l‘MetAPl NDM-1
Arginase 1 Mn"" isoform (200 pM)
(500 nM) (200 pnM) (200 uM)
27 12
6 15
5 4
9 25
4
6

ACS Paragon Plus Environment

The results obtained in this SAR campaign indicate that both steric and electronic ligand
effects must be explored to optimize MBP inhibitory activity for a given metalloenzyme
microenvironment and that different metalloenzymes will exhibit different electronic and steric

preferences at their active site. It was also found that small chemical modifications that might
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otherwise be considered innocuous in conventional inhibitor design (e.g., the position of a non-
hydrogen bonding nitrogen atom in an aryl ring) were found to have a substantial effect on metal
coordination and hence the overall activity of a MBP. These findings suggests that a more
expanded view of which factors directly influence activity is absolutely necessary when

developing and optimizing inhibitors of metalloenzymes as opposed to other classes of targets.

Conclusions

Based on the results described herein, SAR for metalloenzyme inhibitor development is
useful for inhibitors that directly interact with active site metal ions. As opposed to probing
primarily steric effects when preforming SAR analysis, the effects of modulating ligand electronics
on metal coordination must also be considered. Upon metal binding, an MBP forms a coordination
complex, which will display preferences for certain ligand interactions (like any inorganic
coordination complex).#”# In the field of metalloenzyme inhibitor development, this scenario has
often been overlooked, due in part to a long-standing focus on perceived ‘privileged’ scaffolds
such as hydroxamic acids,* but also because principles of inorganic chemistry are often not
considered during development. Nevertheless, these design principles can be readily applied to
the development of metalloenzyme inhibitors to afford selectivity and activity, even at the
fragment level (i.e., before hit-to-lead development). In this report, we have demonstrated that
consideration of SAR derived from MBP electronic effects can have substantial impact on
optimizing both activity and selectivity of metalloenzyme inhibitor fragments. As shown by this
MBP-FBDD approach, expanding the toolkit used by chemists working on metalloenzyme

inhibitor development will allow for improved progress toward highly active and selective

25

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

inhibitors and may help to overcome the barriers that have limited the clinical success of this class

of drug target.

Experimental Section:

General Experimental Details. All reagents and solvents were obtained from commercial
sources and used without further purification. All reactions, unless otherwise stated, were done
under nitrogen atmosphere. Reactions were monitored using glass-backed silica TLC plates
impregnated with a fluorescent indicator, absorbing at 254 nm. Silica gel column chromatography
was performed on a CombiFlash Rf Teledyne ISCO system using hexane, ethyl acetate, methylene
chloride, or methanol as eluent. Reverse phase column chromatography (C18 column) was
performed on the same instrument using 0.1% formic acid in methanol, acetonitrile, or water as
eluent. Separations were monitored by mass spectrometry via a Teledyne ISCO RF* Purlon ESI-
MS or APCI-MS detector with 1 Da resolution. 'H and NMR spectra were obtained on a Varian
(400 MHz) spectrometers in the Department of Chemistry and Biochemistry at U.C. San Diego.
The purity of all compounds used in assays was determined to be >95% by HPLC-MS analysis.
Standard resolution MS was performed either at U.C. San Diego Molecular Mass Spectrometry
Facility or on the aforementioned Teledyne ISCO RF* Purlon MS. HRMS analysis was performed
using an Agilent 6230 Accurate-Mass LC-TOFMS located at the U.C. San Diego Molecular Mass
Spectrometry Facility. Compounds 4-5, 7-14, 16, 19, 23, 31, and 34 were obtained from
commercial suppliers. Compounds 1,°° 2,°! 3,6 15,6 32,52 and 33>3 were previously reported. X-
ray diffraction data for co-crystal structures were collected either on an in-house Bruker X8
Proteum diffractometer at 100 K, using a Bruker Microfocus Rotating Anode (MicroSar FR-592)

X-ray generator with a Bruker APEX II CCD detector at wavelength 1.54178 A (compound 2), or
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ALS 5.0.1 beamline using a single-crystal, cylindrically bent, Si(220) monochromator set to a
wavelength of 0.977 A with a Pilatus 6M 25 Hz detector (compounds 1, 33), or at ALS 5.0.2
beamline using a double-crystal Si(111) monochromator set to a wavelength of 1.00 A with a
Pilatus3 6M 25 Hz detector (compound 2). Statistics for data collection and refinement of the X-

ray crystal structures are listed in Table S2 and discussed in the supporting information.

Synthesis of Compounds 1, 17, and 33. The chemical synthesis of the most active reported
pyrone, pyridinone, and a-hydroxytropolone MBP molecules is described in Scheme 1. Full

synthetic details of all other reported molecules is described in the Supporting Information.
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Scheme 1. “Reagents and conditions: (a) thionyl chloride, CH,Cl,, rt, 6-8 h; (b) zinc dust, HCI,
water, 70 °C, 4-6 h; (c) NaOH, formaldehyde, water/MeOH, 0-20 °C, 18 h; (d) benzyl bromide,
TBACI, 70 °C, 3 h; (e) NaCO;H, KI, TEMPO, TBACI, NaOCl, CH,Cl,/water, 5 °C, 2.5 h; (f)
5:5:1 HOAc/HCI/TFA, 40 °C, 18 h. (g) NH,OH, MeOH/water, 75 °C, 18-24 h; (h) methyl triflate,
DCM/chloroform, reflux, 18 h; (i) ethyl propiolate, TEA, chloroform, microwave 100 °C, 25 min;
(j) BCl;, CH,Cl,, 0-20 °C, 30 min; (k) HBr/HOAc, neat, 95 °C, 6-8 h.
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Allomaltol. Kojic chloride (35) (10 g, 62.3 mmol) and water (75 mL) were stirred at 40 °C. Zinc
dust (8.14 g, 125 mmol) was added and the reaction was stirred vigorously and heated to 60 °C.
Concentrated HCI (15.4 mL, 187 mmol) was added dropwise via an addition funnel over ~30 min.
Effervescing hydrogen gas was observed. The slurry was left to stir for 2-3 h after HCI addition
was complete, at which time the excess zinc was removed from the pale green reaction by hot
filtration. The filtrate was adjusted to pH 1 and extracted with CH,Cl, 3x50 mL. The extracts
were dried over magnesium sulfate and concentrated under vacuum, and the product was isolated
by silica chromatography in 85% yield. '"H NMR (400 MHz, Acetone-ds): 0 7.82 (s, 1H), 6.21 (s,
1H), 2.28 (d, J= 0.5 Hz, 3H). ESI-MS Experimental: 125.22. Calculated for [CsHsO5]: 125.03
3-Hydroxy-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (1). Compound 37 was taken up in a
5:5:1 mixture of concentrated HCI:HOAc:TFA and was stirred at room temperature for 48 h. After
this time, acids were removed under high vacuum, the resultant solids were co-evaporated several
times with methanol. The remaining solids were then purified by C18 chromatography eluting in
a water/methanol system to yield the target compound as a white solid in 93 % yield. 'H NMR
(400 MHz, DMSO-dg): 6 6.34 (s, 1H), 2.28 (s, 3H). '*C NMR (126 MHz, DMSO-dg): 6 174.66
(s), 166.15 (s), 164.07 (s), 149.36 (s), 135.69 (s), 112.39 (s), 20.07 (d, J = 4.3 Hz). HR-ESI-MS
Experimental: 169.0141. Calculated for [C;H505]: 169.0142. A =-0.6 ppm.
3-Hydroxy-6-methyl-4-0xo0-1,4-dihydropyridine-2-carboxylic acid (17). Compound 38 was
taken up in a 5:5:1 mixture of concentrated HCI:HOAc:TFA and was stirred at room temperature
for 48 h. Acids were then removed under high vacuum, and the resultant solids were co-evaporated
several times with methanol. The remaining solids were then purified by C18 chromatography
eluting in a water/methanol system to yield the target compound as a white solid in 74 % yield.

'H NMR (400 MHz, DMSO-dy): & 6.92 (s, 1H), 2.48 — 2.38 (m, 3H). '3C NMR (126 MHz,
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DMSO-dy) 6 174.66 (s), 166.15 (s), 164.07 (s), 149.36 (s), 135.69 (s), 112.39 (s), 20.07 (d, J=4.3
Hz). HR-ESI-MS Experimental: 168.0302. Calculated for [C;H¢NO4]: 168.0302. A = 0.0 ppm.
5-Methyl-2,7-dihydroxytropolone-4-carboxylic acid (33). Compound 41 (200 mg, 0.84 mmol)
was taken up in a 1:1 mixture of acetic acid and 50% HBr (15 mL) and was heated to 95 °C for
6-8 h. After this time, solvent was removed under high vacuum and the residual solids were
purified by reverse phase chromatography to afford 33 in 56% yield. 'H NMR (400 MHz,
CD;0D): 6 7.62 (s, 1H), 7.44 (s, 1H), 2.53 (s, 3H). *C NMR (126 MHz, DMSO-d): 6 170.69
(s), 169.02 (s), 160.40 (s), 157.70 (s), 138.08 (s), 132.49 (s), 124.22 (s), 119.76 (s), 25.11 (s). HR-
ESI-MS Experimental: 195.0298. Calculated for [CoH;Os5]: 195.0299. A =-0.5 ppm.

Kojic chloride (35). To arapidly stirring suspension of kojic acid (34) (10 g, 70.4 mmol) in DCM
(250 ml) at room temperature was added thionyl chloride (5.9 mL, 81 mmol), dropwise over the
course of 25 min. Throughout the addition, the suspension tends to clump. When clumping
occurred, the addition was paused to allow the solution to return to homogeneity. After 4 h of
stirring, the suspension was filtered, and the solids were recrystallized from ethanol to afford kojic
chloride as white needles in 91% yield. '"H NMR (400 MHz, DMSO-d¢): ¢ 8.12 (s, 1H), 6.56 (s,
1H), 4.65 (s, 2H). ESI-MS Experimental: 159.14. Calculated for [C¢HCIO3]"™: 159.99
3-(Benzyloxy)-2-(hydroxymethyl)-6-methyl-4H-pyran-4-one (36). Allomaltol (1.26 g, 10
mmol) was added to a solution of NaOH (0.44 g, 11 mmol) in water (60 mL) and the mixture was
cooled to 0 °C. Formaldehyde (37%, 0.83 mL, 11.1 mmol) was added dropwise maintaining the
solution temperature at ~0 °C. The mixture was stirred and allowed to warm to room temperature
after addition of formaldehyde. A solid began to appear after 1.5 h, and methanol (30 mL) was
added to solubilize the solids and the mixture was left stirring 18 h. The reaction was then heated

to 40 °C and benzyl bromide (1.3 ml, 10.9 mmol) and tetra-N-butylammonium chloride (TABCI)
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(0.069 g, 0.25 mmol) were added and the reaction was heated to reflux for 3.5 h. The reaction
mixture was then cooled and the pH of the solution adjusted to pH=1. A solution of sodium
hydroxide (0.25 g) in 10 mL water was added. Benzyl bromide (0.200 mL) was added and the
mixture was heated to reflux for 1.5 h and was then cooled to room temperature and methanol was
removed by evaporation under vacuum. The mixture was then extracted with CH,Cl, 3x100 mL.
The CH,Cl, layer was washed with brine and dried over magnesium sulfate and evaporated
yielding a red oil, which was purified by column chromatography to isolate the product in 61%
yield. 'TH NMR (400 MHz, DMSO-dq): 6 7.48 —7.19 (m, 5H), 6.24 (s, 1H), 5.43 (t, J = 6.0 Hz,
1H), 4.98 (s,2H), 4.23 (d,J=6.0 Hz, 2H), 2.24 (s, 3H). ESI-MS Experimental: 247.27. Calculated
for [C14H504]": 247.09

3-(Benzyloxy)-6-methyl-4-oxo-4H-pyran-2-carboxylic acid (37). 3-(Benzyloxy)-2-
(hydroxymethyl)-6-methyl-4H-pyran-4-one (36) (1.25 g, 5.08 mmol) was dissolved in CH,Cl, (60
ml) and stirred. A solution of sodium bicarbonate (1.83 g, 21.8 mmol) and KI (0.084 g, 0.508
mmol) in water (60 mL) was added and the mixture was cooled in an ice bath to 0 °C. TEMPO
(0.012 g, 0.076 mmol) and TABCI (0.056 g, 0.203 mmol) were added. Sodium hypochlorite (14.7
mL, 11.2 mmol) was added dropwise, in three portions, maintaining the internal temperature of
the reaction below 7° C. After each portion, the pH was measured and 10% NaCOsH solution was
added after each portion to maintain basic pH. Before the final portion of hypochlorite was added,
a half weight of TEMPO and KI were added, followed by CH,Cl, (15 mL). The reaction was
stirred at ice bath temperatures for one hour (3 h total reaction time). The reaction mixture was
then filtered and the filtrate was transferred to a separatory funnel where the resultant two layers
were separated. The aqueous layer was mixed with a sodium thiosulfate solution to remove excess

hypochlorite and was placed under reduced pressure for 5 min to remove residual organic solvent.
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The solution was then cooled in an ice-bath with rapid stirring, and concentrated HCI was added
until the pH reached ~1. An insoluble white solid appeared and was isolated by filtration to afford
the product in 73% yield. 'H NMR (400 MHz, DMSO-d): ¢ 7.42 (d, J= 7.3 Hz, 2H), 7.33 (ddd,
J=9.4,7.5,3.7Hz, 3H), 6.39 (s, 1H), 5.08 (s, 2H), 2.27 (s, 3H). ESI-MS Experimental: 259.48.
Calculated for [C14H;05]: 259.07.
3-(Benzyloxy)-6-methyl-4-oxo0-1,4-dihydropyridine-2-carboxylic acid (38). 3-(Benzyloxy)-6-
methyl-4-oxo0-4H-pyran-2-carboxylic acid (37) (200 mg, 0.77 mmol) was taken up in a 1:1 mixture
of water (10 mL) and methanol (10 mL) in a sealable vessel. Ammonium hydroxide (30%) (328
uL, 2.3 mmol) was added and the vessel was sealed and heated to 75 °C for 18-24 h. The reaction
was then cooled and concentrated under vacuum, diluted with 1M HCI, and concentrated under
vacuum to remove ammonium salts, and the resultant solids were purified by C18 column
chromatography utilizing a MeOH/water system to afford 3-(benzyloxy)-6-methyl-4-oxo-1,4-
dihydropyridine-2-carboxylic acid (122 mg, 0.47 mmol, 69% yield) as a white powder. 'H NMR
(400 MHz, CD;0D): 6 7.45 (t,J=5.6 Hz, 4H), 7.31 (dd, J=15.9, 6.3 Hz, 8H), 5.18 (s, 4H), 2.62
(s, SH). ESI-MS Experimental: 259.66 Calculated for [C14H4NO4]": 259.27.
5-Hydroxy-4-methoxy-2-methylpyrylium trifluoromethanesulfonate (39). Allomaltol (5.4 g,
42.8 mmol) was stirred in a mixture of CH,Cl, (10 ml) and chloroform (30.0 ml). To the mixture
was slowly added fresh methyl trifluoromethansulfonate (7.1 mL, 64.2 mmol). The reaction
mixture was then heated to reflux and vigorously stirred. Note: the reaction mixture may form two
layers at lower temperatures. The mixture was heated to reflux for 18 h and the reaction progress
was monitored by TLC (5% MeOH in CH,Cl,) and stained with Iron chloride. Iron test alone can
give false negatives for reaction progress as some residual allomaltol always remains unreacted

and the free phenol of the product stains at high concentrations. After ~18 h the reaction mixture
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was cooled and evaporated to dryness under high vacuum to remove solvent and residual methyl
triflate. The resultant dark oil was then taken up in minimal ethyl acetate and was heated to
dissolve residual solids. The mixture was then cooled to -20 °C for 4 h to allow for crystallization.
White needle-like crystals were isolated by filtration and a second crop of crystals were isolated
by the same method from concentrated mother liquor. Drying the isolate white crystals afforded
5-hydroxy-4-methoxy-2-methylpyrylium triflate (9.4 g, 32.4 mmol, 76% yield). 'H NMR (400
MHz, DMSO-ds): 6 8.99 (s, 1H), 7.91 (s, 1H), 4.25 (s, 3H), 2.73 (s, 3H). ESI-MS Experimental:
141.45. Calculated for [C;HoO5]": 141.05.

Ethyl 3-methoxy-5-methyl-2-oxo0-8-oxabicyclo[3.2.1]octa-3,6-diene-6-carboxylate  (40).
Compound 39 (250 mg, 0.861 mmol) was added to chloroform (I mL) in a 10 mL microwave
vessel. To the mixture was added ethyl propiolate (0.61 mL, 6.03 mmol) followed by TEA (0.181
mL, 1.03 mmol). The mixture was stirred briefly, sealed, and then heated in the microwave reactor
at 125 °C for 25 min with stirring. Upon completion, the crude mixture was evaporated under high
vacuum to remove ethyl propiolate and purified by silica chromatography employing a stepwise
gradient from 6% to 12% ethyl acetate in hexanes, affording the titled product in 67% yield (130
mg, 0.546 mmol) as a light-yellow solid. 'H NMR (400 MHz, CDCl3) ¢ 7.08 (d, J= 2.5 Hz, 1H),
6.08 (s, 1H), 5.01 (dd, J = 2.5, 0.5 Hz, 1H), 4.25 (qd, J = 7.1, 6.6 Hz, 2H), 3.55 (s, 3H), 1.77 (s,
3H), 1.32 (td, J= 7.1, 0.6 Hz, 3H). ESI-MS Experimental: 239.34. Calculated for [C|,H;505]":
239.08.

Ethyl 7-methoxy-5-methyl-2-hydroxytropolone carboxylate (41). Compound 40 (1.5 g, 6.30
mmol) was taken up in CH,Cl, (20 mL) and was cooled to 0-5 °C on an ice bath with stirring. To
the cooled solution was added boron trichloride solution (1M, 12.6 mL, 12.6 mmol) dropwise.

After addition, the reaction mixture was removed from the ice bath and was allowed to warm to
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room temperature for 30 min, when the reaction was quenched by the addition of MeOH. Solvent
was removed under high vacuum and the solids were co-evaporated with methanol three additional
times and the resultant solids were purified by silica chromatography to afford 41 in 85% yield.
'H NMR (400 MHz, CD;0D): ¢ 7.49 (s, 1H), 7.08 (s, 1H), 4.35 (q, /= 7.1 Hz, 2H), 3.98 (s, 3H),
2.50 (s, 3H), 1.36 (t,J="7.1 Hz, 3H). ESI-MS Experimental: 239.61. Calculated for [C,,H;505]":

239.08.

Endonuclease Activity Assay. Endonuclease activity assays were carried out in Black Costar 96-
well plates. Each well contained a total volume of 100 uL comprised of: buffer (20 mM Tris, 150
mM NacCl, 2 mM MnCl,, 10 mM B-mercaptoethanol, 0.2% Triton-X100, pH=8.0), influenza PA
endonuclease (4 nM), inhibitor (various concentrations) in buffer, 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]JAATCGCAGGCAGCACTC[TAM]) synthesized by
Sigma-Aldrich was employed to measure endonucleic cleavage. Upon addition of the substrate,
the change in fluorescence was measured over 45 min at 37 °C (excitation: 485 nm; emission 528
nm). The gain was set to 100 and the first 10 min of data were excluded from the activity
calculations. L-742,001 (ICsy value of 430 nM against Endo) was obtained from Sigma (catalog
number SML1010) and utilized as a positive control. Dose-response curves were generated, fitted,

and analyzed using Originl6 graphing software.

Other Protein Activity Assays. A cross inhibition screen was performed on compound 1 against
a battery of eight different metalloenzymes, including structurally related dinuclear

metalloenzymes (Figure S1). Experiments were carried out according to literature protocols or
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were previously reported. Compound 1 was screened at a concentration of 200 uM against each
enzyme. Percent inhibition, relative to positive and negative controls, is as follows: HIV IN 3'-
processing activity, no inhibition;3® HIV IN strand transfer activity, 37% inhibition;*® human
carbonic anhydrase II (hCAII),*¢ no inhibition; MMP-2, 11% inhibition;® human glyoxylase 1
(Glo-1), 11%;>* NDM-1, 13% inhibition;>> HDAC-6, no inhibition;* human arginase 1, 8%

inhibition;*® human methionine aminopeptidase 1, 27% inhibition.>’

Ancillary Information:

Full descriptions of the chemical synthesis of reported compounds, protein expression,
purification, and crystallography, and biochemical activity assays are given in the Supporting
Information. Tables of Molecular Formula Strings for all reported compounds are also available
as a CSV file. Statistics for data collection and refinement of the X-ray crystal structures are
compiled in Supplemental Table S2 (Supporting Information). Coordinates and structure factors
have been deposited in the PDB under the accession codes: 6DZQ (compound 1), 6DCY
(compound 2), 6DCZ (compound 3), and 6E0Q (compound 33). Authors will release the atomic

coordinates and structure factors immediately upon article publication.
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