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8-Hydroxy-1,6-naphthyridine-7-carboxamides as Inhibitors

of Human Cytomegalovirus pUL89 Endonuclease

Eunkyung Jung,” Ryuichi Majima,™ Tiffany C. Edwards,”” Ruben Soto-Acosta,”

Robert J. Geraghty,” and Zhenggiang Wang*™

Human cytomegalovirus (HCMV) replication requires a metal-
dependent endonuclease at the C-terminus of pUL89 (pUL89-C)
for viral genome packaging and cleavage. We have previously
shown that pUL89-C can be pharmacologically inhibited with
designed metal-chelating compounds. We report herein the
synthesis of a few 8-hydroxy-1,6-naphthyridine subtypes,
including 5-chloro (subtype 15), 5-aryl (subtype 16), and 5-
amino (subtype 17) variants. Analogs were studied for the
inhibition of pUL89-C in a biochemical endonuclease assay, a
biophysical thermal shift assay (TSA), in silico molecular docking,

Introduction

Human cytomegalovirus (HCMV) is a B-herpesvirus that infects
the majority of the world population and causes severe diseases
in newborns™ organ transplant recipients,” and human
immunodeficiency  virus type 1  (HIV-1)  co-infected
individuals.”™ Direct-acting antivirals (DAAs) have been devel-
oped for treating HCMV infections (Figure 1), including poly-
merase inhibitors ganciclovir (GCV, 1),”’ the primary treatment
option,® cidofovir (CDV, 2),”! and foscarnet (FOS, 3);"” termi-
nase inhibitor letermovir (LTV, 4);"" and the recently approved
maribavir (MBV, 5),'? a viral kinase pUL97 inhibitor.® However,
polymerase inhibitors 1-3 are associated with dose-related
adverse effects, and LTV is approved only for HCMV prophylaxis
in stem cell recipients. In addition, clinical resistance mutations
have been observed with all these drugs, including MBV.'*"
Therefore, there remains a pressing need to develop mechanis-
tically novel HCMV drugs.

We are particularly interested in the viral terminase complex
(TC),"® a drug target™ clinically validated by the approval of
LTV. The TC minimally consists of a guide protein (pUL56) and
an ATPase/endonuclease (pUL89). TC cleaves concatemeric
HCMV DNA into unit-length genomes for DNA packaging, and
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and for the antiviral potential against HCMV in cell-based
assays. These studies identified eight analogs of 8-hydroxy-1,6-
naphthyridine-7-carboxamide subtypes for further character-
ization, most of which inhibited pUL89-C with single-digit pM
IC5, values, and conferred antiviral activity in uM range. TSA and
molecular modeling of selected analogs corroborate their
binding to pUL89-C. Collectively, our biochemical, antiviral,
biophysical and in silico data suggest that 8-hydroxy-1,6-
naphthyridine-7-carboxamide subtypes can be used for design-
ing inhibitors of HCMV pUL89-C.
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Figure 1. Current FDA-approved HCMV drugs include polymerase inhibitors
1-3, terminase complex inhibitor 4 and viral kinase inhibitor 5.

thus is required for productive viral replication. It is noteworthy
that while key LTV resistance mutations have largely been
mapped to UL56,"" pUL89 remains underexplored for HCMV
drug discovery. If developed, pUL89-targeting antivirals will
constitute a new drug class, and could be used in combination
with current drugs. Interestingly, the C-terminus of the
component protein pUL89 (pUL89-C) houses a divalent metal-
dependent endonuclease activity (Figure 2, A).*” The RNase H-
like active site structural fold and the metal-dependent catalytic
mechanism of pUL89-C are shared by a few other viral metallo
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enzymatic functions we have targeted, including HIV-1
integrase strand transfer (INST),”***! HIV-1 reverse transcriptase-
associated ribonuclease H (RNase H),?>¥ hepatitis B virus (HBV)
RNase H,°*' and hepatitis C virus (HCV) NS5B.°**" Along the
same line, our prior research has identified and characterized a
few metal-binding pUL89-C inhibitor types (Figure 2, B): hydrox-
ypyridine carboxylic acid (HPCA, 6),°3" dihydroxypyrimidine
(DHP) carboxylic acid (7),"" 6-arylamino-3-hydroxypyrimidine-
2,4-dione (HPD-NH, 8)“" and the 6-arylthio-3-hydroxypyrimi-
dine-2,4-dione (HPD-S, 9).*? Notably, inhibitor types 6-9 all
feature a chelating triad comprising three oxygen atoms for
binding two Mn?" ions (Figure 2, B, red).

To gain better understanding on pUL89-C inhibition, we
surveyed metal-chelating chemotypes bearing a chelating triad
that may include a non-oxygen heteroatom, such as nitrogen.
Toward this end, we turned our attention to 8-hydroxy-1,6-
naphthyridine-7-carboxamide which contains one nitrogen
atom in its chelating triad (Scheme 1) and has been extensively
explored as an important inhibitor type of HIV-1 INST.
Specifically, we synthesized and tested 5-chloro (subtype 15), 5-
aryl (subtype 16), and 5-amino (subtype 17) variants of the 8-
hydroxy-1,6-naphthyridine-7-carboxamide chemotype, along
with an acid analog 14 (Scheme 1).

Results and Discussion
Chemical synthesis

All analogs tested in the current studies were synthesized as
depicted in Scheme 1 from quinolinic anhydride (10) through
two key intermediates, the 5-oxo-naphthyridine 12 and the 5-
chloro-naphthyridine 13 (Scheme 1). In the synthetic event, the
condensation between quinolinic anhydride (10) and methyl 2-
isocyanoacetate (11) afforded the cyclized intermediate ester
12, which was converted into chloride 13 upon treatment with
POCI,. Direct aminolysis of ester 13 under two distinct sets of
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Scheme 1. Synthesis of 8-hydroxy-1,6-naphthyridine subtypes 14-17. Re-
agents and conditions: a) DBU, THF, 40 °C; b) HCI (Conc.), 55°C, 18 h, 56 %,
over-2-steps; ¢) POCl;, MW, 130°C, 30 min, 85%; d) R'NH,, AcOH, toluene,
110°C, 18 h, 43-65 %; ) RNH,, NaOMe, DMSO, 110°C, 43-52 %; f) ArB(OH),,
Pd(PPh,),, K,CO,, CHsCN, MW, 150°C, 30 min, 37-69%; g) NH,(CH,),OR,,
150°C, 18 h, 39-49 %.

conditions (d and e) produced 15a-d, and 15e-f, respectively.
The former subtype (15a-d) was further diversified to deliver 5-
phenyl substituted analogs 16a—e via Suzuki coupling (step f).
Amination of 15a-d under heating yielded 5-amino analogs
17a-b (step g). Interestingly, when the same Suzuki coupling
condition was applied to intermediate 13, a hydrolyzed
product, acid 14 was obtained to serve as an important variant
for structure-activity relationship (SAR).

Biochemical and antiviral testing

Compounds were evaluated mainly in a biochemical endonu-
clease assay, and cell-based antiviral and cytotoxicity assays. All
analogs were first screened in these assays at 10 uM. Those
with large inhibition % from both the biochemical and antiviral
assays, and viability % from the cell-based assays, were further
tested in a dose-response fashion where 1C,, ECs, and CCg,
values were calculated. Selected analogs were also studied in a
biophysical thermal shift assay (TSA) and molecular docking to
assess target binding.

The screening against pUL89-C was conducted in an
endonuclease biochemical assay measuring the cleavage of the
DNA substrate. Previously reported pUL89-C inhibitor 6 was
included on each plate as the control. As shown in Table 1,
non-amide subtypes, including 5-oxonaphthyridine ester (12,
inhibition % = 14), 5-chloronaphthyridine ester (13, inhibition %
=16), and 5-phenylnaphthyridine carboxylic acid (14, inhibition
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Table 1. Single concentration screening results of the analogs in the biochemical endonuclease assay, and cell-based antiviral and cytotoxicity assays.
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[a] Performed in duplicate and mean is shown. Control compound 6 (10 uM) was included on each plate. A minimum threshold of >80% inhibition was
established as a quality control measurement. [b] Control compound GCV (10 uM) was included on each plate. A minimum threshold of >90% inhibition
by both controls and no toxicity was established as a quality control measurement. [c] Performed in triplicate and mean is shown.

%=19) all showed poor inhibition, whereas amide sub-types,
including the 5-chloro (15a-f), 5-aryl (16a-e) and 5-amino
analogs (17a-b) generally inhibited pUL89-C significantly better
(Table 1). However, weak inhibition was observed with a few
analogs of the amide subtypes, including 5-chloro amide 15c
(inhibition %=15), 5-aryl amides 16d (inhibition %=17) and
16e (inhibition % =28.2), and 5-amino amide 17a (inhibition % =
25). In parallel to the biochemical screening, all analogs were
also screened at 10 uM in an antiviral assay in human foreskin

ChemMedChem 2022, 17, €202200334 (3 of 7)

fibroblasts (HFF) using a GFP-expressing reporter virus, AD-
CREGFP. Known HCMV drug GCV (1) was used as the control.
Similar to the biochemical screening results, non-amide sub-
types generally did not inhibit HCMV, whereas most 5-chlroro
amides, and all 5-aryl and 5-amino amides produced significant
antiviral activity (inhibition % >20) (Table 1), though a few 5-
aryl amide analogs (16c, 16d, 16e) also showed substantial
cytotoxicity (viability % <70) at 10 uM. In general, the screening
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assays revealed a good correlation between the biochemical
and antiviral potencies.

The biochemical dose-response testing was conducted with
all eight compounds showing >33 % inhibition at 10 uM in the
screening assay. Known pUL89-C inhibitor 6 was used as the
control (IC;,=0.5 uM). Of these eight analogs (Table 2), six
(IC50=1.8-6.1 uM) inhibited pUL89-C in single-digit uM range.
Seven of these eight selected compounds were also tested in a
dose-response fashion in the cell-based antiviral and cytotox-
icity assays. Compound 15f was excluded due to insignificant

Table 2. Dose response testing of selected analogs in the biochemical
endonuclease assay, and cell-based antiviral and cytotoxicity assays.

Compound ICso [UM]® Cell-based assays®

ECso [uM] CCso [uM]
15a 43+1.2 8.3+£0.27 60+24
15b 13+3.8 9.7+0.14 >50
15d 1.8+0.58 214+0.95 >50
15f 5.7+0.39 - -
16a 2.8+0.56 31+11 >100
16b 24+54 24+9.1 >60
16¢ 6.1+£2.2 5.5+0.42 84+0.20
17b 24+0.56 17+0.75 >50
6 0.52+£0.13 - -
1 (GCV) - 1.6+0.17 >50

[a] Performed in duplicate. Compound 6 was used as control. [b] Per-
rformed in duplicate. GCV was used as control. [c] Previously reported
value: 1C5,=1.0 uM [39].

HCMV inhibition at 10 uM. With the exception of the cytotoxic
analog 16c (CCs;;=8.4 uM), all other six analogs conferred
moderate yet consistent antiviral activity in uM range (ECs,=
8.3-31 uM) without considerable cytotoxicity (CCs,>50 pM).
Representative dose-response curves for compounds 15a, 15d,
16a, 17b from the endonuclease assay (A), the antiviral assay (B)
and cell viability assay (C) are shown in Figure 3.

Target protein binding

To assess target binding, pUL89-C protein melting point was
measured upon the binding of four selected compounds (15a,
15d, 16a, 17b) in the TSA. The observed thermal shift (ATm)
indicates the change of Tm upon compound binding as
compared to DMSO control. As shown in the TSA curves
(Figure 3, D) all four analogs produced a right shift (ATm >0),
denoting a stabilizing effect by the compounds on pUL89-C.
The ATm values are shown in Figure 3, E. The smaller shifts
observed with these naphthyridine analogs when compared to
control compound 6 are consistent with the lower potency in
the dose-response endonuclease assay (Table 2).

pUL89-C features a classic DDE motif (D463, E534, and
D651) at its active site which chelates two Mn?* ions required
for the endonuclease activity.”® A reported ligand-bound
pUL89-C structure (PDB code: 6EY7"%) allowed us to predict the
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Figure 3. Biochemical, antiviral and biophysical characterization of selected analogs 15a, 15d, 16a, 17b. A) Representative dose-response curves from the
biochemical endonuclease assay. Known pUL89-C inhibitor 6 was used as the control; B) dose-response antiviral and (C) cell viability testing. GCV (1) was used
as the control; (D) curves and (E) ATm from the TSA. ATm was determined independently at least two times with a representative curve shown in (D) and
mean ATm plus standard deviation shown in (E). Compound 6 was used as the control.
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binding nodes of representative analogs via molecular model-
ing. Figure 4 depicts the preferred binding modes of 15a and
16a. Chemically, the two analogs differ mainly at the C5
position where 15a and 16a are substituted with a chloro group
and a phenyl ring, respectively, resulting in substantially differ-
ent binding modes (Figure 4). Strikingly, the chelating triad of
compound 15a sits too far away from the two Mn®* ions to
form the featured metal binding typically expected from such
chemotypes. Instead, 15a binds to the active site via two
relatively weak interactions: the m-m stacking interaction
between F466 and the F-phenyl of the amide moiety (3.3 A,
boxed and red arrow, Figure 4, A); and the m-cation interaction
between K583 and the naphthyridine core (4.6 A, black arrow,
Figure 4, A). The weak interactions amount to a poor docking
score (XP GScore = —4.44 kcal/mol). By contrast, compound 16a
is predicted to engage with one of the Mn?* ions (2.4 A and
3.1 A, dotted black line, Figure 4, B), and form an H-bond with
T537 (3.3 A, blue arrow, Figure4, B). In addition, the m-n
stacking interaction with F466 and the m-cation interaction with
K583 are also predicted (box and black arrow, Figure 4, B).
Collectively, these interactions confer a much better docking
score (XP GScore =—7.89 kcal/mol). Interestingly, the observed
docking scores reflect the same trend as the inhibitory potency
from the endonuclease assay (ICs,=4.3 uM for 15a vs IC5=
28 uM for 16a, Table 2), though the molecular modeling
predicts relatively weak binding at the active site, which
corroborates the small shifts observed from the TSA (Figure 3,
D &E).

Conclusion

We have synthesized and tested the 5-chloro (subtype 15), 5-
aryl (subtype 16), and 5-amino (subtype 17) subtypes of the 8-
hydroxy-1,6-naphthyridine-7-carboxamide chemotype. The ini-
tial endonuclease biochemical and antiviral screening assays

Compound 15a

identified eight analogs with significant pUL89-C inhibition and
antiviral activity, which were further characterized in a dose-
response fashion in these assays. Most of the selected analogs
inhibited pUL89-C with single-digit uM IC;, values, and
conferred antiviral activity in pM range. Four of these analogs
were also tested in the TSA, where small yet significant right
shifts were observed, suggesting that they bind and stabilize
pUL89-C. Molecular docking on two selected analogs corrobo-
rates pUL89-C binding at the active site. Overall, these
biochemical, antiviral, biophysical and in silico results support 8-
hydroxy-1,6-naphthyridine-7-carboxamide chemotype as a via-
ble inhibitor type of HCMV pUL89-C.

Experimental Section

Chemistry

All commercial chemicals were used as supplied unless otherwise
indicated. Microwave reactions were carried out in a Biotage
Initiator+ w. Robot Eight Microwave System. Compounds were
purified via flash chromatography using a Teledyne Combiflash RF-
200 with RediSep columns (silica) and indicated mobile phase. All
moisture sensitive reactions were performed under an inert
atmosphere of ultra-pure argon with oven-dried glassware. 1H and
13C NMR spectra were recorded on a Varian 600 or Bruker 400 MHz
spectrometers. Mass data were acquired using an Agilent 6230 TOF
LC/MS spectrometer. Procedures for chemical synthesis, analytical
characterization data, and original 1H and 13C NMR spectra for all
tested compounds are described in Supporting Information.

In vitro pUL89-C endonuclease assay

pUL89-C was expressed in E. coli and purified via a C-terminal
histidine tag using nickel affinity chromatography as described.?*"!
The 60-bp dsDNA substrate labeled with digoxigenin (DIG) and
biotin tags (on 5" and 3’ ends, respectively) has been described in
detail.***? pUL89-C was pre-incubated with compounds in 1%
DMSO and reaction buffer (3 mM MnCl,, 30 mM Tris pH 8 and
50 mM NaCl) for 10 min at room temperature. The reaction was

-
L

Compound 16a

Figure 4. Docking poses of representative analogs 15a and 16a into HCMV pUL89 active site (PDB code: 6EY7). (A) Predicted binding mode of 15a (salmon, XP
GScore = —4.44 kcal/mol). (B) Predicted binding mode of 16a (cyan, XP GScore =—7.89 kcal/mol). H-bond and metal chelation are depicted as black dotted
lines. Potential 7t-;t and st-cation interactions are indicated with arrows. pUL89-C is rendered cartoon in grey. Key residues and ligands are rendered stick, with
nitrogen, oxygen, fluorine and chlorine atoms are colored blue, red, cyan, and green, respectively.
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initiated by 100 nM dsDNA substrate and incubated for 30 min at
37°C. The addition of EDTA (final concentration 30 mM) terminated
the reaction. The samples were incubated in streptavidin coated
plates (Pierce Biotechnology, Rockford, IL) at room temperature
with gentle shaking for 30 min and then washed three times with
150 uL wash buffer (25 mM Tris, 150 mM NaCl, 0.1% BSA, and
0.05% Tween-20; pH 7.2). Anti-DIG- alkaline phosphatase conjugate
antibody (0.15 U/mL) (Roche Applied Sciences, Germany) was
added to each well followed by 100 pL of p-nitrophenylphosphate
(1 mg/mL, Sigma-Aldrich, Saint Louis, MO) as described.?**
Absorbance of samples were determined at 405 nm using BioTek
Neo 2 plate reader. Compound percent inhibition was obtained by
comparing signal at a particular dose to the signal obtained by the
control sample where no cleavage was observed (EDTA added). The
IC5o was determined using GraphPad Prism 9 software by compar-
ing the percent inhibition for seven serial compound dilutions to
the control samples where no cleavage occurs. The ICs, was defined
as the compound concentration resulting in a 50% reduction in
substrate signal compared to undigested controls.

HCMV replication assay

HFF cells (ATCC CRL-2088) were plated in 96-well plates at 1.75 x
10* cells/well in DMEM supplemented with 10% fetal bovine serum
(FBS), and 1% penicillin streptomycin (P/S). The next day HCMV
ADCREGFP virus (obtained from Wade Bresnahan, University of
Minnesota) was added at an MOI of 0.01 in DMEM containing 5%
FBS and 1% P/S for 2 h. After washing with PBS, test compounds
were added to each well (final DMSO concentration 0.5%) and
incubated at 37°C and 5% CO, for 7 days. The cells were lysed to
measure GFP fluorescence as an indication of the extent of virus
replication as described.®**” GFP relative fluorescence units were
determined at excitation/emission 495/515 nm in a BioTek Neo2
plate reader. Samples were per-formed in triplicate and mean
values compared to the mean value for the vehicle control (DMSO
alone) wells. Mean percent inhibition for each of the nine serial
compound dilutions were compared to DMSO-treated cells and the
ECs, calculated using GraphPad Prism software. ECs, represents the
compound concentration resulting in a 50% reduction in GFP
fluorescence (virus replication).

Cell viability assay

HFF cells were plated into 96-well plates at 1.75x 10 cells/well.
Cells were treated the next day with compound in DMSO as
described above in the HCMV replication assay except no virus was
added. Cellular viability was determined after 7 days using the MTS-
based tetrazolium reduction assay CellTiter 96 Aqueous Non-
Radioactive cell proliferation assay (Promega) as described.””
Samples were conducted in triplicate and mean values were
compared to that for DMSO alone. Mean percent cell viability for
each of nine serial compound dilutions was compared to DMSO-
treated cells and the CC;, calculated using GraphPad Prism
software. CCs, was defined as the compound concentration
resulting in a 50% reduction in viability.

pUL89-C thermal shift assay

Test compounds (20 pM) were combined with 4 pg of purified
pUL89-C in reaction buffer (5 mM MnCl,, 30 mM Tris pH 8 and
50 mM Nacl) for 25 min at room temperature. Sypro Orange Protein
Gel Stain (Sigma Aldrich) was added and the assay conducted as
previously described.*®*? All samples were tested in triplicate at a
final DMSO concentration of 1%. Protein Thermal Shift Software
Version 1.4 from Applied Biosystems was used to determine

ChemMedChem 2022, 17, €202200334 (6 of 7)

melting points and evaluate data. The mean derivative Tm for the
DMSO vehicle control was compared to the mean derivative Tm of
each test compound to calculate the ATm.%*"

Molecular modeling

Docking was performed based on the crystal structure of an
inhibitor-bound HCMV pUL89-C (PDB code: 6EY7"Y). Analogs 15a
and 16a were docked using Maestro®™ (Schrédinger; LLC: New York,
NY, USA) of the Schrodinger small molecule drug discovery suite
2021-3."* Docking protocols used the standard steps including 1)
protein preparation using Protein preparation wizard® (Schré-
dinger; LLC: New York, NY, USA), in which only chain A of the
tetrameric protein was prepared and minimized using the OPLS3e
force field*™ to optimize the hydrogen bonding net-work and
converge the heavy atoms to an RMSD of 0.3 A; 2) receptor grid
generation, where the grid was defined in Maestro around the
native o, y-diketoacid ligand, covering all the residues within 12 A;
3) Ligand Preparation, where structures of both analogs were
drawn in ChemDraw, saved as sdf, and subjected to LigPrep to
generate conformers; and 4) Ligand Docking, where prepared
ligands were docked using Glide XP"® (Glide version 8.2). Docked
poses were further processed using PyMOL®™” (Schrédinger; LLC:
New York, NY, USA)
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