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Abstract Current drugs for treating human cytomegalovirus (HCMV) infections are limited by resis-

tance and treatment-associated toxicities. In developing mechanistically novel HCMV antivirals, we

discovered an N-benzyl hydroxypyridone carboxamide antiviral hit (8a) inhibiting HCMV in submicro-

molar range. We describe herein the structureeactivity relationship (SAR) for 8a, and the characteriza-

tion of potent analogs for cytotoxicity/cytostatic property, the preliminary mechanism of action, and the

absorption, distribution, metabolism and excretion (ADME) properties. The SAR revealed a few pharma-

cophore features conferring optimal antiviral profile, including the 5-OH, the N-1 benzyl, at least one

eCH2� in the linker, and a di-halogen substituted phenyl ring in the amide moiety. In the end, we iden-

tified numerous analogs with sub-micromolar antiviral potency and good selectivity index. The prelim-

inary mechanism of action characterization used a pUL89-C biochemical endonuclease assay, a virus

entry assay, a time-of-addition assay, and a compound withdrawal assay. ADME profiling measuring

aqueous solubility, plasma and liver microsomal stability, and parallel artificial membrane permeability

assay (PAMPA) permeability demonstrated largely favorable drug-like properties. Together, these studies

validate the N-benzyl hydroxypyridone carboxamide as a viable chemotype for potent and mechanisti-

cally distinct antivirals against HCMV.
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Figure 1 Structures of FDA-approv
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1. Introduction based on metal-binding small molecules. To that end, we have
Human cytomegalovirus (HCMV) is a highly prevalent beta-
herpesvirus1. Although typically asymptomatic with immuno-
competent persons, HCMV infections can be dangerous to
individuals with compromised or immature immune systems2.
Importantly, congenital HCMV infection leads to permanent
neurological defects in infants with a range of severe symptoms3.
In addition, HCMValso causes significant morbidity and mortality
to immunocompromised individuals, such as HIV-1 infected pa-
tients4 and organ transplant recipients5. Until recently, treatment
of HCMV infections has relied solely on viral polymerase in-
hibitors6 (Fig. 1, 1e3), particularly ganciclovir (GCV, 1), the drug
choice for treatment7,8 and prophylaxis9. However, ganciclovir
produces only modest efficacy while exhibiting dose-limiting
toxicities, resulting in drug resistance and treatment failure10,11.
Two additional polymerase inhibitors, cidofovir (2), and foscarnet
(3), have been in use as secondary therapies, though both also
suffer from toxicities and resistance12. The only non-polymerase
targeting HCMV drug is the recently FDA-approved letermo-
vir13 (Fig. 1, 4) which uniquely inhibits the viral terminase
complex14, presumably by targeting pUL5615,16, a noncatalytic
guide protein. The approval of letermovir provides a strong clin-
ical validation for targeting viral terminase complex for devel-
oping new HCMV antiviral drugs17,18.

We have been interested in inhibiting the terminase complex by
targeting the catalytic protein pUL89, specifically the metal-
dependent endonuclease activity located at the C terminus
(pUL89-C)19e21. Due to a high degree of similarities among
pUL89-C, HIV-1 integrase and RNase H in active site fold and
catalytic mechanism22,23, our medicinal chemistry approach is
ed HCMV drugs. Ganciclovir

t viral polymerase, whereas

omplex.
identified and characterized hydroxypyridine carboxylic acid
(HPCA) as the first pUL89-C inhibitor type (5, Fig. 2A)19,21.
Interestingly, while the prototypical HPCA 5 inhibited both HCMV
and pUL89-C in lowmmol/L range, converting the acid into ester (6)
or carboxamide (7) led to significant potency reduction against
pUL89-C21 (Fig. 2A), presumably due to alterations in electronic
properties around the chelating triad. More dramatically, intro-
ducing anN-di-fluorobenzyl group onto the carboxamide resulted in
a compound (8a) with substantially improved antiviral activity
(EC50 Z 0.86 mmol/L for 8a vs. EC50 Z 10 mmol/L for 5), but
essentially no inhibition against pUL89-C (Fig. 2A).

The lack of pUL89-C inhibition by 8a was corroborated by the
molecular modeling (Fig. 2B and C). When docked into the pUL89-
C active site (PDB code: 6EY724), the preferred conformation of
HPCA analog 5 allowed three key binding interactions: the effec-
tive chelation with the two divalent metal ions, the salt-bridge be-
tween the carboxylic acid functional group and K583, and a critical
p�p stacking between the phenyl ring on N-1 position and the
phenyl ring of F466 (Fig. 2B). Collectively, these favorable in-
teractions amount to an excellent docking score of �9.1 kcal/mol.
In stark contrast, the bulky amide of 8a forced the compound to turn
away from the preferred binding mode, resulting in the complete
loss of the salt-bridge, p�p stacking interactions, and the triad
metal chelation (Fig. 2C). The poor docking score of �4.9 kcal/mol
for compound 8a theoretically predicts a pUL89-C inhibitory ac-
tivity orders of magnitude lower than that of 5. Together, these
observations strongly indicate that 8a represents a mechanistically
novel HCMVantiviral hit and warrants further medicinal chemistry
studies. We report herein the structureeactivity relationship (SAR,
Fig. 3), ADME profiling, and preliminary mechanistic character-
ization of this novel inhibitor type.

2. Results and discussion

2.1. Compound synthesis

The chemical synthesis of subtypes 8e15 all involved a pyridone
carboxylate core (21e23, Scheme 1; and 31, Scheme 2), whereas
subtypes 16e17 were synthesized via a pyranone carboxylate core
(36, Scheme 3; and 41, Scheme 4). In general, the synthesis was
adapted from our previously reported procedures25. In a repre-
sentative synthesis, commercially available, substituted methyl or
ethyl acetoacetates were subjected to a one-carbon homologation
to yield enamines (19, 35, and 40). The subsequent Claisen
condensation followed by an immediate cyclization produced the
pyrone intermediates 20, 36, and 41. The conversion of the pyr-
anone ring into pyridone (21e23, 37 and 42) was effected via an
amination with corresponding amines under thermal conditions.
Resulting intermediates were then saponified to afford the pyr-
idone carboxylic acid analogs (24e26, 32, 38, and 43) which were
then subjected to HATU coupling to afford the corresponding
amides (27e29, 33, 16, 17). Finally, O-debenzylation under cat-
alytic hydrogenation conditions or using TFA produced the final
products (8a�w, 9a�d, 10e15).

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 2 Identification of 8a as an HCMV antiviral hit. (A)

Compound 8a potently inhibited HCMV without inhibiting pUL89-C;

(B) and (C) Predicted binding modes of the prototypical HPCA 5 (B)

and the new antiviral hit 8a (C) into the active site of pUL89-C (PDB

code: 6EY724). Docking scores: �9.1 (5) and �4.9 kcal/mol (8a).

Mn2þ ions, chelating triad, salt-bridge, and p�p stacking are depicted

as violet spheres, black-, pink-, and cyan-dashed lines. The nitrogen,

oxygen, and fluorine atoms are colored blue, red, and light green.

Zone 1 (OH):
methylated (16) or 
removed (17)

Zone 2 (p-F-benzyl):
H (15), cyclopropyl (14),
benzyl (13)

Zone 3 (-NH-CH2- linker):
NH methylated (11); CH2
branched (10), removed (9) or 
extended (12)

Zone 4 (phenyl):
mono and di 
substituted phenyl (8)

8a

3

1
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Figure 3 SAR plan for the HCMVantiviral hit 8a. Four SAR zones

are considered: zone 1 probes the 5-OH with subtypes 16e17; zone 2

studies the N-1 substitution with subtypes 13e15; zone 3 concerns the

eNH�CH2� linkage with subtypes 9e12; and zone 4 focuses on

terminal phenyl ring with subtype 8.
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A slightly modified sequence was used for the synthesis of the
N-unsubstituted subtype 15 (Scheme 2). This synthesis did not go
through a pyranone intermediate. Instead, the dimethylenamine 19
was aminolysized using ammonium acetate via a conjugate
addition followed by the elimination to produce enamine 30.
Cyclization of 30 followed by saponification yielded pyridone
carboxylic acid 32, which was converted to the amide 33 via
HATU coupling. The final O-debenzylation under TFA afforded
the final product 15.

2.2. Structureeactivity relationship (SAR)

The current SAR studies involved a total of 37 analogs probing
four zones (Fig. 3), 23 of which belong to subtype 8 for SAR zone
4. Although these analogs were not expected to inhibit pUL89-C,
a single concentration (20 mmol/L) counter-screening was con-
ducted using an ELISA-based biochemical endonuclease assay,
from which only insignificant or marginal inhibition (3%e15%)
was observed (Table 1), confirming that they do not target pUL89-
C. The SAR was based on doseeresponse antiviral testing and the
resulting EC50 values. In addition, each compound was also tested
in a parallel doseeresponse cytotoxicity assay, which allowed the
calculation of a selectivity index (SI Z CC50/EC50). These studies
revealed the following SAR trends: 1) the 5-OH group is critical
for potency. When this OH group was removed, the resulting
analog (17) showed significantly reduced antiviral potency when
compared to 8a (EC50 Z 6.6 mmol/L for 17 vs. 0.86 mmol/L for
8a). In a more dramatic fashion, methylating the 5-OH completely
abrogated the antiviral potency (EC50 > 50 mmol/L for 16).
Consistent with this observation, the two carboxylic acid pre-
cursors (37 and 42) produced no antiviral activity at concentra-
tions up to 50 mmol/L (Table 1). 2) An N-1 benzyl group
maximally benefits antiviral potency. As far as zone 2 is con-
cerned, the N-1 unsubstituted analog (15, EC50 Z 8.0 mmol/L)
and the N-1 cyclopropyl analog (14, EC50 Z 4.8 mmol/L)
remained active, though the antiviral potency was considerably
reduced when compared to hit 8a (EC50 Z 0.86 mmol/L) bearing
an N-1 para-F benzyl group. Removing the para-F group led to a
slight decrease in antiviral potency (13, EC50 Z 1.0 mmol/L).
These results indicate that an N-1 benzyl group confers optimal
potency. 3) The eNH� of the linkage (zone 3) was much less
tolerant than the eCH2� toward modifications. When the eNH�
of the linkage was methylated, the resulting compound (11)
conferred slightly reduced potency (EC50 Z 1.4 mmol/L) and
significant cytotoxicity (CC50 Z 12 mmol/L), suggesting that the
eNH� should be kept intact. By contrast, when the eCH2� was
branched (10, EC50 Z 0.53 mmol/L), extended (12,
EC50 Z 0.43 mmol/L), or removed (9a, EC50 Z 0.46 mmol/L), the
resulting analogs all showed improved potency over 8a
(EC50 Z 0.86 mmol/L). However, the analog with a shortened
linkage (9a) displayed severe cytotoxicity (CC50 Z 2.5 mmol/L).
This profile of increased activity and cytotoxicity was consistently
observed with 9a congeners 9b (EC50 Z 0.87 mmol/L;
CC50 Z 5.6 mmol/L) and 9d (EC50 Z 0.78 mmol/L;
CC50 Z 6.5 mmol/L). The only exception was analog 9c where a
para-borate functional group conferred decreased potency, but no
cytotoxicity. Collectively, these observations suggest that the
eCH2� from the linkage should not be removed. 4) Substitutions
on the amide phenyl ring (zone 4) impacted antiviral potency.
Much of the SAR for 8a focused on fine tuning the antiviral profile
via probing the effects of various substituents on the phenyl ring.
For this purpose, a total of 23 analogs were synthesized, with the
phenyl ring mono-, di- or tri-substituted with various functional
groups, particularly halogens. Other functional groups explored
include Me (8s and 8t), CN (8r), CF3 (8u), borate (8c), and a fused
pyrrole (8w). Although the SAR was not steep
(EC50 Z 0.3e2.3 mmol/L) in general (Table 1), analogs devoid of
any halogen substituent, such as the unsubstituted 8d
(EC50 Z 1.5 mmol/L), the fused pyrrole 8w (EC50 Z 1.6 mmol/L),
and the borate substituted 8c (EC50 Z 2.3 mmol/L); and those with
a combination of one halogen and one non-halogen substituents,
e.g., 8r (EC50 Z 1.2 mmol/L) and 8s (EC50 Z 1.0 mmol/L), were
less potent than analogs with halogen only substitutions. Among
analogs with halogen only substituents, no discernible potency
trend was observed with regard to specific halogens (F vs. Cl vs.
Br), the multitude of substitution (mono vs. di vs. tri) or the
substitution pattern (para vs. meta vs. ortho), with the exception of



Scheme 1 Synthesis of 8�14. Reagents and conditions: a) DMF-DMA, 100 �C, MW, 75%; b) ethyl formate, KOtBu, THF, rt, 85%; c) ReNH2,

EtOH, 100 �C, 1 h, MW, 40%e85%; d) 2 mol/L NaOH, EtOH, 90 �C, 4e6 h, 65%e95%; e) R0R00NH, HATU, DIPEA, DMF, rt, 12 h, 72%e80%;

f) H2, Pd/C, MeOH, rt, 1 h, 60%e87%.

Scheme 2 Synthesis of 15. Reagents and conditions: a) NH4OAc,

EtOH, reflux, 1 h, 86%; b) ethyl formate, KOtBu, THF, rt, 65% c)

2 mol/L NaOH, EtOH, 90 �C, 4e6 h, 65%e95%; d) HATU, DIPEA,

DMF, rt, 12 h, 72%e80%; e) TFA, 100 �C, 1 h, MW, 87%.
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mono-F substitution, where significant difference was observed
with para-F (8b, EC50 Z 0.78 mmol/L), meta-F (8f,
EC50 Z 0.97 mmol/L) and ortho-F (8e, EC50 Z 1.6 mmol/L).
Overall, di-halogen substitution appeared to confer the optimal
antiviral potency.

As far as cytotoxicity is concerned, many of these analogs
showed cytotoxicity with CC50 values in the low mmol/L range,
though some of the compounds may inhibit cell growth (cyto-
static) instead of killing the cells (cytotoxic). An example is 8p
where there was little doseeresponse when the compound was
examined for effects on cell viability over concentrations
0.2e50 mmol/L (Fig. 4B). The MTS assay showed approximately
50% metabolic activity across all compound concentrations of 8p
compared to DMSO yet when examined by trypan blue exclusion,
cells treated with 10 or 50 mmol/L compound 8p were >90%
viable (data not shown). Therefore, 8p appears to cause a cyto-
static but not a cytotoxic effect. Further studies exploring this
property of 8p are currently underway.
Overall, our studies identified a total of eight N-benzyl
hydroxypyridone carboxamide analogs potently inhibiting HCMV
with antiviral EC50s � 1.0 mmol/L (Table 2). In addition, although
reduction in cell viability was observed as compared to DMSO
control, the reduction plateaued at around 50% at high concen-
trations (up to 50 mmol/L), amounting to large CC50 values and
selectivity indices (Table 2). Curves from doseeresponse antiviral
(A) and viability (B) assays for representative compounds 8p, 12,
13, and the control compound GCV (1) are shown in Fig. 4.
2.3. Preliminary antiviral mechanism of action

To begin characterizing the mechanism of action for the N-benzyl
hydroxypyridone carboxamides, we conducted experiments aim-
ing to determine when the compounds act during viral replication.
To determine if the compounds inhibit viral entry, HFF cells were
dosed with 5 � EC50 of test compounds or 10 mg/mL heparin at
different times as shown in Fig. 5A. HFFs were inoculated with
HCMV ADCREGFP reporter virus at a multiplicity of infection
(MOI) of 0.01 and cultured for 168 h before lysis and relative GFP
intensity was determined. If the compounds inhibit HCMV entry
by binding to an important cellular receptor, we expect that pre-
treating the cells would prevent viral absorption. If the compounds
inhibit HCMV by binding to viral surface glycoproteins to prevent
entry, the compounds will block infection when they are present
during the initial viral inoculation. Heparin (10 mg/mL), a known
entry inhibitor that binds viral surface proteins to prevent virus
attachment to the cell, inhibited viral absorption only when the
compound was added during entry (Fig. 5B). Compounds 12 and
13 and the polymerase inhibitor GCV did not inhibit HCMV un-
less they were added and maintained after the initial infection
(Fig. 5B), indicating they do not block virus entry.

Time-of-addition (TOA)26,27 studies are commonly used to
determine when a compound acts during viral replication. A



Scheme 3 Synthesis of 16. Reagents and conditions: a) DMF-

DMA, 100 �C, MW, 70%; b) ethyl formate, KOtBu, THF, rt, 72%;

c) ReNH2, EtOH, 100
�C, 1 h, MW, 40%e85%; d) 2 mol/L NaOH,

EtOH, 90 �C, 4e6 h, 65%e95%; e) amine, HATU, DIPEA, DMF, rt,

12 h, 80%.

Scheme 4 Synthesis of 17. Reagents and conditions: a) DMF-

DMA, 100 �C. MW, 67%; b) ethyl formate, KOtBu, THF, rt, 80%;

c) ReNH2, EtOH, 100
�C, 1 h, MW, 40%e85%; d) 2 mol/L NaOH,

EtOH, 90 �C, 4e6 h, 65%e95%; e) R0R00NH, HATU, DIPEA, DMF,

rt, 12 h, 72%e80%.
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compound can only block viral replication if it inhibits its target
before the target’s role in replication. To elucidate the earliest
point during HCMV replication the compounds are active, HFF
cells were inoculated with HCMVADCREGFP at an MOI of 0.01
for 2 h and then treated with compounds at 5 � the EC50 at the
indicated time points (Fig. 5C). In this study two control com-
pounds, GCV (polymerase inhibitor) and LTV (terminase inhibi-
tor), were used because they inhibit different steps during viral
replication. GCV acts post-entry to block viral genome synthesis
and before LTV blocks genome cleavage during genome pack-
aging, a relatively late step in virus replication. As expected, GCV
lost significant inhibitory activity when added after 48 h post
infection and LTV remained effective when added before 72 h
post infection. Compound 12 appeared to inhibit viral replication
at a stage between when GCV and LTV are active, while com-
pound 13 appeared to be active similar to, or possibly later than,
LTV (Fig. 5D). These data seemed to indicate that the two
structurally similar compounds act at different time points during
viral replication.

To confirm the TOA data, we carried out a compound with-
drawal assay. In this assay, infected cells treated with late-stage
inhibitors like LTV will have a rapid recovery of viral replication
when compound is removed. In comparison, infected cells treated
with GCV will have a delayed recovery of viral replication when
compound is removed because GCV acts relatively early
compared to LTV. HFFs were inoculated with HCMV
ADCREGFP at an MOI of 0.01 for 2 h and the cells were treated
with compound at 5 � EC50. Compound was removed at the
indicated time points (Fig. 5E) and viral replication was allowed
to proceed until 168 h post infection when the cells were lysed and
GFP fluorescence intensity measured. As expected, when LTV
was removed, the viral infection rebounded quickly compared to
GCV which acts earlier during viral replication. Consistent with
the time of addition studies, compound 12 appeared to inhibit a
step in viral replication between LTV and GCV. Interestingly,
when compound 13 was withdrawn viral replication recovered
similarly to GCV (Fig. 5F) suggesting that the compound acts
early during viral replication, in direct contrast to the time of
addition assay (Fig. 5D).

While these data do not definitively tell us when the com-
pounds are active during viral replication, they provide clues to
follow up on in a later study. We hypothesize that the compounds
may inhibit more than one viral and/or cellular target or inhibit a
target that is critical at more than one stage during viral
replication.

2.4. ADME profiling

To evaluate the drug-like properties of the novel N-benzyl
hydroxypyridone carboxamide HCMV inhibitor type, two selected
analogs, 12 and 13, were tested in our ADME assays to measure
aqueous solubility, plasma stability, microsomal stability and
PAMPA permeability (Table 3). Both analogs exhibited excellent
plasma stability, good microsomal stability, and high permeability,
predicting largely favorable bioavailability. The only ADME
weakness for 12 and 13 was the low thermodynamic aqueous
solubility, though this concern is partially mitigated by their high
permeability, as the required solubility is inversely proportional to
permeability28,29.
3. Conclusions

During our SAR studies on the HPCA inhibitor type 5 of HCMV
pUL89-C, a structurally more elaborate N-benzyl carboxamide
subtype 8a produced markedly enhanced antiviral potency over 5
but virtually no pUL89-C inhibition. In the current work, we have
designed and synthesized a total of 37 analogs to probe four SAR
zones of 8a. The SAR was based on the EC50 values from the
doseeresponse antiviral testing. Cytotoxicity was also included in
the antiviral profiling. These studies uncovered a several important
SAR trends, which collectively identified a few pharmacophore
features favoring the optimal antiviral profile, including the 5-OH,
the N-1 benzyl, at least one eCH2� in the linker, and the di-
halogen substituted phenyl ring in the amide moiety. Impor-
tantly, many analogs demonstrated potent antiviral activities
(EC50 � 1.0 mmol/L) and no cytotoxicity (CC50 > 50 mmol/L).
The lack of pUL89-C inhibition by these compounds was
confirmed in a biochemical endonuclease assay. Further MOA
studies using virus entry, TOA and compound withdrawal assays
demonstrated a complicated post-entry inhibition pattern indi-
cating these compounds may inhibit more than one viral and/or
cellular target or one target that acts at more than one stage during
virus replication. ADME profiling by measuring aqueous



Table 1 Doseeresponse antiviral EC50, cell viability CC50, and the single-dose inhibition % in the endonuclease assay for the N-benzyl

hydroxypyridone carboxamides.

Compd. Structure Endonuclease inhibition

(%) at 20 mmol/L

Cell-based assay

EC50
a (mmol/L) CC50

b (mmol/L) SIc

8a 14 0.86 � 0.14 >50 >58

16 6 >50 >50 e

17 5 6.6 � 0.7 >50 >7.6

37 8 >50 >50 e

42 7 >50 >50 e

13 6 1.0 � 0.11 >50 >50

14 7 4.8 � 0.25 >25 >5.2

15 7 8.0 � 0.1 >50 >6.3

10 5 0.53 � 0.09 >50 >94

11 6 1.4 � 0.05 12 � 4.9 8.6

12 10 0.43 � 0.12 >50 >116

1676 Sameera Senaweera et al.



Table 1 (continued )

Compd. Structure Endonuclease inhibition

(%) at 20 mmol/L

Cell-based assay

EC50
a (mmol/L) CC50

b (mmol/L) SIc

9a 13 0.46 � 0.08 2.5 � 0.2 5.4

9b 9 0.87 � 0.01 5.6 � 1.3 6.4

9c 7 3.0 � 0.1 >50 >17

9d 7 0.78 � 0.23 6.5 � 2.4 8.3

8b 7 0.78 � 0.06 6.4 � 3.7 8.2

8c 5 2.3 � 0.05 >50 22

8d 9 1.5 � 0.45 7.1 � 6.4 4.7

8e 6 1.6 � 0.4 5.8 � 2.1 3.6

8f 7 0.97 � 0.14 3.9 � 1.8 4.0

8g 7 0.74 � 0.04 17 � 3.7 23

(continued on next page)
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Table 1 (continued )

Compd. Structure Endonuclease inhibition

(%) at 20 mmol/L

Cell-based assay

EC50
a (mmol/L) CC50

b (mmol/L) SIc

8h 8 0.67 � 0.2 13 � 12 19

8i 6 0.60 � 0.15 7.5 � 2.3 13

8j 6 1.4 � 0.05 >50 36

8k 14 0.55 � 0.0 2.4 � 0.07 4.4

8l 14 0.48 � 0.03 >50 >104

8m 15 0.41 � 0.02 3.7 � 1.9 9.0

8n 5 0.62 � 0.12 3.9 � 2.3 6.3

8o 7 0.7 � 0.19 5.3 � 2.1 7.6

8p 5 0.30 � 0.02 NCd e

8q 9 0.61 � 0.13 >25 >41

8r 5 1.2 � 0.05 >50 >42

1678 Sameera Senaweera et al.



Table 1 (continued )

Compd. Structure Endonuclease inhibition

(%) at 20 mmol/L

Cell-based assay

EC50
a (mmol/L) CC50

b (mmol/L) SIc

8s 6 1.0 � 0.07 10 � 5.4 10

8t 8 0.98 � 0.03 >50 >51

8u 3 0.54 � 0.05 >25 >46

8v 5 0.7 � 0.27 5.7 � 2.0 8.1

8w 14 1.6 � 0.2 12 � 12 7.5

1 e e 1.0 � 0.12 >50 >50

aEC50: concentration of compound inhibiting HCMV replication by 50%, expressed as the mean� SD from at least two independent experiments.
bCC50: concentration of compound causing 50% cell death, expressed as the mean � SD from at least two independent experiments.
cSI: selectivity index, defined as CC50/EC50.
dNC: not calculable. No CC50 could be calculated due to the lack of a doseeresponse.

N-Benzyl hydroxypyridone carboxamides potently inhibited human cytomegalovirus 1679
solubility, plasma and liver microsomal stability and PAMPA
permeability with two selected analogs showed generally favor-
able drug-like properties. Collectively, these results validate the N-
benzyl hydroxypyridone carboxamide chemotype as a novel
platform for developing potent and mechanistically distinct anti-
virals against HCMV.

4. Experimental

4.1. Chemistry

4.1.1. General procedures
All commercial chemicals were used as supplied unless otherwise
indicated. Flash chromatography was performed on 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. See supple-
mentary materials for detailed synthetic procedure, compound
characterization data and original 1H and 13C NMR spectra.
4.2. In vitro pUL89-C endonuclease assay

pUL89-C was expressed in bacteria and purified as previously
described19. A 60-bp ssDNA with a 5ʹ digoxigenin (DIG) tag (5ʹ-
taatcgccttgcagcacatccccctttcgccagctggcgtaatagcgaagaggcccgcac)
was annealed to a complementary 60-bp ssDNA with a 5ʹ biotin
tag (5ʹ-tcggtgcgggcctcttcgctattacgccagctggcgaaagggggatgtgctg-
caaggcga) (IDT) to form a 60-bp dsDNA substrate by mixing
equimolar amounts of each ssDNA. Twenty mmol/L of test com-
pound was preincubated with 10 mmol/L pUL89-C in reaction
buffer (3 mmol/L MnCl2, 30 mmol/L Tris pH 8 and 50 mmol/L
NaCl) for 15 min at room temperature. The dsDNA substrate
(100 mmol/L final concentration) was added to initiate the reac-
tion. The reaction was incubated for 30 min at 37 �C and termi-
nated by adding 10 mL of 0.5 mol/L EDTA. Samples were
transferred to streptavidin coated plates (Pierce Biotechnology)
and the dsDNA was allowed to bind for 30 min with rocking at
room temperature. Samples were removed and the plate washed
three times with 200 mL of wash buffer (25 mmol/L Tris,
150 mmol/L NaCl, 0.1% BSA, and 0.05% Tween-20; pH 7.2). The
anti-DIG-alkaline phosphatase (AP) conjugate antibody (Roche
Applied Sciences, Germany) was diluted to 0.15 U/mL and
100 mL of the diluted antibody added to each well. The plates



Figure 4 Doseeresponse analysis for HCMV inhibition and cell viability for selected compounds. (A) HFFs were inoculated with HCMV

ADCREGFP and cultured in various compound doses for 168 h. Cells were lysed and relative fluorescence compared to that for DMSO control to

calculate inhibition (%).Doseeresponse curves andEC50 values obtained usingGraphPadPrism. (B)HFFswere treatedwith various compounddoses

in the absence of virus for 168 h. Cell viabilitywas determined using anMTS assay. The viability (%)was determined by comparing toDMSO-treated

control cultures. Dose�response curves and CC50 values obtained using GraphPad Prism. Data shown are the mean and standard deviations of three

technical replicates. Each assay was repeated at least twice with representative curves shown. CTRL (%), percent of control.

Table 2 Summary of antiviral and cytotoxicity profiles of

selected N-benzyl hydroxypyridone carboxamide analogs.

Compd. EC50
a (mmol/L) CC50

b (mmol/L) SIc

8a 0.86 � 0.14 >50 >58

8l 0.48 � 0.03 >50 >104

8p 0.30 � 0.02 NCd e
8t 0.98 � 0.03 >50 >51

8u 0.54 � 0.05 >25 >46

10 0.53 � 0.09 >50 >94

12 0.43 � 0.12 >50 >116

13 1.0 � 0.11 >50 >50

aEC50: concentration of compound inhibiting HCMV replication

by 50%, expressed as the mean � SD from at least two independent

experiments.
bCC50: concentration of compound causing 50% cell death,

expressed as the mean � SD from at least two independent

experiments.
cSI: selectivity index, defined as CC50/EC50.
dNC: not calculable. Viability around 50% at 50 mmol/L.
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were incubated at room temperature with rocking for 30 min then
washed three times with 200 mL of wash buffer. One hundred mL
of p-nitrophenylphosphate (pNPP) (1 mg/mL, SigmaeAldrich)
was added to each well and the plate was incubated at room
temperature for up to 30 min. The absorbance at 405 nm was read
using a BioTek Neo 2 plate reader.
4.3. HCMV replication assay

HFF cells (ATCC#: CRL-2088) were grown in DMEM supple-
mented with 10% FBS and 1% penicillin streptomycin for up to 8
passages after thaw from liquid nitrogen. For HCMV replication
inhibition assays, 1.75 � 104 cells/well were seeded onto low
evaporation, clear 96-well tissue culture plates (ThermoFisher)
and grown overnight at 37 �C in 5% CO2. Twenty-four hours later,
the HFFs were inoculated with HCMV ADCREGFP30 (obtained
from Wade Bresnahan, University of Minnesota) at a multiplicity
of infection (MOI) of 0.01. After inoculation, the cells were
cultured in DMEM with 5% FBS for the remainder of the assay.
The viral inoculum was removed after 2 h at 37 �C and 100 mL/
well phosphate-buffered saline (PBS) was used added and
removed. One hundred ml of fresh media with test compounds
dissolved in DMSO (0.5% DMSO final concentration) or 0.5%
DMSO vehicle control was added the cultures. After 168 h, the
cells were lysed in 200 mL of lysis buffer [25 mmol/L Tris (pH
7.8)], 2 mmol/L dithiothreitol (DTT), 2 mmol/L trans-1,2-
diaminocyclohexane-N,N,N0,N0-tetraacetic acid, 1% Triton X-
100, 10% glycerol] to measure fluorescence of the GFP produced
from the viral genome. Cells were incubated with lysis buffer for
10 min at 37 �C followed by a 30 min incubation at room tem-
perature with rocking. GFP relative fluorescence units were
determined at excitation/emission 495/515 nm using a BioTek
Neo2 plate reader. All compounds and controls were evaluated
using triplicate wells and mean values were determined and
compared to the mean value for the wells that received only the
DMSO vehicle control. The normalized data was plotted using
GraphPad Prism to determine the compound concentration
resulting in a 50% reduction (EC50) in virus replication (GFP
fluorescence) compared to DMSO.

4.4. Cell viability assay

Cell viability assays were performed under identical conditions to
the HCMV replication inhibition assays in the absence of virus.
Briefly, 1.75 � 104 cells/well were seeded onto a low evaporation
96 well tissue culture dish and grown overnight. Twenty-four
hours later test compounds were applied to cells in DMEM with
5% FBS and 1% P/S. HFFs were incubated with test compounds
for 168 h at 37 �C in 5% CO2. Cellular viability was determined
using CellTiter 96 Aqueous Non-Radioactive cell proliferation
assay (Promega) according to the manufacturer’s instructions.
Each compound was tested in triplicate and the mean value for
each compound was determined. The mean value of the test
compound was compared to the mean value for the wells that
received DMSO alone. The 50% cytotoxic concentration (CC50)
was determined using Graph Pad Prism software.

4.5. Virus entry assay

HFFs were seeded onto 96-well tissue culture dishes at
1.75 � 104 cells/well. The following day, the media was retired
and replaced with media containing test compounds, heparin, or
0.5% DMSO 2 h before virus inoculation and then removed prior
to inoculation, 2 h before inoculation and maintained throughout
inoculation, only during the inoculation, or after inoculation. All
test compounds were applied at 5 � EC50 (Table 1) and heparin at
10 mg/mL as a control compound to inhibit HCMV entry by
blocking viral uptake31. For virus inoculation, the media was
retired, cells were washed in 100 mL/well PBS and inoculated with
HCMV ADCREGFP at an MOI of 0.01 with or without test and



Figure 5 Preliminary analysis of 12 and 13 mechanism of action against HCMV: (A) Schematic representation of viral entry assay. (B)

Representative viral entry inhibition assay data by representative compounds with relative fluorescence intensity compared to that from DMSO

measuring GFP produced by HCMV reporter virus. Compounds at 5 � EC50 or 10 mg/mL (heparin) were added at times indicated. (C) Schematic

representation of the time of addition assay. (D) Representative time of addition assay data with Relative fluorescence intensity compared to that

from DMSO measuring GFP produced by HCMV reporter virus. Compound final concentrations were 5 � EC50. (E) Schematic representation of

the compound withdrawal assay. (F) Representative compound withdrawal assay data with Relative fluorescence intensity compared to that from

DMSO measuring GFP produced by HCMV reporter virus. Compound final concentrations were 5 � EC50. All data shown is the mean and

standard deviation of three technical replicates. Each assay was repeated at least twice.

Table 3 Solubility, permeability and in vitro metabolic stabilities of analogs 12 and 13.

Compd. Aqueous solubility

(mmol/L)a, n Z 3

Plasma stability

t1/2 (h), n Z 3

Microsomal stabilityb

t1/2 (min), n Z 3

PAMPA permeability

Pe
c (10�6 cm/s), n Z 6

Human Mouse Human Mouse

12 2.2 � 0.2 >24 >24 40.1 � 1.8 26.0 � 1.0 4.5 � 0.9

13 2.2 � 0.1 >24 >24 102.3 � 11.8 53.7 � 0.4 9.1 � 1.1

Data are presented as mean � SD.
aAqueous solubility were determined in Dulbecco’s Phosphate-Buffered Saline (DPBS, pH 7.2).
bCYP enzyme cofactor: NADPH.
cPe: the apparent permeability coefficient. High permeability: >1.5 � 10�6 cm/s; Low permeability: < 1.5 � 10�6 cm/s.
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control compounds in DMEM with 5% FBS, 1% P/S, and 0.5%
DMSO. The viral inoculum was allowed to remain on the cells for
2 h at 37 �C prior to removal and washing in PBS. Fresh media
with or without test and control compounds was added to each
well and the cells were cultured for 168 h. HCMV replication was
assessed as described above.

4.6. Time of addition assay

Time of addition studies were performed as previously described19

with minor modifications. HFFs were seeded onto 96-well tissue
culture dishes at 1.75 � 104 cells/well and cultured for 24 h in
DMEM with 10% FBS and 1% P/S. Cells were inoculated with
HCMVADCREGFP at an MOI of 0.01 as described above. After
viral inoculation, cells were maintained in DMEM with 5% FBS,
1% P/S, and 0.5% DMSO until test compounds were applied at
5 � EC50 at the indicated time points. To assess the level of viral
replication the cells were lysed as described above and the GFP
intensity was determined. The relative GFP intensity of each
sample was determined and the mean for triplicate wells was
calculated. All samples were normalized to DMSO.

4.7. Compound withdrawal assays

Compound withdraw studies were set up under identical condi-
tions to the HCMV replication assays as described above. Cells
were inoculated with HCMVADCREGFP at an MOI of 0.01 for
2-h prior to compound addition. Test compounds were applied to
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cells at 5 � EC50 or 0.5% DMSO. Test compounds were removed
at the indicated times and the cells were washed 2 � in PBS (100
mL/well) to remove any residual compound. Fresh media with
0.5% DMSO was added to each well after removal of compound.
Cells were cultured for 168 h prior to lysis and GFP determination
(described above). The relative GFP intensity of each sample was
determined and the mean for triplicate wells was calculated. All
samples were normalized to DMSO.
4.8. Aqueous solubility assay

To determine the aqueous solubility of each selected compound, a
suspension was made by adding the Dulbecco’s Phosphate-
Buffered Saline (DPBS) to the solid compound. The suspension
was shaken at 200 rpm for 72 h at ambient temperature to allow
equilibrium between the solid and dissolved compound. A
0.45 mm PVDF syringe filter was then used to remove the un-
dissolved compound in DPBS. The filtrate was collected and
analyzed immediately using an LC/MS/MS system consisting of
an Agilent 1260 Infinity HPLC (Agilent Technologie, Santa Clara,
CA, USA) and an AB Sciex QTrap 5500 mass spectrometer (AB
Sciex LLC., Toronto, Canada).
4.9. Plasma stability assay

To determine the plasma stability, each selected compound
(1 mmol/L final concentration) was incubated in normal mouse
(CD-1) or human plasma (Innovative Research, Novi, MI, USA)
diluted to 80% with 0.1 mol/L potassium phosphate buffer (pH
7.4) at 37 �C. At various time points (up to 23 h), a 50 mL aliquot
of the plasma mixture was taken and quenched with 150 mL of
acetonitrile containing 0.1% formic acid. The quenched samples
were then vortexed and centrifuged at 15,000 rpm (Eppendorf
centrifuge 5424R, Enfield, CT, USA) for 5 min at 4 �C. The
collected supernatants were analyzed by LC/MS/MS to determine
the remaining percentages and in vitro plasma half-life (t1/2) of the
compound.
4.10. Microsomal stability assay

To determine the microsomal stability, each selected compound
was incubated in commercially available liver microsomes of CD-
1 mouse or human (Sekisui XenoTech, Kansas City, KS, USA) at
37 �C. Briefly, the selected compound (1 mmol/L final concen-
tration) was spiked into the reaction mixture containing liver
microsomal protein (0.5 mg/mL final concentration) and MgCl2
(1 mmol/L final concentration) in 0.1 mol/L potassium phosphate
buffer (pH 7.4). The enzyme cofactor nicotinamide adenine
dinucleotide phosphate (NADPH, 1 mmol/L final concentration)
was then added to initiate the reaction. A negative control was
performed in parallel without NADPH to reveal any chemical
instability or non-NADPH dependent enzymatic degradation for
each compound. Reaction with positive controls verapamil was
also performed to confirm the proper functionality of the incu-
bation system. At various time points (up to 60 min), a 50 mL of
reaction aliquot was taken and quenched with 150 mL of aceto-
nitrile containing 0.1% formic acid. The quenched samples were
then vortexed and centrifuged at 15,000 rpm for 5 min at 4 �C. The
collected supernatants were analyzed by LC/MS/MS to determine
the in vitro metabolic half-life (t1/2).
4.11. Parallel artificial membrane permeability assay (PAMPA)

The membrane permeability of selected compounds was evaluated
in the Corning� BioCoat™ Pre-coated PAMPA Plate System
(catalog. No. 353015, Corning, Glendale, AZ, USA) according to
the manufacturer’s protocol. Briefly, the thawed 96-well filter
plate, pre-coated with lipids, was used as the permeation acceptor
and a matching 96 well receiver plate was used as the permeation
donor. The selected compounds were individually added to the
wells (300 mL/well) of the receiver plate in DPBS at a concen-
tration of 2 mmol/L. Blank DPBS was added to the wells (200 mL/
well) of the pre-coated filter plate. The plate assembly was then
incubated at 25 �C without agitation for 5 h. At the end of the
incubation, the plate assembly was disassembled and the final
concentrations of compounds in both donor wells and acceptor
wells were analyzed using LC/MS/MS. Permeability of the
compounds were calculated using Eq. (1):

PeZ
��Ln

�
1�CaðtÞ

�
Ceq

��� ðA�ð1=Vdþ1=VaÞ� tÞ ð1Þ

where A Z filter area (0.3 cm2), Vd Z donor well volume
(0.3 mL), Vd Z acceptor well volume (0.2 mL), t Z incubation
time (s), Ca(t)Z compound concentration in acceptor well at time
t, Cd(t) Z compound concentration in donor well at time t, and
Ceq was calculated using Eq. (2):

CeqZ ½CdðtÞ�VdþCaðtÞ�Va�= ðVdþVaÞ ð2Þ

A cutoff criteria of Pe value at 1:5� 10�6 cm/s was used to
classify the compounds into high and low permeability according
to the literature report of this PAMPA plate system32.

4.12. Modeling and docking analysis

The binding of the key compounds to pUL89-C was evaluated via
molecular modeling experiments using the Schrödinger small
molecule drug discovery suite 2019-433. To perform these docking
experiments, an HCMV terminase pUL89 nuclease domain in
complex with gamma-diketoacid inhibitor was used (PDB code:
6EY7). Briefly, the tetrameric catalytic protein was first subjected
to protein preparation and receptor grid generation, followed by
ligand preparation of the key compounds, and finally docking of
these compounds using Maestro34 (Schrödinger; LLC: New York,
NY, USA). First, protein preparation wizard35 (Schrödinger; LLC:
New York, NY, USA) was used to add zero-order bonds to metals,
missing hydrogen atoms, side-chains, and loops onto the tetra-
meric protein. Afterwards, chain B, C, and D and waters beyond
5 Å were deleted; remaining water molecules inside the active site
were manually deleted. To optimize the hydrogen bonding
network and converge the heavy atoms to an RMSD of 0.3 Å, the
prepared monomer protein was minimized using the OPLS3e
force field36. Next, the receptor grid generation tool in Maestro
was used to define the active site around the native ligand gamma-
diketoacid covering all the residues within 12 Å with both the
metal cofactors (Mn2þ) as constraints to identify the chelating
triad during docking. Prior to ligand docking, 2D-structure of each
ligand was converted to low energy 3D-structure by subjecting to
LigPrep that generate conformers, possible protonation at pH of
7 � 2, and metal binding states. Finally, all the compounds were
docked using Glide XP37 (Glide version 8.2) with two metal
constraints and default settings. PyMOL38 (Schrödinger; LLC:
New York, NY, USA) was used to process each docked pose.
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