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Reverse transcriptase of human immunodeficiency virus type 1 (HIV-1) has two enzymatic functions.
One of the functiens is ribonuclease (RNase) H activity concerning the digestion of only RNA of RNA/
DNA hybrid. The RNase H activity is an attractive target for a new class of anti-HIV drugs because no ap-

proved inhibitor is available now. In our previous studies, an agent bearing 3

-nitro-furan-2-carboxylic acid

ester core was found from chemical screening and dozens of the derivatives were synthesized to improve
compound potency. In this work, some parts of the chemical structure were modulated to deepen our under-
standing of the structure-activity relationship of the analogous compounds. Several derivatives having nitro-
furan-phenyl-ester skeleton were shown to be potent RNase H inhibitors. Attaching methoxy-carbonyl and
methoxy groups to the phenyl ring increased the inhibitory potency. No significant cytotoxicity was observed
for these active derivatives. In contrast, the derivatives having nitro-furan-benzyl-ester skeleton showed
modest inhibitory activities regardless of attaching diverse kinds of functional groups to the benzyl ring.
Both the modulation of the S-nitro-furan-2-carboxylic moiety and the conversion of the ester linkage resu]ted
in a drastic decrease in inhibitory potency. These findings are informative for designing potent inhibitors of

RNase H cnzymatic activity of HIV-1

Huwman immunodeficiency virus type 1 (HIV-1) reverse
transcriptase (RT) is a multi-functional enzyme that facilitates
both polymerase and(rlbonu ase) (RNase) H activities and
converts the single-stranded viral RNA into a double-stranded
DNA. There exist two active sites in HIV-1 RT responsible
for the respective enzymatic functions. Currently, two classes
of RT inhibitors, nucleoside reverse transcriptase inhibitors
(NRTIs) and non-nucleoside reverse transcriptase inhibitors
_(NNRTIs), are used clinically. The formers compete with the

natural {deoxyribonucleotide triphosphate y([dNTP) for nucleo-

/

side IDCOI’p()TdUOI} and act as chain terminators after incor- -

poration.” The latter agents are bound to an adjacent location
from the polymerase active site and block RT polymerase
function.® Both of these inhibitors are targeting polymerase
activity of RT. In contrast, no approved inhibitor is available
for RNase H activity, although there have been several reports
on the inhibitors that target the RNase H activity of HIV-]
RT** The role of RNase H activity in the reverse transcrip-
tion process is to remove the viral genomic RNA during the
synthesis of double-stranded DNA.*" Agents targeting RNase
H function is expected to be complimentary to the currently
standard chemotherapy. Hence, RT-associated RNase H activ-
ity is one of the attractive targets for developing a novel class
of antiviral drugs. Furthermore, the potential for dual inhibi-
tion of RNase H activity and integrase activity of HIV-1 has
been examined because of the structural similarity of their
catalytic sites.® 0

HIV-1 RNase H is known to utilize two divalent metals for
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duram R\Iase H WIth RI\A/D\A h>b1 n:is at dxf‘rcremwnicubca
along the reaction pathway of phosphodiester cleavage ™%
The active site contains four carboxyl residues, creating an
environment capable of holding two metal ions. [t has been
assumed that many RNase H inhibitors bind to the catalytic
center interacting with two divalent metal jons simultaneously.

Diketo acids are known to work as potent inhibitors for
divalent metal-related enzymes.'® Therefore, diketo acid
structure has served as a starting point for the design and
optimization of inhibitors of HIV-1 integrase or influenza
endonuclease. Pyrimidinol is another typical agent bearing
a scaffold called N-hydroxyimide.!” N-Hydroxyimides were
firstly described as inhibitors of influenza endonuclease, but
they also show a high potency in biochemical assays of HIV-]
RNase M. A natural product f-thujaplicinol is another scaf-
fold and shows a high inhibitory potency for HIV-1 RNase H
activity.'®

From an in vitro screening using 20000 chemical com-
pounds, we found chemicals that blocked HIV-1 RT-associated
RNase H activity.” The agents bearing the 3-nitro-furan-
2-carboxylic acid ester moiety turned out to work as an RNase
H inhibitor. Two of the agents were capable of suppressing
HIV-1 replication in tissue culture. On the basis of the hit
chemicals found in the screening, more than 50 derivatives of
5-nitro-furan-2-carboxylic acid were synthesized*¥ Inhibitory
potency of RNase I enzymatic activity was measured in a
biochemical assay. Several derivatives showed higher inhibi-
tory activities than those of the hit chemicals. Modulation of
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the 5-nitro-furan-2-carboxylic moiety resulted in a decrease in
inhibitory potency. In contrast, many derivatives with modu-
lation of other parts maintained inhibitory activities. These
studies indicate that the nitro-furan-carboxylic moiety is one
of the potent scaffolds for RNase H inhibitor.

In this study, we further synthesized chemical compounds
bearing the 5-nitro-furan-2-carboxylic acid ester moiety and
examined the potency for anti-HIV drugs blocking RT-associ-
ated RNase H enzymatic activity. The potency of the synthe-
sized compounds was cvaluated through the measurement of
inhibitory activity with real-time monitoring of fluorescence
emission from the digested RNA substrate. In addition, the
cytotoxicity of these compounds was assessed in 293T cells.
Computer simulation with molecular dynamics (MD) method
was also performed to analyze the stability of the binding
structure of an active compound,

Experimental

Organic Synthesis Compound 1 was synthesized by cre-
ating an ester linkage between a nitro-furan carboxylic acid
and an a-chloro-amide bound with benzyl and penthyl groups,
by 3h reaction at 60°C in dimethylformamide (DMF) in the
presence of dimethyl-aminopyridine (DMAP). Chemical mod-
ulation was performed for the nitro-furan moiety, with chang-
ing the starting block from furan to thiophene or pyrrole ezc.
2--8. These compounds 2-8 were synthesized in the similar
manner to compound 1. The derivatives bearing 5-nitro-furan-
2-ester scaffold, compounds 927, were prepared by the reac-
tion of converting 5-nitro-2-furoic acid into an acid chloride
with thionyl chloride, followed by the nucleophilic substitution
reaction in the presence of NEt, in tetrahydrofuran (THF)
with setting the temperature at 0°C for the initial 30min. and
elevated it to rt. afterward. Since a hydroxy group bound to
phenyl ring is more reactive than a hydroxy group bound to
alkane, the substitution reaction dominantly produced phenyl-
ester linkage (9-16) when a nucleophilic reagent contained
two hydroxy groups. When a nucleophilic reagent contained
only one hydroxy group, the substitution reaction generated

by generating nitro-furan-carbonyl-alkyl-benzene through the
reaction of Weinreb amides containing benzyl group with

alkyl lithium, followed by incorporation of nitro group into -

the phenyl ring using white fuming nitric acid and acetic
anhydride. Compounds 29 and 30 were separated by flash
chromatography. Compounds 31-33 were generated by using
hydroxy-amines as nucleophilic reagents.

Evaluation of Inhibitory Activity The 30% inhibitory
concentration (ICs) of the synthesized compounds for RT-
associated RNase H activity was determined from the chemi-
cal concentration reducing the rate for substrate cleavage
reaction to half relative to the control. A real-time monitoring
assay was cmployed to estimate the 1C,.2"*? In short, two
oligo-nucleotides were annealed at final concentrations of
2.5 and 0.25um for substrate. One was oligo-ribonucleotide
5-GAUCUGAGCCUGGGAGCU-3" with  6-carboxy-fluoros-
cein (FAM) conjugated at the 3" end, and the other was oligo-
deoxyribonucleotide 5-AGCTCCCAGGCTCAGATC-3" with
black hole quencher (BHQ) corgugated at the 5 end. Enzyme
reaction with 100ng RT, 0.025um oligo-ribonucleotide, and
0.25 um oligo-deoxyribonucleotide was carried out in a volume
of 10 x4 at 37°C. Fluorescence at 488nm was monitored every
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150s using a multimode detector. )

HIV-1 RT was expressed in ﬁ:} coli and purified by using a
HiTrap Ni affinity column. The purified RT was dialyzed to
reduce the concentration of imidazole from the elution buffer
and then incubated with human rino virus (HRV) 3C protease
to cleave an N-terminal hexahistidine tag. The protein was

further purified by nickel-coordinated nitrilotriacetic acid (Ni-
NTA) to remove the uncleaved protein and HRV 3C protease.
The RT was dialyzed against a buffer of 50mm Tris—HCl at
pH 7.5 and 200mm NaCl and was stored at —20°C with add-
mg 50% (v/v) glycerol.

Assessment  of  Cytotoxicity [3-(4,5-Dimethylthiazol-,
/2-yD)-2,5-diphenyltetrazolum bromide/ (MTT) assay was
“carried out with 293T cell line. First, 100 L medium (RPMI-

1640) supplemented with 10% fetal bovine serum (FBS)
containing 2% dimethylsulfoxide (DMSO) was loaded in a 96-
well plate, and 200 4L medium with 10% FBS and 2% DMSO
containing test compounds at a concentration of 200 um was
added 1o the wells in the first column of the plate. Different
concentrations of compound were prepared for the second,
third and fourth columns. The final concentrations of these
colurnns were 100, 50, 25 and 12.5 uM, respectively. Second,
100 L. 293T cells at a concentration of 2X10%ml. were added
to the respective wells. The final concentration of DMSQO in
each well was 1%. Third, cells were incubated for 3d at 37°C
with 5% CO, atmosphere. A hundred micro liter of superna-
tant was removed from the cultured medium and 15yl MTT
reagent for dye solution was added to each well and the cells
were incubated for 1h. Then, 100 uL solution of stop mix was
added, and the cells were incubated overnight at 4°C to suf-
ficiently dissolve the dye. Finally, intensity of ODgpe00 Was
measured by a spectrofluorometer.

Molecular Dynamics Simulation A computational model
of HIV-1 RT domain was constructed from an X-ray crystal
structure with Protein Data Bank code 3QI0.%® Atom coordi-
nates for the missing residues were generated by using Mod-
eller9.9.%" According to the results of the recent X-ray crystal-
lographic studies on the complex of RNase H domain and its
inhibitors,”"*" the RNase H domain contains two divalent
metal ions at the center of the active site. Two Mn?" ions in
the crystal structure were replaced with Mg** ions. The pro-
tonation states of all of the ionazable residues were predicted
by ProPKa program®® in the presence of two Mg®* ions at
the active site. Atom charges of the compounds were deter-
mined from the electrostatic potential cbtained from quantum
chemical caleulations, followed by the restrained electrostatic
potential (RESP) fitting®™ in a similar manner to the previ-
ous studies.”®* The atom charge for Mg?" ion was setting to
1.54, which was also determined by the RESP method based
on the calculated electrostatic potential obtained by QM/MM
technique carried out in a similar manner to the previous
work.”” An active compound was combined with HIV-1 RT
domain, referring the binding structure predicted in our previ-
ous work.”” The compound-bound RT model was placed in a
rectangular box and solvated with TIP3P water molecules,*®
with all of the crystal water molecules remaining. Periodic
boundary conditions were applied to avoid the edge effect in
all calculations.

Minimizations and MD simulations were carried out us-
ing sander module of AMBER9™® The modified ff03 force
field®® was used as the parameters for molecular dynamics.
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The cutoff distance for the long range clectrostatic and van
der Waals energy terms was set to 12.0A. The expansion and
shrinkage of all covalent bonds connecting to hydrogen atom
were constrained using the SHAKE algorithm.*” Energy min-
imization was achieved in three steps. Initially, movement was
allowed only for water molecules, Next, compound and diva-
lent metal ions were allowed to move in addition to the water
molecules. Finally, all atoms were allowed to move freely. In
each step, energy minimization was executed by the steepest
descent method for the first 10000 cycles and the conjngated
gradient method for the subsequent 10000 cycles. After a
0.1ns heating calculation until 310K using the NVT ensemble
condition, a 20ns equilibrating calculation was executed at
1.0atm and at 310K under the NPT ensemble condition, with
an integration time step of 2.0fs.

Results :

Eight analogues of S-nitro-furan-2-carboxylic acid ester
were synthesized by converting the S-nitro-furan moiety
into other functional groups and examined for their RNase
H inhibitory activities (Table 1). Compound 1 has a typical
chemical structure showing an inhibitory potency for HIV-1
RNase H enzymatic activity. This compound bears nitro-furan
ester core connecting to the pentyl- and benzyl-bound amide
group. Replacement of furan with thiophene largely decreased
compound potency (2, 3). Conversion of furan into pyrrole
also resulted in complete loss of compound potency (4). At-
taching a halogen to the 4th position of furan exhibited a
slight increase of inhibitory activity (5), while a hydrophobic
or aromatic substitute resulted in loss of inhibitory potency (6,
7). Introduction of even a small hydrophobic group at the 3rd
position of furan decreased inhibitory activity (8).

Table 1. RNase H Inhibitory Activity and Cytotoxicity of the Derivatives Modulated at Nitro-Furan Moiety
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Eight derivatives bearing S-nitro-furan phenyl ester core
were examined as shown in Table 2. A similar degree of
inhibitory activity was observed for the analogs having a
hydroxy group at the meta or para position of phenyl ring (9—
11). While substitution of the hydroxy group with acetyl group
showed a similar degree of inhibitory activity (12), substitu-
tion with cthyl-ester increased compound potency (13). Fur-
ther, introduction of methoxy group at the ortho position also
increased compound potency (14). The compound containing
methoxy-carbonyl and methoxy groups at the para or ortho
positions exhibited a fine inhibitory activity (15). Introduction
of phenyl-methyl-amine at the parg position also maintained
compound potency (16).

Eleven derivatives bearing 3-nitro-furan ester core bound
with benzyl-based substitutes were Investigated as summa-
rized in Table 3. Connection of a benzyl group without any
additional functional substitute showed moderate inhibitory
activity (17). Attaching nitro group, methoxy-ether, or rerr-
butoxy-ester exhibited slight changes in compound potency

ence in inhibitory potency (21). However, addition of hydroxy
group decreased inhibitory activity (22). Introduction of me-
thoxy group further decreased coempound potency regardless
of the position of the group bound to phenyl ring (23-25).
While connection of two methoxy groups improved compound
potency (26), replacement of two methoxy groups by chlorides
showed low inhibitory activity (27).

Six derivatives were synthesized by changing the ester bond

Table 2. RNase H Inhibitory Activity and Cytotoxicity of the Derivatives
Bearing Phenyl Ester Core
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with carbonyl group as shown in Table 4. Ester linkage is dis-
advantageous for medicine because esterase digests the link-
age and the drug concentration in a body decreases rapidly.
Nitro-phenyl group was connected to the carbony! carbon with
changing the length of alkyl chain and the position of nitro
group (28--30). None of the derivatives showed noticeable in-
hibitory activity. The ester linkage was replaced by an amide
bond (31-33), in which hydroxy-methyl-benzyl, acetyl-methyl-
benzyl, or bromo-methyl-benzyl was bound vig a carbamoyl
group. This modification also resulted in complete loss of
compound potency.

Cytotoxicity was little or undetectable for most of the
derivatives modulated at the nitro-furan moiety except for
compound 5 (Table 1). No detectable cytotoxicity was also ob-
served for most of the derivatives bearing nitro-furan-phenyl
ester core (Table 2). Tt should be noted that highly active
compounds, 14 and 15, showed no noticeable cytotoxicity at a
concentration of 100 um. In contrast, the analogs bearing ester
core bound with benzyl-based substitute showed some degree
of cytotoxicity (Table 3). Further, the analogs converted the
ester into amide or ketone showed cytotoxicity in which CCy,
ranged from 9 to 32 um (Table 4). Overall, in the measurement
using 293T cells, half of the synthesized compounds showed
noticeable cytotoxicity but almost all of the toxicity-detected
compounds showed little RNase H inhibitory activity. Accord-
ingly, the results of this assay suggest that active compounds
have no significant cytotoxicity and the nitro-furan-phenyl
ester skeleton is the most favorable among them from a cyto-
toxic viewpoint.

In order to examine the stability of the binding structure of
a potent compound inside the active site of the target protein,
MD simulation was performed for the complex of a synthe-
sized derivative 15 and RNase H domain. MDD simulation was
carried out for 20ns and root mean square deviation (RMSD)
relative to the structure after heating was calculated as shown
in Fig. S1 of the supplemental information. The RMSD value
showed a gradual increase up to 5ns and scarcely changed
during later 15ns. Accordingly, the binding conformation of
the complex was judged to be equilibrated. In order to extract
the snapshot structure representing a typical binding mode of
compound 15 and RNase H domain, the averaged structure
was obtained using 2500 trajectories from the last 5ns of MD
simulation. The RMSD between each trajectory and the aver-
age structure was calculated, and then one trajectory with the
smallest RMSD value was determined to be the typical com-
plex structure shown in Fig, la.

Two Mg*™ ions were held by the side chains of four acid
residues; Asp443, Glud78, Asp498, Asp549, and the com-
pound was stably bound to the active site without changing
the binding mode during 20ns simulation. In the binding
structure, the nitro-furan-ester core is especially, stably bound
to two Mg** ions as shown in Fig. la. A stereo view of the
binding structure is presented in Fig. S2 of the supplemental
information. The oxygen atom on the furan ring is oriented
toward the divalent metals, Nitro oxygen and carbonyl oxygen
of the ester are strongly coordinated to the respective Mg**
ions. Therefore, a large ring-shaped configuration of ~-Mg-O-
N-C~0-C-C-0-Mg- is formed. The inter-atomic distance
between two Mg®™ ions is 3.8 A. The distance between the ni-
fro oxygen atom and one Mg®" ion is 1.9A, and that between
carbonyl oxygen and the other Mg”* ion is also 1.9A. Figure
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rig. 1. (a) Binding Structure of an Active Compound to the RNase H
Domain, Obrained by MD Simulation

Compound and several polar residues are shown in stick representation. T&o
Mg™ ions are denoted by spheres. (b} Changes in the distances between nitro
oxygen and Mg?' ion (d;: €60 solid line) and between carbonyl oxygen and another
Mg** ion (d,; lug dotted line) for the last Sns of MD simulation. {¢) Changes in
the distances befween methoxy oxygen and amino hydrogen of Asnd74 (dy g£fee
solid Jine), between ester oxygen and amide hydrogen of main chain of Gin300 (d.:
@ﬁ broken line), and between ester oxygen and Cu hydrogen of Serd99 (d;: yei-
[5% dotted line) for the iast Sus of MD simulation.

5

1b shows the changes of these two distances for the last Sns of
MD simulation. These graphs clearly indicate that the interac-

“tion of oxygen atom: and Mg?* ion is quite strong and that the

oxy:g\e?ﬁMg interaction is essentially important for the binding
of potent compound.

Methoxy-carbonyl and methoxy groups connected to phenyl
stick out from the binding pocket. The distance between me-
thoxy oxygen and hydrogen atom of amino group of Asnd74
was monitored as shown in Fig. lc. The distance largely
fluctuates during the simulation and the interaction is not so
steady. Hence, there is much room for improvement in this
region. The oxygen atom at the ester bond has noticeable
interactions with the amide group of main chain of Gln300.
The change of the distance between the ester oxygen and the
hydrogen atom of the amide group is shown in Fig. le. No
abrupt, large change is observed in the distance. Therefore,
the interaction contributes to stabilizing the binding of the
potent compound. The distance between the ester oxygen and
the Ca hydrogen atom of Ser 499 was also monitored. The
distance shows no large change for the last Sns of simulation,
which suggests the stability of the binding of the ester part
with RNase H domain. Consequently, it is confirmed from the
MD simulation that an active compound 15 is stably bound to
the active site of the RNase H domain with coordinating to
two divalent metal ions and making supportive interaction at
the ester part.

Discussion

According to the data summarized in Table 3, it is sug-
gested that various kinds of functional groups connected to
the benzyl ring have little interaction with the RNase H do-
main and that the functional group-binding region is located
outside the binding pocket and is exposed to the solvent. Fur-
ther, a comparison of inhibitory activity between compounds
17-20 and compounds 21-27 suggests that the length of alkyl
chain connecting to phenyl ring has a significant influence
on the difference in compound potency. That is, the longer
alkyl chain in compounds 21-27 is less favorable in terms of
both inhibitory activity and cytotoxicity. This indicates that a
strategy to increase the inhibitory activity is to position the
substitute closer fo the nitro-furan group. The conversion may
allow the aromatic ring or substitute to interact with the target
protein inside the binding pocket.

A comparison of inhibitory activities of compounds in
Tables 2 and 3 indicates that the introduction of phenyl-ester
connected to nitro-furan shows higher compound potency than
that of benzyl-ester. This is consistent with the findings de-
scribed above paragraph and supports the notion that the com-
pound potency increases when the position of the substitute
connected to the ester linkage is closer to the nitro-furan. The
incorporation of polarized substitutes like methoxy, hydroxy,
methoxy-carbonyl, or ethoxy-carbonyl group is effective to
Increase the compound potency. In particular, the mtroduction
of methoxy group at the ortho-position of phenyl ring effec-
tively increases the inhibitory activity.

All the compounds in Tables 2 and 3 have the esier linkage.
The data summarized in Table 4 clearly indicate that conver-
sion of the ester linkage into carbonyl and/or amide bond
results in loss of inhibitory potency. Both bonds will be likely
to make the chemical to be in a straight configuration. If a
compound has a straight form, the side part of the compound
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Table 3. RNase H Inhibitory Activity and Cylotoxicity of the Derivatives
Bearing Ester Core Bound with Benzyl-Based Substitute
O
0,N—©
N\ oR
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will collide with the inside wall of the binding pocket of the
RNase I domain. Accordingly, compounds are hardly com-
bined with the binding pocket.

The conversion of the nitro-furan group into pyrrole dras-
tically decreases the inhibitory activity while conversion to
nitro-thiophen maintains the activity (Table 1). This indicates
that a nitro-furan or nitro-thiophene core is indispensable for
inhibitory potency. The characteristic property of nitro-furan
is its large eleciric polarity. Oxygen atoms are negatively
charged and these oxygen atoms will be coordinated to diva-
lent metal ions at the RNase H active site, The attachment of
non-polar substitute to furan results in decrease of compound
potency. Accordingly, the 3rd and 4th positions of furan be-
come close to the residues inside the RNase H active site.

RNase I of HIV-1 exerts its enzymatic activity by incor-
porating divalent metal ions at the reaction site.’®® It had
been controversial how many metal ions were required at the
RNase H reaction site to exert its enzymatic activity*® A
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Table 4. RNase I1 Inhibitory Activity and Cytotoxicity of the Derivatives
Converted the Ester Bond into Other Kinds of Linkages

O 0
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2 WC'R OZNWNHR
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Compound fiiﬁ{f{m 1Csp (um) CCyp (1im)
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28 Ho >50 1
NO,
NO,
29 \C’\O 50 17
H

OH
H

Br
33 -—N-@—-’ >50 32
H

theoretical study by De Vivo ef al. suggested that the presence
of two divalent metal ions is essential for RNase H activ-
ity and that two metal ions act cooperatively with facilitat-
ing the binding of a substrate and catalyzing the enzymatic
reaction*V This theoretical finding strongly suggests double
coordination of divalent metal ions at the RNase H domain.
Crystal structures on the complex of the RNase H domain
and its inhibitor were successively reported from three differ-
ent research groups. " All of the erystal structures ever
reported showed the presence of two metal lons at the active
site. One of the divalent metal ions was held deep inside the
binding pocket of the RT RNase H domain with making co-
ordination bonds to three carboxyl groups of Aspd43, Glud78
and Asp498. The other was fixed with making coordination
bonds to two carboxyl groups of Asp443 and Asp549. The
distance between two metal ions was about 4A. Every inhibi-
tor in crystal structures was revealed to have a similar binding
mode. That is, inhibitors are stabilized with forming coordina-
tion bonds to both metal ions. Accordingly, it is highly proba-
ble that the chemical compounds showing RNase H inhibitory
activity examined in this study are also coordinated to two
divalent metal ions. Hence, negatively charged oxygen atoms
of the nitro group, furan, and carbonyl group are aligned in a
straight form. This negatively charged region will be attached
to the divalent metal ions.

The binding structure deduced from MDD simulation indi-
cates that ether oxygen at the ester bond has an interaction
with a polar residue, Serd499, which is located at the deep
inside of RNase H domain. This residue would have little
influence on the function of RNase H. Therefore, one of the
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designs to improve inhibitory activity is to modify the com-
pound to bear some polar functional group that enables a
strong interaction with Ser499. In order to enhance the bind-
ing affinity of the compounds with RNase H active site, the
incorporation of a polar functional group bound to phenyl
ring is one of the possible conversions of our derivatives. The
distance between methoxy group and the amine of Asnd74
largely fluctuated during MDD simulation. If the interaction
with Asn474 is enforced, compound will be more stably com-
bined with the RNase H domain.

Conclusion

More than 30 chemical compounds were synthesized for
developing the inhibitors of RNase H activity of HIV-1 re-
verse transcriptase. [nhibitory potency of RNase H enzymatic
activity was measured in a biochemical assay with a real-time
fluorescence monitoring method. The active compounds found
in our previous studies commonly bear nitro-furan ring con-

necting to hydrophobic region via an ester linkage. Conversion .

of the nitro-furan group into pyrrole drastically decreased the
inhibitory activity while conversion into nitro-thiophene main-
tained the compound potency. This means that the structural
basis of nitro-furan or nitro-thiophene is indispensable for in-
hibitory activity. An improvement in compound potency was
observed when a phenyl-ester moiety was counected to the
nitro-furan and further methoxy-carbonyl and methoxy groups
were bound to the phenyl ring. No notable change in inhibi-
tory potency was observed when benzyl-ester based substitute
was connected to nitro-furan. Modulation of ester linkage
resulted in complete loss of compound potency. Molecular
dynamics simulation was performed to examine the stability
of the binding structure of a synthesized active compound
to RNase H domain. It was demonstrated that a potent com-
pound was stably bonnd to the active site with establishing
strong coordinate bonds with divalent metal ions located at the
active site. The present study provides important information
for designing prospective chemical structures inhibiting HIV-1
RNase H activity.
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ABSTRACT: Highly pathogenic influenza viruses have
become a global threat to humans. It is important to select
an effective therapeutic option suitable for the subtypes in an
epidemic or pandemic. To increase the options, the develop-
ment of novel antiviral agents acting on targets different from
those of the currently approved drugs is required. In this study,
we performed molecular dynamics simulations on a spike
protein on the viral envelop, hemagglutinin, for the wild-type

and three kinds of mutants using a model system consisting of

a trimeric hemagglutinin complex, viral lipid membrane,
solvation waters, and ions. A natural product, stachyflin,
which shows a high level of antiviral activity specific to some
subtypes of influenza viruses, was examined on binding to the

Hemagglhutinin
¥

2 protein WE Mt e

Influenza virus Computation Hit chemicals

wild-type hemagglutinin by docking simulation, The compound potency of stachyflin is, however, easily lost due to resistant
mutations. From a comparison of simulation results between the wild-type and the resistant mutants, the reason for the drug
resistance of hemagglutinin was clarified. Next, 8 compounds were selected from a chemical database by in silico screening,
considering the findings from the simulations. Inhibitory activities to suppress the proliferation of influenza virus were measured
by cell-based antiviral assays, and two chemical scaffolds were found to be potent for an inhibitor. More than 30 derivatives
bearing either of these two chemical scaffolds were synthesized, and cell culture assays were carried out to evaluate the compound
potency. Several derivatives displayed a high compound potency, and 50% effective concentrations of two synthesized

compounds were below 1 uM.

nfluenza viruses cause acute respiratory infection in humans

I

condition. Even seasonal epidemics account for 300,000 or

that occasionally progresses to a severe pulmonary

more deaths per a year all over the world. Recently, the
emergence of highly pathogenic avian and swine influenza
viruses has become a global threat to humans. Avian influenza
HSNI virus infections have been reported since 2003,' and a
pandemic of transmissible HSN1 virus is a serious concern for
public health.” The recent outbreak of swine influenza subtype
HINY resulted in considerable mortalities for infants and the
elderly. While several anti-influenza drugs are currently
approved, their effectiveness for pandemic viruses may be
limited due to drug resistance. Therefore, the development of
additional antiviral agents against influenza virus infection is
needed.

W ACS Publications  © 2012 American Chemical Society
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The currently available anti-influenza drugs target one of two
viral proteins: M2 protein and neuraminidase. M2 protein is
embedded in the lipid membrane of the viral envelope and
functions as an ion channel to pump protons into the viral
particles. Amantadine and Rimantadine block the function of
M2 protein by combining at the center of the channel or the
side domain of this enzyme.>* Neuraminidase is a kind of spike
protein sticking out on the viral particle surface. Neuraminidase
causes the hydrolysis of neuraminic acid of the glycan of the
host cell. Zanamivir, Oseltamivir, Peramivir, and Laninamivir
have been used as neuraminidase inhibitors.>® Emergence of
drug-resistant viruses has been reported for the above approved
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drugs. For example, resistance against Amantadine and
Rimantadine was shown in the H3N2 and HINI1 viruses, and
resistance against Oseltamivir was shown for the HINI
virus.”™® Since an RNA virus easily acquires amino acid
mutations, the emergence rate of drug-resistant viruses is high.
A drug-resistant virus is a serious issue in infectious diseases
because a chemotherapeutic approach is restricted. In order to
combat drug-resistant viruses, it is important to prepare many
chemotherapeutic options and select an effective option
suitable for subtypes in an epidemic. Accordingly, development
of novel antiviral drugs that act on a target different from those
of the currently approved drugs is needed.

A species of moss, Stachybotrys s. RF-7260, generates a
unique natural product named stachyflin. Stachyflin was found
to have strong antiviral activity against some subtypes of
influenza viruses.'"”'? The inhibitory mechanism of stachyflin
is different from the inhibitory mechanism of the currently
approved anti-influenza drugs. Stachyflin binds with hemag-
glutinin (FA) on the viral envelope and blocks conformation
change of HA to prevent the lipid membrane of the viral
envelope from merging with that of host cell. HA is one of the
attractive targets of antiviral agents for the following reasons.
First, HA is a key component in the viral infusion process that
has no cellular counterparts and therefore has a potential
advantage in selectivity and toxicity. Second, HA inhibitors will
complement other currently approved drugs since they act on a
different molecular target in the virus life cycle.

Stachyflin is highly effective for influenza virus of A/WSN/33
HINI subtype, and the 50% inhibitory concentration (ICs)
value for the WSN strain was reported to be 3 nM."> However,
its inhibitory activity for other strains including other HIN1
virus strains is not so high, and its inhibitory activity is easily
decreased by amino acid mutations of the virus. Since several
amino acid mutations involved in drug resistance are not
localized in one domain of HA, it is difficult to understand the
mechanism of drug resistance caused by mutations straightfor-
wardly. The chemical structure of stachyflin is complicated.
Five rings merge to form a structure called the 3H-naphtho-
pyrano-isoindol-3-one scaffold, and stachyflin also contains five
chiral centers (Figure la). This complexity in its chemical
structure is another reason for the difficulty in improving
compound potency for stachyflin derivatives.

Yoshimoto and co-workers performed an experiment on
resistance induction with stachyflin'® and demonstrated that
KSIR, KI21E, S206L in the HA2 subunit and V176l in the
HAI subunit appeared in resistant viruses (Figure 1b). KSIR
and KI121E mutations were suggested to be essential for drug
resistance. They suggested from a docking simulation that
stachyflin was bound to a position close to LysS1 or Phell0 of
HA. This simulation, however, provided no clear explanation
for the mechanism of drug resistance due to the above amino
acid mutations. The mechanism of the drug resistance of HA
should be clarified for producing promising inhibitory
compounds.

In this study, we performed computational analysis, screening
to find candidate compounds, a cell-based antiviral assay, and
synthesis of analogue compounds in the following manner: (1)
Molecular dynamics (MD) simulations were carried out for the
wild-type and three kinds of variants containing amino acid
mutations responsible for drug resistance in order to clarify the
mechanism. (2) A point for designing a potential inhibitor was
deduced from the concept of minimizing the influence of the
drug-resistance-related conformational change of HA. (3) An in
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Figure 1. (2) Chemical structure of stachyflin. Stachyflin is composed
of five complex rings and contains five chiral centers. The rings are
labeled A—E, and chiral carbon atoms are marked by asterisks. (b)
Structure of hemagglutinin in a trimer conformation. Spheres denote
the residues introducing amino mutations in the respective mutants.
The center residue targeted in the ligand docking simulation is
indicated by a circle. (c) Calculation model of a complex of
hemagglutinin trimer and lipid membrane. Hemagglutinin subunits
HAl and HA2 are colored blue and green, respectively. The
membrane consists of 6 different kinds of lipid molecules, and its
composition is presented in Supplementary Table S1. No water
molecules or ions are shown for visual clarity.

silico screening was performed to find low-molecular-weight
compounds showing inhibitory activity against HA, considering
the above point and using the pharmacophore of stachyflin. (4)
A cell-based assay was carried out to evaluate the inhibitory
potencies of the compounds collected by the in silico screening,
(S) Derivatives of the hit compounds found from the screening
were synthesized, and their inhibitory activities were measured
to elucidate the antiviral potency of the scaffold proposed in
this work.

#: RESULTS AND DISCUSSION

Structural Difference in HA between the Wild-Type
and Mutants. MD simulation was carried out for 30 ns to
obtain the probable protein structure of HA in a trimer form for
the wild-type and three mutants, using the model system
containing a trimeric hemagglutinin and viral lipid membrane as
shown in Figure lc. The respective mutants contain the
resistant mutations KS1R and K121E in HA2 for mutant I,
V1761 in HAl and KSIR, K121E in HA2 for mutant 2, and
V1761 in HAL and KSIR in HA2 for mutant 3. Root mean
square deviation (rmsd) relative to the structure after heating is
shown in Supplementary Figure S1. The rmsd value for the
wild-type (Figure Sla) was scarcely changed during 30 ns. Each
of the rmsd curves for the mutants (Figures S1b—d) shows a

dx.doi.org/10.1021/cb200332k | ACS Chem. Biol. 2012, 7, 552562
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gradual increase up to 15 ns and seems to be almost constant
after 20 ns. Plots of rmsd in Figure S1 were obtained from the
coordinates of main chain atoms of the whole HA. The N-
terminal domain of the HAI subunit is so flexible that rmsd
values are considerably large. Hence, rmsd values were
calculated again with respect to the main chain atoms of only
the HA2 subunit with excluding the C-terminal region, aa 176—
222. The rmsd curves only for HA2 in Supplementary Figure
S2 also became constant after 20 ns for every model.
Accordingly, protein conformations for the respective models
were judged to be equilibrated.

Principal component analysis (PCA) in Supplementary
Figure S3 indicates that the trajectory structures for the last §
ns are in a single conformation for every model. The
equilibration of the simulation is also confirmed from these
PCA plots. In order to extract the plausible protein structure,
the averaged structure was obtained using 500 trajectory
structures from the last 5 ns of MD simulation. The rmsd
between each trajectory structure and the average structure was
calculated, and then one trajectory structure with the smallest
rmsd value was determined to be the plausible protein
structure. At a glance, there is no prominent difference
among the 4 models in terms of shape of the trimer,
conformation of the HAl and HA2 subunits, or position of
helices. Although no significant apparent change is seen in the
backbone of HA, there appears a notable difference in the
location of side chains. The differences in the side chain will be
responsible for the change in binding affinity and inhibitory
activity of inhibitors.

Binding of an Inhibitor to HA. By means of docking
simulation, an inhibitor, stachyflin, was bound to the HAs,
using the respective plausible protein structures obtained by
MD calculations. In the wild-type HA, stachyflin was bound
near Aspl09 of the HA2 subunit (Figure 2). Hydrophobic
interactions were observed between the B ring of stachyflin and
Phe37 of HAI, between the C ring of stachyflin and Phe110 of
HA2, and between the D ring and Leull3. Hydrogen bonds
were formed between the O atom on the D ring of stachyflin
and the amino group of Asnll4 in HA2 and between the O
atom on the E ring and the amino group of Asn117.

In mutant 2, stachyflin was bound to a location similar to that
of the wild-type (Supplementary Figure S4c), while the docking
simulation showed binding of stachyflin at the central space
among three helices of the HA2 trimer in mutants 1 and 3
(Figures S4b and d). Judging from the binding affinity
evaluated by ASP score function (Supplementary Table S2),
the binding of stachyflin to the wild-type HA is the most stable.
All of the mutants showed notable decrease in binding affinity
compared to that of the wild-type.

An amino acid mutation of KSIR in HA2 commonly
appeared in the three mutants, suggesting that KS1R was the
primary mutation for drug resistance. Other mutations, K121E
and V176l, will enhance the resistance. All of these amino
mutations are, however, distant from the stachyflin binding site.
Our MD simulation clearly indicated that inner helices of HA2
subunit were rotated (Figure 3a). One of the three inner
helices, chain D in nomenclature in PDB 1RDS8, was rotated by
10.8° in mutant 1 and by 15.0° in mutant 2 compared to the
wild-type (Figure 3b). The amino group on the side chain of
Lys51 makes a strong hydrogen bond with the hydroxy group
of Thr107 of HA2 (Figure 3c). Arg is also a positively charged
amino acid residue, but the length of the side chain is longer
than that of Lys. When Lys is converted into Arg, the side chain
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Figure 2. (a) Complex structure of stachyflin and hemagglutinin
obtained by the ligand docking simulation. (b) Binding site of
stachyflin viewed in a plane perpendicular to the helices of the HA2
subunit. (c) Binding mode of stachyflin, shown in a magnified view of
the area indicated by a red frame in panel a. Stachyflin is bound to the
space between two helices of HA2 subunit, making strong interaction
with side chains of Asp109, Phell0, and Leull3. The interaction
distances are in A,

of the residue at codon 51 expands and pushes T107. The side
chain of Thrl07 serves as a lever to rotate the helix. The
position of the side chain of Asp109 is largely deviated from
that of the wild-type because of the closeness to Thr107.
Lys121 has a strong interaction with the carboxy group of
Aspl8 of the HAI subunit. When Lys is converted into Glu in
the K121E mutation, the side chain of Glul21 and Aspl8 of
HAI causes repulsion to increase the distance between them.
This repulsion assists the helix rotation, and the deviation of
Leull3 and Asnll4 from the wild-type will be enhanced
because of the closeness to Glul2l. To monitor the helix
rotation, the angle between the line connecting the Ca and Cf
atoms of Aspl09 on the inner helix chain D and the line
connecting the Aspl09 Ca atom on chain D and the Phell0
Ca atom on another inner helix chain B was measured through
the simulation as shown in Supplementary Figure SS. A
significant angle change was observed after 10 ns for every
model. The distances between the N¢ atom of LysS1 (or C{ in
KS1R) of HA2 and the Oy atom of Thr107 of HA2 and also
between the N¢ atom of Lys121 (or C6 in KI21E) of HA2 and
Cy of Aspl8 of HAI were monitored as shown in
Supplementary Figure S6. Because HA is a trimer and there
exist three HAl and three HA2 subunits in the calculation
models, three combinations of those interatomic distances were
measured through the simulation. The distance plots in Figure
S6 indicate that the interaction between the residues at codon
51 and codon 107 is quite stable in the wild-type HA. In
contrast, some of these distances occasionally increased in the
mutants. The distance between the residues at codon 121 of
HA2 and at codon 18 of HAI ceaselessly fluctuated in all

dx.doi.org/10.1021/cb200332k | ACS Chem. Biol. 2012, 7, 552-562



ACS Chemical Biology

Figure 3. (a) Superposition of the hemagglutinin structures of mutants
on that of the wild-type. The wild type is colored green and mutants 1,
2, and 3 are colored cyan, magenta, yellow, respectively. The binding
area of stachyflin to the wild-type HA is shown in a mesh
representation. There is no significant change in positions of helices.
However, the amino acid mutations cause rotation of helices. The
rotation angle is estimated from the position of Cf3 atom of Asp109, as
shown in panel b. Thr107 in HA2 subunit and Asp18 in HAI subunit
are deeply involved in the helix rotation induced by KS1R and K121E
mutations, respectively, as shown in panel c¢. Two illustrations on the
left side are depicted around the planes perpendicular to the helices
cand containing Thr107 or Lysl2l, respectively. The planes are
indicated by blue and red frames in the right side illustration in panel c.

models. A strong interaction was, however, established at least
for one combination of Lys121 and Aspl8 in the wild-type.

The helix rotation pointed out above is the reason for the
decrease in inhibitory activity of stachyflin to the resistant
mutants. In the mutants, the side chains of Asp109 and Leul13
are displaced and occupy the space that stachyflin was bound to
in the wild-type HA. The side chains of Phe110 and Asn114 are
also displaced and move away from the stachyflin binding site
as shown in Supplementary Figure S7. Therefore, stachyflin
would not be bound to HA stably any more. The helix rotation
in mutant 3 is small. This is naturally understood because the
influence of V1761 mutation in the HAI subunit is slight. This
finding suggests that some degree of flexibility is favorable to
HA inhibitors for releasing the strain due to the helix rotation.
Therefore, compounds bearing acomplicated heteroring
structure are disadvantageous. Instead, a single bond con-
nection of separated ring domains can be a good chemical
frame to maintain structural flexibility.

Conformational change accompanying helix rotation has
been reported for other kinds of transmembrane proteins. For
example, an X-ray crystallographic analysis of the human S2
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adrenergic G-protein-coupled receptor14 suggested that a
rotational motion was observed for one of the transmembrane
helices owing to the binding of a ligand for the receptor. An
electron paramagnetic resonance measurement'> and a
computational analysis'® indicated that light adsorption
induced a conformational change of retinal chromophore in
sensory rhodopsin and this conformational change caused the
rotation of transmembrane helix TMI to lead signal trans-
duction of the sensory protein.

Search for Active Compounds. The natural product
stachyflin possesses a unique pentacyclo structure in which each
ring is labeled as A, B, C, D, and E, respectively. Rings AB are
composed of a naphthol skeleton, and rings DE are composed
of an indol frame. Ring C bears a pyran structure and connects
rings AB and rings DE. Rings ABC are fused in cis-form, and
the oxygen of pyran is bonded to the carbon at the junction of
rings AB. Furthermore, stachyflin contains S chiral centers, in
which all of the chiral carbons are located on rings AB.
Therefore, the naphtol moiety and its connection to pyran
make the chemical structure of stachyflin highly complicated. A
hydroxy group and carbonyl oxygen are bound to the indol
ring, which characterizes the electrostatic property of stachyflin.
The hydroxy group of naphthol is another factor to characterize
the polar feature of this natural product.

Bight chemical compounds were selected by an in silico
screening using the pharmacophore of stachyflin (Table 1). All
of the selected compounds were produced by organic synthesis
and are available by purchase. The molecular weights of these
compounds range from 304 to 341. Compound 1 bears two
ester bonds and a benzofuran moiety corresponding to rings C
and D of stachyflin in superimposition. Compound 2 bears a
thieno-pyrimidine, which corresponds to rings D and E of
stachyflin and a phenyl-cyclopentane corresponding to rings A
and B. Two benzene rings are connected via a dichloromethyl-
carbonyl group in compound 3. Methylbenzoic acid methyl-
ester in compound 4 corresponds to rings D and E, and
dimethyl-diazolane is connected by a sulfonyloxy group.
Thieno-pyrimidine in compound § corresponds to rings D
and E, and another thiophene corresponds to ring A. The
molecular weight of compound 6 is the largest among the
selected compounds, and methylester-benzene corresponds to
rings D and E and pyridyl-triazole corresponds to rings A and
B. Compound 7 bears a seven-membered ring containing two
nitrogen atoms. Hydroxybenzene in compound 8 corresponds
to ring B of stachyflin.

Assay for Antiviral Activity. The 8 selected compounds
were tested in an influenza virus cell culture assay (Table 1).
Compounds 4 and 5 were found to have significant antiviral
activity (ECgy < S yM). Although compound 2 was the most
highly potent with an ECsy of 3 M, compound 2 exhibited
significant cytotoxicity at a concentration of 6 uM, measured by
an MTT assay with MDCK cells. Since compounds 4 and §
showed no noticeable cytotoxicity, these two compounds were
chosen as the structural core in the next step for organic
synthesis.

The binding modes of compounds 4 and § to the wild-type
HA were predicted by performing docking simulation. The
most probable docking structures are shown in Figure 4a and b,
which were determined from the score ranking for 50 docking
poses. The two compounds are bound to almost the same
position as stachyflin is. That is, these compounds are located
not in the central space of HA2 trimer but at a position in the
middle of two helices of the HA2 subunit. The calculated
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Table 1. Structures and Inhibitory Activities of the Chemical Compounds Obtained through an in Silico Screening

Compound Structure Superimposition 2 ECsp (M) CCqo (uM)
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“Stachyflin is depicted in green stick representation, while compounds are blue.

binding affinities of these two compounds in ASP score are
lower than that of stachyflin (TSupplementary able S2) but
higher than that in the cases of stachyflin bound to the three
kinds of mutants.

Synthesis of Analogue Compounds. Compound 4 bears
a structural core of vanillic acid. Based on the vanillic acid
methylester core, 22 derivatives from compound 4 were
synthesized as shown in Table 2, where the functional group
at the fourth position of the benzoic acid was modulated. A
highly potent compound (9) was found in the analogues in
which methylsulfonyl was connected to the fourth position.
The incorporation of benzyl or methylphenyl (10, 12) showed
no inhibitory activity, while moderate activity was observed in
case of phenyl only (11). This means that a small chemical
group is favorable for the substitute connecting via the
sulfonyloxy group. Conversion of the sulfonyl group into an
ester bond (13—15) resulted in complete loss of compound
potency, regardless of the size of the substitutes connected to
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the ester. Substitution of the sulfonyl group by an alkyl chain
(16—20) resulted in loss of inhibitory activity. Only compound
18 in which the sulfonyl group was substituted by benzyl
showed slight inhibitory activity. Then the effect of addition of
functional groups to the benzyl (21-28) was surveyed.
Compound 22 containing an oxybenzyl group at the para-
position of the benzyl exhibited high compound potency. The
inhibitory activity was maintained with the addition of methoxy
or trifluoromethyl at the para-position, while the incorporation
of other kinds of functional groups (23—25) or the addition of
trifluoromethyl at the ortho- or meta-position (27, 28) resulted
in loss of inhibitory activity. Conversion of the sulfonyloxy
group into an amino group (29, 30) was tested. None of the
derivatives showed noticeable increase in compound potency.
Compound $ bears a heteroring core of thieno-pyrimidine,
and a dimethyl-aminyl-thienyl group is connected to the
heteroring via amine. Keeping the heteroring core, 9 derivatives
from compound § were synthesized as shown in Table 3. The
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(b)

Figure 4. Hit chemicals found through in silico screening: (a)
compound 4 and (b) compound S. Top: chemical structure. Middle:
binding site of the compound predicted by the docking simulation.
Bottom: binding position of the compound viewed from the direction
of subunit HAL.

introduction of benzyl via amine group (31) resulted in an
increase in inhibitory activity. In contrast, conversion into
dimethylamine (32, 33) resulted in loss of compound potency.
Interestingly, while conversion into methyl-piperazine (34)
resulted in a decrease in inhibitory activity, its hydrochloride
salt (35) exhibited a high compound potency. Phenyl-
piperazine (36) also exhibited a considerably high inhibitory
activity. The conversion of thiophene of compound § into
benzene (37) exhibited a high compound potency, while its
chiral analogue (38) showed no inhibitory activity. This chiral-
selective compound potency was confirmed by substitution of a
Boc protection group (39) for the dimethylamine of compound
37.

Actions of Active Compounds for Blocking HA. Fusion
of the membrane is an essential process in the entry of
influenza virus into the host cell HA mediates this process
through two functions in the early stage of the viral life cycle."”
One is anchoring at sialylated glycoprotein receptors on the cell
membrane surface. The other is the low-pH induced conforma-
tional change that initiates the exposure of a fusion peptide, a
hydrophobic N-terminal segment buried in the HA trimer
interface, to be inserted into the endosomal membrane.
Stachyflin is assumed to block this fusogenic process of
HA.'%13 Indeed, in the predicted binding structure shown in
Figure 2, stachyflin is combined with HA with the formation of
two strong hydrogen bonds and three strong aromatic ring-
involved hydrophobic interactions.

Several other compounds blocking the fusogenic activity of
HA have been identified."*™** An active compound'® bears a
naphthoquinone skeleton, which is commonly seen in
stachyflin as rings AB. Another compound" contains a
quinolizin moiety connected to a benzamide skeleton, and a
one-step virus growth experiment indicated that this compound
mainly inhibited virus proliferation at the early stage of the
replication cycle. Therefore, a quinoline skeleton is one of the
effective chemical cores for binding to HA. A compound
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containing piperadine connected to trifluoro-methylbenzoyl
also showed high inhibitory activity for influenza virus
replication.”® Ligand docking calculation suggested that this
compound was bound to a site near Phell0 of the HA2
subunit, which is almost identical to the binding site of
stachyflin obtained in this work as shown in Figure 2. A
compound analogue to podocarpic acid was identified as an
inhibitor of type A viruses*' and showed a high inhibitory
activity especially for Kawasaki strain but was not so sensitive to
WSN strain. In contrast, some recently identified blockers are
targeted at another domain of HA** Some peptides
mimicking sialic acid were shown to inhibit the entry of viruses
into host cells, attached to the receptor-binding site of HA.*®
Synthesized macromolecules containing three sialyllactoses
linked with trisphenol or trisaniline were reported to inhibit
viral replication, combined with the receptor-binding site of
HA.** Recently, an HA inhibitor bearing a benzenesulfonamide
core was identified through structural modifications of a
salicylamide derivative.”® It is interesting to note that the
chemical structure of this agent resembles that of compound 9
in Table 2 to some extent.

In most of the active compounds, susceptibility varies among
strains of influenza viruses and the inhibitory activity is
drastically decreased due to the acquirement of resistant
mutation. Our MD simulation demonstrated that the rotation
of helices is the reason for the reduction of compound potency.
Due to the increase in performance of computers and the
development of calculation methodology, several computa-
tional analyses have recently been carried out.**™>* Quantum
mechanical calculations using the fragment molecular orbital
method were used to investigate the role of key amino acid
residues in recognizing sialoglycoproteins on the host cell
surface®® or in combining with neutralizing monoclonal
antibodies.”” Huge MD simulations were performed to examine
the interaction between HA and sialoglycans®® and clarify the
reason for mutations at the receptor-recognizing site.”” MD
simulations were also employed to evaluate the binding free
energy>® and to interpret the difference in receptor specificity.*
A computational approach was further demonstrated to be
quite helpful for desi%ning protein peptides that strongly inhibit
the function of HA®

Pharmaceutical Properties of Hit Chemicals. Since
stachyflin exhibits a highly potent anti-influenza activity for the
wild-type WSN strain and is a challenging synthetic target due
to its unique alkaloid structure, two research groups have so far
attempted total synthesis of stachyflin. The first total synthesis
of racemic (+)-stachyflin was reported by Taishi et al,'* in
which the characteristic structure of § heterorings was built one
by one in 29 steps. The first enantioselective total synthesis of
(+)-stachyflin was recently achieved by Watanabe et al,>
utilizing an acid-induced domino epoxide-opening, rearrange-
ment, cyclization reaction.*® These synthetic studies suggest the
possibility for producing stachyflin analogues and encourage
the development of stachyflin-based antiviral agents. The
complexity in synthesis is, however, disadvantageous from the
viewpoint of productivity in manufacturing. Carey and co-
workers analyzed the reactions used for the preparation of drug
candidate molecules,® surveying 128 compounds produced in
the departments of process chemistry of three major
pharmaceutical companies. According to their analysis, the
average number of chemical steps for synthesizing one
candidate is 8.1. Compounds containing a chiral center account
for about half of the 128 molecules. Therefore, the structural
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Table 2. Structures and Inhibitory Activities of the Synthesized Analogues to Compound 4, Which Bears a Vanillic Acid Core®

Compound 4
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eO:@)kOMe
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X = OH, NH,
Compound X R Temp. (°C)  Time (h) Yield (%) ECso (M)

9 0OSOMe rt 3 71 0.9
10 OH 0OS0O,CHyPh rt 3 75 >10
11 OSO,Ph rt 6 81 7.0
12 0OSO,p-MeCgHy rt 6 82 >10
13 OCOMe rt 3 35 >10
14 OH OCOCH,CI rt 3 66 >10
15 OCOPh reflux 3 80 >10
16 0'\(37 refiux 24 93 >10
17 oH OCH,t-Bu reflux 72 21 >10
18 OCH,Ph t 8 81 8.3
19 OCH,CH,Ph reflux 24 70 >10
20 OCH,(CHZ),Ph reflux 24 91 >10
21 OCHyp-MeOCgH4 rt 12 72 8.1
22 OCH,p-BnOCgH4 rt 12 83 25
23 OCHop-NO,CsH4 rt 12 87 >10
24 oH OCHyp-FCgHy rt 12 88 >10
25 OCH,2,3,4,5,6-F5Cq rt 12 82 >10
26 OCHop-CF3CeHy t 12 79 8.2
27 OCH,0-CF3CgHs it 12 76 >10
28 OCHom-CF3CgH4 rt 12 68 >10
29 NHCH,Ph 54 8.5
30 N2 N Ph, : 2 27 >10

“Condition: (a) K,CO;, R-Cl, CH;CN, temp, time, 21-93%.

core of stachyflin would not be suitable for scale-up synthesis in
terms of the number of synthetic steps and the number of chiral
centers. In this study, we provided two scaffolds exhibiting
antiviral activity. Most of the compounds shown in Tables 2
and 3 were synthesized within 3 steps, except for compounds
37-39. Compounds 37—39 include chiral centers, and the
synthesis of these compounds was achieved at most within 8
steps. Accordingly, the proposed scaffolds are feasible for
diverse modulation of functional groups and then ones of the
chemical bases for the development of HA inhibitors.

A requirement of antiviral drugs in clinical use is inhibitory
activity for a broad range of viral strains. We tested the potency
of several compounds synthesized in this study using A/
Vietnam/1194/2004 (HSN1) strain,®® which causes severe
pathological conditions for humans and is one of the viruses
attracting keen concern for the threat of a pandemic. A cell-
based antiviral assay indicated that compounds 31 and 39 were
effective for this HSNI type virus with ICg, values of 0.2 and
5.2 uM, respectively. This suggests that the scaffolds found in
this study will maintain compound potency over different types
of influenza viruses.

Plan of the Design of Potent Agents. In the in silico
screening carried out in this study, 4 features, i.e., hydrophobic
region, hydrogen-bond donor, hydrogen-bond acceptor, and
aromatic ring, were monitored for pharmacophore. Hit
chemical compound 4 is compatible with stachyflin in the
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three features of aromatic ring, hydrophobic region, and
hydrogen-bond acceptor. Hit chemical compound § is
compatible in all four features. All of the 8 selected compounds
are compatible with stachyflin at least in two features, aromatic
ring and hydrogen-bond acceptor. That is, these two features
are commonly observed in pharmacophores of all selected
compounds. This suggests that aromatic ring and hydrogen-
bond acceptor are indispensable for inhibitors analogous to
stachyflin. From the viewpoint of compatibility in the
pharmacophore, compound $ is the most advantageous for
an HA inhibitor. In the binding modes of compounds 4 and §
to the wild-type HA shown in Figure 3, compound 4 generated
three hydrogen bonds with HA. In contrast, one hydrogen
bond was observed between compound § and HA. The binding
position of compound $ is considerably close to that of
stachyflin. These findings in binding mode suggest that the
shape complementarity between compound $§ and the binding
site in HA is high, while electrostatic complementarity is more
significant in the binding of compound 4.

Methylester of compound 4 corresponds to carbonyl oxygen
on ring E of stachyflin, and methoxy corresponds to the
hydroxy group bound to ring D. It should be noted that rings
DE of stachyflin compose a large flat region and that the vanillic
acid core of compound 4 mimics the flat region and the
distribution of polar atoms. Diazolane of compound 4 is
compatible with ring A of stachyflin, and amine on the
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Table 3. Structures and Inhibitory Activities of the
Synthesized Analogues to Compound 5, Which Bears a
Thieno-pyrimidine Core”®
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“Condition: (b) amine, NaOH, THF, reflux, 6 h.

diazolane corresponds to the hydroxy group bound to ring A.
Compound 9 in Table 2, in which diazolane is replaced by
methoxy, shows a considerably high inhibitory activity.
Therefore, a polar group at the position of the diazolane is
not necessarily required to maintain compound potency.
Sulfur and nitrogen atoms of thieno-pyrimidine moiety of
compound § mimic the charge distribution of rings DE. It is
notable that thieno-pyrimidine also composes a large flat
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region. Another thiophene and dimethylamine are compatible
with rings A and B of stachyflin, respectively. The high
inhibitory activity of compound 3$ in Table 3 suggests that
thiophene is not necessarily required to maintain compound
potency. This finding provides a sound explanation for the high
inhibitory activity of compound 9. Accordingly, the region of
ring A of stachyflin is not so important for inhibitory activity.
Instead, the flat region at rings DE and the charge distribution
on the flat region are essential for compound potency.

Compound 9 and 35§ were docked to the wild-type HA and
the three mutants in the same manner as stachyflin was. The
predicted binding structures in Supplementary Figure S8
indicate that the binding site of compound 9 changed among
the models. In contrast, compound 35 was bound to almost the
same location among all models. The thieno-pyrimidine moiety
is positioned near D109. This position is, however, different
from that of stachyflin. The sizes of compounds 9 and 35 are
small compared to stachyflin and compounds 4 and 5. Hence
this smallness may be a reason for the incompatibility of the
binding mode. To produce potent compounds appropriately
fitted to the domain between inner helices of HA, compounds
9 and 35 should be converted with retention of the vanillic acid
core and/or the thieno-pyrimidine moiety and with attachment
of some chemical group containing a chiral center at the
opposite side to cling to the helix round surface.

& METHODS

Molecular Dynamics Simulation. Information on the structural
difference between the wild-type HA and the mutants is essential for
clarifying the reason why some amino acid mutations in HA diminish
the inhibitory activity of stachyflin. The initial structure of the wild-
type HA of WSN strain was constructed by homology modeling using
Modeler ver. 9.4.37 The multiple-alignment technique was employed,
where the X-ray crystal structures of A/Puerto Rico/8/1934 HINI1
with PDB codes 1RVZ and 1RU7** and A/Brevig Mission/1/1918
HINI with code 1RD8* were selected for references in modeling.
Homology modeling was also performed to build the initial structures
for variants; KS1R and K121E mutations were introduced in the HA2
subunit in mutant 1, V1761 in HA1 and KSIR, KI21E in HA2 in
mutant 2, and V1761 in HAI and KSIR in HA2 in mutant 3. A lipid
bilayer of 100 A X 100 A was generated by using an in-house software
GLYMM implemented in VMD ver. 1.8* for the purpose of
embedding the C-terminal side of HA2 subunit into the lipid
membrane mimicking the viral envelope. The composition of lipid
molecules in the membrane was set to be as compatible as possible
with the composition of lipid molecules in the influenza viral envelope,
as shown in Supplementary Table 1. Judging from the prediction
results with UniProtKB,*' amino residues 186—206 were assumed to
be the transmembrane region embedded in the viral envelope. It is
natural to consider that an a helix structure is formed in the
transmembrane region. However, there is no experimental ground for
the formation of an « helix in this region. Accordingly, this region was
set to have no secondary structure, that is, to be in a strand form in the
initial structure of the present simulations. In our preliminary
calculation without embedding the C-terminal side of HA2 subunit
into the lipid membrane, each helix in HA2 gradually changed its
conformation to separate itself from other helices. HA trimer was
converted from a closed shape to an open one with the progress of
simulation. The motion of the C-terminal region of HA2 was large in
the preliminary calculation, which seemed to be a cause of structural
instability and became a trigger for the drastic conformational change.
That is, the helices of the HA trimer cannot maintain the closed form
unless the C-terminal side of HA2 is embedded in the lipid membrane.
Hence, calculation models in this work included the membrane
mimicking the viral envelope and the transmembrane region of HA.
TIP3P water molecules and ions to neutralize the calculation cell were
generated to solvate the complex of HA and lipid membrane, making a

dx.doi.org/10.1021/cb200332k | ACS Chem. Biol. 2012, 7, 552~562



