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At present, neuraminidase (NA) inhibitors are the mainstay of pharmacological strategies to fight
against global pandemic influenza. In the search for new antiviral drug leads from nature, the seed
extract of Alpinia katsumadai has been phytochemically investigated. Among the six isolated constitu-
ents, four diarylheptanoids showed in vitro NA inhibitory activities in low micromolar ranges against
human influenza virus A/PR/8/34 of subtype HINI1. The most promising constituent, katsumadain A
(4;1C59 = 1.05£0.42 uM), also inhibited the NA of four HINT swine influenza viruses, with ICsq values
between 0.9 and 1.64 uM, and showed antiviral effects in plaque reduction assays. Considering the
flexible loop regions of NA, extensive molecular dynamics (MD) simulations were performed to study
the putative binding mechanism of the T-shaped diarylheptanoid 4. Docking results showed well-
established interactions between the protein and the core of this novel NA-inhibiting natural scaffold,
excellent surface complementarity to the simulated binding pocket, and concordance with experimen-

tally derived SAR data.

Introduction

Influenza viruses belonging to the genera A and B are
responsible for seasonal flu epidemics each year, which cause
acute contagious respiratory infections. Children, the old, and
people with chronic diseases are at high risk to develop severe
complications that lead to high morbidity and mortality
rates." Among the three influenza genera, type A viruses are
the most virulent human pathogens that cause the most severe
disease, can be transmitted to other species, and give rise to
human influenza pandemics. The recent human influenza
outbreak of the aggressive porcine A/HINT strain in 2009
has emphasized the need for novel antiviral therapeutics. The
enzyme neuraminidase (NA;“ also known as sialidase), which
is an exoglycohydrolase consisting of four identical subunits,
plays a key role not only in the release of virions from infected
host cells but also in their movement through the upper
respiratory tract.” The replication of virus particles is blocked
by the application of NA inhibitors, which have the ability to
fit into the active site of the enzyme and avoid the cleavage of
the connection between host cell and newly built virions.**

At the moment, there are four well-established anti-influ-
enza drugs commercially available. Matrix protein 2 inhibi-
tors, also called ion channel blockers, amantadine and
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rimantadine owning an adamantine scaffold are only target-
ing influenza type A and have the disadvantage of side effects
associated with the central nervous system and the gastro-
intestinal tract.? Furthermore, the application of ion channel
blockers is limited due to the rapid emergence of antiviral
resistance during therapy.””’ Starting from Hong Kong,
adamantine resistant H3N2 spread all over the world since
2003.571% Resistant HIN1 emerged some years later.!'"1
Most importantly, the novel reassorted pandemic HINI1
variant from swine contains the M gene of European swine
influenza A viruses known to be ion channel blocker resistant
since 1989.'31* Therefore, infections with the pandemic HIN1
cannot be treated with this pharmacological class of anti-
influenza drugs. Oseltamivir and zanamivir (Chart 1), both
NA inhibitors, are the only antiviral drugs recommended for
flu treatment at the moment. In contrast to zanamivir, which
has to be inhaled, an advantage of oseltamivir is its easy, oral
application. Both drug substances have been approved for the
treatment of influenza A and B virus infections. Compared to
matrix 2 ion channel blockers, they are better tolerated and
have rarely shown antiviral resistance until the season 2007/
2008.>'>1° In this season, the situation suddenly changed for
the worse. Oseltamivir resistant HIN1 viruses spontaneously
arose and spread globally.!” "

Currently circulating resistant HINI1 viruses carry the histi-
dine-to-tyrosine (His274Tyr) substitution in NAs that confers
resistance to oseltamivir but does not affect susceptibility to
zanamivir. In contrast to group 1 NAs (N1, N4, N5, NS),
group 2 NAs (N2, N3, N6, N7, N9) can still accommodate
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Chart 1. NA Inhibitors Zanamivir (A) and Oseltamivir (B)
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oseltamivir in the binding pocket in the presence of Tyr274.%°
Oseltamivir remains a treatment option for infections with the
new pandemic swine-origin HIN1 virus,?! however, due to
resistance issues, it is not appropriate for patients infected with
currently circulating human HINI." Despite the recent
changes in NA inhibitor susceptibility among human N1
viruses, the importance of influenza NA in viral life circle
and the close correspondence of the conserved residues of the
active sites of NAs from all influenza A and B viruses,?” render
the enzyme a promising target for the discovery of new drug
leads to combat the pathogenesis of influenza virus infection.
Additionally, the availability of, to date, around 160 NA
X-ray complexes in the Protein Data Bank (PDB)>* contri-
butes to the attractiveness of this drug target for structure-
based approaches. Thanks to these crystal structures several
potent NA inhibitors, like oseltamivir and zanamivir, could be
discovered.?

Given such issues, literature regarding NA inhibitory acti-
vity with special focus on the plant kingdom was explored. In
2003, Lee et al. investigated 260 methanolic (MeOH) extracts
of oriental plant materials on NA inhibition using the in vitro
method of Myers et al.** with some modifications.”® The
MeOH-crude extract of Alpinia katsumadai Hayata showed
92% inhibition at 1 ppm.*> In addition, A. katsumadai is
described in patents as an antiviral herbal remedy®® and as
ingredient of complex Chinese antiviral preparations.*”-**

This information prompted us to phytochemically investi-
gate A. katsumadai and to elucidate the molecular constituents
responsible for the NA-inhibiting activity. As there was no
information about the used organ in the publication of Lee
et al., we decided to work with the seeds, which are commonly
used as an herbal remedy in Traditional Chinese Medicine and
recommended against “epigastric and abdominal cold pain”
and for the treatment of “phlegm-dampness constraining the
lungs and affecting breathing, causing fullness and a stifling
sensation in the chest”.?’

In this study, we started from the most active NA-inhibiting
fraction of the seeds of 4. katsumadai and isolated six con-
stituents, five diarylheptanoids and trans,trans-farnesol. All
the diarylheptanoids showed significant NA inhibiting in vitro
activities in the low micromolar range. Because the active
constituents represent a novel class of NA inhibitors and differ
in chemical space and shape from the lead structures oselta-
mivir and zanamivir (Chart 1), computational docking studies
were used to rationalize the interaction in the NA binding site.

Results and Discussion

Phytochemistry. The ethanol (EtOH) extract of 4. katsu-
madai semen was subjected to liquid/liquid partition using
petroleum ether (PE), dichloromethane (DCM), ethyl acet-
ate (EA), n-butanol (BU), and water. Because of its most
promising results regarding NA inhibition (ICsy = 0.7 £
0.1 ug/mL), the DCM fraction (AK_DCM) was chosen for
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Figure 1. Inhibition of NA of influenza virus A/PR/8/34 by A.
katsumadai extracts of different polarity as determined in chemilu-
minescence-based enzyme inhibition assays (n = 3, each concentra-
tion in triplicate).

phytochemical investigations (Figure 1). After several
chromatographic separation steps (silica gel and Sephadex
column chromatography), five diarylheptanoids and one
sesquiterpene were isolated. They could be identified as
(E,E)-5-hydroxy-1,7-diphenyl-4,6-heptadien-3-one (1), (E,E)-
1,7-diphenyl-4,6-heptadien-3-one (2), (35,55)-trans-3,5-dihy-
droxy-1,7-diphenyl-1-heptene (3), katsumadain A (4), (S)-1,7-
diphenyl-6(E)-hepten-3-ol (5), and trans,trans-farnesol (6)
(Chart 2) by using HPLC, MS analysis, optical rotation, and
ID/2D NMR experiments and comparison with published
data.

All six isolated compounds have been reported previously
from the seeds of A. katsumadai.>®>' However, 5 was des-
cribed to be a racemate by Kuroyanagi et al.>° Our isolate
showed a negative optical rotation ([a]}) —6.41; ¢ = 0.92;
MeOH), which goes along with the data reported by Suk-
samrarn et al. for the S-configured enantiomer isolated from
the rhizomes of Curcuma comosa.™

NA Activity. To compare the NA inhibitory activity of
plant extract and selected compounds from A. katsumadai,
influenza virus A/PR/8/34 susceptible to NA inhibition was
used as test virus in chemiluminescence-based enzyme in-
hibition assays.'® This assay was recommended for NA
inhibitor susceptibility testing of human influenza viruses
by Sheu et al.*® and ensures a strong agreement of data
received in different laboratories.'® Using this assay, an ICs,
of 0.13 nM was determined for oseltamivir included as
positive control in the present studies. The pharmacological
evaluation of three A. katsumadai fractions (AK_DCM,
AK_EA, and AK_BU) regarding their NA inhibiting poten-
tial revealed the lowest ICsq value (0.7 & 0.1 ug/mL) for the
DCM fraction (Figure 1).

Four of the five diarylheptanoids, i.e., compound 1, 2, 4,
and 5, isolated from the active DCM-fraction, were able to
inhibit the NA in the enzyme test with 1Cs, values between
1.0 and 6.1 uM. Compound 3 and the isolated sesquiterpene
6 exerted only weak in vitro inhibitory activities (ICsq 29.8
uM and 81.4 uM, respectively) (Table 1). Comparison of the
diarylheptanoids to trans,trans-farnesol (6), a C;s-com-
pound without any aromatic moiety (Chart 2), reveals that
the two peripheral phenyl groups with a spacer represented
by the heptyl chain seem to contribute to the NA inhibitory
activity. In addition, an increasing number of hydroxyl-
groups in the heptyl chain connecting the two phenyl groups
obviously decreases the NA inhibiting effect. This tendency
was observed for 3 possessing two hydroxyl groups in
contrast to 1, 2, 4, and 5. The most potent compound
4 differs from other diarylheptanoids in a monocyclic
a-pyrone moiety and an additional phenyl group.
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Chart 2. Chemical Structures of Diarylheptanoids (E,E)-5-Hydroxy-1,7-diphenyl-4,6-heptadien-3-one (1), (E,E)-1,7-Diphenyl-4,6-
heptadien-3-one (2), (3S5,5S)-trans-3,5-Dihydroxy-1,7-diphenyl-1-heptene (3), Katsumadain A (4), (S)-1,7-Diphenyl-6( E)-hepten-3-ol

(5), and the Sesquiterpene trans,trans-Farnesol (6)
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Table 1. In Vitro Inhibition of NA of Influenza Virus A/PR/8/34 by
Substances Isolated from A. katsumadai Semen as Determined in
Chemiluminescence-Based Enzyme Inhibition Assay (n = 3, Each
Concentration in Triplicate)

2 3

Table 2. NA Inhibitory Activity of Oseltamivir and 4 against Several
Porcine HIN1 Isolates as well as an Oseltamivir-Resistant Human
HINI Isolate (n = 4, Each Oseltamivir Concentration in Duplicate
and Each Katsumadain A Concentration Triplicate)

compd 1C5 values [ uM]

1 4.67+0.36
6.104+1.52
29.75+8.15
1.05+0.42
4.13+1.50
81.404+36.43

AN AW

In addition to the M gene, the novel pandemic HINI virus
received also the NA gene from European swine viruses.
Therefore, we decided to test the inhibitory potential of the
most active diarylheptanoid, i.e., compound 4, against NA
of four swine viruses isolated from ill pigs in Germany
between 1981 and 2008. Oseltamivir was included as control
in these studies. The results are summarized in Table 2.
Oseltamivir inhibited the NA of all tested HINI1 swine
viruses at nanomolar concentrations between 0.06 and
0.20 nM. The determined ICsq values strongly correspond
with that published for swine H3N2 as well as human
influenza A viruses.'®3%3

The ICsq values determined for 4 varied between 0.59
and 1.64 uM (Table 2). They indicate a good NA inhi-
bitory activity of 4 against swine influenza A isolates of subtype
HINI. The NA of the oseltamivir-resistant human HINT isolate
A/342/09 exhibited a markedly lower susceptibility to this com-
pound. The addition of 6.6 to 52.5 uM of 4led to a NA inhibition
ranging from 27.0% to maximally 45.9%, respectively.

Cytotoxicity and Antiviral Activity of Katsumadain A (4) in
MDCK Cells. Compound 4 was well tolerated in confluent
MDCK cell monolayers with a 50% cytotoxic concentra-
tion (CCsg) of 66.9 uM. Its antiviral activity was determined
in plaque reduction assays with influenza A/PR/8/34 in
MDCK cells. This human HIN1 virus is oseltamivir-suscep-
tible in cell culture-based assays with a mean ICsy of 194.1
nM. The studies with 4 revealed an 1Csq value of 11.75 £+
3.42 uM and underline the anti-influenza virus activity of the
tested compound.

Computational Docking. X-ray crystallographic studies
on influenza NA indicate significant flexibility of the

ICS() of
katsumadain
oseltamivir A
influenza virus (nM) (4) (uM)
A/Potsdam/15/81¢ 0.16 0.73
A/Belzig/2/01¢ 0.20 0.59
A/Horneburg/IDT7489/08 0.06 1.11
A/Brest/IDT7490/08 0.19 1.64
A/342/09" resistant® maximum
inhibition
45.9%

“One assay with each oseltamivir concentration in duplicate; each
concentration of compound 4 in triplicate. ?Oseltamivir-resistant
human HINT isolate. ¢ Maximum tested concentration: 100 nM. ¢ Used
test concentration 52.5 uM.

150-loop.?® On the basis of these experimental observations,
Amaro et al. performed in-depth analyses of the conforma-
tional behavior of influenza NA using molecular dynamics
(MD) simulation techniques,***” with focus on the 150-loop.
These computational studies confirmed a high degree of
conformational flexibility in this region but also in the
neighboring 430-loop. These conformational shifts could
be exploited to accommodate novel, bulkier, and more
potent binders. In a following study, Cheng et al. proposed
novel compounds based on docking studies using a repre-
sentative open-conformation frame of this MD simulation.*®

In this study, among all tested compounds, 4 showed the
highest inhibitory activity of influenza NA. At the same time,
this compound considerably differs from known active NA
inhibitors in terms of shape and size, which makes the
exploration of the binding mode of this novel class of
inhibitors interesting for detailed modeling studies. More-
over, the rigidity of this compound makes it the best choice
for docking studies in order to derive a binding hypothesis.
Recently, An et al. have analyzed the putative binding mode
of a novel NA inhibitor, 4-(4-((3-(2-amino-4-hydroxy-6-
methyl-5-pyrimidinyl)propyl)amino)phenyl)-1-chloro-3-bu-
ten-2-on, using [CM-based® protein—ligand docking.*® As
we found GOLD*' in combination with GOLDScore to
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Figure 2. Elucidation of the putative binding mode of compound 4. (a) Overlay of the X-ray structures used for docking. The closed
conformation (2hu4) is indicated in green color with oseltamivir bound. The open apo-structure (2hty) is indicated in red color, and the open
holo-structure (2hu0) is indicated in blue color, respectively. Oseltamivir forms a strong H-bonding network and charged interactions with the
neighboring Argl18, Argl52, Arg292, and Arg371. Moreover, the branched alkyl moiety establishes tight surface contacts with Arg224 and
Glu276. (b) Overlay of the 10 representative MD frames used for docking. The residues involved in the binding of oseltamivir mainly show
moderate conformational flexibility. Hereby, a certain degree of flexibility is observed in particular for residues Arg156 and Arg371. Significant
conformational shifts are evident for residues forming the 150- and 430-loop; some degree of conformational flexibility is also observable for
the 245-loop. The X-ray structures are indicated in gray color, and the representative frame four is indicated in red color, respectively. This MD
frame is embedded well among the 10 representative MD frames. It is related to the X-ray open conformation but shows an extended binding
pocket nearby the 430- and the 150-loop. (¢) Oseltamivir bound to NA, in comparison to 4. The core of 4 (violet color) exactly matches the
location of the bound oseltamivir (gray color). (d) Surface complementarity of compound 4 and the representative frame four. Compound 4
(blue color, blue mesh) shows optimum surface complementarity with the target structure, indicating a strong entropic contribution to the
protein—ligand binding free energy. The illustration highlights the conformational differences between the X-ray open conformation (2hty, red
mesh) and the MD frame (gray surface). In particular, the more opened conformation of the 430- and the 245-loops is essential for
accommodating the ligand. (e) Compound 4 docked to NA representative frame for cluster 4 (red color), with interacting residues indicated in
green color. The ensemble of protein—ligand interactions observed for 4 is characterized by hydrophobic interactions of the peripheral
aromatic substituents (as well as the alkene chain) and the simultaneous formation of cation—u interactions with Argl 52, Arg224, and Arg371.
H-bonds are formed between the cyclic ether and Arg292 and between the lactone and Glul19. Furthermore, considering the hydrophilic parts
of the binding pocket and the geometry of the ligand pose, water-mediated hydrogen bonds are likely to establish interactions between the
protein and the ligand lactone group. In the case of a His274Tyr mutation, a shift of Glu276 toward the binding pocket is likely to cause
repulsion of the ligand from the binding pocket.
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perform particularly well in prior redocking studies, we
chose this software to analyze the binding mode of 4 (more
information on the computational approach is provided in
the Experimental Section). Initial experiments using an
X-ray model of the closed conformation of NA (PDB entry
2hu4, Figure 2a) strongly indicated that the large, T-shaped
compound 4 is unlikely to bind to the target in its closed
conformation; the binding area is too small to accommodate
the ligand. Using open-conformation NA structures (PDB
codes 2hty and 2hu0, Figure 2a) allowed us to obtain a few
docking poses that came fairly close to a reasonable binding
hypothesis, fulfilling requirements for protein—ligand inter-
actions and surface complementarity. However, the poses of
10 individual docking runs for each X-ray structure were
scattered all over the binding pocket. Being aware of the
considerable flexibility of parts of the NA, this strongly
indicates possible structural shortcomings in the experimen-
tal determination of the target conformation, making it
unfeasible to determine the putative binding mode. More-
over, moieties of even the most plausible docking poses
seemed not to be placed favorably in the binding pocket,
which is a common observation when using a rigid receptor
docking approach.

To enhance docking predictions, we performed a MD
simulation of the apo protein system (PDB entry 2hty) using
AMBER 10* to account for protein flexibility (more in-
formation on the computational approach is provided in the
Experimental Section). Ten representative frames of the
20 ns trajectory were selected for analyses (Figure 2b), and
10 individual docking runs were processed for each of these
frames. The conformations we observed during the MD
simulation compare very well to the conformational flexi-
bility reported in recent studies mentioned above.*®*” They
share a comparable, limited degree of flexibility of the
protein moieties involved in the formation of the oseltamivir
binding pocket and a considerable degree of conformational
flexibility in 150- and 430-loops. The behavior of both
flexible loops is in concordance with the conformations
reported by MD studies of Amaro et al.*®*’

Analysis of the docking poses was started by generating a
rank-ordered list of all docking poses of all frames based on
their GOLDScore. We found that the highest-ranked pose is
obtained for the representative frame of cluster 4 (GOLD-
Score 74.14), which is the second most-populated cluster of
protein conformations observed during MD simulations
(Figure 3a,b). However, ranking compounds exclusively by
scoring functions is considered problematic.** Therefore, we
looked at the overall arrangement of the docking poses
within the binding site. For the majority of the frames, the
poses were scattered more or less among the binding site and
no obvious preferences for a binding mode could be revealed.
For cluster 4, however, we found a surprising agreement for
ligand placement: all 10 poses of cluster 4 are consistent,
almost identical. Together with the highest GOLDScore, this
is another strong indicator for the reliability of the predicted
binding mode. Intriguingly, the ligand core matches the
binding location of the two closely related and comparably
binding NA inhibitors oseltamivir (Figure 2¢) and zanamivir
(not shown). Even more interesting, the ligand placement
shows optimum surface complementarity with the binding
pocket (Figure 2d), suggesting a strong entropic benefit upon
ligand binding. The docked ligand also shows a well-formed
hydrogen bonding network with the protein environment,
which is discussed in more detail in Figure 2e. For the other
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Figure 3. For the selection of representative frames observed dur-
ing the molecular dynamics studies, the trajectory was clustered into
10 clusters employing the average linkage algorithm as implemented
in AMBER 10. (a) rmsd plot of the protein backbone (colors as
reported in Figure 3b, in accordance with the color coding of the
protein conformations presented in Figure 2b; the equilibration and
initial MD simulation phase which have not been considered for
trajectory clustering are indicated in black color). Each data point
represents a trajectory frame used for clustering. The figure demon-
strates the stability of cluster 4 over several nanoseconds. A
representative frame of this cluster led us to the putative binding
mode of compound 4. (b) Cluster population of the 10 clusters.
Cluster 4 accounts for one-quarter of the snapshots extracted during
MD simulations.

nine MD frames, we found no docking poses that show a
comparable degree of plausibility except some individually
placed poses that are in agreement with the poses of frame
four. Intriguingly, compound 4 shows considerably lower
activity against the oseltamivir-resistant human HI1NI iso-
late. It is known (according to the German Reference
Laboratory for influenza viruses at the Robert-Koch-Insti-
tute Berlin that provided us with the oseltamivir-resistant
virus as control for antiviral testing) that this virus carries the
His274Tyr mutation that imparts oseltamivir resistance.
Looking at the proposed binding mode of compound 4 to
NA (Figure 2e), it is obvious that a conformational shift of
Glu276 induced by this mutation®® causes a reduction of the
binding site in this key interaction area and, hence, the
repulsion of the ligand. In a docking simulation using the
mutated protein structure, we were unable to dock the ligand
in a comparable docking pose into the binding pocket.
Overall, several indicators render the proposed binding
mode of compound 4 highly likely. First, the ligand pose
obtains the highest docking score for compound 4 among all
protein frames and docking poses and statistical analyses on
the MD trajectory prove the high population of this cluster
of protein conformations. Second, the geometric agreement
of all binding poses for this representative trajectory frame is
another sign for the plausibility of the proposed binding
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mode. In this pose, the ligand exhibits a well-established
network of interactions and excellent surface complemen-
tarity with the target protein. Strikingly, also, the experi-
mentally observed activity variations of wild type and
mutant NA agree with the proposed binding mode of
compound 4.

Conclusions

The appearance of drug-resistant influenza-viruses and the
threat of pandemics demonstrate a high need in the search for
innovative and effective antiviral agents.** In this study, we
focused on the phytochemical investigation and pharmacolo-
gical evaluation of the medicinal plant 4. katsumadai com-
bined with a theoretical computational docking approach
considering the flexibility of the target enzyme NA.

Our results show that four out of six isolated compounds
possess NA inhibiting ICs, values against human influenza A
virus of subtype HINI1 in low micromolar ranges. Interest-
ingly, the structure of compound 4, the most active NA
inhibitor, is approximately 50% larger than the well establ-
ished drugs oseltamivir and zanamivir. Despite this fact a
promising NA-inhibiting potential could be attested to this
diarylheptanoid not only against human but also against four
swine influenza A viruses of subtype HIN1. However, com-
pound 4 exhibited only a weak effect against the oseltamivir-
resistant human H1N1 isolate A/342/09.

We showed that the isolation of compounds from natural
sources in combination with computational techniques,
namely MD simulations, might play an important role for
the discovery of novel antiviral-drug leads. On the basis of the
NA X-ray crystal structures alone, the elucidation of a
plausible binding mode for this novel class of NA inhibitor
was not possible, because flexible loop regions are not appar-
ent in these structures. Therefore, MD studies revealed as
essential to render the conformational space of the target an
extended binding pocket conformation. The applied in silico
technique allowed accommodating compound 4 and rationa-
lizing its putative interaction in the NA binding site. This
molecular insight will help to increase the knowledge in
ligand-target interactions of this flexible NA binding pocket
and to derive more potent ligands based on this novel natural
scaffold.

Experimental Section

General Experimental Procedures. Optical rotations were
measured on a Perkin-Elmer 341 polarimeter at 25 °C. The
NMR experiments were accomplished on a Bruker DRX300 at
300 K in CDCIlj; (calibrated to the residual nondeuterated
solvent signals). MS analysis was performed on an Esquire
3000 plus ion-trap mass spectrometer (Bruker Daltonics)
equipped with electrospray ionization (ESI) in positive and
negative mode: spray voltage, 4.5 kV; sheath gas, N;, 30 psi;
dry gas, N», 6 L min~', 350 °C; scanning range, m/z 50—1000.
Column chromatography was performed using Merck silica gel
60, 40—63 um and Pharmacia Sephadex LH-20, 20—100 xm.
The obtained fractions from all chromatographic steps were
analyzed by TLC (mobile phase: DCM:EA [9:1]; stationary
phase: Merck silica gel 60 PF,s,4, detected with staining reagents
vanillin/H,SO4at VIS, UV 254, UV 366). HPLC was performed
on a Hewlett-Packard HP-1100 system with a photodiode array
detector (DAD). LC-parameters: stationary phase: Zorbax
SB-Cg, Rapid Resolution 3.5 um (4.6 mm x 150 mm), Agilent,
USA; temperature: 40 °C; mobile phase: water (A); acetonitrile
(B); flow rate 1.0 mL/min; UV detection wavelength: 205, 280,
360 nm; injection volume: 10 uL; gradient: 70% A, 30% B;
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35 min; 55% A, 45% B; 40 min; 35% A, 65% B; 62 min;
2% A, 98% B. All chemicals and solvents used were analytical
grade.

Plant Material. The dried seeds of Alpinia katsumadai Haya-
ta, Zingiberaceae were obtained from Plantasia (MMag. Erich
A. Stoger, Oberndorf/Salzburg, Austria). The quality was
checked according to the monograph cao dou kou of the
Chinese Pharmacopoeia. A voucher specimen (JR-20070315-
Al)is deposited in the Herbarium of the Institute of Pharmacy/
Pharmacognosy, LFU, Innsbruck, Austria.

Extraction and Isolation. First, 1384 g crushed seeds of A.
katsumadai were macerated with EtOH (4.5 L at RT, three times
for 4 days each). After removal of the solvent under vacuum, the
EtOH extract yielded 68.8 g. This EtOH extract was partitioned
between PE, DCM, EA, BU, and water. Thereby obtained
solvent fractions were evaporated under vacuum. The DCM
fraction (21.35 g) was subjected to silica column chromatogra-
phy (Merck silica gel 60 PF;s4, 213 g; 65 cm x 4 cm) using a
gradient system of n-hexane-DCM-EA (300:0:0, 80:20:0,
330:330:0, 60:240:0, 0:1500:0, 0:480:120, 0:105:45 mL) to give
15 fractions (A1—15). Fraction A4 (75.77 mg) was further
separated using Sephadex LH 20 column chromatography
(mobile phase: DCM/acetone (85:15)) to yield four fractions
(B1—4). 15.71 mg of compound 1 were obtained by recrystalli-
zation of fraction B2 (orange—yellow needles) from MeOH.
Fraction A6 (2057.71 mg) was purified via Sephadex LH 20
column chromatography (mobile phase: DCM/acetone (85:15))
to give two fractions (C1—2). Then 1328.28 mg of compound 2
were gained from C2 (yellow needles). Fraction A7 (605.35 mg)
was chromatographed by Sephadex LH 20 (mobile phase:
DCM/acetone (85:15)) to give seven fractions (D1—7). D3
(110.68 mg) was identical to compound 2. Fraction A8 (899.95
mg) was subjected to Sephadex LH 20 column chromatography
(mobile phase: MeOH) yielding three fractions (E1—3). Frac-
tion E3 could be obtained as pure compound 4 (light-yellow
amorphous solid) (127.80 mg), whereas fractions E1 and E2
were rechromatographed for purification on Sephadex LH
20 column chromatography (mobile phase: MeOH) to give 3
fractions each (F1—3 and G1-3). 6 (F1) (123.58 mg of pale-
yellow liquid) and 35.9 mg of 5 (G3) (colorless liquid) were
obtained. Fraction A13 (1581.46 mg) was separated by Sepha-
dex LH 20 column chromatography (mobile phase: MeOH)
to obtain three fractions (H1—3). Then 1060.05 mg of com-
pound 3 (colorless needle) were gained from H1. The physical
and spectroscopic data of compounds 1—6 agree with those
previously published**~** for (E, E)-5-hydroxy-1,7-diphenyl-4,6-
heptadien-3-one (1), (E,E)-1,7-diphenyl-4,6-heptadien-3-one (2),
(38,5S)-trans-3,5-dihydroxy-1,7-diphenyl-1-heptene (3), katsu-
madain A (4), (S)-1,7-diphenyl-6( E)-hepten-3-ol (5), and trans,
trans-farnesol (6). Their purity was determined by HPLC to
be 298%.

Katsumadain A (4). Light-yellow amorphous solid; [o]%
+1.19 (¢ = 1.09; EtOH). '"H NMR (300 MHz, CDCl5) ¢: 2.91
(2H, m, H-1), 2.78 (2H, m, H-2), 2.85 (1H, dd, H-4), 2.51 (1H,
dd, H-4),4.49 (1H, m, H-5), 2.02 (2H, m, H-6), 4.13 (1H, t, H-7),
5.93 (1H, s, H-4""), 6.58 (1H, d, H-6"""), 7.49 (1H, d, H-7""),
7.37—7.18 (15H, overlapping, aromatic protons). '*C NMR
(300 MHz, CDCl;) d: 29.8 (C-1), 45.5 (C-2), 206.5 (C-3), 48.0
(C-4), 69.9 (C-5), 35.4 (C-6), 35.4 (C-7), 141.1 (C-1"), 143.5 (C-
1), 163.3 (C-1"""), 101.4 (C-2'"), 165.5 (C-3""), 101.1 (C-4""),
158.1 (C-5"), 119.1 (C-6""), 135.6 (C-7"), 135.7 (C-8"),
129.2—126.7 (aromatic carbons). The data is in agreement with
the data reported by Yang et al.”'

Cells and Viruses. MDCK cells (Friedrich-Loeffler Institute,
Riems, Germany) were grown in Eagle minimum essential
medium (EMEM) supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and 100 U/mL streptomycin. Medium
applied in plaque reduction assays was formulated with 2 ug/
mL trypsin and 1.2 mM bicarbonate and did not contain
serum.
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A/Horneburg/IDT7489/08 and Brest/IDT490/08 were iso-
lated in embryonated hens eggs from nasal swabs obtained from
pigs with clinical symptoms.

Stocks of HINI influenza virus A/PR/8/34 (Institute of
Virology, Philipps University, Marburg), the oseltamivir-resis-
tant human HIN1 isolate A/342/09 (Robert Koch Institute,
Berlin, Germany) and the porcine HINI isolates A/Belzig/2/01,
A/Potsdam/15/81 (Dr. Schrader, Bundesinstitut flir Risiko-
forschung, Berlin, Germany), A/Horneburg/IDT7489/08, and
Brest/IDT490/08 were propagated in MDCK cells, aliquoted,
and stored at —80 °C until use.

Compound Preparations. Oseltamivir carboxylate (GS4071)
was kindly provided by F. Hoffmann-La Roche AG (Basel,
Switzerland; lot no. RO0640802-002). Compound stock was
prepared in water and stored at 4 °C. Stock solutions of
compounds 1—6 were prepared in DMSO.

Chemiluminescence-Based NA Inhibition Assay. NA inhibi-
tion was determined with the commercially available NA-Star
kit (Tropix, Applied Biosystems, Darmstadt, Germany) that
utilizes a 1,2-dioxetane sialic acid derivative for the substrate,
according to the protocol of the manufacturer and as described
recently.'®" At first, each individual virus culture supernatant
was diluted in NA-Star buffer (serial 2-fold dilutions) in the
absence of NA inhibitor. The virus dilution resulting in a signal-
to-noise ratio of 40:1 was used then for subsequent ICsg
determinations. Briefly, 25 uL of assay buffer (for the six virus
controls included on each plate) or test compounds and oselta-
mivir at two times the desired concentration were added (each
concentration in duplicate or triplicate, oseltamivir and test
compounds 1—6, respectively in assay buffer) to a 96-well
microtiter plate. Afterward, 25 uL of the respective virus dilu-
tions were added to each well, mixed with the compounds, and
incubated at 37 °C for 20 min. At the end of the incubation time
the substrate was diluted 1:500 in assay buffer and added to each
well (10 uL) for 30 min at room temperature. The mean NA
activity of the six untreated virus controls was set to 100%, and
the concentration required to reduce NA enzyme activity of
virus controls by 50% was calculated.

Determination of Cytotoxicity and Antiviral Activity of
Katsumadain A (4) in MDCK Cells. Cytotoxicity as well as
antiviral activity of test compounds was determined on 3-day-
old MDCK cell monolayers as described previously.** Briefly,
to determine the CCsy, confluent cell monolayer grown in
96-well plates were incubated with serial 2-fold dilutions (each
in triplicate) of 4 for 72 h (37 °C, 5% CO,). Then the cells were
fixed and stained with a crystal violet formalin solution. After
dye extraction, the optical density of individual wells was
quantified spectrophotometrically at 550/630 nm with a micro-
plate reader. Cell viability of individual compound-treated wells
was evaluated as the percentage of the mean value of optical
density resulting from six mock-treated cell controls which was
set 100%. The CCsywas defined as the compound concentration
reducing the viability of untreated cell cultures by 50%. It was
calculated from the mean dose—response curve of two indepen-
dent assays.

Plaque reduction assay was used for antiviral testing with
influenza virus A/Puerto Rico/8/34 on MDCK cell. Cell mono-
layers were inoculated with approximately 70 plaque forming
units (pfu) of the virus and overlaid with 0.4% agar supplemen-
ted with serial 2-fold compound concentrations, each tested in
duplicate. One uninfected, untreated cell control as well as three
infected untreated virus controls were included in all assays.
After 48 h of incubation at 37 °C, plates were fixed and stained
with a crystal violet formalin solution, the number of virus-
induced plaques was counted, and the compound-induced
plaque reduction calculated. The concentration required to
reduce the plaque number by 50% was calculated from the
mean dose—response curves of at least 2 independent assays.

MD Simulations. AMBER 10 was used for MD simula-
tions of chain B of PDB entry 2hty, following the approach of

Grienke et al.

Amaro et al.>*37 We prepared the system and protonated the
target according to pH 6.5 using the pdb2pqr server.*®47 Crystal
waters were preserved 5 A around the protein using VMD,* and
the protein was solvated in a TIP3P water box placed 10 A
around the macromolecule. Rectangular periodic boundary
conditions and the particle mesh Ewald approach were applied
for calculating electrostatics (cutoff 10 A). An initial minimiza-
tion limited to solvent molecules was performed for 500 steepest
descent minimization cycles and 500 conjugate gradient cycles.
This was followed by a minimization of the full system for 2500
cycles using the steepest descent algorithm and 2500 cycles using
the conjugate gradient algorithm. The system was gradually
warmed to 300 K over the initial 50 ps of the simulation by
applying weak restraints to the protein. An equilibration step of
100 ps under constant pressure was performed, allowing the
water molecules to relax. The production MD was processed
with a 2 fs time step and the SHAKE algorithm keeping all bond
lengths involving hydrogens fixed. A 20 ns section of the
trajectory was submitted to frame clustering.

Clustering of the Trajectory. To obtain 10 representative
protein conformations for ligand docking, the trajectory was
clustered considering the conformational flexibility (in terms of
the backbone rmsd) of all residues of the first shell building the
binding concavity of NA (residues 114—119, 134—140, 145—
152, 156, 178—180, 222—227, 244—246, 276—277, 292, 294,
347-350, 371, 403—4006, 423, 425—432, 437—441). AMBER
10 has included 11 different algorithms that allow for clustering
trajectories. Shao et al.*’ provided an excellent in-depth analysis
of the performance of these different algorithms, their advan-
tages and disadvantages. On the basis of their observations, we
selected the average linkage algorithm for clustering our trajec-
tory (using default settings).*’

Protein—Ligand Docking. GOLD 4.1*! was used for docking
4 to the X-ray structures and MD frames. The 3D seed structure
was generated from scratch using Corina 3.0.0.°°7%% Default
settings were applied for flexible ligand docking in GOLD,
except early termination was deactivated. Ten poses were cal-
culated for each protein conformation and GOLDScore was
applied for pose ranking. The protein—ligand complexes were
visualized using PyMol 1.0.%
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