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Inhibition of neuraminidase by
Ganoderma triterpenoids and
implications for neuraminidase
inhibitor design
Qinchang Zhu1, Tran Hai Bang1, Koichiro Ohnuki2, Takashi Sawai3, Ken Sawai3 &
Kuniyoshi Shimizu1
Neuraminidase (NA) inhibitors are the dominant antiviral drugs for treating influenza in the clinic.
Increasing prevalence of drug resistance makes the discovery of new NA inhibitors a high priority.
Thirty-one triterpenoids from the medicinal mushroom Ganoderma lingzhi were analyzed in an in
vitro NA inhibition assay, leading to the discovery of ganoderic acid T-Q and TR as two inhibitors
of H5N1 and H1N1 NAs. Structure-activity relationship studies revealed that the corresponding
triterpenoid structure is a potential scaffold for the design of NA inhibitors. Using these triterpenoids
as probes we found, through further in silico docking and interaction analysis, that interactions with
the amino-acid residues Arg292 and/or Glu119 of NA are critical for the inhibition of H5N1 and H1N1.
These findings should prove valuable for the design and development of NA inhibitors.

Influenza virus infection remains one of the most serious threats to human health with the potential to
cause epidemics or pandemics with mass casualties. Seasonal influenza vaccines and several anti-influenza
drugs are available and generally effective. However, appearance of new influenza viruses, including
resistant strains, because of frequent viral antigenic drift or shift sometimes limits the effectiveness of
available drugs or vaccines1–3. The two classes of antiviral drugs approved so far to treat influenza virus
infection are influenza M2 ion channel blockers and neuraminidase (NA) inhibitors4,5. Because many
strains of influenza virus, including the seasonal H3N2, 2009 pandemic H1N1, avian H5N1, and emerging H7N9, are now resistant to the M2 ion channel blockers amantadine (Symmetrel) and rimantadine
(Flumadine), M2 ion channel blockers are now seldom used in the clinic2,6–8. Thus, NA inhibitors such as
oseltamivir (Tamiflu) and zanamivir (Relenza) are the current standard of care for most influenza virus
infections. NA cleaves glycosidic linkages to release progeny virions from infected host cells, making this
enzyme crucial for the spread of influenza infection. The active site of NA is highly conserved among
different influenza A subtypes and influenza B viruses9,10, so is an ideal target for the development of
anti-influenza drugs. Two relatively new anti-influenza drugs, laninamivir and peramivir, are also NA
inhibitors11.
However, drug resistance remains a challenging issue with existing NA inhibitors. Influenza A (H1N1)
pdm09, which caused the most recent pandemic in 2009 and since then has circulated as a predominant
seasonal strain, has now partially developed resistance to oseltamivir through the mutation of H275Y
or N295S in NA12,13. In several clinical cases, oseltamivir failed to treat highly pathogenic H5N1 avian
influenza because of drug resistance14,15. Therefore, there is an urgent and continuing need for new NA
inhibitors.
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Natural products have long been valuable sources of new drugs16. Their use has clear advantages
over synthetic chemistry approaches in providing novel structures. In recent years, computational methodologies have become increasingly important in the drug discovery process, from hit identification
and lead optimization to drug design17,18. Besides saving cost and time, a less quantifiable benefit of
computer-aided drug design is the deep insight that researchers using it can gain about drug-target
interactions19. Application of a computer-aided approach in natural product research might provide new
opportunities for the discovery of NA inhibitors.
Ganoderma lingzhi (previously known as Ganoderma lucidum20,21), an oriental fungus, has been used
to promote health and treat various diseases in East Asian countries, especially China, Japan, and Korea,
for thousands of years22,23.The lanostane-type triterpenoids are the major bioactive constituents of G.
lingzhi, and are reported to have numerous physiological activities including anti-cancer, immunomodulatory, anti-hypertensive, anti-androgenic, anti-diabetic, and antiviral properties22,24–27. Several triterpenoids isolated from G. lingzhi, such as ganoderiol F and ganoderic acid B, showed an antiviral effect
against HIV-1 through inhibition of the HIV-1 protease23,28. There have been no reported anti-influenza
effects of triterpenoids isolated from G. lingzhi. However, three triterpenoids isolated from G. pfeifferi, a
species related to G. lingzhi, showed antiviral activity against influenza A29. They were ganodermadiol,
lucidadiol and applanoxidic acid G, which showed inhibitory activity on influenza A H1N1 (A/WSN/33)
in a cellular assay with an IC50 of greater 220 μ M, 220 μ M and 190 μ M, respectively29. This study suggesting that lanostane triterpenoids from G. lingzhi might also have anti-influenza potential. Moreover,
the triterpenoids from G. lingzhi have complex, highly oxidized chemical structures, similar to those of
G. pfeifferi, further- suggesting their possible usefulness as molecular probes for activity-related sites of
the NA target protein. Bioavailability is always an important issue for bioactive compounds. Although
the bioavailability of Ganoderma triterpenoids has seldom been studied, a recent report showed that the
absolute bioavailability of ganoderic acid A in rats ranged from 10.38 ~ 17.97%30.
Therefore, to discover potential lead compounds from G. lingzhi and collect structural information
to guide the design of NA inhibitors, we studied 31 triterpenoids isolated from G. lingzhi using an NA
inhibition assay and in silico docking, employing five NA subtypes. We compared the compounds with
respect to NA inhibition, cytotoxicity, structure-activity relationships (SAR), and mode of NA binding.

Results and Discussion

Inhibitory activity of Ganoderma triterpenoids against different NA subtypes. The NA inhi-

bition profile of Ganoderma triterpenoids was investigated using an in vitro NA inhibition assay. A total
of 31 triterpenoids isolated from G. lingzhi were analyzed for inhibition of five NA subtypes, originating
from five representative influenza strains (Table 1). NA (H1N1) was the recombinant neuraminidase
originated from the 2009 pandemic influenza A (H1N1), which is also one of the current seasonal strains
circulating worldwide31. NA (H1N1, N295S) was derived from a mutant H1N1 strain with an oseltamivir-resistant mutation, N295S, in the NA. Influenza A (H3N2) is the most prevalent seasonal strain in
recent years31. NA (H3N2, E119V) was from a mutant H3N2 strain with the E11V mutation, also resistant to oseltamivir. NA (H5N1) was from the highly pathogenic avian influenza H5N1, while NA (H7N9)
was from the emerging avian influenza H7N932,33.
The results showed that, at 200 μ M, these Ganoderma triterpenoids inhibited the activity of different
NA subtypes to varying degrees (Table 1). For each NA subtype except NA (H7N9), ganoderic acid T-Q
(1) and ganoderic acid TR (2) showed the highest levels of inhibition of all the triterpenoids. The effects
of these two compounds ranged from 55.4% to 96.5% inhibition for different NA subtypes. It is interesting that most of Ganoderma triterpenoids showed more inhibition against N1 (neuraminidase type 1)
particularly NA (H5N1) than against N2 or N9 (N1 vs. N2 or N9, P <  0.01, Wilcoxon signed rank test).
For the oseltamivir-resistant enzyme NA (H1N1, N295S), ganoderic acid T-Q (1) and ganoderic acid TR
(2) showed less inhibition than towards NA from the non-resistant strains, but nonetheless inhibition
was 50% or greater. The lowest inhibition rates for these compounds were observed against NA (H7N9),
possibly because of low amino acid sequence homology (45%) between NA (H7N9) and NA (H5N1) or
NA (H1N1). These results suggest that the triterpenoids isolated from G. lingzhi have potential antiviral
activity against N1 type influenza A, especially the H5N1 strain.

Critical structural determinants responsible for N1 NAs inhibition by Ganoderma triterpenoids. Inhibition assays were performed to determine IC50 values of the triterpenoids against

H1N1 and H5N1 NAs. As showed in Table 2, ganoderic acid T-Q (1) showed an IC50 of 5.6 ±  1.9 and
1.2 ±  1.0 μ M against H1N1 NA and H5N1 NA, respectively. The corresponding IC50 values for ganoderic
acid TR (2) were 4.6 ±  1.7 and 10.9 ±  6.4 μ M. In addition, ganoderic acid T-N (3), ganodermanondiol
(28), and lucialdehyde B (31) also showed low IC50 values against H5N1 NA (Table 2).
To identify critical structural determinates responsible for inhibition, we examined SAR of these
ganoderma triterpenoids against H1N1 and H5N1 NAs. The five most active triterpenoids against NA
(H1N1) and three of the five most active triterpenoids against NA (H5N1) were structures with backbone
A (Table 2 and Fig. 1). This indicates that backbone A, with two double bonds in the tetracyclic ring and
a branch with a carboxylic group, is a critical structural determinant for the N1 NA inhibitory activity.
Further analysis of the group with backbone A indicated that triterpenoids with an acetyl or hydroxyl
group at the R5 site had lower IC50 values than those with a hydrogen group at the R5 site. This suggests
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Inhibition rate (%)*
NA(H1N1,09)

NA(H1N1,
N295S)

NA(H3N2,
E119V)

NA (H5N1)

NA(H7N9)

1.Ganoderic acid T-Q

81.7 ± 1.7

62.7 ± 1.7

55.4 ± 4.1

94.4 ± 0.4

27.4 ±  1.2

2.Ganoderic acid TR

87.4 ± 1.6

57.7 ± 0.9

59.2 ± 1.9

96.5 ± 0.3

24.0 ±  1.8

3.Ganoderic acid T-N

72.0 ± 5.5

27.5 ±  1.4

43.6 ±  1.2

91.1 ± 0.8

25.6 ±  1.6

4.Ganoderic acid Sz

60.1 ±  4.8

29.3 ±  5.1

22.5 ±  0.3

0.0

17.8 ±  4.0

5.Ganoderic acid S

69.4 ±  2.3

34.1 ± 2.2

44.9 ±  3.2

86.7 ±  0.5

31.9 ±  2.3

6.Ganoderic acid Y

63.0 ±  2.5

16.9 ±  2.8

23.2 ±  3.4

78.2 ±  3.2

17.8 ±  1.5

7.Ganoderic acid A

5.0 ±  5.4

15.3 ±  1.8

32.1 ±  2.7

31.4 ±  7.3

6.3 ±  2.2

8.Ganoderenic acid A

35.3 ±  3.7

12.4 ±  1.8

29.1 ±  2.3

35.9 ±  7.7

23.3 ±  3.1

9.Ganoderic acid C2

32.4 ±  4.5

13.7 ±  2.4

45.4 ± 1.1

60.8 ±  4.3

27.5 ±  2.3

10.Ganoderic acid
AM1

28.3 ±  6.2

9.3 ±  1.6

31.3 ±  3.2

75.2 ±  2.3

14.1 ±  5.1

11.Ganoderic acid K

28.8 ±  2.0

14.2 ±  2.9

33.5 ±  2.4

57.7 ±  10.9

28.5 ±  1.9

12.Ganoderenic acid H

58.0 ±  3.0

12.8 ±  5.1

38.6 ±  2.3

77.7 ±  3.9

38.6 ± 6.2

13.Ganoderic acid H

35.0 ±  4.5

16.9 ±  2.4

27.9 ±  1.5

64.1 ±  4.5

27.2 ±  3.2

14.Ganoderic acid B

6.9 ±  6.8

12.8 ±  1.4

38.7 ±  1.6

3.0 ±  1.0

5.5 ±  0.4

15.Ganoderenic acid F

53.1 ±  1.6

24.4 ±  4.4

24.2 ±  3.9

62.8 ±  4.0

34.2 ± 4.7

16.Ganoderenic acid C

27.9 ±  0.3

13.2 ±  2.2

37.5 ±  2.4

30.6 ±  4.5

27.2 ±  0.5

17.Ganoderenic acid D

50.4 ±  3.0

13.8 ±  3.1

32.2 ±  3.4

74.2 ±  2.2

35.9 ± 2.8

18.Ganoderic acid C6

17.8 ±  1.2

17.6 ±  3.5

20.7 ±   0.5

15.6 ±  22.3

25.7 ±  1.3

19.Ganoderic acid C1

21.1 ±  4.1

14.7 ±  3.9

32.0 ±  3.4

43.3 ±  6.1

26.2 ±  4.1

20.Ganoderic acid DM

50.4 ±  1.5

19.0 ±  2.4

28.8 ±  0.5

55.2 ±  0.7

29.4 ±  3.8

21.Ganolucidic acid A

19.4 ±  2.7

21.0 ±  4.2

22.9 ±  3.8

49.8 ±  7.7

16.7 ±  3.4

22.Ganoderic acid
Zeta

35.9 ±   5.3

25.5 ±  4.9

18.7 ±  4.5

0.0

17.7 ±  2.4

23.Ganoderic acid
LM2

40.9 ±  6.2

15.4 ±  0.6

12.9 ±  1.0

67.1 ±  5.2

12.7 ±  9.6

24.Ganoderic acid F

12.9 ±  11.4

17.6 ±  2.0

19.9 ±  2.6

48.6 ±  7.4

14.8 ±  2.6

25.Ganoderol A

48.3 ±  2.2

22.6 ±  1.8

18.2 ±  2.7

77.1 ±  0.4

15.9 ±  3.7

26.Ganoderol B

51.0 ±  2.6

19.9 ±  1.1

19.1 ±  6.1

71.6 ±  2.1

21.8 ±    3.5

27.Ganoderiol F

52.9 ±  2.0

9.5 ±  4.5

16.8 ±  1.2

33.6 ±  12.1

29.5 ±  4.3

28.Ganodermanondiol

53.1 ±  2.5

19.0 ±  4.2

34.2 ±  0.9

87.9 ±  1.8

24.3 ±  1.7

29.Ganodermanontriol

35.3 ±  5.2

7.9 ±  3.2

12.2 ±  3.4

60.5 ±  6.8

10.3 ±  3.5

30.Lucialdehyde A

57.6 ±  1.7

5.8 ±  2.4

25.9 ±  8.1

67.1 ±  5.7

24.5 ±  1.6

31.Lucialdehyde B

51.4 ±  2.5

11.2 ±  1.3

43.3 ±  1.0

86.7 ±  0.8

30.4 ±  3.5

Compound

Table 1. The effect of Ganoderma triterpenoids on the activity of NAs. *Inhibition rates were calculated
from independent NA inhibition assays (n =  3) that used 200 μ M of each compound and different NA
subtypes. They are expressed as means ±  standard deviation. The values showed in boldface are the top three
inhibitors against each NA subtype. The difference between NA subtypes were determined by the paired
Wilcoxon signed-rank test (n =  31): NA (H1N1, 09) vs. NA (H3N2, E119V), P =  0.002; NA (H1N1, 09) vs.
NA (H7N9), P =  0.00001; NA (H5N1) vs. NA (H3N2, E119V), P =  0.00003; NA (H5N1) vs. NA (H7N9),
P =  0.000008; NA (H1N1, N295S) vs. NA (H7N9), P0=  0.085; NA (H1N1, 09) vs. NA (H1N1, N295S),
P =  0.000005.

that an oxygen-containing group at the R5 site of backbone A is critical for the N1 NA inhibitory activity
of Ganoderma triterpenoids.

Cytotoxicity and cellular NA inhibition by Ganoderma triterpenoids. We assessed cytotoxicity of compounds against MCF7 cells, determining the concentration giving 50% cytotoxicity (CC50).
Ganoderic acid T-Q (1) and ganoderic acid TR (2) had CC50 values of 28.2 ±  0.8 and 91.6 ±  3.4 μ M,
respectively (Table 2). The triterpenoids with backbone A or backbone C were generally more cytotoxic
than those with backbone B, corresponding to some degree to their relative inhibitory effects against
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Structure
Compound

IC50 (μM)a

Backbone

R1

R2

R3

R4

R5

Bond/Abs. confg.

1.Ganoderic acid T-Q

A

=O

—

—

—

− OCOCH3

24,25

(E)

2.Ganoderic acid TR

A

=O

—

—

—

− OH

Δ 24,25(E)

Δ

NA
(H1N1,09)

NA (H5N1)

CC50 (μM)b

5.6 ±  1.9

1.2 ±  1.0

28.2 ±  0.8

4.6 ±  1.7

10.9 ±  6.4

91.6 ±  3.4

24,25

3.Ganoderic acid T-N

A

− OH

—

—

—

− OCOCH3

(E)

42.0 ±  13.5

2.7 ±  0.4

24.4 ±  2.4

4.Ganoderic acid Sz

A

=O

—

—

—

−H

Δ 24,25(Z)

100.9 ±  35.9

> 200

50.6 ±  0.1

5.Ganoderic acid S

A

=O

—

—

—

−H

Δ 24,25(E)

80.5 ±  24.9

> 200

80.9 ±  6.8

24,25

> 200

> 200

18.0 ±  1.3

> 200

> 200

> 200

Δ

(E)

6.Ganoderic acid Y

A

− OH

—

—

—

−H

7.Ganoderic acid A

B

=O

− OH

=O

−H

− OH

C25(R)

8.Ganoderenic acid A

B

=O

− − OH

=O

−H

− OH

20,22

> 200

> 200

> 200

9.Ganoderic acid C2

B

− OH

− OH

=O

−H

− OH

C25(R)

> 200

> 200

> 200

10.Ganoderic acid AM1

B

− OH

=O

=O

−H

=O

C25(R)

> 200

135.3 ±  24.6

> 200

Δ

Δ

(E)

11.Ganoderic acid K

B

− OH

− OH

=O

− OCOCH3

=O

Not defined

> 200

173.0 ±  5.2

> 200

12.Ganoderenic acid H

B

− OH

=O

=O

−H

=O

Δ 20,22(E)

> 200

28.0 ±  10.9

> 200

13.Ganoderic acid H

B

− OH

=O

=O

− OCOCH3

=O

C20(S)

> 200

143.9 ±  46.3

> 200

14.Ganoderic acid B

B

− OH

− OH

=O

−H

=O

C (S), C (R)

> 200

> 200

> 200

15.Ganoderenic acid F

B

=O

=O

=O

−H

=O

Δ 20,22(E)

> 200

142.6 ±  43.1

110.6 ±  17.9

B

− OH

− OH

=O

−H

− OH

Δ 20,22(E)

> 200

> 200

> 200

B

=O

− OH

=O

−H

=O

Δ 20,22(E)

> 200

123.4 ±  22.5

> 200

18.Ganoderic acid C6

B

− OH

=O

=O

− OH

=O

C25(R)

> 200

> 200

> 200

19.Ganoderic acid C1

B

=O

− OH

=O

−H

=O

C25(R)

> 200

> 200

> 200

20.Ganoderic acid DM

B

=O

=O

−H

−H

−H

Δ 24,25(E)

> 200

> 200

> 200

21.Ganolucidic acid A

B

=O

−H

=O

−H

− OH

C25(R)

> 200

> 200

> 200

22.Ganoderic acid Zeta

B

− OH

=O

=O

−H

=O

C23(OH), Δ 24,25(E)

> 200

> 200

> 200

23.Ganoderic acid LM2d

B

=O

− OH

=O

−H

=O

C23(OH), Δ 24,25(E)

> 200

130.0 ±  25.5

> 200

24.Ganoderic acid F

B

=O

=O

=O

− OCOCH3

=O

C (R)

> 200

> 200

> 200

25.Ganoderol A

C

=O

−H

—

− CH3

− CH2OH

Δ 24,25(E)

> 200

60.3 ±  13.7

20.4 ±  0.9

26.Ganoderol B

C

− OH

−H

—

− CH3

− CH2OH

24,25

> 200

35.5 ±  11

> 200

27.Ganoderiol F

C

=O

−H

—

− CH2OH

− CH2OH

Δ 24,25

> 200

> 200

> 200

28.Ganodermanondiol

C

=O

− OH

− OH

− CH3

− CH3

C24(S)

> 200

2.7 ±  0.6

64.9 ±  10.0

16.Ganoderenic acid C
17.Ganoderenic acid D

c

20

25

20

Δ

(E)

29.Ganodermanontriol

C

=O

− OH

− OH

− CH3

− CH2OH

C (S), C (R)

> 200

> 200

> 200

30.Lucialdehyde A

C

− OH

−H

—

− CH3

− CHO

Δ 24,25(E)

> 200

164.3 ±  18.0

34.7 ±  5.5

31.Lucialdehyde Be

C

=O

−H

—

− CH3

− CHO

Δ 24,25(E)

> 200

1.8 ±  1.6

7.1 ±  0.3

24

25

Table 2. Results of NA inhibition assay, cytotoxicity assay, and SAR analysis. aIC50 was obtained from
the in vitro NA inhibition assay (n =  3). bCC50 was obtained from the cytotoxicity assay with MCF-7 cells
(n =  3). cBranch does not bear − C =  O group at C23. dBranch bears -OH group at C23. eDouble bonds Δ 7,8
and Δ 9,11 are replaced by Δ 8,9, and C7 is changed to –C =  O; (Δ ): double bond; (Abs. confg.): absolute
configuration; “− ”: does not exist.

H5N1 NA. However, ganoderol B (26) inhibited H5N1 NA but showed no detectable cytotoxicity
(IC50 =  35.5 μ M and CC50 =  > 200 μ M). This indicates that it should be possible to reduce the cytotoxicity of ganoderic acid T-Q and TR, while retaining NA inhibitory activity, through appropriate chemical
modification.
To test the antiviral effects of ganoderic acid T-Q and TR against live influenza viruses, an MDCK
cell-based assay was performed as described previously34 infecting with several influenza virus strains.
However, because of cytotoxicity, only a weak antiviral effect could be detected with ganoderic acid TR
against the oseltamivir-resistant 2009 pandemic influenza A (H1N1) virus and influenza B, with Selective
Index (SI) values of 1.22 and 1.8, respectively (Supplementary Table S1). This suggests that cytotoxicity
must be carefully considered in the design of NA inhibitors related to these structures.
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Figure 1. Backbone structures of the Ganoderma triterpenoids used in this study. Backbone A contains
two double bonds (Δ 7,8, Δ 9,11) in the tetracyclic ring and a branch with carboxylic group. Backbone B has
one double bond (Δ 8,9) and a branch with carboxylic group. Backbone C has the same double bond (Δ 7,8,
Δ 9,11) in the tetracyclic ring as backbone A but has no carboxylic group on the branch.

Binding site and interactions of Ganoderma triterpenoids with NA. In silico docking of small

molecules into the structures of macromolecular targets and scoring their complementarity to the binding sites is a technique commonly used in hit identification and lead optimization. We used such docking analysis to predict the most likely binding sites and binding affinities of Ganoderma triterpenoids
to H1N1 or H5N1 NA and to determine amino-acid residues involved in NA-triterpenoid interactions.
Oseltamivir is not only a clinically used NA inhibitor, but is also a well-known example of the successful application of computer-aided drug design. It has direct contact with eight highly conserved
amino-acid residues in the active site of NA35. Our docking results showed that ganoderic T-Q (yellow)
and TR (black) have similar binding sites as that of oseltamivir (red) (Fig. 2a,b). In contrast to the H5N1
NA and other group-1 NAs, the 2009 pandemic H1N1 NA lacks an additional 150-cavity in the active
site36. Both ganoderic acid T-Q and TR bind to the conserved cavity of the active site but not to the
non-conserved 150-cavity, an observation consistent with their broad-spectrum NA-inhibitory activity,
as shown in Table 1. Upon binding, ganoderic acid T-Q was oriented in the H5N1 NA active site through
hydrogen bonding of the branch carboxylic group carbonyl oxygen to Glu119 and Arg156 and hydrophobic interactions with 11 other residues (Fig. 2c). Ganoderic acid TR interacted with H5N1 NA through
hydrogen bonding of the R5 hydroxyl oxygen to Glu276 and the branch carbonyl oxygen to Glu119 as
well as through hydrophobic interactions with 12 other residues (Fig. 2d). Eight out of nine residues
involved in the interaction between oseltamivir and H5N1 NA were also involved in the interaction
between ganoderic acid T-Q and H5N1 NA. All nine of these residues were involved in the interaction between ganoderic acid TR and H5N1 NA. Thus, ganoderic acid TR had a more negative docking
score, indicating a stronger binding, than ganoderic acid T-Q (Table 3). The multiple sequence alignment
showed that the homology between NA (H1N1, 09) and NA (H5N1) was around 91%, while between
N1 and N2 or N9 was around 45% (Fig. 2f). The residues of binding pocket for ganoderic acid T-Q
indicated two conserved binding regions for this type of triterpenoids. They are region Asp151-Arg152
and region Ile222-Glu227.
Enzyme kinetics analysis revealed that the mode of inhibition of the representative active triterpenoid
(ganoderic acid T-Q) on H5N1 NA is a mixed inhibition mode (Fig. 2e). That is, ganoderic acid T-Q can
bind to the NA at the same time as the NA substrate and inhibit substrate binding through a possible
allosteric effect. Ganoderic acid T-Q had a 2.5-fold higher affinity to free NA (Kic =  6.76) than to the
NA-substrate complex (Kiu =  17.39).
Using in silico docking, we compared the NA substrate, the positive control NA inhibitor, active
compounds, and inactive compounds with respect to the amino-acid residues involved in the interaction
with H5N1 NA or H1N1 NA (Table 3). We found that Arg292 and Glu119 are potential key residues for
activity of H5N1 and H1N1 NA, particularly the H5N1 NA. They interacted with the substrate, positive
control, and active compounds but not with the inactive compounds. Though Arg292 was known to be
one of three conserved arginine residues in the active sites of NAs and Glu119 has been reported to be
conserved among NA subtypes37, this is the first study to indicate that molecules interacting with NA
Arg292 and/or Glu119 could inhibit binding of the natural substrate to NA.

Conclusion

Through an in vitro NA inhibition assay and in silico analysis, this study resulted in the discovery of ganoderic acid T-Q and TR as two potential broad-spectrum inhibitors against influenza NAs, particularly
H5N1 and H1N1 NAs, from the most widely known medicinal mushroom in Asia. Though cytotoxicity
is an issue for them, the detailed SAR analysis performed here has indicated that it is possible to reduce
their cytotoxicity by further chemical modification. In addition, taking advantage of the molecular probe
function of the diversiform structures of the triterpenoids from G. lingzhi, this study has indicated that
interaction with the amino-acid residues Arg292 and/or Glu119 of NA is critical for the inhibition of
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Figure 2. Interaction assay between NA and active Ganoderma triterpenoids. (a) Molecular surface of
NA (09H1N1, PDB ID: 3TI6) with bound oseltamivir (red), ganoderic acid T-Q (yellow), or ganoderic acid
TR (black). (b) Molecular surface of NA (H5N1, PDB ID: 2HU0) with bound oseltamivir (red), ganoderic
acid T-Q (yellow), or ganoderic acid TR (black). Ligplots showing key hydrophobic and hydrogen-bonding
contacts between NA (H5N1, PDB ID: 2HU0) and ganoderic T-Q (c) or ganoderic acid TR (d). The red
circles indicate the same residues involved in interaction of NA with oseltamivir. (e) Lineweaver-Burk plot
of inhibition of NA (H5N1) by ganoderic acid T-Q. Kic and Kiu are the EI and ESI dissociation constants,
respectively. (f) Sequence alignment between the NA subtypes and the residues in the binding pocket of NA
to ganoderic acid T-Q. Matching residues were showed as dots and the gaps were showed as dashes. The red
color indicates the H-bond residues, while the green color indicates the hydrophobic residues.

H5N1 and H1N1 NAs. Our data identifying the active triterpenoid scaffold and the key amino acid
residues of NA have potentially valuable implications for the design and development of NA inhibitors.

Methods

Compounds and NA subtypes. Triterpenoids isolated from G. lingzhi were purchased from two
commercial companies. Compounds 1, 3–7, 10, 14 and 21–31 (purity ≥  97%) were purchased from
Chemfaces (Wuhan, Hubei, China). Compounds 2, 8, 9, 11–13 and 15–20 (purity =  98%) were purchased from the Quality Phytochemicals, LLC (East Brunswick, NJ, USA). All compounds were dissolved in DMSO. Recombinant NAs from five Influenza A virus subtypes were purchased from
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NA(H5N1)
4MUNANAa
Hydrogen bonding

NA(H1N1,09)

Oseltamivir

Ganoderic
acid T-Q

Ganoderic
acid TR

Ganoderic
acid SZb

4MUNANAa

Oseltamivir

Ganoderic
acid T-Q

Ganoderic
acid TR

Ganoderic
acid Yb

Arg156

Arg156

Glu119

Glu119

Tyr347

Arg118

Arg152

Arg152

Asp151

Asp151

Arg292

Arg292

Arg156

Glu276

Arg156

Arg292

Arg118

Glu227

Arg152

Asp152

Asn294

Tyr347

Asn347

Arg292

Glu277

Asn347

Arg371

Arg371

Arg292

Tyr406

Tyr406
Hydrophobic

Tyr406

Arg118

Arg224

Asp151

Arg118

Asp151

Ile149

Glu119

Arg118

Glu119

Ile149

Glu119

Glu276

Arg152

Asp151

Arg152

Asp151

Asp151

Asp151

Trp178

Lys150

Asp151

Asn294

Ile222

Arg152

Trp178

Arg152

Ile222

Trp178

Ile222

Trp178

Asn294

Arg224

Arg156

Ile222

Ile222

Arg224

Ser179

Arg224

Ser179

Tyr406

Ser246

Trp178

Arg224

Arg224

Ser246

Ile222

Glu227

Glu227

Arg118

Glu276

Arg224

Ser246

Glu277

Glu276

Arg224

Ser246

Glu277

Glu277

Glu277

Ser246

Glu276

Glu277

Ser246

Glu276

Arg292

Glu277

Glu277

Try406

Arg292

Asn294

Arg292

Asn294

Arg371

Tyr347

Asn294

Tyr406

Pro431

Tyr347

Tyr406

Tyr347
Try406

ScoreC

− 46.3

− 35.1

− 33.9

− 39.1

− 35.6

− 47.2

− 40.9

− 35.1

− 43.3

− 38.2

Table 3. Binding modes of substrate, active compounds, or inactive compounds to H5N1 or H1N1 NA.
a
4MUNANA is the substrate used in the NA inhibition assay; the amino acid residues in bold are common
residues involved in the interaction between NA and the substrate or active compounds but not inactive
compounds. bInactive compounds for NA inhibition (IC50 >  200 μ M). CScores were obtained from the
docking assay, reflecting the binding affinity between the target protein and the ligand.

a commercial source (Sino Biology Inc., Beijing, China). They are NA (A/California/04/2009/
(H1N1)), NA (A/California/04/2009(H1N1)(N295S)), NA (A/Babol/36/2005(H3N2)(E119V)), NA (A/
Hubei/1/2011(H5N1) and NA (A/Hangzhou/1/2013(H7N9)).

NA inhibition assay.

A modified NA inhibition assay was performed according to the manufacturer’s instructions with the NA-Fluor Influenza Neuraminidase Assay Kit (Life Technologies, Carlsbad,
CA, USA). Briefly, in a well of a black 96-well plate, 1 μ L sample in DMSO was mixed with 24 μ L 1x
assay buffer and 25 μ L 300 ng/mL NA and then incubated at 37 °C for 20 min with shaking. Fluorogenic
substrate was then added (50 μ L of 50 μ M 4-methylumbelliferyl-N-acetylneuraminic acid (4MUNANA))
and the plate was incubated at 37 °C for 60 min with shaking. The reaction was then terminated by
adding 100 μ L 0.2 M Na2CO3. Fluorescence was measured with an excitation wavelength of 355 nm
and an emission wavelength of 460 nm. Relative fluorescence units (RFU) were obtained by subtracting the background value and the inhibition rate (IR) was calculated using the following formula: IR
(%) =  (1-RFUsample /RFUDMSO) ×  100. The difference of inhibition rate between the NA subtypes was
determined by the paired Wilcoxon signed-rank test in SPSS 13.0 (SPSS, Inc., Chicago, USA). The half
maximal inhibitory concentration (IC50) was calculated using probit regression in SPSS 13.0.

Cytotoxicity assay.

The cytotoxicity of Ganoderma triterpenoids against a breast cancer cell line
MCF7 (Riken Cell Bank, Ibaraki, Japan) was measured with the Cell Proliferation Reagent WST-1 (Roche,
Basel, Switzerland). Briefly, confluent MCF7 cells in 96-well plates were treated with test samples for 72 h.
WST-1 reagent (10 μ L) was then added to each well. After 2 h incubation, the formazan dye was quantified by absorbance at 450 nm in a microplate reader (Biotek-ELX800, BioTek, Winooski, VT, USA).

Structure-activity relationship (SAR) study. The triterpenoids were divided into three groups
based on their backbone structures. Backbone A has two double bonds (Δ 7,8, Δ 9,11) in the tetracyclic
ring and a branch with carboxylic group. Backbone B has one double bond (Δ 8,9) and a branch with
carboxylic group. Backbone C has the same double bond (Δ 7,8, Δ 9,11) in the tetracyclic ring as backbone
A but has no carboxylic group on the branch. The structures of the triterpenoids and their activities
against NA (H1N1) or NA (H5N1) were compared.
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In silico docking and interaction analysis. The triterpenoids were docked to the crystal struc-

tures of H1N1 neuraminidase (N1, PDB code: 3TI6) and H5N1 neuraminidase (N1, PDB code: 2HU0)
retrieved from the Protein Data Bank (PDB, www.rcsb.org), using CLC Drug Discovery Workbench software (Version 1.5, CLC Bio, Boston, MA, USA). ChemDraw Ultra 8.0 (CambridgeSoft, Cambridge, MA,
USA) was first used to create two-dimensional structures of the triterpenoids. Next, three-dimensional
coordinates were generated by the program Balloon (http://users.abo.fi/mivainio/balloon/)38. The lowest energy conformation for each compound was selected for docking. To prepare the proteins, water,
ligands, and subunits were removed from the original NA structure files. Before setting up the docking
target, potential binding pockets were determined using the function “Find Binding Pockets”. The predicted binding pocket that includes the active site of NA was selected as the center of the binding site,
which had a radius of 13 Å. The parameter for the number of interactions for each ligand was set at 100.
During docking, the conformation of the ligand was set to be changed via rotation around flexible bonds,
while the protein was held as a rigid structure. After docking, only the best scoring binding mode was
returned for each ligand. The PLANTSPLP algorithm was used for the docking score39. The amino acid
residues interacting with the triterpenoids and binding affinities were predicted based on the docking
score, hydrogen bonding and hydrophobic interactions.
To clearly show the interaction between the triterpenoids and NA, the program LigPlot+ v1.4.5
(EMBL-EBI, Cambridge, United Kingdom) was used to generate schematic two-dimensional representations of NA-triterpenoid complexes obtained from the docking with the CLC Drug Discovery
Workbench. The multiple sequence aligment of the NA subtypes were conducted with the CLC Drug
Discovery Workbench. NA sequences including NA (H1N1, PDB 3TI6), NA (H3N2, E119V, PDB
4GZP), NA (H5N1, PDB 2HU0) and NA (H7N9, PDB 4MWQ) retrieved from the PDB. According to
the docking result, the involved residues for the interaction between ganoderic acid T-Q and the NAs
were indicated with color. The red color indicates the H-bond residues, while the green color indicates
the hydrophobic residues.

Determination of inhibition mode. The enzyme kinetics analysis was performed in the presence
of active triterpenoids to determine their mode of inhibition. Activity of NA (H5N1) with different concentrations of substrate was measured continuously in the presence of serial concentrations of ganoderic
acid T-Q using the in vitro NA inhibition assay protocol described above. Lineweaver-Burk plots were
drawn and kinetic parameters calculated using the Exploratory Enzyme Kinetics option in SigmaPlot
12.3 (Systat Software Inc., San Jose, CA, USA).
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