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eling for the Inhibition Mechanism of M2 Proton
Channel in Influenza A Virus
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MENESIA MEBRER M2 i Pl HEE A X-ray 1 NMR 258 2 F 2008 0 5E , I 1k K J& bt i &
Y H 22 AR A 2 R X T30 B VR AL v A 4 i . (73R SYBYL #/F4E M2 jiiE 4 1 5 4 R
56 g 00 40 300 14 o -, 78 AT BB 1Y W4 6 45 (Asp-44, Trp-41, His-37) I FRE B 19 & 7 4k 2% 07 1 3 3 %t 42 g
IF ML 45 14 10 2 F0 W A 2 0 34 B AR 0 AR AL, [ERYDHE T &Rk 5 M2 7l 8 ny 24>
T BEM S5 A B S5 A RS TS His-37, Trp-41 Ml Asp-44, [ERY4 WG M2 i3 il & — A sh & 72
TR 200 S 456 . 4 NIVt I 28 18 40 I 05 7 T8 8 10 5 Asp-44 JE BUER B L B0 T U 2 475 A 5, 4 W o I
3t A 5 5 A A SRR Trp-41 (8% His-37) JE BB+ — ntit,
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Abstract:[Background] The structure of M2 proton channel in influenza A virus has been
solved in 2008 by using X-ray and NMR,which is a drug-target for inhibitor design. Howev-
er,so far the inhibition mechanism is not very clear. [Methods]The possible binding sites of
amantadine in M2 channel are determined by using docking calculations. Then the binding
energies are calculated by using higher level quantum cheical calculations. [Results}The accu-
rate binding energies at the sites His-37, Trp-41,and Asp-44 are calculated. [Conclusion] This
inhibition of amantadine to M2 channel is a dynamic procedure. After the amantadine pene-
trates the cell membrane it binds at the Asp-44 through salt-bridge interaction. The salt-
bridge may be broken in the proton flow,then amantadine comes in the channel,and binds at
the aromatic amino acid Trp-41 (or His-37) with the cation— x interaction.

Key words: influenza A virus, amantadine, M2
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FERER) K A=, 3 5 4F H5NI1 F1 H7N1 ¥ 8Os ) 78
FRERWT B AR HEBAER Eh e
M FEXS 7 #A HONT Ml HTN1 & Fi ok A i i
BT B R B R 02 3 T A R SRl HB i AL
FRBE, NRIXT ARG K B &, B KB
B I I B 2 A e JE BEY . [T AR R )
2008 4F NATURE ti& T A B 8 8 19 M2 it
T8 T8 A R P = GEZ5 A L X A M2 45 43 5l
P XS R AT 5 (Xeray) Y RITAZ B 2L 4R 25 (NMIR)
Wi (B 1, X — B A7 BRSO B SR O 8 2 i
TR 75410 TR0 10 AR AL TR 0 R A R A
SR H31) % 2 E NATURE b AX PR 18 SCE 45
TATE R 725 A0 . 7E DeGrado'™ R 58 /)N
I E ) X-ray ¥ B9 M2 3l 38 5 [ 8 &R 450
B35 700 4 W o Jie 445 - AE M2 3l T8 R LA T 22
iR Ser-31 FIZH &R His-37 Z RN B, 4 W e B
TEIE E A LAY A )y S % M2 T F Ol B, fE
Chou™ BY#F 5T /NI 5 I NMR 20 1 M2 B9
S5 KL BL B0 700 4 W BE 2 AL T M2 3 TE Ah S 5E O
HIE N H RO E SRR AR A HFE(—NH ) 5
KGR Asp-44 R FE(—COO )L RELHF, i K
%) 4 W e 3 e BE A M2 38 T8 5 40 i =22 []) . 7 X —
25 R HL 4 W e & i 2ok 22 ML ( Allosteric regula-
tion) M BT ¥ 1Y i . [ARTF RN | 1X PR K
F M2 Jii ¥l i 18 SCfE NATURE £ £ )5, & F
S WIBERE 5 M2 3l 38 1 254 O S A s HLEE 5 R T
Pz BT, fE 2010 AERY 1 RS 4R ie S,
James Chou ##Z Al il 7 76 2 & 5 H B 7]
AN Ik 1 AEE A AR TR B B B A0l 590 0 45 A A
STRE S B AR . BAR Chou B X — WA B
W 3k 22 57, A 4 W oE e A 1 500 55 M2 3l JE 1 45 A
SR gt B AR, DIBRR M X))
SR FITE AL 27 RS 53 BT 1 D7 R R 4 Wt e 40 161
FIE M2 EE 856 5% L L858 0T g
Xof T AU L SRR B A1 R A A B .

1 ARFE

TR 2= F 53 T B B 50 B 2= b7 A 2
[ B F) o 7 kB A R R R T S LA
DL 56 vl LA 52 BRI 45 A 2% 19 A0 ot A L BRI
AR AT RE R SR AL AL R, A SCE e O
TR 7 IR R W e M (B W e 2 1) 12 M2
JoT 38 38 A A R BE Y A L SRS T R
TAF IR A A SO A S S RE . MR 6 aE i 4L

A RS A, A S < W e e A M2 3l T Y B 4
(SRR SN

NMR
Structure

Structure
(3C9J)

1 ) R 2 R M2 R T3l 3 2K H 598 i NMR
454 (PDB A% . 2RLE) . (b) Wi /ER 2 19 M2 I3l i & O
i X-ray 45 #) (PDB 0% . 3C9])

Fig. 1 (a) The solution NMR structure of M2 proton
channel of influenza A virus (2RLF). (b) The X-ray crystal
structure of M2 proton channel of influenza A virus (3C9)).

& Wb RS M2 5t 38 38 i 82 H 3R Tri-
pos A B SYBYL-X1. 1 % F#efr, T x84t
BR 5 RO 7 A5 R A D) G R L R T SCHR (6,7
15 /i 43 5 1 JUAS G B 22 56 1R A A R ke 1 1 3K
WAL S AL 4% Ser-31,His-37 . Trp-41 fl Asp-44, ik
F SYBYL #£8t#Y Surflex-Dock Xf 4 18 75 %, it
SR T M2 28 5 4 MR i i 38 Pk X 4L TR AT
3 BRECFOIM A A B LA SRR B A . AEXT R
B aE AR L — 2 &Rk
MP2/6-311+G(d.p) Fl CCSD/6-311+G(d.p) i+ 5
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P E R RO st R 5 A W b e 8] ) /R A
fig. EHBEHE (DO e X,
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2 HRE5SMH

SCHRAR T 2k 1 A W e e 5 M2 it 3 2 Y
A[REZE & 7 s5 A 4 4> (Ser-31, His-37, Trp-41 Al
Asp-44) 4 PNEFER A E S LA 2,

Bl 2 &NIBEkIE M2 BT 88 & Y 4 A RBr 20k
PR 25 A v 2, (Ser-31, His-37 . Trp-41, Asp-44) B {7 & ,

Fig. 2 Positions of four possible binding sites (Ser-31,
His-37, Trp-41 and Asp-44) of amantadine in M2 proton
channel of influenza A virus.

2.1 £RRESE M2 RFEENXZETE

TEEL 1 R 9 M2 J5T 38 18 /9 P4~ 25 48 o, X-
rey I E Y M2 54 (PDB {45 3C9)) B—4A
56 4 1) 3 38 25 4, /D 3 A 0 RS AR S 43 L G T
AWK . NMR 3200 5E 1) M2 S 45 4 (PDB
RS 2RLEF) & — A~ 52 5 1Y 38 18 25 44 , £ 55 15 130
A3 AR (4 FF 1A P 3k 8 4y . AR SCEE T M2
) NMR 4549 2RLF. 7€ 4 /N6 M7 45 Ser-31. His-
37.Trp-41 A1 Asp-44 FAEXITHE, R1AET
R TE R LR Asp M His LA KB M 19 4 W ot i
F 4 WIBE 2 e 1 T . 58 210 (pKa) .
®1 RELEBR ASBRNSRIGROBEEEE (pKa)

Table 1 The acidic dissociation constants (pKa) of Asp, His

and amantadine)

Name Code pKa
Histidine His,H 6.08
Aspartic acid Asp,D 3.90
4 W e g

Amantadine monotherapy Amd 9.00
4 NIl E & e

Amantadine ethylamine Rmd 10. 40

% http://en. wikipedia. org/wiki/Protein_pKa_calculations

e 2 1, Ser-31 47 F M2 3l 5 3R X A L1356,
HEREH R A (— OH) @l [ 38 1 4h . 4 MIBE i 2 Bk
PESrF (pKa==9. 00) , 7 4l il P H: &0 3L 17 2 i 7 1k
I (—NH; ), ik Ser-31 WRIL A, BFH

SCHRL4,16 140 BT Ser-31 J2 4 Wil o Jie 119 1T BE 45 5 17
ML FRATIA R Ser-31 ARG A3 (45 45 7 45,

His-37 f T M2 i 38 19 &6 . 4 A 35 7 2l 4
A I — A~ T SR, an SR 4 I o i BB 9% 0 A3l T P9
L HR LB & B (— NHY ) AT 5 His-37 B35 &
I AR 5 0 BB 1 — md . FR T 4 W e i A R
(—NH:; )5 4/ His-37 W FEAR LR E T —=
L LR T RE SR

R Pk B KA B R Asp-44 7 T M2 B i T,
5 JRE DX R R i o HLE RE MR (— COO H gk,
S 4 NI ot e 2 35 440 ML, R B Asp-44 I & L & NI
BRI (— NH O A TS Asp-44 MR ILTE K
ERE . DR Asp-44 2 4 NIoE e T RE B 45 G 00,

R Trp-41 B KT &L . —478
TEAF—DHIT L, BT AR Trp-41 (101
HERMEAR R E R T M2 IR REEL, B
IR Trp-41 RIFRTH AR A AR Asp-44 BRI I 2 8] A9
i1 7S (A0 4 W e e AS o] e MG 18 N EB 5 Trp-
A1 BB ES F — n AR T, A0 2R 4 I e i 25 375 240 i
JEC, UG AT RE N M2 3@ 3H B AR IR A, 5 Asp-44
AN 55 T % BH 25 F — e,

FELL b 4 A5 A O AR X B2 5 19 3 X
it T 3,

B3 Ca) 4 NIbe e ) 238 (— NHy ) 15 Ser-31 Y2 5
(—OH) AT REIE AU B . (b) & KIE N i 22k (— NH ) 5
4 4> His-37 1935 B M EEIE M 8 7 —w B, (o) 4 W e Ji
MR (—NH )5 Asp-44 BRI IR . (D 2RIk
MR HE(—NH 5 Trp-41 M5 EARMEEIE R E F — =
H,

Fig.3 (a)Protonated admantadine cannot form hydro-
gen bond interaction with Ser-31. (b) Admantadine forms
cation—x bond with four His-37. (c¢) Admantadine forms
salt-bridge with Asp-44. (d) Admantadine forms cation—x
bond with Trp-41.
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& k2 CCSD/6-311+G(d.p) F kA
FERTT 44T 3 A 7T BE Y 22 L8 7 45 (His-37 . Trp-
41, Asp-44) & Wkt iz 5 M2 i 13 3 A9 245 5 g
YER 25 MR T 4,458 865 T3 2,

FHF

il

Bl 4 (&WILEH (Ad-NH )5 Asp-44 B EAFRIEA .
(b) 4z WIkE M (Ad-NHy )5 Trp-41 BB F — o #1EM,
(o) & W5 (Ad-NHy )5 His-37 WEFEH. (D &Rk
Ji (Ad-NH{ )5 His-37 BIFIE F —n #EAEH

Fig. 4
Asp. (b)The cation—= bond between admantadine and Trp.
(c)The salt-bridge between admantadine and His. (d) The

(a) The salt-bridge between admantadine and

cation—x bond between admantadine and His.

EE 4 () A NIGE e ) & 3 (NHS ) 5 Asp-44
PRI (—COO ) B Bk E 4% . 1F H BE = ik —
497, 7kJ/mol, Kl 4 (b) 4 Wt i i 2 2 (NH )
5 Trp-41 05 & A M &5 0 FH & F — nfE R R N
86. 41kJ/mol, 4% MR Bk & R M R . L& 07
ZIETR L 4 NIt B 5 4 28 His-37 W JE Bk 7 1 H

B T — B, 7EE 4Co) 4 NIl I 5 4 2R
His-37 JE B 647 76 FHBE y 93. 13k]/mol, 7EE 4
() &R BE i 5 4 2 R His-37 IR HE F—n
YEFIBE /& 50. 28k]/mol, X JLFP1E I RE 4RI i & T
-3 A A Y AE = (~20k] /mol)

3 i

HR 4 DL bt B8 25 S R e 43 B mT AL 4 W i
5 M2 U7l I8 0 AT RESS & L a3 JE His-37, Trp-41
Tl Asp-44, & RIBERE S M2 B3 18 45 & B HLH AT
REA IR, —FP 2 DeGrado F 5% 41 #2 H A HLH] . 4
NIl JGE e DA 38 18 FF E 4k iF AGE T8 L 5 His-37 A]JE PR
B — B EERRERD . 53 —F & James Chou
WF L2 0 A BT - <8 W e Jig 17 e e 40 I S M2
I Z W ZE B M RS R E S DAL S Asp-44
TE W KA . 805 Trp-41 BB F —nfEH.

1E DeGrado ML, i T & NILE 5 4 1 His-
37 M — nfE (R MR AR DD VR E 2 1R
S, {ELX G A 4 TR 32 B BE Y pH (H B 5208, 7E R
PEFR S, 2 A R 23 BT T4k (His ™), dH 2 R i+
M5 A 2 15 4 WIVGE e B LW 51 6% BH 25 - — nfE
(SRR DD . M2 3 2 T il , 1R A n] BB 2
PR 1 R %

Tt James Chou By HL I Hr, 260 T Bk % 4 7
(detergent like compound) BY 45 NI ¢ f G 4 175 41 i
JEEHRE 7, ok 31 M2 G Ay AL, 4 W e i 7
EHALES Asp-44 &R K. (HEM
SXTESR U T O3 A o A 2905 4 W e Bl F A L 5
Trp-4l EHHE F—nfEH., HEF—oEHER
PEIREE TSR A B A AE R (3R 2),

*x2 &RKREE M2 BEEANZANSEE S (His-37,Trp-41,Asp-44) & & 8t
Table 2 Binding energies of amantadine at three binding sites (His-37,Trp-41,Asp-44) of M2 proton channel)

B3LYP/6-3114+G(d,p)

CCSD/6-311+G(d,p)

Interaction Gaseous phase

Aqueous phase

Gaseous phase Aqueous phase

pair AE Bond AE Bond AE Bond AE Bond
k] /mol A k] /mol A k] /mol A k] /mol A

Salt-bridge
Ad-NH7 -Asp~ —494. 3 2.884 —33.17 2,999 —497.7 2.873 —37.64 2.992
Ad-NHj -His —89. 10 2.793 —11. 50 2,901 —93.13 2.787 —15.93 2. 893
Cation—mx
Ad-NH{ -Trp —71.53 2. 990 —12.678 3.043 —86. 41 2.903 —16.75 2,990
Ad-NH{ -His —39.99 3,072 —7.142 3,101 —50. 28 3,051 —11.78 3,083




293

Z A RIEBORTE M2 T8 0 AU G T G Ak A R B S 43 A
SE R
[1] DuQ S.Wang S Q,Chou K C. Analogue inhibitors by

(2]

(3]

[4]

(5]

[6]

[7]

[8]

modifying oseltamivir based on the crystal neuramini-
dase structure for treating drug-resistant H5N1 virus
[J]. Biochemical and Biophysical Research Communi-
cations, 2007,362:525-531.

Wang S Q.Du Q S, Huang R B, et al. Insights from in-
vestigating the interaction of oseltamivir ( Tamiflu)
with neuraminidase of the 2009 HINI swine flu virus
[J]. Biochemical and Biophysical Research Communi-
cations,2009,386:432-436.

De Clercq E. Antiviral agents active against influenza A
viruses[ ] |. Nat Rev Drug Discov, 2006,5(12):1015-
1025.

Stouffer A L, Acharya R,Salom D,et al. Structural ba-
sis for the function and inhibition of an influenza virus
proton channel[ J]. Nature,2008,451:596-599.

Schnell J R,Chou J J. Structure and mechanism of the
M2 proton channel of influenza A virus[J]. Nature,
2008,451:591-595.

Huang R B ,Du Q S, Wang C H ,et al. An in-depth a-
nalysis of the biological functional studies based on the
NMR M2 channel structure of influenza A virus[J]. Bi-
ochemical and Biophysical Research Communications,
2008,377.:1243-1247.

Chen ] G,Zhu W L, Wang Y L,et al. The open-close
mechanism of M2 channel protein in influenza A virus:
A computational study on the hydrogen bonds and cat-
ion-minteractions among His37 and Trp41[J]. Sci Chi-
na Ser B-Chem,2008,51(8) :768-775.

Gu R X,Liu L. A,Wei D Q,et al. Free energy calcula-

tions on the two drug binding sites in the M2 Proton

[9]

(10]

[11]

(12]

[13]

[14]

[15]

[16]

Channel[J].] Am Chem Soc,2011,133.10817-10825.
Balannik V,Carnevale V,Fiorin G,et al. Functional
studies and modeling of pore-lining residue mutants of
the influenza A virus M2 ion channel[ ] ]. Biochemis-
try.2010,49:696-708.
Pielak R M, Chou ] J. Influenza M2 proton channels
[J]. Biochimica Et Biophysica Acta-biomembranes,
2011,1808(2) :522-529.
Du Q S,Liu P J,Deng J. Empirical correction to mo-
lecular interaction energies in density functional theo-
ry (DFT) for methane hydrate simulation[J]. ] Chem
Theory Comput,2007,3(5):1665-1672.
Du Q S,Li D P,Liu P J,et al. Molecular potential en-
ergies in dodecahedron cell of methane hydrate and
dispersion correction for DFT[]J]. ] Mol Graphics and
Modelling,2008,27:140-146.
Patchkovskii S, Tse J S. Thermodynamic stability of
hydrogen clathrates [ J]. Proc Nat Acad Sci USA,
2003,100(25) :14645-14650.
Cao Z, Tester ] W, Trout B L. Computation of the
methane- water potential energy hypersurface via ab
initio methods [ J ]. J Chem Phys, 2001, 115; 2550 -
2559.
Du Q S, Huang R B, Wang S Q. Designing Inhibitors
of M2 Proton Channel against HIN1 Swine Influenza
Virus[J]. PLoS ONE,2010,5(2) : ¢9388.
Wang J,Wu Y b,Ma C L,et al. Structure and inhibi-
tion of the drug-resistant S31N mutant of the M2 ion
channel of influenza A virus[J]. PNAS,2013,110(4) ;
1315-1320.

(VAT % . T =)



