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Molecular Dynamics Simulations
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Nicotinic acetylcholine receptors (nAChRs) are essential for neurotransmission and important therapeutic targets of
diseases related to neurotransmission. A recent experimental study identified three residues (Lys185, Asp187, and
I1e188) of the a6 nAChR subunit as determinants of a-conotoxin BulA selectivity, yet how these residues confer
toxin selectivity remains unclear. In this study, we performed all-atom molecular dynamics simulations with two
toxin-bound a4p2 nAChR systems: the wild-type a4p2 and one in which we replaced the three a4 subunit residues
with three a6 subunit residues identified in an experimental study (Tyr185Lys, Thr187Asp, and Argl88lle). After
mutation, Asp199 lost the salt bridge formed with Argl88 in the wild type located around loop C. Then, the loop C
conformation changed and became more flexible than that of the wild type. We also detected reduced space between
the toxin and the binding site in the mutant simulation, resulting in increased binding affinity to the toxin. Therefore,
we propose a new Asp199 mutation that breaks the salt bridge and may produce similar selectivity to that of the
Argl88 mutation.
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Nicotinic acetylcholine receptor (nMAChR)= A7 Ad &2 conotoxing - theFgh =8-4|¢}k o] 2A'd 5ol S0l 7HA]
2] acetylcholine©| extracellular (EC) domainol] Z23}=|o] & I Qlo] WA 27| 5 E] A|F AR A = EE TS Wol ’ighar,
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4%} =H, o]ofA] transmembrane (TM) domainoi| ©Jsf /4 1% shteE T 55 US| 2 A E o] 5918 jEaL o 5
H Aol FejHA o] 2 S| A presynaptic UTHO R oju], A= d=slolu], Tl AW G0 2 BA R A4 A
E] £ Al &5 postsynaptic Yeto & AsA Ech(Fig. 1). o} o Eo1ZkcH(Clark et al., 2012). £3] a-conotoxine X472

ghA S 9 F5 A=, g=sto|w, mhyls A Sk g Al nAChRE #74© & 3} (Azam and Mclntosh, 2009), Conus
A 9 XA T3 IR E B2 A S FH o] Hojgt Bullatuso| A £2]% a-conotoxin BulA:= = 7]|9] o|&slAgH
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I 3} Aok Aato] ARz el B o2 713E th(Albuquer- (disulfide bond)= 7171 E| == 54 subtypeo] Hiet So]4
que et al., 2009). th4l 71 9] subunit©. 2 J-4 ¥l nAChR= thoF 2 7} th(Azam et al., 2005,Shiembob et al., 2006).
3t alpha (02-0.10)2} beta (B2-p4) subunit®] ZgHo & thokat L 3F AT A a-conotoxin BulAo] T3t 06 subuint2] &
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Fig. 1. Overall structure of rat 04p2 nAChR homology model
represented by ribbons shown in (A) top view and (B) side view.
Three a4 subunits are colored by blue, gray and orange, and two
32 subunits are colored by red and yellow. Three toxins are colored
by cyan.
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Homology modeling

. ofJLof| A= Al ZF|(Rattus norvegicus) 0482 nAChR 2] A+
A2l 727 BA7H) A5 0.2 WA 1A gkobA] homol
ogy B o] §3 T2 A5 AAkA] o] 4515
t}. Homology =@ &2 Swiss-model (Arnold et al., 2006)<
o]-g-sto] =2 =| Gl om, ofn| it A Fo] oF 50% U5 o]
u] I 27} 9 A A7) 712 2] ( Torpedo marmorata) nAChR

(PDB ID: 2BG9)E template 2.2 5} Al| 7§ 2] 042} 7] 2] B2
subunit© 2 wild type (WT) a4p2 4=&4)|7} 743 =] I ch(Car-
bone et al., 2009). A3 o) 4]} Zro](Kim and McIntosh, 2012)
mutant type (MT) 482+ WTol| HAFa15(Conus bullatus)
a-conotoxin BulAo] t3t E0]42 ZA3}= 0.6 subunit2] A
7No] o] 1= Ab 2k7] 2(Tyr185Lys, Thr187Asp, Arg188Ile) i
Agho 24 4 =l SITk(Fig. 2). Al 7]] a-conotoxin©] Hit} ¥l
g o|(Aplysia califonica) acetylcholine binding protein¥}-2]
A%} 1 2Z(PDB ID: 4EZ1) 410 2 ligand ZA3H9]0]] 9]3]
5}9it}. Ligand9] A9 o subunit® 2 -4 % principal
subunit?} o, -2 B subunit® 2 J-4%H complementary sub-
unit Afo] 2] FAH 2]A]8] 3121, o subunit®] loop C EFH
AYRE FA oI F5420F F A5 SITH(Fig. 1). Zt sub-
unit> ligand”7} Agsk= 9] o helix@t &€ 7€) B strands
& /4% EC domain} o2 A'd-& 3 AJ5k= vl 7H9] o helix
2 0] F0]Z TM domain©. 2 o] Foi#] glon, =849 7|5
of| m] %)= gFo] u]u]dt intracellular domaind & &1-of| A
= A= o

B} A3kt B2 R g3} mutation© & Q13 LR WIS
A+517] 918l homology R T 0 = HE Hojil =&A|9] -
28 BAEOISH HARALE ol gste] B o|hA|ZlT). A
HAFRAL A A EL O] W2 equilibration 98] HEH 0 82 Zh)
¥ 48349 TM domain pre-equilibrated 1,2-dioleoyl-sn-
glycero-3-phosphatidylcholine (DOPC) lipid bilayer (%] ©]
el AYAIZE o] 1ol A == &3 DOPC A&
TAES AASH] 8A17F AA T $1HE FHIske] 2 FA]
© 2 3687112] DOPC A3 A7} o]FuE & /d5HA = Slh
ZV7} & 446797119} 44,67171 2] TIP3P & &2} 2 E-2 Alg-5}
o] WTI} MT 4=84] A|2HE solvationd} 2™, NaCl o]-&
O 8 AAEAL A LS A7 A SN E THEAL, FA L
20|25 150 mME TSI

Al2~"lo] ZH|% 5 WA complex conjugated energy mini-
mization2 1,000H4|S 4845} solvation® = <Igt bad
contact 5-& A AL E HARARS AlAFSHGIT o] % 60 pi-
cosecond (ps) B¢t AAH o R 22 4 Koj|A 298.15 K7}
A 5% (constant volume) ZAC 2 2 & upx|eto g 52

po Loop C p10
a4 : 178 IVDAVGTYNTRKYGCCAEIYPDITYAFIIR 207
a6 : IVDASGYKHDIKYNCCEEIYTDITYSFYIR

Fig. 2. Sequence alignment around loop C of rat Rattus norvegicus
a4 and a6 subunits. The Arrows indicate the secondary structure of
39 and B10 strands, and three residues with bold face are mutation
sites of current study.
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5% (constant temperature and pressure) =02 A 3l510]
= A|2~®l 717} 215 nanosecond (ns) S¢F AAMRALS Al 4=
toAck A~ 2= et 298.15 K, 2> Bt 1 bar
B AAEA, R A e SATe IAAA
Newton 2514419 2 E 742 2 femtosecond= 3} T
714 73 A 27 (periodic boundary condition) A&-5}o]
78] A77]28-2 Particle Mesh Ewald (PME) HIHH o & t}3
1.2 ™ (Toukmaji et al., 2000), -7 2] %1 7] 23} g2k~
AeA4-2 12 A cutoffs AHESISITE HAEALS B3t BE
AAE 9] F3EE 10 ps Uit trajectory 2 A4 Eo] A3} 54
of| AR&-E| 121, 20 nse} 30 ns o] ZH2F WTHF MT = Al
elo] oy x| e} L7} 9H4 | %l Al (equilibration stage), 71 ©]
S HE 215 ns7HA] trajectoryS WT MT =84 ¢] H| W 5}=
o] AR2-3}F3IT} (production stage). HARZARS 913t A]AE] 9]
8|9} AAFLAL 0]3 trajectory2] 3f4] ¥ visualization 52
Visual Molecular Dynamics (VMD) Z& 13-& AR5} AL
(Humphrey et al., 1996), 2= HAHLAR= NAMD2.9 (Phillips
et al., 2005) 2 7L o]83l0] 3% 01 force field=
CHARMM27-& AME-5191 th(Mackerell et al., 2004).
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Loop C2o| RN Hs}

22]= WA mutation ©]F MT =842 Al loop C ]9
ot At Z71 50 ol F-/449] BSE o AS st
ok WT =8A417F 2 o= B Py e 23 25 (sec-
ondary structure, 92} 310) 2.ol= ¥, MT 484 += loop C
Z919] A7 EL(7] 1855E] 20071A)) 27} 22 Qa1 &
Ao iAoz F7kshe A& BE8ISIkFig. 3). ofvlie

L WT AL

Fig. 3. Snapshots from the wild type (WT) and mutant type (MT)
simulations indicating the conformational changes around loop C
after mutation. The side chains of residues involved in salt bridge
and mutation are represented by sticks. The salt bridges formed by
two opposite charged amino acids are indicated by broken black
lines.

A ZE71 18091141 200 Ato] Ut BH4x(C,))2] root-mean-square
fluctuation (RMSF)& AlAFsFo] WTH MT 48-41¢] loop C
919 14 HskE A o= S48 tHFig. 4). 53] Al
o subunit®] gt loop C (Cys192 and Cys193)2] < RMSF
7} 2471 2.24 Av}3.73 Ao ® oF 1.5 A H= MT] 49 &4
dol B Atk A SIS 4= Uitk 0% 8=
subunit®] loop C =912] 92} 107} WTL] -9 A= 714aL
P = A A == W, MT9] %9 5= B strands Ato] 9] A2
7} 27151 213 SHISH T Table 1, Fig, 3).

A ASRR(4AZE)

I+ B strands Ao ofl+= backbone s=AA o] FAE O 1
25 QM3 A17]=d, 94l A4l A mutation ©]F loop C 5
919l RMSF®} = B strands ARe]9] A 2|7} F7lsk= Zo] L
5 Aolojne] 4a250] Bolzly] WSl Ao SRIFY
tHFig. 3). Al ofu|ieAt 2H7]1] mutation ©]F loop C 52919
B9} B10 Ale] €] backbone =4~A5H0] 7H4=7} 2.000 4] 0.76
© 2 7+431%1 31 (Table 2), 3712 0.2 o5 & B strand2] side
chain A}o]©] 475te] WS} g Shelsioict. Fig, 30] L}
A3 Zro] WTollA 9] ¢FxstE W ofn] il Argl 883} &
AsHE W ofn| it Aspl99 Abe] 9] =274l salt bridge”}
mutation (Argl188Ile)ol] &J3l a6 subuint®] 3lE WA= o
a1 2424 (hydrophobic) oFu]=AF %7191 isoleucine .= T A]

Table 1. The distances between two selections of C_ atoms aver-
aged over the subunits and over the simulation time. In the selec-
tion of principal and complementary subunits, the transmembrane
(TM) domain and loop C region (185-200) were not included
Distance between WT' (A)  MT2(A)
B9 (185 to 191) and 10 (194 to 200) 5.51 8.26

Loop C (185 to 200) and toxin 11.78 12.18
Toxin and principal subunit 2545 23.66
Toxin and complementary subunit 16.41 14.71
"'Wild type
“Mutant type

8, WT 8, MT
< <
b4t 4l

A S N, F \—«v—//\, ==
970780 190 200 210 70 180

Lo 1
190 200 210
residue residue

Fig. 4. Root mean square fluctuations (RMSF) around loop C re-
gion of three a subunits of wild type (WT) and mutant type (MT).
Each RMSF was calculated by residue base (C, atoms). The colors
are same as ones used in Fig. 1.



74 Phan Thi Hong Tham - ©|%7]

A MTo) A= o o] 4F B4 54 2ohe 212 o 4 99,
MTol| A Lys1859} Asp187 Abo] ol A 2-8- salt bridge”} & 4%
2 E3F 3Hel5 Tk Table 2).

EAQIO| MSRIZ(interactions betweena —conotoxin
and binding site)

H oLo] B2 9] g6 subunit®] o-conotoxin®]] ot E0]
d< olalistr] ¢1s mutation o] =49} A9-9|(binding
site)©}0] A3 2-8-0] W3FE A Hfrh. ARH¢l= loop C,
o subunit?] principal subunit, Z12] 11 complementary subunit
A FEo 2 A E o] 9lo], o] 5T a-conotoxinte] AR E &
A51ict. Table 1049} o] Ha= loop CoH= 21
731, % subunitzh A5 71719) 1 AL Selskgir. o]
a-conotoxin} o] 12| AT A-g-o] g A O &2 sfjA o] 1
= Ato] 9] number of contactsS =4 3}o] Aol T]. Table
3] LERdl AT o] B9} loop C F919te] A4BAE-L %
o] & Ao W3], principal subunit and complementary subunit
T A go] Z719 AL o 4 ek

o E
9-2]%= q-conotoxin BulA2] a6 subunito] T3t Eo] A4S B
AL oA ofsfistr] 8l st A 2A a4 subunit®] Al
obu] Al A7 5 06 subunit®] Al oFr|=AF ZH7| 2 mutation
A7 F 72 WSS BAEeIs AEALE Fe Al mo)
t}. Mutation ©]% loop C =] F B9} B10 strand 2] 43

Table 2. Hydrogen bond calculations of loop C region averaged
over three o subunits and over simulation time. Hydrogen bond
was defined by 3.4 A (distance between donor and acceptor atoms)
and 60 degrees (angle formed by donor, attached hydrogen and
acceptor atoms)

Side chain hydrogen bonds
Average ratio of hydrogen bond forming  WT (%) MT (%)

Arg188 - Asp199 73.73 -
Lys185 — Asp187 - 19.06
Number of backbone hydrogen bonds WT MT
B9 (185 to 191) — 10 (194 to 200) 2.00 0.76

Table 3. Number of contacts with 3 A distance criterion between
a-conotoxin BulA and given selections averaged over the subunits
and over the simulation time

Number of contacts WT MT
Loop C (185 to 200) 17.09 11.60
Principal subunit 11.03 12.16

Complementary subunit 2296 33.89

o] 37ksaL, & B strands Ato] 2] A&7} 571912 H, back-
bone $A2ZA% 0] ZH4slL, side chain®] salt bridge”| Alet2l
A E9lsith T3 a-conotoxin loop Cet= A7t &
7hoteA) At gol At Aeh, AERele) e 5 BE
£ G143l principal subunity} complementary subunit}2]
A= Fastal o8- F7kshe Ae WSoelh o] &
= H3ke] el Al ofufieAl ZE7]€] mutation (Tyrl185Lys,
Thr187Asp, Arg188lle).©.2 o] ¥|ojo} gt

2 At Aol wht o] gt HSke] ¢Qlo] WTofA 2] 92
Argl1883} B102] Aspl199 Alo] <] salt bridge”} mutation (Arg-
1881le)el] 130 T o] 4} FAE|A] 37| whiel 202 of =l
CHFig. 3). A & ¥t o] Hahs Hi= 5 obn| Al 271 59 side
chain AFo] 9] 424 A%H0l salt bridge= URE 54 EA=29] side
chain Ao] 9] =222t 22 backbone HAFE Afe] o] 42229}
Hoh "R g AJate], & B strand?] 9Tt B1OE Ake] A& Qb
= A A 51 E, mutation ©]5- salt bridge S ¢37| = 72
= 57F5HA Er. o] 2 Qlal pOFt B10E Akl €] backbone Ak
£ Aol o] AT QLA Elo] loop C = G-2140] #]#]
7] Ft}. Mutation ©]3 A57] HAE Lys1852F Aspl87 Ato]
9] salt bridgex= &7 B9°]| 3lo] = strand®] A FAoll= &=
0] F&] E3tt}. Loop C 39 2] =42 H backbone YAE
S TS U T 9 WOl o] 2oA] e
(hydrophobic interaction)©] 57} == o-conotoxin}2] 45
2k-g-o] oFsf| A Al 7L Ae|7} 57F=] 1(Ulens et al., 20006), 4t
20 2 principal subunit¥} complementary subunit® 2 <143
£ 29| (binding site)o1] A 52-8-2 Z71sle] Aol 7t
2251 Flr, o] 2 Qlal XFH 0= Fivof gt Hol/do] AHA
Al == Aok

2 ATE Sl el AH A 02 95 %] 06 subunit®] Al of
0] -Ako](Lys185, Aspl87, 1le188) ©]E 7| a-conotoxin BulA
of gt SolAle 2HsHeA AL EAE st A
HALE 53 Aekgint 2 ATE Bl AEue 2= ols|E
T YIS Al ofm| iAol Zao] Tk Hol S Ustl«= 714
= 2AFE 5= QUieh 55] EAF BdY vhe 2= A ofn| it
7150] 540 AYRL|ebe AgAor HojA glo] AH
A gaagol ofd IHHA 0 2 S F= A el A5 4
AUt 2= BEANE G5 HALRARE S5l 062] Saof thgt
A o] o] AH71A Ao Agl Aoz A& 5 918l
ok 2SA 02 069] H4 Ao tigh 7]4ko] Fig. 5o HAL
Hoflct. v AsE u] Al salt bridgeE & /d5k= a4 subunit
I 2] 06 subunit®] loop C F¢ -2 backbone 4423+
= B =4 YRSl kEo] Hol A o2 Ao ARgo] oF
A 3L = subunito] F/dsk= AP B AT ARG
S7kete] AgEo] AX= A& & = AUk P9t 10 Ato]
9] salt bridgeE #}t¥|al= E th2 BH-2 Aspl1992- mutation
5= Zlo]th. A3 o A= salt bridge ] th-& #o] = Aspl199
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Fig. 5. Schematic diagram of selective mechanism of a-conotoxin
on a6 subunit against 04 subunit related to the salt bridge forma-

tion around loop C. The principal and complementary subunits are
indicated by (+) and (—) signs, respectively.

+ mutationg =8Y5HA] USk=t o]+ 42} a6 subunite] F
A5} ofu| AR 71A| 2 Q17| wj o] A TtH(Kim and Mclntosh,
2012). o714 f-2l= & A+E F3ll 04 subunit®] Aspl99=
mutationd}= 2HE o-conotoxin®] tht Eo]AL AL = 9L
Aoz stke] 7S A|Qket 4= SIA| Hoh.

o] w2 Ftehal Ae7heleka o 5tH] (20131 d)o] 25t
o
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