J. Comput. Chem. Jpn., Vol. 5, No. 2, pp. 81-92 (2006)

00000 p47°>000000000000000O00O00O00O0

D0 0030000300 002% 00 00 2P Carlos A. Del Carpio?,
OO0 00ooco0o0aocog g ace

000000000000 00000 O,O9ese-8s79 1 000D OIOIOOO 6-6-11-1302
bOOoOO00OO0O000O0DO,D 332-:001200000000 4-1-8
‘O00000O000000000000,0 980-85790 0000000000 6-6-10
*e-mail: miyamoto@aki.che.tohoku.ac.jp

(Received: July 21, 2005; Accepted for publication: October 24, 2005; Published on Web: April 5, 2006)

OO0 NADPHOOODOOOODOOODOOOODODOOOOOOOODODODOOODODOOOOOOOO
000000000000 0000000000000000000000000000 p47PhexgQg
ODoOoO0D0OD0O0O0O0O0O0O00O0ODOONADPHDODOODOODODOOOOOOOOODDOODODODODOO
0000000000000 00000000000000000000 200 pd47PhXgooooog
goooooobobo200000000C0000000000DO0O0O0OODOODODODOOOODDO
0000000000000 00000DO0000O00000O Ser30300304000 328000000
p47P"X 0000000000000 000000000300000000000000000
00000000000 0000000000000000000000000000000 p47Phox
000000000000 D0000000000000000000 p47Ph0 NOOO SH3O OO
O000D000000000000 p2°*0000000000000000000000000

OOo0O0o0:000000,NADPHOOOOOO,SH3O0 OOO,0000

1 00

NADPHOOOOOOODOODODOOOOOOODOO
oboobooobooooobobboooooog
ooboobooobobooooboooooan
OO00O00O0O0O00000000O0O NADPHOD O
00000000 0oO00ooOoDooOoooo [, 2o

NADPH + 20; — NADP* + H* + 20, 1)

ooodooboobooooboobobobooooog
OOOONADPHOOODODOOOOODDOODOO
ooboobboooobooooooooboooog
gooboooooooobooooobooooooo
gbooobooboobooooooboooooon
000000000000 [8]Jub0o00O NADPHOO
ooooooo/oo0o0o0oo0OOoooooDpogoo

http://www.sccj.net/publications/JCCJ/

ooboooOoboooobooooboooo

000000 0OO0oooOoONADPHOODOOOO
godbdddotoooouoooooboooooog
OONADPHOOOODOODODODODODOODOOOO
00D0O0000000o0n bsssd 00000 Qoog
bsss 0 0000000000 gp9lPox O p22°rhox g
000000 400000000 bssgd 00000
0000 p47Phoxgpe7PoX0 00 O 0 O GTPase Rac O
dooboooboooobooobboooogoooo
gooooooboobbobbooobooobooo
Oooooooooooogo [5]10

dodobooooooooooooo p47ph°XD
000000000000 FigurelODOOO OO Phox
homology (PX)O OOO ONOOOOO CcOOOO Src
homologyd OO0 (N-SH3OO C-SH3)Opolybasic O
O0OO0gd proline-rich(P) OO0OOO0OOOCOOOOO

81



4 121 213 229 283 292 340

Poly-
- Nl I Ceelily I basic

N C

Figure 1. Domain organization of NADPH oxidase sub-
units p47Phox,
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Figure 2. Definition of bond topology.

21 OPLSAACOO

OPLS-AA0DOODODOODODOOODODOOOOODO
0dooobooobodoooobooooboooo
OO000oooooooooooooooon (bond)O
OO0 (angle)DOO OO0 (torsion)0O0 00000
O0D0ODODOO0OOOPLS-AAODOODOOODOOODOO
0 (Vi) 000000 rgq00 800000000
ggooo
> Ke(r—reg)®+ Y. Ko(6—6eg)?

bonds angles

+Viorsion 2

D00 K OO KeOOOOOrOoo egooooOQ
O00000000 VwsonOOOOOOODOOODO
oooooobooooo

Vintra =

Viorsion = 2

2%[1 —cos(2¢)] +

z‘§[1+cos(3<p)] €

\éli[lJr cos(o)] +

000 e0OOODOVOODOOODOOOODOOOOO
000 (vanderWaalsOOO OOoOOOoO)oooo

oooooo
12 46
Oij i Qiq;

Vinter = 48” IJ + = (4)
00 gqoO000R;000000C00000000
oo0 (Figure2) 00O ODOO 155000000000
000 @ooooo14000000 Y20000
00000 g; 00 ;;00000 Lennard-JonesO O

000000000 (cO0 ggDOOOoODOOOO
gooo

&) = /&€ 5)

Gij = GiGOj (6)

J. Comput. Chem. Jpn., Vol. 5, No. 2 (2006)



2.2 SurfaceGeneralized BornO O O

gobodooobobooboooboobooooooon
gooooobobobooooobobooobooon
Jddoooooooobobooobooboooooo
Jooooooobooobooboooooooogo
OO0O0000O [18]Jd000 00 d Poisson-Boltzmann
000000000 Surface Generalized Born (SGB) O
0ooooooo [16 1710

BornOOODOODOOODOOO g0 0000000 g O
0o0oooooobooooooboooboooooo
do0ooobo0000000000000004d
oo00oOooOo [ouoooooooooooogog
000O0o0oo0o0ooooOoOoooOOn Generalized
Born(GB) DO D OOOOODODOOO [20,21]0

sooo — 3(L-2

)ii 0ig;

2 o/ ictj=1,/rE +aZe P

o .
2\& ¢ i=1j=1j#i | /If + ofjeP

AGpalr + AGsmgle (7)
god qDIZI od0O0000000O0O0O0O0Or;O

0000 j0000000 0AGpiDAGsingiedaij O
0DOO(8O0INN0N)00000D0NDon

1 1 1 n n Nel
sow - (A3 § 09

€ &

n o2

AGsingle = —% <£l - g£> 2 q_l (9)
1 0 j=1 WM

ojj = 0 O] (10)

D = rf/(2m)? (11)

ooooooboooooon
SGBOOOOOOOOAGsngeDO0OOO0OO0OO0OO

Ok

1 /1 1 /
8r\& &/ Js|R—rg*

x(R—ry)-n(R)d’R (12)

AGsingle =

000000 igopooooonROCOOO
(RROODDOODO0OO0O0O0D0DOOAGsinge D O0O0OOODO
O0oo0 @@QooooBonODO 000000000
gooooobOoOooOoDooboOob0BonOOOOO
ooO0ooO (rooooo eBOOOOOOOOO

http://www.sccj.net/publications/JCCJ/

oooooooooooooooboooon

23 0DO00OO0OOODOOOO

goooobooa p47ph°"|] XOOOOOOd Protein
DataBank (PDB O OO0 OING2[12)) D000 OOO
XOOoOoooooboooooooboobobooo
oo seGBOOOOOOODDODOOODOODOOO
oooobooobobooboobbobo p47ph°x
gobooboooboobb0ooooobooooogo
gboobooooboboobuoooboboo
000000 [1,11,20|0000000000000
0000 polybasicO0 DO OO0 OOOOOOOO0OO
oobooboboooboooooobbooboobo
000000 DO Ser30300 3040000000
(S303/304E)OSer 3030304000 3280 000000
00 (S303/304/328E)0 00 Ser328 00000
00 (S328E)0 30000 0OpoOoooOoooOog
S303/304/328E0 00O NADPHO O OO OOOOOO
000000000000 0S303/304E0 00O S328E
gobobooooooooobboooooboobooo
OO0 Swiss-PDBviewer [22] 000000000 O
gogbobobogobbobooooooooobooobo
oboooobboboooobooobobooboo

000000 400000 (OO, S303/304E,
S303/304/328E,S328E) 0 00 00000000 DOO0O
0000000000 000000000 polybasic O
0000 NODOD COOO 1000000 ¢-SsH3O
polybasic 0 OO OO0 linker D0 OO O0OOOOOO
gobobooobbobboooooobobobooboon
goobooobooobbbbbooobobogoo
ooobobooobobobbobooboboobooooo
O000000O0O0oOoOoOo NvVTOOOOoOoooao
310KO OO0 2fsO00 0000 500000 stepOd OO
OO0 1nsO00000D00O0O0ODODODO4d4psODODOOO
000000 DOODOO0OO0O000O0g OPLS-AAOOO
OO000Ooo seGBOOOOOOOOO

24 JO00O0Ooooooo

00000000000 00000o0oOoooO UCsk
Chimera[23]0 000 O000O0D0OOOOODOOOOO
0000000 LIGPLOT [24]00DO00OOODOOO
0000 (ASA)O LeedO RichardsOD O OO OO0
0000 [@5]l00c00ooooono

83



RMSD [A]

O o =M weEadag—=MNwHEAD
(=2

- —— Wild-type
T, - S5303/304E
8 R :"1\ ————— S$303/304/328E
2 M AN sazsE
i |I‘. A}J ] J i I!I I N“ : 1[)}\‘JJI' ) i)‘
Wy WAgl % .{ﬁf} A,
- am) P — N\

155 175 195 215 235 255 275 295 315 335
Residue number
Figure 3. Root mean square deviation (RMSD) of the initial and final structures of auto-inhibited p47P" for the

molecular dynamics simulations against residue number. a, RMSD between the energy-minimized initial structure
and the X-ray structure; b, RMSD between structures of Wild-type, S303/304E, S303/304/328E, and S328E and

the X-ray structure. RMSD of only N- and C-SH3 domains is shown; ¢, Secondary structure of p47Pox,
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Figure 4. Total energy changes during the molecular dy-
namics simulations of four investigated models. a, Wild-
type; b, S303/304E; ¢, S303/304/328E; d, S328E .
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Table 1. Classification for S303/304E and S328E by Cluster analysis. Structures derived by molecular dynamics
simulations are classified according to their degree of similarity. Low energy structures are presented in bold type.

S303/304E S328E
Group Structures that have similarity to each other [ps] Structures that have similarity to each
Group 1 10 Group other [ps]
Group 2 20 Group 1 10
Group 3 30 Group 2 20
Group 4 40 Group 3 30 .40
Group 5 50 Group 4 60
Group 6 60 70, 80, 90, 100, 110, 120, 130, 140,
Group 5

Group 7 70 150, 180, 16,170, 190, 200, 210
Group 8 80 Group 6 220
Group 9 920 Group 7 230
Group 10 110, 120 Group 8 240
Group 11 170 Group 9 50

130, 140, 150, 160, 180, 190, 200, 220, 230, 240, 250, 260, 270, 280, Group 10 250

290, 300, 310, 320, 330, 340, 350, 360, 370, 380, 390, 400, 410, 420, Group 11 260
Group 12 430, 440, 450, 470, 480, 490, 500, 510, 520, 530, 540, 550, 560, 570, . " 270, 280, 290, 300, 380, 390, 400, 340,

roup

580, 590, 600, 610, 620, 630, 640, 650, 660, 670, 680, 690

350, 360, 370, 410, 420, 310, 320, 330

Group 13 700

Group 13 430

Group 14 710

440, 450, 460, 470, 480, 490, 500, 510,

Group 15 210

520, 530, 540, 550, 560, 570, 580, 590,

720, 730, 760, 770, 780, 790, 800, 810, 820, 830, 840, 850, 860, 870,

Group 16
880, 890, 900, 910, 920

600, 610, 620, 630, 640, 670, 680, 650,
660, 690, 700, 710, 720, 730, 740, 750,

Group 17 930, 940, 950, 960, 970, 980, 990, 1000

Group 14
760, 770, 780, 790, 800, 810, 820, 830,

Group 18 740, 750

840, 850, 860, 870, 880, 890, 900, 910,

Group 19 100

920, 930, 940, 950, 960, 970, 980,

Group 20 460

990, 1000
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Figure 5. Intra-molecular interaction between the tandem SH3 domains and the polybasic region. a, Wild-type
at 930ps; b, S303/304E at 970ps; ¢, S303/304/328E at 710ps; d, S328E at 970ps. The residues of the polybasic
region are shown in the middle of the figures. The residues of N-SH3 and C-SH3 are drawn on the left side and
right side of the polybasic region, respectively. Hydrogen bonds and hydrophobic interactions are indicated by

black dashed lines and gray semi-circles, respectively.
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Figure 6. Hydrogen bonds formed by the mutation site, Ser 303 and 304, and the residues around it. a, Hydrogen
bonds formed in the initial structure of wild-type. Hydrogen bonds are indicated with gray dashed lines. The
residues located in C-SH3 and the polybasic region are shown in black. 319 Helix region is shown in black circle;
b, The changes in atom-atom distance between the backbone carbonyl oxygen atom of Arg 302 and the amide
nitrogen atom of Ile 305 in four investigated models; ¢, The changes in atom-atom distance between the sidechain
of Ser (Glu in S303/304E and S303/304/328E) 303 and Glu 241.
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Figure 7. Hydrogen bonds formed by the mutation site,
Ser 328, and the residues around it. a, Hydrogen bonds
formed in the initial structure of wild-type. Hydrogen
bonds are indicated with gray dashed lines. The residues
located in C-SH3 and the polybasic region are shown in
black; b, The changes in atom-atom distance between the
sidechain of Ser (Glu in S303/304E and S303/304/328E)
303 and Glu 241.
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Figure 9. The changes in solvent accessible surface area (ASA) for the SH3 domains. a, Wild-type; b, S303/304E;
c, S303/304/328E; d, S328E.
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Figure 10. A proposed mechanism for the ligand exchange of SH3 domain.

Table 2. Intra-molecular interaction energy of the initial structure of the wild-type at
the beginning of the molecular dynamics simulations.
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Molecular Dynamics Study on the Activation M echanism of
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The phagocyte NADPH oxidase complex plays a crucial role in host defense against microbial infection
through the production of reactive oxygen species. Key to the activation of NADPH oxidase is cytoplasmic
subunit p47Ph°X which includes tandem SH3 domains and the polybasic region (Figure 1). Recently, the
crystal structures of the active and inactive states of p47P"°% were determined, conformational change that
mediates these two structures remains to be elucidated. Our simulations revealed that phosphorylations of
Ser303, 304, and 328, which are important for activation of p47P"°% contribute to structural changes in the
region that is isolated from these serine residues. Additionally, it is concluded that the ligand exchange of
p47Po% in activation of NADPH oxidase is induced by interaction between the membrane subunit p22Pnox
and N-terminal SH3 domain of p47P"°% that was exposed to solvent by phosphorylations.

Keywords: Molecular dynamics simulation, NADPH oxidase, SH3 domain, Phosphorylation
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