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WD 2005/ 031478 PCT/ S&2004/ 000316 1 Methods for
simul ati on of biological and/or chem cal reaction

w@aiokma78 bi onol ecul es and nano- nol ecul ar sy sSPETEG2004/000316

Field of the invention The present invention relates
to Method for sinmulation of biological pathways, 5
chem cal reaction pathways, bionolecules, and

nano- nol ecul ar-machi nes by uging electronic circuits.
This general field is known as " Mol ecul ar Bi ol ogy"
(MB), "Cell Biology" (CB), "Nano-technology" (NT), .
"Chem stry" (CH). Wen used for analysis of 10 disease
t és fl?|d is

imulation.of biclogic

et a ll AI.IJA J

s A igal reaction
%%ﬁléfs' ndeMcefilaPsRiiogiscal SySt ens, this
e al uati on" (DE) or
" Dr ug testl ng" (DT). Background of the invention 15
Hirld e dlle frengipnul ati on of bi ol ogi cal pat hways and

chem cal reaction pathways by a new approach

b BReRF ierfigf, <R et lof s ERopRR BBl Betwiays.

chdaticdlardction phthva)s) HisablaeuRes spesnake-mlesuldg®machines by

chemi cal reactions, disease processes, and the effect

SEing elgeiranis Gsuitsi of ogi cal systens. It can also be

used for testing the effect of drugs/nol ecul es on

bi ol ogi cal systens and di sease processes. These are

déds lgebedallfreld‘ £ hhlbwhlayl"mlepgl@kalcylog{t (er)le't@éil Biology" (CB),
an in.

rcuits Rev
Bkaaﬁg;gchrgple% (NEE/S«( ucEhemisinf§Chi)a Whggsyseésfosoanalyﬂs of
fcf?éeas‘éoﬂﬂb%%é&gﬁis fE4 1 hsoijﬁeﬁ@e%rast ‘?—“‘é%ﬁofb'@g" Q¥¥%n used for the
practically uséd approach ftor sinmulation
leixahtigaiten optitchefiget i phdewaceblichl iagehts onmlddegmal swtems, this

ca ase unctl n i, N "
TRl 5, Bty EST B8 DM e 4 @ﬁtlora?(@%ﬁ‘ SHRrub IeStiagr (PD)
Bi otech. 18, 768- 774 (2000); "WMathemati cal VO
2005/ 031478 PCT/ SG2004/ 000316 2.
Background of the invention

The need for simulation of biological pathways and chemical reaction
pathways by a new approach

Simulation of the kinetics of biological pathways and chemical reaction
pathways facilitates the understanding of biological processes, complex
chemical reactions, disease processes, and the effect of mutations on
biological systems. It can also be used for testing the effect of
drugs/molecules on biological systems and disease processes. These are
described in “Simulation of prokaryotic genetic circuits”, H. H. McAddams, and
A. Arkin. Annu. Rev. Biophys. Biomol. Struct. 27, 199-224 (1998).

So far, computational methods appear to be the only practically used
approach for simulation of biological pathways as described in "A
mathematical model of caspase function in apoptosis", M. Fussenegger, J. E.
Bailey, and J. Vamner. Nature Biotech. 18, 768-774 (2000); "Mathematical
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nodel i ng of epidermal growth factor receptor signaling
t hrough the phospholi pase C pathway: Mechanistic

WO p®5@Bit438 and predi ctions for nol ecul ar PCT/SG2004/000316
interventions", J. M Haugh, A Wlls, D A
Lauf f enburger. Biotech Bioeng 70, 225-238 (2000);
"Conput ati onal anal ysis of biochem cal systens, a 5
practical guide for biochem sts and nol ecul ar
bi ol ogists”, E. 0. Voit. Canbridge Press (2000). In
t hese works, the kinetics of binding and reaction
events in a pathway, under certain apprOX|nat|ons,

have al so been nodel ed by a set of first-or i nea
rapgelindenef agPidginal oﬂ@""tﬁo fagfer kreRantes $eng le hﬁoﬁﬂé the

pg%%ghb@bsee%’ @'ﬁ%ﬂgw&gﬁyyfh |chﬁé’ h §r‘Rﬂ E?@dlctl&r?ssﬁr'rﬁ&@cular

|nea ‘ordin
ldieWemmmtsl'a.IJ quﬁmginsAaWellpr Qoo%eblaluffentﬁyg!mm&lotech Bioeng

sPBesef Bl Bl R L08R o
p;‘(b ﬁﬂm@%heglocﬂéhﬂ%y%nd ?nolébmas bRiskiss” AE. O. Voit.
avagea Bi oi nformati cs 16, -547 (2000); 15 and in

Cambddge Rrega4200Q), ilv éhess wprlméhe i wetqfdmn@m@mncb reaction

d t abol t
R 1 2878 iey HRdPGLotan ansyoyiatons, baye Haq Pelp fagdeted
WM%epéﬁﬁsﬁ-@?d@ﬁﬁfédr|d§rﬁé+”§ﬁﬁ‘al'éﬁl®'tlbﬁ§ ing individual
signaling and 20 netabolic pathways invol ving dozens

of protelns and ot her nol ecules, in the foreseeable

4 VoY A RSP oPos L SRREARE e R oo

deddriveysbwra g8l bi mka-m’dtahmmﬁneamm@wanygdlﬁemwequatlons as
nore nunber of proteins as described in

pepReedsin a Systaraic. &rm@ﬁl@a g aneeales ege matag%o"c hetworks:
FBGaon 0 Shy B8lscaP it 3575, Sprcnes

pathe/ays?, iIRNAlvespagd il Al $da\tage|wt Bmyﬂartrlﬁrt:s réy 53465%@000)
thousands or nore proteins, and,ot her nnleﬁu

|
A ianainfarrisgofualifative o\‘%‘?t@(‘sbl"bc@%?ﬁt@alne Vé?(%@r I?g'al etabolic

K@g”c tgdpith UE R fieedBagb7-734
ég{h edfg%lf' I%ops and o regu atr%ry V\AO%%SI/ 031478

0D0$G2004/ 000316 3 networks involved in cellular

control, as described in "Metabolic networks: a

While they have been successfully used in studying individual signaling and
metabolic pathways invol\/ing dozens of proteins and other molecules, in the
foreseeable future, computational methods are not expected to have the
capacity for simulation of large and complex pathways or multiple pathways
involving hundreds or more number of proteins as described in “Metabolic

networks: a signal-oriented approach to cellular models” J. W. Lengelet. Biol.
Chem. 381, 991-920 (2000).

Cellular events frequently involve “crosstalk” interactions among multiple
pathways that may include thousands or more proteins and other molecules,
and the analysis of such complex biochemical networks is further complicated

by the great number of feedback and feedforward loops and of regulatory
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signal -ori ented approach to cellular nodels" J. W
Lengeler. Biol. Chem 381, 991-920 (2000) and in

wO dsloarags | cal nodel i ng of epidermal growth far€DBG2004/000316

receptor signaling through the phospholipase C

pat hway: Mechanistic insights 5 and predictions for

nmol ecul ar interventions”, J° M Haugh, A Wlls, D A
Lauf f enburger, Biotech Bioeng 70, 225-238 (2000). The
ki netics of such a large network is described by up to
thousands of first order nonlinear differentia
equations. Significantly nore nunbers of equations 10
may be needed for simulation of cel

| 13 H
najwprmc@wp\yearmsq@p@fscorﬁ@leﬁ%&@spﬂé%d i “fltapgliccaptyorks: a
bcfrfé%t B@pio%fchftssc%ﬂb"a@ m&xé@% ”ﬁﬁﬂ.é‘d@‘e!éreBhél Chem. 381,
S he ong

t netics of such
9931r—920 neeoe)y aatl moﬁ‘i/laﬁmnatim uaodeejrn‘g oh amderamjrgr@lmh factor

rggggﬁ%r%&qaﬁﬂé gﬁfbﬂgﬁtggm@%ggﬁéﬁ Q pﬁ?%%ﬁ 8§h%plst|c insights
FRLAEHAES (61 thalSel0ariBRKIADNSY SJ S Haugn,naWWelis, D. A
app oac ecu

ynam cs sinulation is a V\/ldely
Ltk niverrderd Biakecls Bingrag 70220838 2200@)del i ng of

structures, notions, binding, and thernodynam cs of
bionolecules and nano- nol ecul ar-systens. These are

s Kiridtied dfbuch@ Mgk aietioiatibsdtibeid by emicetholugands of first
systens: Theretical "and experinental applications]

@ui@r nwlluear\phﬁﬁer@@ﬁgt eqations, Signifiganilymmorg pumbers of equations

ek aRAc 5y Srhateh & cpiaraad Bl et 8 I,

134-141 (1991).; nanostructure engineering as
described in Slnulated englneerlng of . .
Giness thaicit us enlikety \matsmem@mptéepr iRt In, they near future is

g%ﬁédi% %@ ?9@8& ﬂqA‘lo g@ﬁé&ﬁggﬁ%ﬁ%ﬁ%% 4;?92@% of nonhnear
stjuastiorss, amevaepptqaoblfneefdwbttmflwrpdubé@rrs such as

protein folding as described in "Pathways to a protein
foldlnglnterrred te 30,o0bserved in a 1-m croseco

dhauread & stusely, og@tﬂg@a PngRd molegilan dyngmies A@:mulat:on of

e e Th e SO

"Bi ndi ng pathway of retinal to bacterio-opsin: A
Matedudar dpndmicsobietulbtion is a widely used method for simulation and

modeling of structures, motions, binding, and thermodynamics of

biomolecules and nano-molecular-systems. These are described in

“Computer simulation of biomolecular systems: Theretical and experimental
applications”, Eds. W. F. van Gunsteren, P. K. Weiner, and A. J. Wilkinson.
ESCOM Leiden (1993); “Computational nanotechnology’, R. C. Merkle,
Nanotechnology, 2, 134-141 (1991).; nanostructure engineering as described
in “Simulated engineering of nanostructures”, D.W. Brenner, S.B. Sinnott,
J.A. Harrison, and O.A. Shenderova. Nanotechnology 7 161-167 (1996). It
has been used in facilitating the study of a variety of important problems such

‘as protein folding as described in “Pathways to a protein folding intermediate

observed in a 1-microsecond simulation in aqueous solution”, Y. Duan and
P.A. Kollman. Science 282, 740-744 (1998); drug design as described in
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dynam cs simulations", B. Isralewitz, S. lzrailev, and

K. Schulten. Biophys. J. 73, 2972-2979; nanostructure
wen@snerars ng as described in "Sinmulated engi NPET/8GLOOH0316

nanostructures", D.W Brenner, S.B. Sinnott, J.A

Harrison, 5 and O A Shenderova. Nanotechnol ogy 7

161-167 (1996). Nano-nol ecul ar-systens refer to:

nano-si zed or nano-structureg materials (such as

nol ecul ar fil s, nanotubes, nanoscopic particles wth.

specific electronic, optical or magnetic properties),

nano- scal e nol ecul ar nechani cal 10 or manufacturi ng

Bindigg et of detisf (anBeeelPoRsly: Reb gL s mdtecular
d;’?\ta‘i’gni%s _Fﬁﬂﬁfdtiﬁh?’, dB?nga?%\Nﬁi,_SS. |ZBMIERS an@i K CObfdtert Bbghys. J.
tc.). e escri Na

se are _ ed in nosystens: nol ecul ar
T HaTe-397 Iramainastruciung , engideedngueat idescripgd Kin ESimulated

Drexler (W.ley 1992). 15 - conpudtat Lon net h .
Shesind oy Hosttrtipry FOM BisoRaReH 5ot lh adn BTSN
SN &TACShEhd:todh! Nﬂnéﬁcﬂﬁéfé@ymﬁmJﬂG??‘?Q@@'}. er

simul ation of bionol ecul ar "Systens: Theretical and
experinmental applications”, Eds. W F. van Qunsteren,

lﬁaggﬁc%ic%rgs@%d sﬁ‘ irgf%t%éh%@%@%ﬁﬁgﬂ\%ﬁ@%ﬂfaumd materials
ueRokbac Hidiscaan fimisdeasariotiiess, byiaposedpi@Oparticles with. specific

second-order nonlinear ordinary differential equations |
aleciradicc péigali or magnetie dnaredies) ansseale deolecklay eehanical

o Pt Rira @il B Rap i, &f Gl Teadfle pRICRIRS o 0.1nm
BieCisiod)] DthdOrand-588k) devoes i(molddufitMiotdks pragiens) tamtainers,
macr onol ecul ar ener

m ni mzation,  apd dynam cs
BAMPS) ﬁtrP'diFﬁs"t?O'B.e’ng-y Bhesk are desgribed;in MSY@F@W plecular
A . ' €Y Ry il
thachfer? g fing! el ala Fo P RO (RRT (kY 1002).
nol ecul es, in the foreseeable future, conputational

get favd coapritaisnat xpetitoeld tire e eortiy eraeiicatlyt ysédrapproach for
sinul atiop of , proteins and nucleic,acigs for orders ..

Brolp@Al C/AaMiGh MU @se JSsFHReSS dRorEOMBHERT. SEpUiaEPN of
g%@\%l@é&l@?%yg’cepng/ ﬁ%@%él%%%ﬁperimental applications”, Eds. W. F.

van Gunsteren, P. K. Weiner, and A. J. Wilkinson. ESCOM Leiden (1993).
The molecular dynamics simulation of biomolecules can be described by a set
of second-order nonlinear ordinary differential equations as indicated in “A
second generation force field for simulation of proteins, nucleic acids, and
organic molecules”, W. D. Cornell et. al., J. Am. Chem. Soc. 117, 5179-5197
(1995); and in “CHARMM:. A program for macromolecular energy,
minimization, and dynamics calculations”, B. R. Brooks, et.al. J. Comp. Chem.
4, 187-217 (1983). While they have been successfully used in studying some
problems of proteins and other molecules, in the foreseeable future,
computational methods are not expected to have the capacity for simulation of

proteins and nucleic acids for orders of magnitude longer than the
microsecond range.
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The estimated tinme scale for fol ding/unfol ding events

in proteins, ligand- receptor binding/dissociation,
w@nasios4es act i on of nano-nol ecul ar - machi ne w t PCT/BG204/000316
substrates ranges from hundreds of mlliseconds to

tens of seconds as described in "Kinetic analysis of
the unfol ding and refolding of ribonuclease T1 5 by a
st opped-fl ow doubl e-m xing te ihnique", L. M Mayr et.
al ., Biochem stry 35, 5550-5561 (1996); and in
"Studi es of the binding of actinomycin and related
conpounds to DNA", W Miuller, and DD M Crothers, J.

H[gl. E%ol tﬂﬁfz 251- 2% %1968) In contrast, the

'BRgBSYIMataq dherr sSalRuIfer fFolAing/wfolding eviends de eeisieins orligand-
R S0 S DO Ly BB e i
itpaubatiptes sarges foel huntiedsi of mlmtsecasr&ﬂa & e frosednds as
L T
bl?lacgtopbéatfﬁ)w HorbRi-ghiGAg téé‘_l‘nﬁl&ug Qr ‘Kﬁrﬁlaﬁ g@?ln' BiddRbmistry

between sinulation tinme scale "and that
354 5@502556&%9%6 @ngein t“Biudies Qfsthlenblrideng/ df hactinomycin and

GimpBufRRES B, Iy MBS Hnd B Woptofad 3 Mol biol. 35,

ﬂsnez@omgassml R icontradt, AW @@rﬁ’gjéh%cacméﬁgé §|ﬂq&r§tlon time s 1
i ntroduced. Summary of the invention he present

Micreaesend £@"e¢<§maﬂ r@r@tﬁles@nw&tlng@mmmﬁaammm aaidg, on a 256-

s?an%:(gl?fb\gi} T s og?ﬁ% egegl? cfé)s Qgﬁ'ac'gl "Pa ?@%@VFOW a protein

fmddlhg/amtemmthéw dbiserved ¢ ud af-ntlveetendi St iRf aqueous
by conpri sing

bi .0 and nano- ol ecul ar systens
ﬁ‘IBJHgDrﬂﬁy E}gageqnq)ﬁ? i Keallman. S@@@%’GP @92, Jéi@@%‘iﬁ (4998 Hence

t
BRRLDY p SR B PRI o ra AT, RBireBh ALl oA g scale
and ithat oém‘edeilmamleculhe eveneNtGiosn hav itdie Surmikep) ﬂ@éj computer
at, | east one biological and/o

:
aRrnegh i #@%&e%ﬁﬁagq inveapa &ﬁa%?%dlﬁdmg\mrmbwmbwm scale
ﬁ‘."m USEAh dgor Bl @pnﬁgéhbﬂﬁaﬁrﬂﬁeh% et 1 $35htr88Gced.

Summary of the invention

The present invention seeks to address the problems above, and in particular
to provide a new approach for the simulation of biological and/or chemical
reaction pathway, and for the molecular dynamic simulation of biomolecules
and nano-molecular systems by comprising constructing set of binding,

reaction, concentration and/or molecular dynamics equations and electronic
circuits corresponding to such equations.

According to a first embodiment, the invention provides a method for

simulation of at least one biological and/or chemical reaction pathway
comprising:
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pat hway; constructing at |east one set of binding and
reaction equation fromthe pathway map; 5

w@omss4ct i ng at | east one set of concentrati oPCT/SG2004/000316

equation for nolecules of the pathway map;
constructing an electronic circuit corresponding to
every set of equation; determ ning sinulation of
pat hway by neasuring voltage at two or nore 10
connection points of the circuit. In particular, the
bi ndi ng, reaction and/or concentration equation may be
a |inear or non-linear first- or second-order
ordinarg differential e?uation CODE) . The el ectronic
ci r cuPIeRAING 8nars ef gt [pasfsene hiolegicehantr ehemigal reaction
bffwdy; units: 15 linear protein/nolecule
concentration kx; unit; protein/nolecule concentration
power kx;a unit; |igand-protein concentration product
Lx; ufPostrustipgnat least ena set ohbiewtingaaind mepotidt equatibic from the
bﬁﬁﬁ%PH%% . protein-protein concentration product kx;
t, “protein-protein concentration power product
kx;axj b unit; stochastic rate constant generator
unit thastractplgpaeisast SHEBhBaHIOh Y '
20 rate constgﬁ? k byéggggggﬁésti?ﬁggﬁtggmgﬁéﬁaﬁgﬁgﬁﬂ?ﬂesOf
K'q RathWeyaPY/ r ever se bi ndi ng/ reaction rate constant,
L the concentration of a ligand, x; and xj are the

[ f i.n/.nol ' X d,.X]
- espocy oy Hhol ol SRBLIET cREM SoSanBRtapb to ayeryy set of
gguademyrdi ng to an aspect, the nmethod of the invention

further conprises nmintaining the voltage |evel of

the ci rf:ui t .between two fixed voltage val ues. For
exanpi’%,GVW'”%"T‘P%“PHQ)@@H}W%W maasusingo/altage at two or more

6O iR &qﬂﬁéi%‘ditr WD 2005/ 031478 _
PCT/ SG2004/ 000316 7 applying at | east one resistor

and/or anplifier at one or nore connection point of
theadicular the ttiedisgy reactionngrdfowrconcentratiomgquativhemay be a

R L RRR (PP B P ro SE AR o ek Firereshatsiauilion dODE).
to another aspect, the nethod of the invention further
'?ﬁg.%rlelcstsosnic circuit may comprise at least one of the following circuit units:
linear protein/molecule concentration +kx; unit: protein/molecule concentration
power +kx? unit; ligand-protein concentration product £Lx; unit; ligand-protein
concentration power product tklLx? unit; protein-protein concentration product
*kx;x; unit; protein-protein concentration power product ikxiaij unit; stochastic
rate constant generator unit that replaces a forwafd/reverse binding/reaction
rate constant k by a stochastic value; and

wherein, k is a forward/reverse binding/reaction rate constant, L the
concentration of a ligand, x; and Xj are the concentration of protein/molecule x;
and x; respectively, a and b are order of power of x; and Xj.

According to an aspect, the method of the invention further comprises
maintaining the voltage level of the circuit between two fixed voltage values.

For example, by: multipling scaling factors to the concentration equation:
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adding at least one unit circuit conprising an
el ectronic random noi se generator and/or a

woredosiopl4reat or anplifier at one or nore connecPCDRG2004/000316

point of the circuit. 10 The nmethod of the invention

may further conprise determning the effect of at

| east one drug conprising adding at | east one circuit

unit associated with a recep’or protein at one or

nore connection point of the circuit. The nethod may

further conprise determ ning deficiency, nutation

and/or 15 deletion of at |east one protein of the

bi ol ogi cal pat hway, conprising setting a voltage ' )

aepvirkhat leashppa gesistas gndieraamplifieriat,a0e Afomesg soanedinn point
. : : £ the.clr el

B 480 Sy NERTY) SRR AtR by SE6 541 e vIPfbe, o ppg or more

segmemé of thautieduily mndforadpplyify betshatingaini cont@il cirbuits.

and/.or chem cal reaction pathway, conprising at |east

one electronic circuit representing a set of binding,

%%%BFdi%‘ t@%&ﬁer‘:%{i@&f i 'r&é’cho&cﬁf%boiﬂveﬁ%n further, comprises

particufar, an electronic circuit system erein the

Biddiion@t leashocone nurh ddicuitc coomerisingt iaon ebeptadriionrandom noise

| i near, or n-linear first- or second-order ordinary .

geneiten andior miificaecenpiiier 3HeNe 05 DPEHPENRSAR point of

WY crOiferi se at |l east one the following circuit units:

I'i near protein/nolecule concentration kx1 unit;

protein/nol ecul e concentration power kxla unit;

ld gand: prpteln .concentrati roduct. Lx1 uni.t:

TSR Bibo g IRZETEh i BB SR ss ST king the effect of at
st o EHR] BoRTpPisRid abaifgeat leakt BRe RERUMCENBAskSdisted with a
unit, proteln-protein concentration power product

KREEDIBr pFdtein ajtanshersimose vanRemBNa3Iaie tBe circuit.

PCT/ S&G2004/ 000316 rate constant generator unit that

repl aces a forward/ reverse binding/reaction rate

adwes risthodk rhdty dusther RsipriseY abieeinifing d4TRIGNAY, Mutdliod and/or
forward/ reverse binding/reaction rate constant, L the

ot 9faati lsasiopna protginef, the; biglegicyl pathwaycomprising setting a
. in/ | N
SBREEE1 MG =2 oRAS, RGPS Cp i RoR g, or more

rceapectiar point of the circuit.

The invention also provides an electronic circuit system for the simulation of at
least one biological and/or chemical reaction pathway, comprising at least one
electronic circuit representing a set of binding, reaction and/or concentration
equation. In particular, an electronic circuit system, wherein the binding,
reaction and/or concentration equation is a linear or non-linear first- or
second-order ordinary differential equation (ODE).

The electronic circuit may comprise at least one the following circuit units;
linear protein/molecule concentration +kx; unit; protein/molecule concentration
power +kx; unit; ligand-protein concentration product +Lx; unit; ligand-protein
concentration power product +kLx unit; protein-protein concentration product

xkxix; unit; protein-protein concentration power product ikxiaij unit; stochastic
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Accordi ng to another enbodi nent, the invention
provi des a nmethod for nol ecular dynam cs sinulation

w@boobioamazg ecul es and/ or nano- nol ecul ar  syst enBCT/SG2004/000316

conprising: constructing at |east one set of equation
representing the nolecular 10 dynamics of at |east
one nol ecul e of the bionol ecul es and/or the nano-
nol ecul ar systens; construct ig}g an electronic circuit
representing every set of equation; determ ning
nol ecul ar dynam cs sinmul ati on by neasuring voltage at
two or nore connection points of the circuit. 15 The
equation may be a linear or non-linear second order
5381 Gasiand; denarater iunit thaduepirees ecomyvarditaverse mindiogkeaction
ot . e.l.pvention, the electronic
g?t??g?\?tdngg dx%gﬁééggtlgpalpgagbgone atom position
wihecaint linist ,a voewaidireveeset ibintpepichiction Crdteuidonstiink, L the
rergl)([e%ﬁen,ts the,&%snl on of an atom of a nolecule or a
rReRIiTation ofaligand, xhapd ik areuiherconaeatratiemof dseteindmolecule x;
U H .
B PPl PR PP B b P a T 3 Pitnsctvevon
circuit subunit 25 representing a sub-unit of
Aceondingrtoi anethert embediment, ntha meativhepmvides a method for
I ar ,syst.em and ¢ risi i nternal bond stretch,
R RGNS, SRBAOR 5. BltwedaCuRe: ahdlera wncoorviecular
systeisivompidiggbendi ng, and/or torsion units; between
at least two nearest sub-units of a nolecule. WO
2005/ 031478 9 PCT/ S&004/ 000316 Further, the atom atom
i nt er 6@RstHHEtEDr elulaast anenset phequetior septesentiognthienmolecular

B TR Gl T T TR -

hededulamsystdmsne fol | owi ng: bond stretch x unit, bond
stretch unit, bond stretch z unit, angle bending x
t ype- 2ORMIYcting ay) eleganiciaircsityepigsentingsvery setgfequation;

gﬁg?ieagte\‘mﬁﬁm&'rﬁbl‘é%uar mnﬁicgeﬁmu@ci% b\}pl%'egsﬂrr”wé’voltage at

two or more connection points of the circuit.

The equation may be a linear or non-linear second order ordinary differential
equation (ODE).

According to an aspect, in the method of the invention, the electronic circuit
comprises at least one atom-position circuit unit, wherein the atom-position

circuit unit represents the position of an atom of a molecule or a molecular
system.

In particular, the atom-position circuit unit comprises at least one atom-atom
interaction circuit subunit, the atom-atom interaction circuit subunit
representing a sub-unit of atom-atom interactions within a molecule or a
molecular system and comprising internal bond stretch, angle bending,
torsion, non-bonded units; and/or bond stretch, angle bending, and/or torsion
units; between at least two nearest sub-units of a molecule.
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bending z type-A unit, angle bending z type-B unit,
torsion x type-A unit, torsion x type-B unit, torsion

WQ 200908428 unit, torsion y type-B unit, torsionPQI/sgme4/000316

A unit, torsion z type-B unit, non-bonded x unit,

non- bonded y unit, non- bonded z unit, hydrogen-bond x
unit, hydrogen-bond y unit, and hydrogen 10 bond z

unit; and wherein x, y, and zgrepresent the

coordi nates of each atom of the nolecule, and type-A
represents the case of the atombeing in the m ddl e-
position of an angle bending or torsion connection

gﬁtﬁ otﬁgr atoms, and type- B represents the case of
Hehet Jhe stomaAtom tierastion slisyit sBhuRt may remgesent a term in the

' i i i t The .. .

Tyl SR Weth T iy AL Brtp it orcu
$@|Wﬂlt comypisesi afc llﬁ'ast éimet ob ¢me thHDWihged)gmdl $tegteh x unit, bond
val.ues., For ex wherein x, .y and z _ represent _

HRRE Sop Bl odaT SPefne nbcuidie boiiing RO R 4 anglebending

RiyddiB @if, @Hdle | N i B uni

o Tl e D e T SRR by ey upit angle
Pendiag zz dypedi m@iteﬁn@ﬁﬁ beadingez ¥per® |yl tarsioly natype-A unit,

B GpeS5RpHL B G2 R Gl S rson 2 e

Ai ugityi torsiohey efype I8 alnith rahepEh dd )@Bn&,hﬁ})ﬁoddrﬁ%‘é Of unit, non-
one or nore ségnent of the circuit; and/or applyfng

Berdahi enigahydreeanrhsindck runit, thydregenrhend nw enttj and diysiogen-

' . [ ' r represent.i the.intergction
RO 2 Bnbalicteln SR Ao R 0P ROfuneleli & GacRiptom of
thebmoledulefariditypeak rémresemisttae taks of the atdiaBek® in the middle-
structure of a nol ecul e conprising: WO 2005/031478

RRSILH 61 /AN PendingLHerRIOR coBReSiaruwiie otherratbasweaad type-

BT cglo LR 0 HHE b HUNERLaL 3, ance

themding atr donséordcon estiohwrithadie® atorhsa t or si on
connection bundl e between a first atom and ot her three

ﬁt\g rrn‘ﬁsé"th?)a(]lmay further comprise maintaining the voltage level in the circuit
between two fixed voltage values.A For example, by wherein x, y and z
represent the coordinate of the molecule, and the voltage level of the circuit is
maintained between two fixed voltage values by:

applying scaling factors to the x, y and z coordinates and to the
molecular dynamic equation;

applying at least one resistor and/or amplifier at one or more
connection point of the circuit, thereby scaling-down or —up the voltage of one
or more segment of the circuit; and/or

applying automatic gain control circuits.

The invention also provides a circuit group representing the interaction pattern
in the chemical structure of a molecule or a sub-unit of interaction pattern in
the chemical structure of a molecule comprising:
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a non-bonded connecti on between each atom pair whose
atons are at |east four bonds away from each other.

wQaooFlal4es ectronic circuit may conprise at | eaBCT/SGE04/000316

circuit unit, the circuit unit conprising at |east

one circuit group, the circuit group representing a
sub-unit of interaction pattern in the chem ca

structure of a nol ecul e and qgnprising i nternal bond
stretch, angle bending, torsion, non-bonded units;

and/ or bond stretch, angle bending, and/or and

torsion units; between at |east two nearest 15

sub-unit of a nmolecule. The circuit unit may represent

a t erBANG siretrh sennastiany hatweene gashi alem air o gnelecule

SRS bAadiNId ofaTBiees at least one of the

ow’ng: X unit, bond stretch y unit,

bond am rasighdr bendirig commegitioneidbatyeer ypfirsAatsrhtand26ther two
aﬁrg?ﬂ'llle bendi ng x type-B unit, angle bending y type-A
8RS angle bending y type-B unit, angle bending z

type-A ipdibn 8Geh&tRRNBLIAGe? Eé‘@g\%eetne’ at‘ Birdt aldth S%r)‘n;d]p ed_‘tg‘er three

type-A unit, torsion x type- orsion 'y
aloims; andrsi on y type-B unit, torsion z type-A unit,

torsion z t -B unit,. ngn-bonded x unit, non-bonded y
unit,?@ M:MCQHW’[PP%@WPEQ&?.Oboaterr;(pamwhose atoms are at

Rydf RUSBoRARGWayibin edthotRar, Ny dr ogen-bond z unit; and
wherein x, y, and z represent the coordi nates of each

atom of the nolecule, and type-A unit represents the

e, of the ato being in the mddle-position of an . .
S ool T ey <P s AE S P Biroub il Tae eyt unit
E8YHpHYIAG-dt 1688 GRebirsuit fROUPAER: BfrclilgralPrareE&ting a sub-unit
t he end- position of an angle bending or torsion
elointrrection paitiern it ke cheavigal shiocRkoe53703 Mgiecule and comprising

/ 6 i t . f h | at t
il TBaRY SPE i BAFelrl SBheid, rbBRGRH B ety bonc
stegtcR sanglernserfding easd/opaRd kHraf e6itd; HANEEAat least two nearest
nano- nol ecul ar system the electronic circuit

pitef agnalecudsast a unit circuit conprising at | east
a circuit group, wherein the circuit group represents
a sub-unit of interaction 5 pattern in the chem cal

$he wirtuit &nitfmay mepessehe aderm imthe endlaculay SiyAdmic equation, and
C rising; introducing a bond stretch between each

\gﬁ%?ﬁl@fth% Chayit ugft canaprises at least one of the following: bond. stretch x
unit, bond stretch y unit, bond stretch z unit, angle bending x type-A unit,
angle bending x type-B unit, angle bending y type-A unit, angle bending y
type-B unit, angle bending z type-A unit, angle bending z type-B unit, torsion x
type-A unit, torsion x type-B unit, torsion y type-A unit, torsion y type-B unit,
torsion z‘type-A unit, torsion z type-B unit, non-bonded x unit, non-bonded y
unit, non-bonded z unit, hydrogen-bond x unit, hydrogen-bond y unit, and
hydrogen-bond z unit; and wherein X, y, and z represent the coordinates of
each atom of the molecule, and type-A unit represents the case of the atom
being in the middle-position of an angle bending or torsion connection with
other atoms, and type-B represents the case of the atom being in the end-

position of an angle bending or torsion connection with other atoms.
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coval ently bonded to each other; introducing an angle
bendi ng connecting pair between a first atomand 10

W@eRen3t4™® at ons; introduci ng a torsion conneckCDBG2004/000316

bundl e between a first atom and other three atons;

and introduci ng a non-bonded connecti on between each

atom pair whose atons are at |east 4 bonds away from

each other. 15 Brief descriptihon of the draw ngs

Figure 1 is a flowdiagramthat illustrates one

enbodi nent of a process for sinulating a single or

mul tiple biological or chem cal reaction pathways by

ectronic circuits, (100). Figure 2 is_the of .

The vt r{h@rwe@!‘feo@toc%|m%g9ﬁﬁ5/{hepwuactwﬁggfo an electronic

%ﬁélﬁiﬁ‘?@pr_eﬁéﬁﬁr‘l@ég IE4SYWorke ?&m&@c@é%ﬁcﬂ@r WRPS-AbldchRir system,

actual circult or an illustrative biological

thae ielecjronie Birpuit tcopfprisirg ahderste paithoisgyit ehmpsising at least a

Figure 3A represents the.circuit for uatign I. (d~ ,

cigchf B, RREfS "L SRR Pl U orsBr e, Ao funi f dgteraction

patteFAIUAT then dhlemi€ald sBuctukd X a mMdidcdik2bk2a ) moleular system
005/ 031478 12 PCT/ SG2004/ 000316 Figure 4 is a map

ICOpHESEE i ng an el ectronic emulator for the entire

pat h ‘ y h S €nai

pat hmm?’%ypﬁﬁcﬁi'%ﬁ’&%sgﬁ%@t |bon : % fgcéogtrog‘@‘rcg‘gén?al{ hoef atoms

covalentlp bohdedeowaehothdre twenty ODEs. 5 Figure 5 is

the neasured voltag hanges, representing variatiaon

of pr &a}f@qﬁc'%ﬁé‘eﬁ‘ﬁ %&98 gi $PeENG Nk 'P%ff"{e@é‘ &irsl Bom and
] ' thway, fromthe designed circuit for

tkaﬁ}?éslqg)gfﬁ\t?van%a Figure 6 is a schematic diagram of the

const lintceduningfa tarsiec toonectforebwudle datweed@ fiist atdrmsand other

r.epresent i_n%dan ODE associated with a binding/reaction

P& APHIS, @

introducing a non-bonded connection between each atom pair whose

atoms are at least 4 bonds away from each other.

Brief description of the drawings

Figure 1 is a flow diagram that illustrates one embodiment of a process for
simulating a single or multiple biological or chemical reaction pathways by
electronic circuits (100).

Figure 2 is the map of an illustrative biological pathway, part of the caspase

pathway.

Figure 3A, 3B are the maps of the actual circuits for an illustrative biological pathway,
part of the caspase pathway, wherein Figure 3A represents the circuit for Equation |

(%—=kl_x2—kl+Lxl+wl) and Figure 3B represents the circuit for Equation I

(%2 L, — (ko +Fe)x, )
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bi ol ogi cal or chem cal pathway. Note that swi tches 11
and 12 are closed at t=0 when the initial condition

wo g00803@79r dx;/dt=R Each switch can al so be PCERG2004/000316

when xi or dx;/dt is set at a fixed value or a fixed
range. 15 Figure 7 is a schematic diagram of the
circuit for the first ODE of the illustrative caspase
pathway. Note that switches 13 and 12 are cl osed at
t=0 when the initial condition is xi=a or dx;/dt=fi.
Each switch can also be used when x; or dx;/dt is set
at a fixed value or a fixed range. 20 Figure 8 is a

f the des lans for th |
EENETR, o it Pentie oot &ravipior (he hedbne eathway
@b@héﬁ/ﬂyetﬁfédtyﬁ’@[%ﬁﬁf th@ (f'és g ay, VR tﬂobl?s Egl.latlon 1

schemati ¢ di agram of t l'ans for the

1 2@ (ppresent tbmcnr@mtemaimwlat@theammmeaﬁ% the ODE of
a binding/reaction event in a pathway. The random
nunber 4 is in the range: 0<~<1. Figure 10 is a

Bighesrst lsdhélmgaﬁi?edfvdltfa@ec@{ﬁge'éct'é&@séﬁtl §8641ieHS 8f protein
el ectronic circujts representing a nol ecul ar dynam cs

%(Pfiﬁﬁrﬁrﬁ igRS dbthe dlustraéive bigogisal pathwtay. dforathadesigned circuit
g,’é%z PCT/ SG2004/ 000316 13 Figure 11 is a
sche tic di'agram of the construction of a section of
el ect ronl c circuits representing a nol ecul ar dynarri CS
oordi nate of an ato

t th -
Btk B 15 sehemalin glatiratt of g consgtioting @ nsestin pbalectronic
@Fc@tssl%btré%ht g 5’1%&5’%%0@&&%&&3 rb?ﬁ&lﬁéﬁ@ébﬁ% Bvent in a

nmol ecul ar dyna st rmul ation
ietndital & ehemieal patbway 1ot ’gl;mteMiBhes [‘nasdH2reatiolosed at t=0

§p3T P aftial ERndEN 4 s OB Cfﬁa@f’ gigh Gan also be used
WhéH%é@&kM@l@é&@'ff&% vaIuBro‘?t{l‘lié nggre 14 is a
endi vy

schematic di agram o e angle connect| ons of

the 15 circuit group representing a subunit, am no

Iéi(éi.l(rjé 'Pfls a s'c!hlel#nsatxtlrcatdlla\llgeraPnI or1‘mthe cwcwt for the first ODE of the
llustrative caspase pathway. Note that switches 11 and 12 are closed at t=0
when the initial condition is xs=a or dx/dt=p. Each switch can also be used

when x; or dx;/dt is set at a fixed value or a fixed range.

Figure 8 is a schematic diagram of the design plans for the special circuit

units representing each term in the ODE of a binding/reaction event in a
pathway.

Figure 9 is a schematic diagram of the design plans for the special circuit
units representing each term in the ODE of a binding/reaction event in a

pathway. The random number & is in the range: 0<&<1.

Figure 10 is a schematic diagram of the construction of a section of electronic
circuits representing a molecular dynamics simulation ODE for the x-
coordinate of an atom.
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protein. Figure 15 is a schematic diagram of the
torsion connections of the circuit group representing

w@2@dlsmarg , am no acid, of an illustrative bi oP@l/8G2I0€000316

20 protein. Figure 16 is the structure of an
illustrative nano-nol ecul ar-machine, a rudinentary
mmc of the enzyne ribonucl ease, which has been
constructed fromthe bucket4ghaped cycl odextrin

nol ecul e (a). mdazole functional groups 25 on the rim
(Xin (b)) help to catal yze the region specific

hydrol ysis of a cyclic phosphodiester (b), which is
bound i n the hydrophobic cavity. Figure 17 is a
schemati c di agram of the bond stretch connections of

Fibarei 1 ¢slatschenedtie digpaasenthengridztreiehion iof adlection of electronic
illustrative nano- rml ecul ar-machi ne, a 3Q rudinentary

FiGWLS repraseating A melacHizs slyspaics sinwiatem Sz forthe va
CﬁF gg,%)gﬁ% 307'11116 Figure 18 is a schematic diagram of
t he angl e-

I'ng connections of the «circuit group
representing a subunit of an illustrative
m.m c

ano |H§e %?ﬁ?ﬁ@ﬂ{%@dla@am aﬁ dﬁ%?@l%égg@ﬁ@ns&q ipn o electronlc
ar@mgagpfés%hﬁ ta%%lééﬂla‘-”rﬁﬂ#ﬁ%%?@ﬁﬁmﬂ bR O FSrthb -

group represen ing a sub an 1 ustratlve
erovdinate e€anatomachi ne, a rudinmentary mnic of the
enzyne ribonucl ease. 10 Figure 20 is a schematic

di agram of the bond stretch x unit, representing the

Rigarp8Ne atschbntatieigdyrain ef fe BcﬁidT‘strEﬂcﬂLtfoﬁ?meﬂ;tldaﬁs &f the circuit
schemati c di agram of the bond stretch y unit,

Qr@HPé%FﬁS%mQ IResUBHNp ARYAR REide Of anbmﬁir%weéxl@mote@ulﬁ
bgure 22 is a schematic diagramof the bond

stre ch z unit, representing the z-conponent of a

bond stretch term Figure 23 is a schematic di agram of

he a Iebedln eAu
FI-'lgure qg is a sclﬂema ic dlag am of the angle bending connections of the
circuit group representing a subunit, amino acid, of an illustrative biomolecule,

protein.

Figure 15 is a schematic diagram of the torsion connections of the circuit
group representing a subunit, amino acid, of an illustrative biomolecule,

protein.

Figure 16 is the structure of an illustrative nano-molecular-machine, a
rudimentary mimic of the enzyme ribonuclease, which has been constructed
from the bucket-shaped cyclodextrin molecule (a). midazole functional groups
on the rim (X'in (b)) help to catalyze the region specific hydrolysis of a cyclic
phosphodiester (b), which is bound in the hydrophobic cavity.

Figure 17 is a schematic diagram of the bond stretch connections of the circuit
group representing a subunit of an illustrative nano-molecular-machine, a

rudimentary mimic of the enzyme ribonuclease.
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20 representing the x-conmponent of a bond angle
bending termin which the atomis in the m ddle.

wO2@e0814281 i s a schematic di agram of the angl eP@ESG2004000316

X type-B unit, representing the x-conmponent of a bond
angl e bending termin which the 25 atomis at one
end. Figure 25 is a schematic diagram of the angle
bending y type-A unit, repregenting the y-conponent
of a bond angl e bendlng termin which the atomis in
the m ddle. 30 WO 2005/ 031478 PCT/ SG2004/ 000316 15
Figure 26 is a schematic diagram of the angl e bendi ng
y type-B unit, representing the y-conponent of a bond
angl e bending termin which the atomis at one end. 5
Figks €8 29 al sehansatfeediagiae ef ﬂ@&f@l@fbetnﬁﬁw@%r?ec%ﬁg 'o‘FQwe
z type-A unit, representing the z-conponent of a
F%J'@r@éﬁd‘?ﬁ@ﬂeéﬂlﬁg|3nSLWkatfertamel"U§t‘aime| rsanmmdi@pular-machme,

T dvatifict e en- R HERNEIRERRG The y- comonent

of a bond angle bending termin which the atomis at
gure 29 is a schematic diagramof the

Bﬁge?iﬁ IS at%@mtmﬂlagremsgf hedersiag conaectionsovigbasireuit
GloyR rBBRAIRG PR GHIRA dh HISER R ABIL S bR Mine, o

ure IS a SC errat

mldrmen‘uarymlypeoBthmemzym@pbesmiIaas@ the x-conponent
of a bond torsion termin which the atomis at one
end. Figure 31 is a schematic diagramof the torsion vy

Hgnﬁe 20 @ hischefAtRSAB MY of fl‘% b& ¥tr§ﬁﬂ99@ﬁﬁtreﬁfeggpgng the

bond torsion termin Wwhich atomis int
¥rgmpenspt pbadondrsirich terdi.agr am of the torsion y
type-B unit, representing the y-conponent of a bond
torsion termin which the atomis at one end. 25

Figgrs 21 @ai&h@n‘mlﬁm%;ﬂaﬁﬁn df w&mcpétréﬁﬁ \l @RiB i r@Prekenting the
type-A unit, representin
y-component of a bond stretch term

Figure 22 is a schematic diagram of the bond stretch z unit, representing the
z-component of a bond stretch term.

Figure 23 is a schematic diagram of the angle bending x type-A unit,
representing the x-component of a bond angle bending term in which the
atom is in the middle.

Figure 24 is a schematic diagram of the angle bending x type-B unit,
representing the x-component of a bond angle bending term in which the
atom is at one end.

Figure 25 is a schematic diagram of the angle bending y type-A unit,
representing the y-component of a bond angle bending term in which the
atom is in the middle.
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z-conmponent of a bond torsion termin which the atom
isinthe mddle. Figure 34 is a schematic di agram of

WO b@s08r438 on z type-B unit, representing the PCT/SG2004/000316

z-conmponent of a bond torsion termin which the atom
Is at one end. 30 WD 2005/031478 PCT/ S&004/ 000316 16
Figure 35 is a schematic diagram of the non-bonded x
unit, representing the x-cogponent of a non-bonded
interaction term Figure 36 is a schematic di agram of
the non-bonded y unit, (epresenting the 5 y-conponent
of a non- bonded interaction term Figure 37 is a

@gr esérﬁ %gh@?czi.@t%ﬁ%ﬁgﬂ} bon E‘HH{]%)‘]E(HF B unit,

esartingthe f@cﬁﬁxpéﬁeﬁ! &fH Bor® ahgleabéfdmg@ém«? irfvAhaR:
the Hbond x unit, representing the x- conponent of

ﬁ%lﬁ‘éfg‘&ﬁ%@?}d term Figure 39 is a schematic diagram
of the Hbond y unit, representing the y- conponent of
a hydrogen-bond term 15 Figure 40 is a schematic
Bigage Aminhk s:cherﬁdtti@m]dgrantu of the airaﬁe Q&ﬁﬂtﬁgﬂg tygeeAamit,

conpon nt f dr oge gure 41 is a
ng fgﬁgg?%fﬁpeﬂg %Tb 3 E@@S éng %ndmgtterarhaﬂ whichAha
510%@@,5 théPnidBld - Figure 42 is a schematic di agram of
Ua circuit unit, ss circuit unit, and si circuit

unlt 25 Figure 43 is a schematic diagram of the pqg
rcu uni t 44 i s sch tic.dia ra of t he
Flalfe b * Brachelilt diadtm 5t i Gaie Biandir adyperB uni,
% dhtibd BelichpbahbREodeBEAd Bhb@“b@rﬁdlﬁﬁ%t‘nﬁwrf éP)ntlhe
/ S&0 of bi ol ogi ca

4/ 000316 Met hod for sinul ation
alom tsrataneeedl reaction pat hway

Figure 29 is a schematic diagram of the torsion x type-A unit, representing the
x-component of a bond torsion term in which the atom is in the middle.

Figure 30 is a schematic diagram of the torsion x type-B unit, representing the

x-component of a bond torsion term in which the atom is at one end.

" Figure 31 is a schematic diagram of the torsion y type-A unit, representing the

y-component of a bond torsion term in which the atom is in the middle.

Figure 32 is a schematic diagram of the torsion y type-B unit, representing the
y-component of a bond torsion term in which the atom is at one end.

Figure 33 is a schematic diagram of the torsion z type-A unit, representing the

z-component of a bond torsion term in which the atom is in the middle.

Figure 34 is a schematic diagram of the torsion z type-B unit, representing the
z-component of a bond torsion term in which the atom is at one end.
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wakovglogi4as nul ti pl e bi ol ogi cal

5 According to a first enbodi nent, the present

i nvention provides a nethod for sinulation .of a

and/ or chem cal PCP8G2600M00316

pat hways. It has particular application in sinulation

of | arge networks of pathways that 10 are beyond the

scope of conputer nethods. It provides a potentially

useful neans for facilitatinggthe study of cellular

and nulti-cellular processes, disease processes,

effect of gene or protein nutations on biologica

systens, and effect of drugs on biological systens. 15
sin r set. of. bi ol ogj.cal th s and/or .

Ebi 2T RacBefiBricnleshasy SPtehorbBondSy § ol iPrapenting the

RRBRNeas 6fla dlonabdiiatPinterabtidtPiedm. or | abel s

(reaction objects) connected by arrows

(bi ndi ng/ reaction paths). This kind of representation

Rl 581 o LBp et TR b - BN BT R ARG e
pednific@ent 6ha montbonwdedieraraetieeiarp). kegg/ keqg2. htm ) .

and as described in "Mthenatical nodeling of
epi dermal growth factor receptor signaling through

E@&??ﬁ%%g%%ﬁa%ﬁo lé@ul ary’lthnt er Jgﬁt‘?%%gdrﬁ]ﬁ%%ée i bthe
Haoygtponant vkd Inon-tonded interbtéobterger . Bi ot ech 25

Bi oeng 70, 225-238 (2000). Each binding/reaction event

in these pathways can be described by a

Pigeé 88/i§ aachbAhtRANAGHPA of M@ﬂ%(fﬁé{)@hﬁﬁﬂ%ﬁjésémin_?htge X-

whet her the event is reversible or irreversible.
sempenent ofd hydregendrondeigsmi on ( bi ndi ng/ react i on)
equations for pathways 30 can be nodel ed by a set of
i near and/or non-linear first-order and/or second WD

PIy0be G0 1¢ A& ch8nRAGT H&gfid b tHE3H andde LR/ iéipfésenting the y-

differential equations. For exanple, non-linear
eonppoentRia hyirgorarlond @k enti al equati ons ( ODEs)
derived fromthe bal ance equati on and generalized
mass-action kinetics as described in "Understanding
Figare d0tis alschematietdibglans of tHe HA=Ird, z Bait} lepresdritgsthe z-

ESMBSRent St & Rydrobentbond ferm!

Figure 41 is a schematic diagram of the rABC circuit unit and the AgA circuit
unit.

Figure 42 is a schematic diagram of the Ua circuit unit, ss circuit unit, and si
circuit unit.

Figure 43 is a schematic diagram of the pq circuit unit.

Figure 44 is a schematic diagram of the ¢ drcuit unit and the sing circuit unit.
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5 regul ation of cellular systens”" R Heinrich, and S
Schuster, Chapman & Hall, New York (1996). Each ODE

waele®siosaes t he ti me- dependent behavi our of thePCT/SG2004/000316

concentration of a protein/nolecule in the pathways.
Further, equations representing the concentration of
the nol ecul es of the pathway map of the biol ogica
and/ or chem cal reaction patRway are al so provided.
The 10 concentration equations can also be at |east a
set of linear and/or non-linear first-order and/or
second-order ordinary differential equations. For

l.e n- | i r.first-order ordinary differentia

Bé&m%d‘esc %ﬁiﬁgﬁggggﬁgiﬁb to this enbodi nent of the
i nvention, at |east one set of electronic 15 circuits
represents the at | east one set of the above
&@} ti?ns” IE?Partiqular, bi ndi ng, ;reacti on and/ or

et il tIRg o biolegicatmRayor eheknicad reactineainyay
have been proposed to solve certain first-order and
second- order nonlinear ordinary differential equation
Ascarding thadirstnerhbbdinertn i praseh0 ifvepitioa Provides & method for
chaogs,.in the salufion of %he l.ogi stic equation” M 1. _
%Hl%f,'ofhn% a Slgglep, prnultiple;  biglodisal uABAKT ofNerigd reaction

h 33- 2829 (2000) as well as linear ordinary
differential equation (up to second-order) as
described in "The analog conputer as an aid to the

eachj ng: ntary gquantum mechani cs” .

oo 2ol MR TUT i liaBB5 13965 petiaslis ptipatnways that
arlectodyoridl the@dopel dfeonienfictfiodeen di scl osed nor
suggested for the purpose of sinulation of biological

and/ or chem cal reaction pathway. Operational

LiGLET. [ hrcuits r. elegtroni.c
TRkt polcRaly BBkt LS B HeMAiED Gocrlfy Bidepiar and
niufti-eelbiai girooesses)t eipeakboprocesSes WERENS/H3§4M8 P protein
PCT/ 8620046,0 OS&@ subtraction, nultiplication,.

MHAtIns AN @%93 systams, agheifesiaf dugren biglagicat systems.

as described in "Electronic circuits and design" D. A
Neamen. McGraw Hill (2001), "Function circuits:

PHesingle ana saipdfi kiatadieal 'pathwaysvang/endhemnical reaction pathways

esib%}’}"ﬁé@e%grﬁ%ﬁfﬁk:a Mgg)%%rr]n&?seeﬁjato% %n"ri\letV\(/:ci>rli<C<lJJ1i Boxes or labels
(reaction objects) connected by arrows (binding/reaction paths). This kind of
representation is widely used in popular biological pathway databases such
as SPAD (http://www.grt.kyushu-u.ac.jp/spad/) and KEGG
(http://www.genome.ad.jp/kegg/kegg2.html).  and as  described in
"Mathematical modeling of epidermal growt‘h factor receptor signaling through
the phospholipase C pathway: Mechanistic insights and predictions for
molecular interventions”, J. M. Haugh, A. Wells, D. A. Lauffenburger. Biotech
Bioeng 70, 225-238 (2000). Each binding/reaction event in these pathways

can be described by a binding/reaction equation, whose form depends on

whether the event is reversible or irreversible.

The set of binding and/or reaction (binding/reaction) equations for pathways

can be modeled by a set of linear and/or non-linear first-order and/or second-
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5 Interseicne (1971). Hence, a set of nonlinear or
linear ordinary differential equations conposed of

WO b@se3t4es s can be represented by a set of el BCI/BGMI0E/000316

circuits conposed of these operational anplifiers and
ot her electronic conponents. The ti ne-dependent
behavi our of the concentration of a protein/nolecule
can be neasured by the voltagg at a specific point in
the 10 circuits. Accordingly, for sinulation of

bi ol ogi cal and/or chem cal reaction pathways, the

ti me- dependent behavi or of the concentration of one or

G SR AR B 0t SRR BB rstorcer

‘a)m:iiraryldlfféd&atlalaémm;cmsc(mﬁg) di@ivetﬁﬂlonbﬁhemﬁéléhée @ﬂ;ubﬁ@n and

vol tage at specific |ntS|nthe circuits. In order
Genelelicad mAds-seiary KiBetich as fescbedonG Lmd@éﬁiia@dlfw the control

& Pﬁ&tal?ﬁgm’f %C%ﬁ“ P& §3rb s P PHWBMS 13@8@%4&' T “The
states for each protelin or gcule nee
r@@nlat@er@‘dcelﬁlmmyswns'f Rt hmmt, am!sSISter&er @Hapvean & Hall,

ORSYbC o) SRk BSE A Bl TIEL 0 Mo o the
édiﬁe‘h%ﬁ@ﬁt bRt Ofrotdin@ndlablibCiH &he Shalky af% tylﬁ’l‘tﬁ 'é‘%uatlons

conposed of up to a few dozen operation anpl i
repEesanting thenrbencasftralionnefctheomolgriiles ©f (thwcpaftbway map of the

n w_faor  .connection
?’gﬁ]dél %ng?ﬁag@%gggbu%@@ O o KRN grefg}so provided. The
mm@ﬁmatlcn éqmaa@ﬁsfda@n%ﬂ@bhﬁaﬂeb%tibtséirﬁftlﬁlbar &Md/Gk non-linear
nunber of snall corrponents such as switches etc. The

Hﬁt-etﬂetrsarﬂd!pr serangordeneripgryodiffierentiablesugdionsaler exgmple,
AR R-8rdd drlis B AR bRl GsS BB Vol 1 age

sour ces, V\/nl ch is feasible to construct. 30 V\D
1%005/ 03147% PCT/ S 004/ 0 0316 20 Accord| ngly
FEAH NG H imenk 8§ the iRvMentiant at %ﬁﬁhﬂr‘ﬁ s%tnofoelectronlc

(ﬂﬁcu*@%breéé?ﬁs Qﬁ@'a@%éﬁ'or@‘gét%f {-H?eegb@?é eﬁﬁg%ég.g n particular,

pat hway' conprising: preparing a na
bindingg r%ﬂtloaraﬂdior coresentiation emwlnrmrar QREbwWay ;

Electronic circuits have been proposed to solve certain first-order and second-
order nonlinear ordinary differential equation as described in “The transition
from solitons to chaos in the solution of the logistic equation” M. 1. Sobhy, and
A. S. Burman. Int. J. Bifurcation Chaos 10, 2823-2829 (2000) as well as linear
ordinary differential equation (up to second-order) as described in “The analog
computer as an aid to the teaching elementary quantum mechanics”, M. K.
Summers. Phys. Educ 13, 22-27 (1996). |

However, electronic circuits have never been disclosed nor suggested for the

purpose of simulation of biological and/or chemical reaction pathway.

Operational amplifiers, function circuits and other electronic components can

be used to construct operations of differentiation, integration, sum,
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5 constructing at | east one set of binding and
reaction equation fromthe pathway nmap; constructing

w@roosmaRirs one set of concentration equati on foPCT/SG2004/000316

nol ecul es of the pathway map; constructing an

el ectronic circuit corresponding to every set of 10
equation; determ ning sinulation of pathway by
measuring voltage at two or fgpre connection points of
the circuit. The binding, reaction and/or
concentration equation may be a |linear or non- 15
l'inear first- or second-order ordinary differentia

SRRCHSToeuRblcaldh Wi onn eO4SHIAL| pBffih. bower, and

Jth%l%tas%é@énbéy i ‘@éc}trdﬁlé ErsaRtdral desigat DoA. Ndamen. IMcGraw
urther aspect of this invention, nethods are

Hill {208 $ ) dFipctiomicircuitsii Desigh@nd2applisatiage’s Yidh Weeg and W.E.

Gl kS R3578] 2 S SheRisRal b FaEBdsHER Y, SRROWiey-

Ihesttsicae (WO76h Repceol- g6t 6f norlitedruobénsar arcﬁnamypmﬂkadenual
to the concentrations and to the kinetic (fifguatl ons

eiationk copReRastotbirseieinas FamPeIRaresRied &Y A Bef Qhfctronic
SRYRL! BMpY CE?B' %fth% 'dp%‘?ﬁ%ﬁa@ngﬁrghﬁ&sa ld |&Rer electronic

I esi stors I ers ' 'can be used to scal e-down 25

cordpsneaite- u‘rhé h’&mediéymjﬁisenhtbermwmm m‘e@n@ncomﬁerttwéion of a
circu

Nor eov aut onm ain contr C|rc its.
SRi Bl opWouSah Heo RSS! PHNBOTRI A8 ShRCSPIRTt, PRIt I the
liRgitcequi red range. The aut ormtl c gain control
circults are descrl bed in "Function circuits: Design
and applications” wng and WE. Ot,

AE ARy 1 R BERLSA TR (RO SERRR0h,

FRMBeSd et Mt BAHHVIYF of R Cohtagrati®yof arfe bhamore reaction
circuit between two fixed voltage values. 5 |

n
pbjeciscul ar, the voefirefe | evel of 3% circuit igroteins/nucleic

08584 8'&1H§9/388§t\95t%§/re5<\9@nié/b(r%guct\éo'u’i ME YahiaTsBan be derived

by measuring the voltage at specific points in the circuits.

In order to accurately describe the microscopic kinetics of binding or reaction
events in pathWays, all possible states for each protein or molecule need to
be considered. Examples of these states include active, inactive,
ligand/substrate-bound, dimmer, and any other state. The corresponding
circuit section for the concentration in a particular state is typically composed
of up to a few dozen operational amplifiers, a similar number of connection
points (two for measuring its voltage, a few for connection to external voltage
sources, and several for connection to and from other circuit units), and a
number of small components such as switches etc. The circuits for a large
pathway or multiple pathways may thus contain up to thousands or more such

sections connected to each other and to the external voltage sources, which
is feasible to construct.
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mul tipling scaling factors to the concentration
equation; applying at | east one resistor and/or

w@epsiosides at one or nore connection point of PCTRG2004/000316

circuit, thereby scaling-down or scaling-up the
voltage 10 of one or nore segnent of the circuit;

and/ or applying automatic gain control circuits. In a
further aspect of this invenppon, stochastic effect on
t he binding/reaction events, which is inportant in
cases involving | ow concentration or short-tine 15
event, can be taken into account by replacing the

el evan i ndi ng/ reactio rate constan b .
A B0y, S T BBdnhryaiteés BRBRRL br Pmylatioges at least
&1fd BiolSeS M/ or SiedrRTcal RRdtib paiesy 68mMpsisiig: by
theoretical nethods). This can be acconplished in the
circuits by adding at si)eci fic sites special ci rc,ui} i
uni t sPrepgRpesadNBP @inakieast e biojedleamaRdias cchemical reaction
RE/At or device, such as Wayne's 20 random noi se
ggner tors, and a nultiplication anplifier.
Accor comdiucting reet leasthore eét dfhisindimgesntd osadtiomt dguation from the
corﬂgllri ses adding at |east one wunit circuit conprising
BRNYIBYPPBNi ¢ random noi se generator and/or a
mul ti ghd b &4 : i
poi nt o g ang! 6lp, Sot STy RoniTRIGH £B1BRGH O mglocules of
thevmathweay maleisi gn pl ans for several circuit units are

introduced to represent ane or .nore. or even all

possi BIEURG i solgryetip: orayliaes baebotlied ofthgpyey; get of
b&gatirt hod of the invention, the electronic circuit

may conprise at |east one of the follow ng circuit

uni t sdeterméining siroulatian e pathway By meastEingraliags attwo or more

[ ¥al) C .concentration power kx;a unit;
%%@b%ﬁ%ﬁg‘%ﬂcﬁg@oom 000316 | i gand- prot ei n
concentration product Lx1 unit; |igand-protein

concentration  power product klxla unit; .

El"@t%‘i“i‘inﬂr a@_tﬁnc@h‘é/@ﬁtcpaﬁ?'ﬁfﬁtkﬂ%%‘é@“% may bgia }lpear or non-
3 _p ) | n . . 0

A DL SRS SIRI P PENRN PRt DR refanly,

trepbindery, achotiovartdi@vesreoentration rgluatiantis an noatlimeas first-order

CORAS i a3 T8 V2 s and

In a further aspect of this invention, methods are disclosed for maintaining the
voltages in the circuits (concentrations of molecules and functions of
concentrations) within the allowed range. Scaling factors (which are non-zero
real numbers) are applied to the concentrations and to the kinetic equations
so as to keep these concentrations and each term in the equations within the
allowed range. In addition, resistors and amplifiers can be used to scale-down
and scale-up the voltages at certain segment of the circuits. Moreover
automatic gain control circuits can also be used to ensure the voltages are
within the required range. The automatic gain control circuits are described in
“Function circuits: Design and applications” Y.J. Wong and W.E. Oft,
McGram-Hill, 1976.
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wherein, k is a forward/reverse binding/reaction rate
constant, L the concentration of a ligand, x1 and x]

wae@sosm7goncentrati on of protein/nol ecul e x1 PENEGXj04/000316

respectively, a and b are order of power of x1 and xj.
10 By introducing additional circuit sections or by
nmodi fying the circuits, it is possible to sinulate
events such as the effect of ogrugs, protein or gene
mut ati ons, and di seases on a pathway or a group of

pat hways. Therefore, in a further aspect of this

i nvention, effect of drugs can. be 15 sinul ated by
addi ng one or nore circuit units (the design plan for
each of these units is disclosed) at specific sites in

Abeordiingiyi the inheiticl redees batethot fdﬁhér%rﬁﬁﬁﬂﬁﬁtméfhtaining
These added units represent the

{f%::\%ﬂtor Erotei ns. . Th _

iagedryel of dhe ceuibbatvery mantxedvoliagscealyedet ween

t hese drugs and their respective receptor proteins.

20 Accordingly, the nmethod of the invention, further
koparticokes, thet eoltage teyel lof theffregit i©naihtdinss betwecitig fixed

C ri siln dding at |east one circuit unit
\é@%\éﬁ‘é%s th a receptor protein at one or nore
connegiuit Pﬁ%cﬁiiné’ffadtaﬁs toctgé %h&ent?g’tidrpeﬁ%é‘\ﬁﬁr{; her

aspect of this invention, deficiency or tation of
one oRPPHSING 3br taasit nenearedistosi and/at edmipjifisetati rapea or more

je | i - a., velt fixed
B S8 P TR s v ot
@081 6BAbIE sBGHHEPHE 8iP8lRl BndRrAccordingly, the

met hod of the invention further conprises determ ning
def i cRRRI¥\Y aHiem@Etis9aimpoiroldimceits.on of at | east one
protein of the biological pathway, conprising setting
a voltage ceiling, a voltage range and/or a fixed

Wioh tfradlecradspet afrthisineentiomestbtiedstieosiféctadn the binding/reaction
r%wt .ng,The met hod of claim 1, wherein the _
Hloghich iSdmRRatant dimsesee dnvalving dew eamsenstieator shagt-time

éé‘ﬁégfstf Fg? 2583 AP frto ! SodduRt BY reptitd tife 6letant b#ify/reaction
rate constants by stochastic values (random variations around average rate
constants determined by experiments or by theoretical methods). This can be
accomplished in the circuits by adding at specific sites special circuit units
composed of an electronic random noise generator device, such as Wayne's

random noise generators, and a multiplication ampilifier.

Accordingly, the method of the invention further comprises adding at least one
unit circuit comprising an electronic random noise generator and/or a

multiplicator amplifier at one or more connection point of the circuit.

In a further aspect of the invention, design plans for several circuit units are
introduced to represent one or more, or even all possible terms in a circuit
equation. Accordingly, in the method of the invention, the electronic circuit
may comprise at least one of the following circuit units: linear protein/molecule

concentration +kx; unit; protein/molecule concentration power Zkx? unit;
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i nhi bitor or antagonist, activator or agonist,
reactant and/or reaction product. 10 According to the

wo poos3gmbodi nent of the invention, it is al SOPQI/AG200&000316

an electronic circuit systemfor the sinulation of at
| east one biol ogical and/or chem cal reaction
pat hway, conprising at |east one electronic circuit
representing a set of bindingy, reaction and/or
concentration equation. 15 In the electronic circuit
system the binding, reaction and/or. concentration
equation may be a linear or non-linear first- or
rentlal equat i on

E e R R IR Y-
pofaF tiredl@r +l%§o?e‘ﬁgit b'?@teliorfé boeoﬁ%éﬁ\ta?ﬁgt 6@6@%;%% unit;

di scl osure of ign

protein-proteint sohderitratiopr eRoEr PR&JUL W,"B(bohnﬁVesﬁoé‘ﬂ\éstlc rate
OSS|beterm5|nthe ODEs descrlbln i ol ogi cal or

OR$faRt ganerailcyniy thaaremliaces wf@wvaj‘d?igsgrsa bmdimg/reactlon rate
ébﬁﬁbﬁppabg aCétgi%HééncSy%‘r&sr%@J the invention, the

el ectroni circult nmay conprise at | east one, or

even ‘adhleremhk isod | formiangl/relve eiai bindmd/feadtibR@lte constant, L the
uni t;

n/, rml concentration Kkxi
%é@%%t@ﬁm & '%"E’g K 8RE Kagieoiensentriion m@r@tem/molecule X
ah@NEsPEBIRIY, £8RE BUrbAHEPoPEANECE: L Sndd

l'i gand-protein concentration power product’ kLXa unit;
protein-protein concentration product kx Xj unit;

LS R NIy

pMs:bleotcstsanulag@rw@msarsu@ﬁl &s tthét frf&ﬂl 8¢
r&%gar d/ rever se bi ndi ng/ reaction erat e cgﬁ%%én?mkelg Of gene

[Pas: pRd igaases fica watveanher & greupof patharaysr ever se
bi ndi ng/ reaction rate constant, L the concentration
of a ligand, xi and xj are the concentration of

Perebone/ rinl acfurthexi asFectnef thisk fRRAGHHY Aftect f2BFLdS can be
are 8er of ovver of xi and Xxj respect ively.

N% OPB CTIMRR S U nenits ﬁhﬁadeSIgrmlpian foo each of

tgtaergéré;lljﬁgé is Hf%%fo%ehfﬁ Laﬁg? ific ?‘Pees &@3 cilféfagﬁ 112):% ad’esqsrwp@ted with

the reapectivel recbptml(;qongohfgis dmefb%ﬂdwl L;mt%ﬂ‘ébr@ééﬁﬁ%@mrd and
t t t

eal RS IBBCPIOCES? I3EtHesn dhege stitisiand their respective

receptor proteins.

Accordingly, the method of the inventioh, further comprises determining the
effect of at least one drug comprising adding at least one circuit unit

associated with a receptor protein at one or more connection point of the
circuit.

In a further aspect of this invention, deficiency or mutation of one or more
proteins can be simulated by setting a voltage ceiling, or a voltage range, or a
fixed voltage value at specific points in the circuits.
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el ectronic circuits by the procedure as descri bed

bel ow and given in the flow chart of Figure 1. The
w@e@s®ss79.00 begins at a state 110, wherei n t hBCT/SG2004/000316

pat hways are presented 15 as a map of a network of

boxes or | abels (proteins or nol ecul es) connected by

arrows (binding/reaction paths). Figure 2 shows the

map of a part of caspase paghway as an illustration.

The process 100 then noves to a sate 120 wherein the

bi nding or reaction 20 equation for every process in

the pathway is constructed fromthe pathway nmap. Based

AT T AR A getaini
d%zﬁ&gﬁcy,hﬁ]uﬁcé’d_dﬁ gﬁd@rﬁ;ﬁ@t‘i&i lok %5 géééﬁ' e hHegetd on th@lbldbglcal

. K+ Irreversible
pBthyeRh glonepiising settiig a veltage . ceiling a voltage; rapgepand/gy a fixed

VBT el oe R raorsi BBl ol BREBAAR. O 275 e

obj ects (proteins/nolecules etc), K+ and K are forward
and reverse binding/reaction rate constant

Thegpethod/@ glaimph whgesiodne pivlegisalgeatbyay menrisessatjeast one
oEEa;%tf bhat wh Y\élﬁeﬁm%t EBE&C‘F% {oRENR, frﬁlrclé@eadﬁ' Hééﬁ&“ %‘.M?(strate

ase pat vvay in ure are’ given as:
|Hh|hlt0f20ﬂ@11tagﬁvien tac8vat¥B ot ajdnist, \rek(5tah8amdloEvemtlcm prgaiuct.

According to the first embodiment of the invention, it is also provided an
electronic circuit system for the simulation of at least one biological and/or
chemical reaction pathway, comprising at least one electronic circuit

representing a set of binding, reaction and/or concentration equation.

In the electronic circuit system, the binding, reaction and/or.concentration
equation may be a linear or non-linear first- or second-order ordinary
differential equation (ODE). Preferably, a non-linear first-order ODE.

According to a particular aspect, the invention relates to the disclosure of
design plans for the construction of circuit units that represent one or more or

even all possible terms in the ODEs describihg a biological or a chemical
reaction pathway.

Accordingly, in the electronic circuit system of the invention, the electronic
circuit may comprise at least one, or even all, the following circuit units: linear
protein/molecule concentration +kx; unit; protein/molecule concentration power
tkx? unit; ligand-protein concentration product +Lx; unit; ligand-protein
concentration power product +kLx® unit; protein-protein concentration product

Tkxx; unit; protein-protein concentration power product ikxiaij unit; stochastic
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K2+ .._\ X3 K4- Event 4: X4 + X5 \-\ X6 K4. where L

= Fas |ligand, x1=ligand-free Fas surface receptor,

wo 2eekiogimsl- bound Fas surface receptor, x3=cl uUBCEBEZN04/000316

| i gand- bound Fas surface receptor, 15 x4=FADD protein,
x5=conpl ex of FADD-Fas receptor, ..., and k;+ and k; _
are the forward and reverse reaction rate constant in

the i-th path respectively. oqThese rate constants can
ei ther be obtained fromexperinental data, or from

t heoretical conputations, or estimted by enpirical
nmeans based on statistical analysis of available

TN e e —
rbfs chnstarbk B?tahstbéh%tlc \ﬁalué,( and__' E k bik Xk Kki.

where a; | d b;k are the stoichi ometric coefficient
of th@hepre:m lansj K faward/severen bigdingfpastian rate constant, L the

GFEBfbldS of lopbe. viane Blarelhe congentiia Oy hoifiotkue x
a gebspactheBsta aml by ard bedgirafqrmeerldi®; aheéw; espestivaly.a

state 130 where in the corresponding kinetic
equat| ons for the concentration of each protein or

ﬁO\"i\‘/r 8 tHE'dri R g™ SARuRR! ?;lﬁi u?&waﬁ{ee@ ididclosed

gene |ze mass- actloan ICS as
4 medeeﬁ 400i fmg ddreying raut méthndt@bdhesmmwatnq:elof a single or

Lond 1996
B\Rﬁ%ﬂ? E) Cg[|o eﬁz?mgk,ggg&%o Faat iaMI?| AHT[}% Jrecess 100,
§Hd?§t'}cﬁf of %é%ﬂm@yéﬁ%'eod&i@té@@ﬁ 61%;9@|f|c£90&e&gned set of
VO 2005/ 0314

equatlon is a non-Iinear
sleTiretzodmule (81 thef proseduredas desdiibed pelaw paflgivemin the flow

SOLpLY ,QUQQ?E) of the concentration of a

The process 100 begins ét a state 110, wherein the pathways are presented
as a map of a network of boxes or labels (proteins or molecules) connected
by arrows (binding/reaction paths). Figure 2 shows the map of a part of
caspase pathway as an illustration.

The process 100 then moves to a sate 120 wherein the binding or reaction
equation for every process in the pathway is constructed from the pathway
map. Based on whether it is reversible or irreversible, the equation of an

individual binding /reaction step takes the form:
Ke

Reversible binding/reaction: Rt + Re 4+ . . . v NP+ P2+

K.

K+
Irreversible binding/reaction: Ri + Re+ . . . ---- Pr+ P2 . . .

where R4, Ry, ... are binding/reaction objects (proteins/molecules etc) and Py,
P,, ... are product objects (proteins/molecules etc), K. and K. are forward and

reverse binding/reaction rate constant respectively.
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protei n/mol ecule in the pathways. In general, for a
set of equations involving the n-th reaction object:

WG20GA3W® 15 ain Xn + Ej aij Xi = E k bi k Xk KCFSE064/80316

y aij' Xi' "~ ain Xn + E k, bi'k' Xk' Ki' the
corresponding ODE is: dxn/dt = ki. Et k (xk)bik + k1 +
n, (X,)aj" + ... kl+ (Xn) ain Il I (Xi)" - ki'

(Xn) ai'n Il k' (Xk')bl"k' .05 +Wh where xn is the
concentration of object xn, co" is its rate of 20
expressi on/production, au and b;j are the power of the
concentration in cases where the reaction rate is
deternmi ned by power IaM/representation 25 The first

h re. . .
g@ﬁ Rl Feadeh qaddiph ok We RRA4HR B Rndiiay ingFigure
SHSONEI S dx2/dt =k1+ L Xi - (k1. + k2)x2dx4| dt =
k3. X5 + k5. X6 - k3+ x3 x4 - k5+ x4 x5 + P4 where the
| i gangvegoncgnt r atlon yi. and r akgno4. gxbpﬁe&onxscon of
protein xn are 3@ assuned to be tine-depepdent
function. Referring back to Figure 1, the process 100
then noves to d&x»state 140 wherein a networfe of
el ect F6Mi € &ircuit £ are const Etfet &d¥tiosr spresént t he
ODEs of a pathway or a network of pat hvvayéf;" Thi s
circuit network i s conposed of 35 specially designed
viheeailt =unas digasd dksdiganddraen FaBiSJrim:berHce@mil keeligand-bound
onpanents such . ,as operation lifie VO e
BB SUOBPE o PREhRE n e L icRrkounL s £  pygRcey receptor,
bz(o:ngS/‘gogl%ééml RExicfipleRH FADBLF S RSAHY, €. VYand k.. and k;. are
the forward and reverse reaction rate constant in the i-th path respectively.

These rate constants can either be obtained from experimental data, or from
theoretical computations, or estimated by empirical means based on statistical

analysis of available experimental data of available of relevant reactions.
In general, the reaction equation for the i-th path is:

K+
Path i: X X \===\ Zy by X
K.

where a; and by are the stoichiometric coefficient of the j-th and k-th reaction
objects respectively; j=1, ..., N k=1, ...,Ni; and N; and Ny are number of

reaction objects and number of product objects respectively.

The process 100 then moves to a state 130 where in the corresponding
kinetic equations for the concentration of each protein or molecule are derived
from the balance equation and generalized mass-action kinetics as described
in “Understanding the control of metabolism” D. Fell, Portland Press, London,
UK (1996) and in “The regulation of cellular systems” R. Heinrich, and S
Schuster, Chapman & Hall, New York (1996). Each equation is a non-linear
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27 PCT/ SG2004/ 000316 circuit conponents such as
swi tches and vol tage sources. Each equation has a

W@ 2005031478 whi ch is connected to ot her circuitsSPCERG2004/000316

equation normally contains no nore than a dozen terns
or variables, and thus its circuit needs to have no
nore than a dozen connection points to other circuits.
Each circuit starts with 5 a~point xi, which is
connected to a switch that controls the initia
condition, or the range, or the fixed val ue of
voltage. This point is connected to other parts of

18 L iRy St et TBBED offbs conganvation of 2

WrdtBindmeldcues ﬁmhé‘bgfhv@ﬂ@ ﬂ'n %g’@’gd‘gﬁ]o"f‘@éé b@é (jicrns involving

illustrated in Figure 6. ows t

&he Bdh reartigngebipel the fi rst 10 ODE of the
illustrative caspase pathway. The differentiator,
summ ng anplifier, and inverting anplifier are
described in "Electrgnic circuit analysis and design,
2nd editjon” D.A Neanmen, McGawH I, 2001. The

mul ti frifert Fs ddliscrToed SinbkRandament al s of |inear
circuits" T.L. FloyH- Macnillan Publishing Co. 1992.
15 The process KI®0 then noves to a sinulation state
150 wherai Xi't he=ti mew, depehddni Xki netics of the
concentration d&&.one or nore proteins or nolecules in
a pathway or a group of pathways can be determ ned by
nmeasurenent of voltages at specific sites of the

the carrésporfeling ORE ¢s:rcuit illustrated in Figure 6, 20
the voltage at x; corresponds to the concentration of
pr ot edﬁ,{ldﬁ:ewlmk& ) kFon, tih@xgiTeyit illustrated in
Figure 7, tIg o¢ ?Iamqgje(xqm Xk, @,@gmeﬁqp gt Q the g
concentration o prote| n xj const ructi on PI an for
the Specially Designed Crcuit Units Representing
Different Terns in an ODE For Pat hway Sinul ation

RELES 1 iXAg moWhEO émrgmﬁmm:oandoﬁzl ghbjeet 9x,t heye igrets rate of

di scl osezq g q(le pl ans L) 30 construction of the
SPRIEFSPNGP Omrﬁ‘ut@"da u:BFQjmﬁgpPWef Ré theygeneealration in cases
WPBFE AR oA IrhtdiRIRItOIRinE§ %@&QN r"’}ﬁwg{egk&aerrxatlon.

differential equation assocla

The first few ODEs for the illustrative caspase pathway are: ’

dX1Idt= k1. X2 - k1+ LX1 + M4 dXsldt= k2 Xo + k3. Xs - Ka+ X3 Xa
dx,/dt = ke LX1 - (k1_+ kg)Xz dxsdt= k;. Xs + ks Xo - Kau X3 Xs - Kse X4 X5+ Gy

where the ligand concentration L and rate of expression o, of protein x, are
assumed to be time-dependent function.

Referring back to Figure 1, the process 100 then moves to a state 140
wherein a network of electronic circuits are constructed to represent the ODEs
of a pathway or a network of pathways. This circuit network is composed of
specially designed circuit units as disclosed in this patent and known
components such as operational amplifiers, voltage sources representing

time-dependent distribution of ligands or molecules, and other electronic
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WO 2005/ 031478 28 PCT/ SG2004/ 000316 bi ol ogi cal and/ or
chem cal reaction pathway. The operational anplifiers

wa@eas/osmiom noi se generator in these units arBCEHBG2004/000316

described in the literature. The inverting anplifier
and noninverting anplifier are described in
"Electronic circuit analysis and design, 2nd edition"
D. A Neanen, McGawH Il, 200k The 5 nultiplier is
described in "Fundanmentals of linear circuits" T.L.

Fl oyd, Macm || an Publi shing Co. 1992. The _
exponentiator is described in "Function circuits:

B o AP BREL 531 525t S8R b Boation s

desiFduit avhicH is éoﬁl%&éd Bassflel QrClﬁ%nmgﬁy Igormally contains

Gener ator for Applications 1n Cryptogra
aosnonthanda deaerterns ar varjabl@ERAT ts dist dikoudt reeds to have no

EIAEdhA R EOFeta ool fonGhen st Bt cpufarts win

@i paint s whidhisncaiexied t&@f@mcﬁﬁtmro@iﬂtrbbé fhReinitial condition, or
concentration of a nolecule can be scaled into the

Mg BRge: aydhe fyed r\/@hgeteowoléagﬁ ridis point is cerrectadtto ttiher parts

t r.vat |
SIS B0 2 TS 0k A 6B ke soosa
dbaignedmarcuttelmts toget:])be%/\}ﬁilhlrwﬂif@r@maa?ﬂh%gd ﬁgjﬂgﬁjgrgmmer as
owing me s
FF\éf%{ é{? %‘é@gggrol:t ; éb@WSot erdelugh eicelit designefar the first
U@E &P M@tlﬁ&%réfﬁ/’eu%%spé ?ﬁmvb'é gm%aldlﬁ&em?fo?r Ssumming

to the concentrati ons si mula
apmiifiet and um/ekm anmdifieo rere rdem:nbedsn e{‘EfHecﬂanhc toa*cuiﬂanalysns

21 TP 20 et B by iednath Slsbramic 20 s Shectudiprer is

ﬁﬁéd:ﬂlbéwmoﬁunaahfér&élg dﬁh@éﬁ&‘lrcﬁllﬁ“ﬁ'ﬁﬂ 5 14%1@%Pubhshmg

IS, using non- zero real nunbers) WO 200
Co. 1992.

The process 100 then moves to a simulation state 150 wherein the time-
dependent kinetics of the concentration of one or more proteins or molecules
in a pathway or a group of pathways can be determined by measurement of
voltages at specific sites of the circuits. For the circuit illustrated in Figure 6,
the voltage at x; corresponds to the concentration of protein/molecule x.. For

the circuit illustrated in Figure 7, the voltage at x; corresponds to the
concentration of protein x;.

Construction Plan for the Specially Designed Circuit Units Representing
Different Terms in an ODE For Pathway Simulation

Referring now to Figure 8 and Figure 9, there are disclosed de'_sign plans for
construction of the special circuit units according to the invention representing

all possible terms of an ordinary differential equation associated with a
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PCT/ SG2004/ 000316 (2) Resistors are used to scal e-down
the voltages at the input end of a segnent of the

w@reoss438 and anplifiers are used at the out pupCERG200§/000316

the segnent to sale-up the voltages to the proper

| evel. 5 This can be acconplished by applying at | east
one resistor and/or anplifier at one or nore
connection point of the circuyigt, thereby scaling- down
or scaling-up the voltage of one or nore segnent of
the circuit. (3) Automatic gain control circuits can
be added to the circuits to ensure 10 the voltages

S B AR BB Bl 0
paidom yroisageheratominl ticed Units é!ﬂéiéé@nﬂécﬂﬁanﬂrepl"t@kﬁu% The
concentration product units to the circuit sections

th@"ﬂ}%@m@E@ﬁt and pheniaverding Tamplitier eee pderesibed i Elesztromc

. g
5 B 0 S, SIBESPL DL CPR01. e
EILéMIlemnls: qestohibey mm‘lFaIrmilamﬁntalsC@ﬁpﬁlﬁ@ahrp&)}ir’@Mif AsL. Floyd,
%ﬂ)‘iﬁ ebg hggg? ff‘g%rel tobggﬁ%tl%gwsééged in “Function
d@@ms' b@@s@i anéeép;ﬂl‘cahbﬂg* NI4T PRG rg Yre e | BRS- ‘MeGram-Hill,

This set of binding and/or reactiorr equations ca
f8f@ndhenveaden WISQ generatbr OBEdeseiibad linstA aNbise-Based IC

RePR! SMUraB, CeraiB T8 eisriats i, o S £tde, C.S.

éEESConﬂEbIMDJ%%EEEl'F%%s%@tlédé oR @i@cdifé‘ and @QS’Cém?s Part I, Vol.
57 iy 2600, ob. 615-621.

Methods for Maintaining the Voltages in the Circuits Within Allowed Range

Normally the concentration of a molecule can be scaled into the allowed
voltage range of a circuit. In case that this may not be so, or in case that the
derivative of concentration exceeds the voltage range, or in case that some
terms in the kinetic equation may exceed the voltage range, the following

methods can be used to maintain the voltage level of the circuit between two
voltage values:

(1) Applying scaling factors to the concentrations or to the pathway
simulation ODEs so as to keep the concentrations and each term in
the equations within the allowed range.

This can be accomplished by multiplying an appropriately selected
small number § to the pathway simulation ODEs (that is, using non- -

zero real numbers)
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(XV) 25 (XV 1 ) (XV 1 1) (XVII1) (XIX) (XX OTl

= k1 x2 - kl+Lx1 + co, dt dx2 kI +Lxl-(kl-+k2)x2 dt 33
We20050031472x2 + 3 x5 - ca+x3x4 +k X X X X X -k PRI/SG204000316

=k3 x 5_ 6 3+

29

(2) Resistors are used to scale-down the voltages at the input end of a
segment of the circuits and amplifiers are used at the output end of the

segment to sale-up the voltages to the proper level.

This can be accomplished by applying at least one resistor and/or
amplifier at one or more connection point of the circuit, thereby scaling-

down or scaling-up the voltage of one or more segment of the circuit.

(3) Automatic gain control circuits can be added to the circuits to ensure
the voltages are within the required range.

Simulation of Effect of Drugs

The effect of drugs on a pathway or a group of pathways can be simulated by
adding ligand-protein concentration product units to the circuit sections of the
drug receptor proteins. This corresponds to case 3 in Figure 6. The ligand-
protein concentration product units are shown in Figure 9.

lllustrative example: Electronic pathway emulator of a caspase pathway

As mentioned before in the description of the first embodiment of the
invention, a pathway can be described by a set of binding/reaction equations.
This set of binding and/or reaction equations can be further modeled by a set
of ODEs. An illustrative biological pathway is part of caspase pathway in
Figure 2 is governed by the following 20 simultaneous ODEs.
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345+454 -5 at 45 = k5_x6 + k3+x3x4 - k3 x5 -
k5+x4x5 dt ~6 = Ic6_x3 + k9x9 + k10-x11 + k5+x4x5 -

WO 200803 H47K6+Xx6x7 - K10+ 6x10 dt ' = k6_x8 + KBCKSG2004/000316

k6+x6x7 - k8+x7x8 + (07 dt dx8 = k8+x9 + kl1 x12 +
k6+x6x7 - k6_x8 - k8 x7x8 - kl |+X8 10 dt E - =
k8-x7x8 - (k8+ + k9 )x9 dt dx10 = kI O-xIl + kI 1-x12
- k10+' 6x10 - k11+'8'x10 + X4y dt dxl| dt dx12 dt
fly = k10+x6' 10 - kl O-xu = kI T+ 3x10 - k11 x12 13 k

(1 dx

-
@ by x, — Ky, Lx, + o,

dx.
(I EL:kHLxl ~(k_ +k)x,

dx .
(H) a’_t3 =kyx, +ky_x, -k, x,x%,
dx
(V) _d—; =Ry xs o+ Feg_xg — kg, 0%y —Ks, X, % + 0,

(V)

5 =
=k xg kg X%, —ky_x —Fs, X0

dt

dx
(VI) dtG = leg g KXy + Ky Xy + s, Xy X5 — ks X~ g, %637 — Ko, XXy

dx
(V1) j kg Xy + kg Xg —Fg, XX, — kg, X5 + 0,

dx,
(VI | I) 5 =Koy Xo Iy, Xy F Kg, XgXy — g%y — Ry X, — Ky, X%y

dx,
(lX) d_: =ky %35 — (s, +K5)x,

dx

10 _
(X) ar ko Xy Ky %, = Fyg, s — iy Xg X + 0y

Xl
dt

dx
(Xl l) 7;2' =Ry XgXyo — Ky Xy

= kyou XXy = Kyo- %y,

dx,

(XI l I) dta =koXy + ki35 + kysxys + Fyp Xy — L e
dx

(XIV) dll‘4 = ks Xy5 = Ky, X2y + @y

15

(XV) Ta ks i3,y = (Rya_ + Iy )%

dle

(XVI) dt = KysXys + Kyo Xp0 — Kigu X165
dx

(XVI I) d:‘7 = kl"—xls - k17+x13x17 + Oy
dx

vy de e ~Ra
dx

(X]X) d;g = le'xzo - k19+-x15x19 + )
dxzo = k XX, "‘k X,

It 19+%16%19 — K19-F29

(XX)
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k dt dx14 dt dx15 dt dx16 dt dx 9x9 + 13-x15 +
k15x15 + X17-x13 - X 13+' 13x14 - k17+' 13x17 = k13-x15

WO 2005831418x14 + C014 = k13+xl 3x14 - (1cl3_ + KBGI/3&2H4/000316

= k15x15 + k19-x20 - k19+x16x19 dt k17-x13 -

k17+' 13x17 + C017 t8 = k17+x13x17 - k17-x18 d dt9

kl 9-x20 - k19+x16x19 + co0l9 dt k19+' 16x19 - k19-x20
PCT/ SG004/ 000316 30 WO 2005/5931478 31

PCT/ SG2004/ 000316 5 where the lIigand concentration L
and rate of expression On can change with tine (a

ti me-dependent function). Variable x1 to x20 represent
the protein concentration at the respective paths.
This set of nonlinear ODEs can be represented by a
correspondi ng set of electronic circuits conposed of
different function blocks. Thus, an electronic .
bi ol ogi cal pat hways ermulator 10 can be built to mmc
and study the biol ogical process.

where the ligand concentration L and rate of expression o, can change with
time (a time-dependent function). Variable x1 to x20 represent the protein
concentration at the respective paths. This set of nonlinear ODEs can be
represented by a corresponding set of electronic circuits composed of
different function blocks. Thus, an electronic biological pathways emulator
can be built to mimic and study the biological process.

Among the given 20 simultaneous ODEs, Eqn. (1) to (IV) are of typical types.
These typical equations can be emulated using the circuits shown in Figures
3A, 3B and in Figure 4.

The emulator circuit has been constructed and the measured voltages,
representing variations of protein concentrations in the illustrative biological
pathway, are shown in Figure 5, where voltage x1, x2, ... x20 represent the

‘concentration of each protein in a particular state (active or inactive). The

results have shown the expected behaviour as found in computer simulation.

Molecular dynamics simulations of biomolecules and/or nano-molecular-
system

According to a second embodiment, the invention relates to molecular

dynamics simulations of biomolecules and/or nano-molecular-systems.

Nano-molecular-systems refer to: nano-sized or nano-structured materials

(such as molecular films, nanotubes, nanoscopic particles with specific
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Among the given 20 sinultaneous ODEs, Eqn. (1) to (1V)
are of typical types. These typical equations can be

wepuwsased usi ng the circuits shown in Fi gures PGESGBEB4/000316

and in Figure 4. 15 The enul ator circuit has been
constructed and the neasured voltages, representing
variations of protein concentrations in the .
illustrative biological pathay, are shown in Figure
5, where voltage x1, x2, ... x20 represent t he
concentration of each protein in a particular state
(active or inactive). The 20 results have shown the
uter sinulation.
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Fapregsnded sbynp, set hefr linea-enciddre rdemirees éé@?rﬁﬁétdfgl grdinary
i i , Clrcuits, )
dfteRyrial £BLGtGHSIQDER) Btled fronRihibNbutens Sorsheia sf motion
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O D o gy TAELIBRS I8 fichds TR SRl 3Tk Kpdhotyre f the
P& Aendeseikedidn dAosecoricc gepertionefaree fisid for simulation of

: by f li.near, and/ pr -|.i near
R R e Yo By PP SRR Nes oyhd GhEceiesy.. J. Am.
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tooe-dependent ahangd.of e x- or y- or z- coordinate of each atom in a
studied molecule:

According to the second embodiment of the invention, a corresponding set of
electronic circuits is proposed to represent this set of linear or non-linear
ODEs. This set of electronic circuits is composed of operational amplifiers,
function circuits and other electronic circuit elements. A combination of one or
more specially designed circuit units (composed of operational amplifiers,
function circuits and other electronic components together with differentiator
and summing amplifier) is used to represent each term of the ODEs. The
time-dependent position of each atom in a protein/nucleic acid/organic
molecule can be measured by the voltage at a specific point in the circuits.

Electronic circuits have been proposed to solve certain first-order and second-

order nonlinear ordinary differential equation as described in “The transition
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Chem Soc. 117, 5179-5197 (1995); and in "CHARMM A
program for macronol ecul ar energy, mnimzation, and

waelgwansasgs cal cul ati ons”, B. R 15 Brooks, et.aPCT/9G2004/000316

Conmp. Chem 4, 187-217 (1983). Each ODE describes the
ti me-dependent change of the x- or y- or z- coordinate
of each atomin a studied nolecule. According to the
second enbodi ment of the inveption, a correspondi ng
set of 20 electronic circuits is proposed to
represent this set of |inear or non-linear ODEs. This
set of el ectronic circuits i s conposed of operationa
ers unct, i circuits and ot her electronlc

P 5p150P tochiBS in ik S fiah PRI GPORS astiations &1, 1. Sobhy, and
S IRUrhand B, gnBﬁuFdaﬁBH'Ghd&' {6 de2Rn QZ(%O as, well as linear
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@lr@aawﬁiﬁ@refﬁmbeqsatm (lm;’eu sexnondi-orided) 49 desmibat ior“TA® analog

SPHARAST pEe TRLL K doodualh Blert Sryol Rt TBaeherdpamM. K
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nmeasured by the vol tage ‘at a specific pdint

devenbesn disdesedmor stiggeaiedsiondbe mwpnswozﬁpmeledulao dynamics
d
non\YlgHélst Bﬁp n];]gré?/&lggfa?@ Oer%%zﬂs%égq?ﬂﬁ foW'S 6gmgvrescr i bed

in "The transition WD 2005/ 031478 33 PCT/ SG2004/ 000316

f olitons to chaos in the solution of the logistic
YRl iy

Sfuciyre|is refhavailablfy a atarting mifueiure oha. molecule can be

Bt i gD 73 OB o M ofPine sander

Qeetag@- kordkiengds, atede mindddrsion. "Sdiatiamef thseanbRIGUETT ‘Aamics
@{j to hﬂﬁ t eachi gﬂ Ewnrrenta é %ﬁantum mechani cs'

simiation 8ghations IpiTy e EtiR ey ution thez POsiPN Gfigashetom of a

%’uﬁﬁéd Qﬁkbl@cﬁl'er WI ithe NBMASs iRSHES eaﬁgfi cgéﬂn;ﬁ%eijesﬂ%rsented by a

g ested for the purpose of nolec
ingatiopn of oexnatilrtgrmparailwl amdlpbﬁlersarfunmmbrecmﬂwns and other

@Hﬁcg é'%'P ﬁl’:‘?ﬁ‘set"g?“%&w'ﬁfﬁ éég\r/&l%’e ﬁoa@n@w@do solve
f“@@ eduntion e Wus%ﬁ@u@@%%‘du‘lé’r‘ gbha%e{; ' Aﬁul%ﬂgn&r om

the standard average bond | ength, angle and torsion.
SoI ution of these nol ecul ar dynam cs sinulation

ﬁdté@nﬁo%¥§? doBidtd B REOLHEAL b Utoht® PSS! S Bhs three
equatlons describing its x-, y-, or z- coordinate respectively. The
corresponding circuit section for each coordinate is typically composed of up
to a few dozen bond-stretch/angle/torsion units plus up to thousands of non-
bonded units. If a force field with separate hydrogen bond terms is used, then
this circuit section also contains a few additional units for hydrogen bonds. If
explicit solvent is used, then this circuit section also contains additional non-
bonded units related to the non-bonded interactions with water molecules.
Each unit consists of approximately a few dozen operational amplifiers and
function amplifiers, a similar number of connection points (two for measuring
its voltage, a few for connection to external voltage sources, and the rest for
connection to and from other circuit units), and a number of small components

such as switches etc. The circuits for a typical protein may thus contain up to
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studied nolecule. Al the terns in this equation can
be represented by a conbination of existing

wopesasidohal anplifiers, function circuits andPOr/k€2004/600316

el ectroni c conponents. Hence it is feasible to use
el ectronic circuits to solve these equations and thus
conduct nol ecul ar dynam cs sinulations. A protein
normal Iy consi sts of thousand?4of atons. Each atom has
three equations describing its x-, y-, or z-
coordi nate respectively. The 20 corresponding circuit
section for each coordinate is typically conposed of
to f ew dozen, bongd-stretch/ angl e/tor ion units
HReubdhd o Hiete siRnSStHoRb RONMRHaRLP APk SaTTang lafheeexteral
fictage WolRcSSRFHIEH B USRI AMIRier s is used, then
this circuit section also contalns a feM/add|t|ona
units for hydrogen bonds. If explicit solvent is

'. I Lcuii section al so cont
SEFrebRE=mBlRos. Bifkilo™ i 8 i) el etidtic components can
- heediedo | kbAsRGET dyseratibhs Waf eHiffebdRfationsS . int ion, sum
unlt cQnsi sts of approxi mately a few dozen operati i onal

aAfhtiaciiens muliplisatian | Byyession; femenﬁalsu \wordthmurmnyyer, and

B EITENLIL EIEIR L HLHEE rcorn

tHiié (26et), f“Euncb@nmcuntszrDéﬁlgTiMdf appiﬂda'ttlbﬁg”o%r (Wlohg and W.E.
mal | conponen

5t RhiosRachat GHEZBE FMaer oparationg greti dssignodi Sayth, Wiley-

tlhté?séi@ﬁ‘é MB74p Hen¥® 208/ 98 h4dfheit 5’ @éﬁzg%ﬁﬁma&@mntlal

t housands or nbre such sections connecte
&Wloaﬁ@oﬂmqshlé efxhesaderms/can bgefepmsenwd bwta sdt afselectronic

(RRLP o FolBpReRT bF dfless: REPRIoDRT s afiPhiersatie atter glectronic
Sdpepatffls ! OT e NifncUdd petiiRhat b@ﬁévn@nf & fther e¥nicehirafon of a

i ntegration, sum subtraction, nultiplication,
|ﬁf9@”%/mec@ﬁpﬁﬁﬂéhﬁl @Ieasul@@abytthquﬂegerat ampeoaftdwpomt in the
@Cgﬁg.crl bed in "Electronic circuits and design" D. A

anen. MG aw Hill (2001), "Function circuits:
Desi gn and applicati ons Y.J. Wwng and WE. Qt,

GawHi|l] (1976), "Mddern operational circuit
gipsent invenfion WFOW%? methpdifer swiegwbarn dgramics simulation of

diefs@g;reggtlﬁ nc%r i {amgléggl%Fsgétgﬁ%{c%é HORBY can be

repr esent ed by a set of electronlc
constructing at least one set of equation representing the molecular

dynamics of at least one molecule of the biomolecules and/or the nano-
molecular systems;

constructing an electronic circuit representing every set of equation;
and

determining molecular dynamics simulation by measuring voltage at
two or more connection points of the circuit.

The equations may be linear and/or non-linear second order ordinary

differential equations (ODEs). Preferably, non-linear second order ordinary
differential equations (ODEs).
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circuits conposed of these operational anplifiers and
ot her electronic conponents. The tinme-dependent

whedawsars of the concentration of a protei n/ NeCESGL®4/000316

can be neasured by the voltage at a specific point in

the 15 circuits. The present invention provides a

nmet hod for nol ecul ar dynam cs sinmul ati on of o

bi onol ecul es and/ or nano- nol egul ar systenms conpri sing:
constructing at |east one set of equation representing
the nol ecular 20 dynam cs of at |east one nol ecul e of
the bi onol ecul es and/or the nano- nol ecul ar systens;

S t ] an Iectronl circuit representing every .
Jhe B'P%O&%Qﬁ?oqﬂ GlaEL ﬁﬁ?ﬁq?ﬁayﬂﬁﬂb@ﬁlﬂéﬁ ienceomprise in
gefetalf bon vt éﬁﬂ§ﬂvayﬁéWﬂhb@&ﬁd§t &@oﬂ&@sobﬁgﬁﬁ@rngbcmes
connecti on points of e circuit e equat’i o

Héﬁr’n%ﬁﬁl@ﬂ&m&ﬁu@%ear second order ordinary
differential equations (CODEs). Preferably, non-Iinear

PSSR 1588 B B S £ Fbioseo ror

amdwlbgrowcnfrmﬂ@cuhmnnsaliﬁ@mb@butdleammbeabidoﬁr ¢RIRIOLIER) or a

ds
o s AL . i
e 50 ShO S RSl LNy SFEH fogpoung

aguno @eid or ﬂualamtldBDEechlmi‘C(ldrngpaSchn‘[p‘OSMCthQt ie?@} one of:

|
P BiHRRP PRkt Rh St ot o kSRt Gaonded units; and (2)
bohe rstetdh) g Behange Ant b & &Phh&’é‘?o it t\g Srhéberégteﬁélghbourlng
nei_ ghbouring amno acid or nucleoti de.
gine acld ebRyesetides Ima melestilasynaimics (simuialtlbarofadz protein or

ﬁﬁ?ltglscsé&%% a@%Lﬁt arg)ng'tspc%{ncﬁg rcfglﬂ'& tgecﬂ)gtp\gﬁtﬁsr aggarding to the
seqeenoe wii tthet prateim toro nleRY] @Sémae'/%'@iﬂélhél”%orﬁpgﬁ@ed units

nucl eotide. In a nolecul ar dynam cs sinu
%ﬁrés%@gﬁﬁﬂe&msmue non-bonded lnteract%/ons can be added to each

circuit group accordingly.

Accordingly, the electronic circuit of the invention may comprise at least one
atom-position circuit unit, wherein the atom-position circuit unit represents the
position of an atom of a molecule or a molecular system. The atom-position
circuit unit comprises at least one atom-atom interaction circuit subunit, the
atom-atom interaction circuit subunit representing a sub-unit of atom-atom
interactions within a molecule or a molecular system and comprising at least
one of: internal bond stretch, angle bending, torsion, non-bonded units:; bond

stretch, angle bending, and torsion units; between at least two nearest sub-
unit of a molecule.

Each atom-atom interaction circuit subunit represents a term in the molecular
dynamics equation and comprises at least one of the following: bond stretch x
unit, bond stretch y unit, bond stretch z unit, angle bending x type-A unit,
angle bending x type-B unit, angle bending y type-A unit, angle bending y
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nucl eic acid, these circuit groups can be conbi ned
toget her according to the sequence of the- protein or

wonases7aci d. Addi ti onal non-bonded units PCT/SG2004/000316

representing inter-residue non-bonded interacti ons can
be added to each 15 circuit group accordingly.
Accordingly, the electronic circuit of the invention
may conprise at |east one atgmposition circuit unit,
wherein the atomposition circuit unit represents the
position of an atom of a nol ecul e or a nol ecul ar
system The atom position 20 circuit unit conprises at

188 ONF Mo h 8 i WR s b el benpisg £ Bty torsion x
Syie-Aniit, OfordloPNX AR il 2R gquawn A @®r&Bh gﬁ@gg B unit,

or a nol ecul ar system and conpr g at east
itSEMmal typRidusits tergian zatygee bimitdnog; bdmiesll omnit, non-bonded y

SR, PR 81 SRR SR Y, hREBEeB Tl . e

inydtogein- bommlzem;[’r andEach atomatominteraction circuit
subunit represents a termin the nolecular dynamcs

equat i Cﬁ‘ and conprises at |east one of the foll ow ng:

bond S¥HEBENXK Y, @G Z IepRepestrtbeceogrdingtes afoprch atom of the
ﬁél@& - diHag t n

Aot Sribe RGBS K000 Lo o miso
mgﬂ@nmfram angglg mdmpﬁv fBdiarn &o&ﬁe&’ﬁﬁﬁ FEAIREOBOPAS and type-

BLRGPRSHBI SO 7N B bR Bt et am angle

behuﬁ@“cﬁft@ﬂélén cbAR&EIRIM Mltlﬁbﬂ?er'%tb!ms torsion y type-B
unit, torsion z type-A unit, torsion z type-B unit,

on- anded X unit, non- bonded y unit, non-bonded z
cording do ageartisuian aspeel €ll the dwegthsidourdt glenmerits liatedti above

Pl 6 8RR £R M EoHBI g YASHRAR, By oo ccuts o

ﬂtﬂnm/ehhonand type-A represents the case of the atom
being in the mddle- position of an angle bendi ng or

iorsfl &6 conn with other atoms, and ty B
HEBAR %Sffﬁh?é 3@% inyenting, at%ln@%afﬂgdisralqsné for maintaining the
Gﬁl@ag"}éés i itR@ &rfcuﬁg (Z(?Q&?Jgﬁéﬂa@snghagfu?\%h&ﬁé f Rz coordinates)

connection wth
within the allowed range Scaling factors are applied to x, y, z coordinates and

to the molecular dynamics equations so as to keep the x, Yy, z coordinates and
each term in the equations within the allowed range. In addition, resistors and
amplifiers can be used to scale-down and scale-up the voltages at certain
segment of the circuits. Moreover automatic gain control circuits can also be
used to ensure the voltages are within the required range. The automatic gain
control circuits are described in “Function circuits: Design and applications”
Y.J. Wong and W.E. Ott, McGram-Hill, 1976.

Accordingly, the method further comprises maintaining the voltage level in the
circuit between two fixed voltage values. In particular, x, y and z represent the

coordinates of the molecule, and the voltage level of the circuit is maintained
between two fixed voltage values by:
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According to a particular aspect, all the twenty

subunit elenents |isted above nay be used for the
w@omvsosct i on of the circuit units and el ect r oP€T/SG2004/000316

circuits of the invention. In a further aspect of

this invention, nmethods are disclosed for naintaining

the 15 voltages in the circuits (xyz coordi nates and

functions of xyz coordinatesyzwithin the allowed

range. Scaling factors are applied to x, vy, z

coordi nates and to the nol ecul ar dynam cs equati ons

so as to keep the x, y, z coordinates and each term

in the uatjons_within th Lo I

dd (RN ol rste' Bl ey PG ¥fus Betpq 3 v and 2

Sodif ety En @ itHeC@bRecuRaridyRandt eagaiot certain 20

segnent of the circuits. NMoreover automatic gain '

control circuits can also be wused to en%e t he

vol t sRpRlyinge af lo@sh oM FasiiPy cRNG/ah@MPHIRI Al GREL 06 More
: ' cal ci L iped in "E L 9Bt .

ARG r 48 BHAME RIS pbayiof E4pthe g of one

&t mordvb&ymentbf the cieul; a@d/oAccor di ngly, the nethod

further conprises maintaining the voltage level in the

circuit b.etvve%n t fixed v(gl tﬁg% val ues. In

par t | @RRIMiNg gutomalf gain FARYICUGHSHe  coor di nat es of
the nol ecule, and the voltage |evel of the circuit is
mai nt ai ned between two fixed voltage val ues by: WO

2005/ 031478 37 PCT/ SG2004/ 000316 appld%iqng (non-zero, .
Aecordingniseargthecasper) of fee speond efhedinedt, dtg provided a circuit

di d : i An-
G0, P RBnfs 48 FRETPERD R AR KT B (iRl Qcturg of
floladde orcamudelinibof polerdctioh patewi ircthia chemicalbstructure of a

scal i ng-down or -up the vo&&%%e of one 5 or nore
ceMpiENG 2t least oneatineroAdWING ng aut omati ¢ gain

contr gl Gi | ' I @R Sdir of th&anolecule
secon% %@bdt;é r‘?&ﬁl ,Céﬁﬁgétgm;rggwed%g@g&@i &r‘cui teéa%r oup
cewiestynbonded teeach etrert i on pattern in the chenm cal
structure of a 10 nol ecul,e or .a,sub-unit _.of
i nt er 8Bt3Nge M@mcprﬁnw@%wmb@ﬁw@? Aufitst atorgyangd other two
gfg,ﬁsc,ul e conprising at |east one of the follow ng:

a torsion connection bundle between a first atom and other three
atoms; and

a non-bonded connection between each atom pair whose atoms are at

least four bonds away from each other.

A circuit unit according to the invention may comprise at least one circuit
group as disclosed.

The invention also provides an electronic circuit comprising at least one circuit
unit, the circuit unit comprising at least one circuit group, the circuit group
representing a sub-unit of interaction pattern in the chemical structure of a
molecule and comprising internal bond stretch, angle bending, torsion, non-
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a bond stretch connection between each atom pair of

the nol ecule covalently bonded to each other; an
wapgsm3taendi ng connection pair between a firstPE/oER@N000316

other two 15 atons; a torsion connection bundle

between a first atomand other three atons; and a

non- bonded connecti on between each atom pair whose

atonms are at |east four bongs away from each other

20 Acircuit unit according to the invention may

conprise at |east one circuit group as disclosed. The

|nvention al so provides an el ectronic circuit

Qgﬂ 2 alﬁggl d))ae 2 o t LéHgllte g%r?leélr%lng}or}f%rﬁd tSididn units;
Gét(A}é'éhtatQéQétﬁmfoer%aﬁ'éMdUJGn@oﬁdbnd)l@btt.lleOf interaction

pattern in the chemical structure of a nolecule and
conpr|3|ng i nternal bond stretch, angle bending,

t@%é’e@o 1? SGIF\!J\QHEJ')%%S%?#A%S @1[ Pcﬁ{esﬁd?géé) g?ﬁgmic equation,

and/\rierant tfﬁ@fcﬁﬂcgn wHit tomprizet veteleaat dnfeaasf tham‘ollowmg bond
nearest sub-unit of a nol ecul e. Th el e&:ro&a Ci rcwt

slegich sewnit, kondplreich Y Halt, nl?ﬂr&ﬁﬂr%ﬁc &/Ha g x type-A

r h t t
e
twble:-B ulmﬁnldnglbe”mdmflng zu{npé—A Izgmglawgimbdndlglgﬂ typpeB aintt, %/orsmn X
uni angl e ben
yﬂgeA Nmt%, '{OFSISHQ% gl%g)é% rﬁtgtd;s}f)&,%éy@ %hlljty? etgﬁsdq)lg yytype B unit,
Pﬁ@i‘d‘nnﬂt g- Apt?mﬁ tHFBlén zal?Eé-% kaRdhas- b%)nﬁléﬂex Bnitnhbn- bonded y

or si on e- unit or st on X ty e- unlt torsio
wnitypenﬂoondad zt omib | bydrpgew@ns xrinit, hyslrogeriosd ¥ untt, and

RSB L8 SR 2, RSO s of

\éﬁbﬁ 'atd%dépﬂm%”nﬁ@é&llé’ Ay typeaRdJnlhb@HrQQ@rﬁtskaObaZseuuﬁ the atom
wherein x, y, and z represent the coordinates

é)am it e mlddleepwu@mfean anglet hprding @i Efﬁl@ﬁr%@@]ﬁ%‘on with

to er a%(rens()far%d1 ?yp%t-gnr]epresents the case of the atom being in the end-

position of an angle bending or torsion connection with other atoms.

According to a particular aspect, the invention relates to design plans for the
construction of circuit units representing all possible terms in the ODEs for
molecular simulation of proteins, nucleic acids and organic molecules. The

units are those represented above.

The invention also provides a method for the manufacture of an electronic
circuit representing at least one biomolecule and/or nano-molecular system,
the electronic circuit comprising at least a unit circuit comprising at least a
circuit group, wherein the circuit group represents a sub-unit of interaction
pattern in the chemical structure of a molecule or a molecular system
comprising:

introducing a bond stretch between each atom of a pair of atoms
covalently bonded to each other;
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" stretch b

being in the m ddl e-position of an angl e bendi ng or
torsion connection with 15 other atons, and type-B

woepseshnt s the case of the atom being in the PESG2004/000316

position of an angle bending or torsion connection

with other atonms. According to a particul ar aspect,

the invention relates to design plans for the

construction of circuit unitssgepresenting al

possible terms in the ODEs for nolecular sinulation

of proteins, nucleic acids and organi c nol ecul es. The

20 units are those represented above. The invention

al so des a nethod for the manufacture of an_

ol oot PfdeiEo Bl FadB danding eonripeliio i beiiron  first atom and
tiesoiwecaiongand/ or nano- nol ecul ar system the

electronic circuit conprising at least a unit circuit

conpr iRire@ueing |acipssion copnestion bundlehetweene first atom and other

%lre“euétbn%“%ﬁﬁ represents a sub-unit of interaction 25
pattern I'nh e chem cal structure of a nolecule or a

ol ecuhrodwgisg emMmondigpidesi cinactibh QEVEEE ShdhOA®mM pair whose
vaeeg@derach atomof a pair of atons

AL AR 3] 1gss dedr bendsaawaynimer eatioothens/ 031478 39

PCT/ SG2004/ 000316 i ntroduci ng an angl e bendi ng

connecting pair between a first atomand other two

atons; introducing a torsion connection bundl e between

q.first at om and .othe% t hree atons; and 5 introducing

a NeordiRtINTS Ll otaRq (rmmﬁéwﬂéé’b{ Naags sinsHetien of @npsiecule can
HeoHEBriveE fdim | NaFtort P %C&%‘%Woﬁiétgﬁgg@nﬁ: E@@t&%nﬁal energy

The equations of notion of nolecula
Jungtions; darest fieldmlanslilee stanting 18Dbetrdefuira.eThir potential energy

AR 555 MRl T PR BRI e

structure. The potential energy functional for _
Pr-oVEERS, K RERE)*C- anizgds,.. BN@ - 60306, 0D B¢ 4liedsing-ygiven

by TV vamaed [ By/rEDOBES #éfiq &) + =R @y 1/2 Eangles Kg (0 - (1)
Ceqg)2 +1/2 Etorsions Vn [ 1 + cos(n~y) ] + 15 Enon

%nd@cb(rtlbeeu I’ *AjsetondBérdratiort fekc@l fiid fdr) dimtidtdnb 8 $eoteins,
nu [e)ic acic}s, and organic molecules”, W. D. Cornell et. al., J. Am. Chem.
Soc. 117, 5179-5197 (1995); and in “CHARMM: A program for
macromolecular energy, minimization, and dynamics calculations”, B. R.
Brooks, et.al. J. Comp. Chem. 4, 187-217 (1983).

The hydrogen bond potential V(r) is different for different force fields. The
following is a list of some of the Vy(r) appeared in the literatures:

Vi (1) = A/r121-2 B/® + qj/e, 1y for AMBER (same as non-bonded term)
= (Alr —aB({t;O )2003"‘(GA-H.D)cos“(eAA-A_H)sm(r)swg(e) for CHARM
= Vo (1-e2 )2y, for Prohofsky/Chen  (2)

All force field parameters for each atom or atom-atom pair in a biomolecule or
nano-molecular-machine are given in the literature. For example, AMBER
force fields are described in “A second generation force field for simulation of
proteins, nucleic acids, and organic molecules”, W. D. Cornell et. al., J. Am.
Chem. Soc. 117, 5179-5197 (1995). As for organic molecules, all parameters



10

15

20

25

30

35

40

as described in "A second generation force field for
sinmul ation of proteins, nucleic acids, and organic

wodososl4ses”, W D. Cornell et. al., J. Am ChePeT/SGu04/000316

117, 5179-5197 (1995); and in "CHARWM A program for
20 macronol ecul ar energy, mnimzation, and dynam cs
calculations”, B. R Brooks, et.al. J. Conp. Chem 4,
187-217 (1983). The hydrogengpond potential VH(r) is
different for different force fields. The follow ng
is alist of sonme of the VH(r) appeared in the
literatures: 25 VH (r) = Alrl2 - B/r6 + qjqj/6r rig

;@%EQF{B H—gB 33‘3 g S‘@%%n gp%%%ieﬁ%s\%?&al(@férééﬁqﬁl éril/ organic
fnbteufd fcérp)bé 200m atddorfrdnh oh@drstkiit! @rsinicBy sSflwAld such as

force field paraneters for each atomor atom atom pair
3auasiBnonol ecul e or  nano- nol ecul ar - machi ne are gi ven
inthe literature. For exanple, AVMBER force fields
0 rs

gfoﬁﬁ ﬁg@%h%ogedo%pof\é\f E@é’ Q%l?giﬁgn%%ﬂ?g %f the |Ct§ thﬁl' ﬂn ’fe‘?Fns of its
Ry esordirgites W, \», zOergiedn bgt . al ., J. Am Chem Soc
117 5179-5197 (1995). As for organi c nol ecul es, all

métzers 2005/ 031478 PCT/ SG2004/ 000316 40 ot her

*tharges are aval I ag)l e, Parréhal &H‘f s of

S Zendy Peic 0l %engeetts (Be dmbHput Seshy

c he&ms»tnney [Qﬁlff i wal PAYEU CIRioes: i dﬁ‘u&giu a Prh bofyds Iﬁi‘\&ﬁﬁ)ﬂé Wl@h Vg (3)
ondlaw the atomc p03|t|on of thel-th atom in

f’bﬁ’ bF V LY xyz coordi nat es ; is gl v%n

by Zoanis fr 5 R B = Zaghied K9 - Oy hits T S

Eafgh eaec6B(/0" “1%15{) BERi/e 4 Hvioh é’ll'OlXﬁbdﬂde’l{]d\é"lﬁ J(yyv)h/B~ (4)
X; 10 - Enon bonded [6Bij/rij7 - 12A;j/rij13 - qgiqj/Er
migPzy/d = #Mjdzrij - T-H bonds [dYH(r)/dr l/(x -xh)/r (3)

£5- Z‘lﬁdnds‘tizg:ﬁ BGH')ZBrn— -EHMyKe ey-ehh&)BdS'*'/l‘@ors(oar -
Eamgl 6:5:KBB(/6 - 1284 Bagj/s+ 1(@rz)irpns1sye [@Vw(()M](y)zth (5)
yi - non bonded [6B;j/r;j7 - 12A;] /rlrle - giqgj/Er rij

Where yi i the mas¥-df thenidls afatetBl,). /Bﬂ; B .Yarglti')e’ X, Y Z)components
of the B-matrix for bond stretching; B B° Vi, B%, are the X, y, z components
for the B-matrix for bond angie beriding; B®; , B? vi B, arethex, v, z
components for the B-matrix for torsion. As described in “Vibrational states”,
S. Califano. John Wiley & Sons, New York (1976), these B-matrix elements

are given by:

By =-Ay (6)
By =-By ' (7)
BrZ| == CU (8)
B%; = Ea = -(Eb+Ec) if I-th atom is in the middle
= Eb if I-th atom is at end (9)
B%; = Fa = -(Fb+Fc) if I-th atom is in the middle
= Fb if I-th atom is at end (10)
B%, = Ga = -(Gb+Gc) if I-th atom is in the middle

nn

Gb if I-th atom is at end (11)
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md 2Zl /dt2 = -dV/dzi -y-bonds Kr (R - Req) Brzi -
F-angles K8 (0 - Oeq) Bezi +/ Etorsions nVn sin(n~-y)

w®2008i0314EB00n bonded [6B;j/rij7 - 12Aij/rij 13 -PQi/gG1004/000316

rij ]1(zi zj)/rij - EH bonds [dVH(r)/dr J(z;-zh)/r (5)
20 where m is the mass of the i-th atom B xi, Bry;
BrZ, are the x, y z conponents of the B-matrix for
bond stretching; Box;, Bey;, ,489Z; are the x, y, z
conponents for the B-matrix for bond angl e bendi ng;
B& Xi , B&y; , WZ are the x, y, z conponents for
the B-matrix for torsion. As described in "Vibrational
st at es” S. Califano. John Wley & Sons, New York

1976 th trix ment s 5 are given b 30 B
( )B¢ a _Bf/r g? + gqulj'lkpc% B-r%‘,se/lgkpa% dﬁl Jth g isdn #_l%lp middie

roxi = "'Alj
- (Eb+Ec) TH+9% "Heom i s |n the m d('fl'“éhﬁ?m'slﬂf e |.th (12)
_ato_ml at end1/§y9) Beyi = = -(EbtFc) if I-th atom

s ind e ﬁd:d Sdﬁkm -‘t%S‘érthem ifé-ﬂaﬁtoerh@ 'r(;l g migiglle

Be,: = @3) if I-th atom i § lthaloneisat@ade = (13)
G if I-th atomls at end (11) V\D22005/ 031478 41

pcT/ s&e0alfonin & By Ay i ﬁa’ﬁé/fnspla pi2-th-algen/in thepvidele
gas6/r; kp‘aﬁ\”ﬁ B2/ fuﬁa atomis in the ffildiplemieAteadb = (14
- s6/r;lpa2 if I-th atomis at end Wy; = Va = 1/r;

vrl"eeze#u,@cqs@;j rGik fle. Mo PaadAED; EpalBb, Fc, Gb, G, s4, Sz, Sa, Sa, Ss, Se
are given by:

1y =[P+ (yiry)) P+ (z2y) ] (15)
Ay = (x3)/ry (16)
Bij = (yryn/ry (17)
Ci= (zrz)/r; (18)
Ga = 0080, = AgA;, -+ BBy, + C;Cy. (19)
G = 088, = ~(AgAy + ByBy + CyCr) (20)
Pa=sin 8, =(1- q,)" (21)
Po= sin 8, =(1- q,)** (22)
Eb = (Aqa-An)/1iPa (23)
Eo = (Axqa-Aj)/tagpa (24)
Fb = (Bjjqa-Ba)/1ypa (25)
Fo = (Biqa-By)/tapa (26)
Gb = (Cyqa-Cu)/rDa (27)
Ge = (CaQa-Cy)/rapa (28)
S1 = AyBu — BiAy (29)
S» = AuBjj— By (30)
S3 = AuCix — CiuAi (31)

84 = AyCa— CyAy (32)



10

15

20

25

30

if I-th atomis in the mddle (13)
jpa2if I-th atomis at end WA = WA

Vb = - s4/r,;
1/r; 1 pa2 +

W@ e®3/08t4kpc2 - gas2/r;kpa2 if 1-th atomis in PEESG2004/000316

mddle = W = - s2/r;jpa2if I-th atomis at end(14) 5
10 where r; 1, A1, B;1, C1, ga, qc, pa, pc, Eb, Ec,
Fb, Fc, &b, CGc, Si, s2, s3, s4, s5, s6 are given by:
rui =[ (X, _X1)2+(y. yl)2+(Z. 4%)211/2(15) A7 =
(x1-X1)/r;1(16) Bli= (yl-yi)/r;1(17) C 1= (z1-Z)/r;
1(18) ga = COSCa = AilAik + BijBik + C1 CGik(19) q. =
cosOc = -(A kAkl + Bj kBkl + C kCkl)(20) Pa = sin ea
g+?3 12¢2 = 0, =(1- qc)iia(22) Eb = (33)
(Aljga AR li‘rl 23) Ec (A kga Aii);rillipagggg (F;B
Bi Bik)/ r Kjpa(25) Fc (Bikga-Bii)/rikpa
( Jg§ bgj?rlbj’%h(ﬂ) Gc = (Giikga Gj)/rikpa(28) si= &4

ﬁb{(ﬁ%@gt O&Pﬁh&é )Oﬁ :C(ﬁtgd Jt%':mSBJ@l%AN k&g% §3WJXJ o)/
%m@%%g%ﬁféw gﬁ%@yeB%%%%@ecﬂ%y%cmr&Mﬂmg set of electronic

analog circuits composed of known operational amplifiers, function circuits

I 11 s

and other circuit components.

Referring now to Figure 10, Figure 11, and Figure 12, there are disclosed
design plans for construction of electronic circuits representing molecular
dynamics simulation equations (3), (4) and (5) for each atom in a protein,
nucleic acid, or organic molecule respectively. For each equation, its circuit
starts with a point x; or y; or z;, which is connected to a switch directed to a
voltage source representing the initial coordinate. This point is also connected
to other parts of the circuit or other circuits in a combination of one or more of
the seven cases as illustrated in Figure 10, Figure 11, and Figure 12. In a
simulation, the time-dependent x or y or z coordinate of the i-th atom can be
by measurement of voltages at x; or y; or z .

Construction Plan for the Specially Designed Circuit Groups Representing All
the Internal Terms and Bonded terms with nearest neighbors in the ODEs of a

sub-unit of a biomolecule or in a nano-molecular-machine

Referring now to Figure 13 to Figure 15, there are disclosed design plans for
construction of circuit group for each illustrative sub-unit, amino acid, of a
biomolecule, protein, to represent all its internal terms and bonded terms to its
nearest neighboring subunits, amino acids.

Referring now to Figure 17 to Figure 19, there are disclosed design plans for

construction of circuit group for each sub-unit of an illustrative sub-unit of a
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S6 = B;kC,j - CJB;k(34) 5 This set of nonlinear ODEs
contain terns of r;j, (X;-Xj)x(xk-xj), (X;-%Xj)/r;]

W@ RWwE03H4y9 etc., which can be represented by aPCT/SG2004/000316

correspondi ng set of electronic analog circuits
conposed of known operational anplifiers, function
circuits and other circuit conponents. 10 Referring
now to Figure 10, Figure 11,4%nd Figure 12, there are
di scl osed design plans for construction of electronic
circuits representing nol ecular dynam cs simnulation
equations (3) (4) and (5) for each atomin a protein,
nucl ei ¢, ac c nol ecul e respectijvely. For

SHBR TaioRElemaeniae IF iGuiE 18 e mprasautoall s blemnaterms and

Qbnibd 8rmds to ¥heBrdst ng %HE ‘%ubg SW' tch directed
to a voltage sourcereresenlngt initial

coordinate. This point is also connect ed to other

ﬂmihﬁeoflgwnes eiach thax mpre$ehﬁs the nG yi &8d izncigcuit sections of each
tion of one. or t he seven cases as

ﬁ?crrn'sf?fa&neam'rﬁo Ry i‘HCIeP?G%r &M Brroyh depfegents g coppection
BetviedRIbad 'a%\mstshu%htﬂﬁ?tﬁbee@ﬂgﬂ?letég(—ggq,é/yqfr Z from the X yorz

coordinate of the i-th atom can asur enen
sfrcyiblsegties cft an;atom y§ dmectgd 1o%b’a>®d&1rt=ﬁcm uehglenbending or

oo B RSP RN R 8 e BBien o
mtrinemeabesaamwmhpgéé e bBﬁné@%‘h Bf'ofﬂe foH o Btr@ﬂ‘cha angle

bi onpl ecul e or in nano- nol ecul ar-nmachi ne Referrin
REAEING. angdpesiar is dlsmag'@den @pafater%gares di $ealdy,etﬂuese should

B@%ﬂﬂ?géﬁ\% il ¥e 38 S@Hﬂﬁt ér@angcgo ! rc g?ﬁgur]% 19%nd Figure

ustrative

bVoﬂuﬂtﬂnei; eonpeoﬂimsnto bond @ﬁéﬁfmetmﬁlteﬁbf eaéh? cirBliie’sBation, Figure
[?.nd bﬁﬁr@? terms to its nearest neighborin

lgurey Htates corpeetiansiig angle benringuuitsLof each circuit
Eééﬁﬂne aheh Flgh% @5l ﬁ SR ‘f’§ﬂﬁjrsﬂ%?éé38%rm&g fﬁ% tarsion units of

constructio CIrCUI group Tor eac
eachustrewit seeticrub- unit of a V\D 2005/ 031478 43
PCT/ SG2004/ 000316

A circuit group is in general constructed by the following rules:

From the chemical structure of an amino acid or nucleotide:
A bond stretch connection is introduced to each atom pair
covalently bonded to each other;
An angle bending connection pair are established from atom A to
two other atoms B and C, in cases that they are linearly bonded as
A-B-C or B-A-C or B-C-A etc.;
A torsion connection bundle are constructed from atom A to three
other atoms B, C and D, in cases that they are linearly bonded as
A-B-C-D or B-A-C-D or B-C-A-D etc.;
A non-bonded connection is introduced to each atom pair whose

atoms are at least 4 bonds away from each other.
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nano- nol ecul ar-machine in Figure ' 16 to represent all
its internal terns and bonded terns to its nearest

waoeioghbiars ng subunits. In these figures, each BPORSG2004/000316

represents the x, y and z circuit sections of each 5
atom of an amno acid or nucleotide. An arrow
represents a connection between two atons such that
the output voltage xj, y,, orggzj fromthe x, y or z
circuit section of an atomis directed to a
bond-stretch, angle bending or torsion unit in the
correspondi ng section of the atomto which the arrow

:choorp%l'gﬁ%):g dP@Eﬁ{f gltt @t %ﬁeglgllog olig\é[gﬁtgcz néﬁ&@'? Cli{ﬁia,igsn Representing
(Duffsioat Tormelin Bn0BAE oy FBRRURY DYHAMES SimliboRal | 1Y,

t hese should be put together sane

group configuration. Figure 13 and Figure 17

gl ustrates connections to bond stretch units of each
SfeUing R P drguns gRiite Fioure AfY tikerguare dJScIoBédsiesagreplans for

t f ea h circu '
SRR o1 Sy Sl 8. M Srting Bl frms o ar
@mhnem dlﬁ‘asentral tequatl@rm agsodiated witd 2 S18RIGicHI 'of ¥hbmical reaction

is in general constructed b

|on G«?cwcu 'eﬂrou%_ I y
"Y%f 15 rﬂf%ra o1 Hligrenang Hanflem netseugenewtor in these
an it@Map afi | gotihde: b
S er oa¥; deBtitf ROEs itddufey oo Vel apmpliir and
penawerting aaplifier e dem|Mdghé‘Etammrﬁrgc¢@nﬂaﬁélyQié 4rdd Hesign,

2o ftbRe DA Riaerbeay fstami il 2D o dhacauitonimdesaibed in
B:wndérﬁénta’rsﬁ?of\hﬁéér cirdftsA Tt Qfﬁloyeree %h%d?ﬁéﬂﬁnlgec:o 1992.

i_re constructed fromatomA to er at
A8 espongntiaisds ﬁﬁé@rlbedem aFerdtlonle;ts blashgd arwd applications”

Rt Bt e zs oo dlee Hiodion amltier is

desaribet einat “Medsrh 43 AitshalWelrchit OB8RAM 9t her -srifth wiley-
F(%OS/ 031478 44 PCT/ SG2004/ 000316 S h ley
nierscience, 1971. The cos™ function amplifier can be generated in different
ways. One example is the use of circuits of polynomials and another example
is the use of circuits of non-integer exponent as described in “Function

circuits: Design and applications” Y.J. Wong and W.E. Ott, McGram-Hill,
1976.

Some circuit units in Figure 10 to Figure 40 use one or more of the following
specially introduced circuit sun-units: rABC unit, AdA unit, pg unit, Ua unit, ss

unit, si unit, ¢ unit, sing unit. These sub-units are given in Figure 41 to Figure
44,

Methods for Maintaining the Voltages in the Circuits Within Allowed Range

In large proteins, the distance between two atoms can be larger than a few

hundred angstroms. Thus the range of the Xyz coordinates in these proteins
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Construction Plan for the Specially Designed Grcuit
Units Representing D fferent Terns in an ODE For

wodsosl4a8 Dynami cs Sinul ati on Referring now t BCFHSGR0€000316

20 to Figure 40, there are disclosed design plans for
5 construction of special circuit units representing
all possible terns of an ordinary differentia
equation associated with a bigl ogical or chem ca
reacti on pathway. The operational anplifiers and
random noi se generator in these wunits are al
described in the literature. The inverting anplifier

H, BT 18 Ether Tptlaopiin S fuCbangriction.zseme terms in the
enolecomf d?n&mid!eﬁﬁﬁﬂaté%{? %é‘é(ﬁdg'{f' %an 889%1??% large if two atoms

multiplier is describ ndanent
&t &p elosepritooFapgpart Neamieathwtirer therbbngaGsinglt98oltages at

T G el

MGamH ||, 1976. The sine function anplifier is
scribed in "Mdern operational circuit design" J. I.
eS8k, Proplesys £8n ke spkyeddncmaintaining the: vobage level in the circuit

| &%}’E}géé@m&éé iﬂlta@%{'ﬁ%ﬁﬁgg%&; 3%iﬁg C'ﬁ? {%ai%;grrlee ncgf the following

e exanpl el .
pa¢thndsi al s and anot her exanple is the use of
circuits of non-integer exponent as described in
"Function <circuits: Design and applications" Y.J.

Von ; i | '
uni Q7RG soEhe RASEAMC Y. 55opkl s R e thoeier
f ol | oWlyngmicpheqgiations smas talkeepl the xoyiA coordingtes ahd each
r ABC ' A unit. pg.,unit unit, ss unit, si
unit, l@"ﬁm ﬁ% %ﬁ*%'%@i"?'ﬁh'&ﬁ%@@hj‘g‘ﬁﬁd GAP9% are given in
Figure 41 to Figure 44. 25 Methods for Maintaining

the Voltages in the Circuits Wthin Al owed Range In

| ar ge TiHEN Ae accheplisbed byenbitiplyrenonevor avomppeapridiely

| ar ger,

f 0 huyndr ed . Th h
* anoe SalEttL Sl Muusaers PR ES ek s haral BicRScerthe
2005/ E31A18n 4, EHRfubtis20 Cha 83 on 5.

(2) Resistors are used to scale-down the voltages at the input end of a
segment of the circuits and amplifiers are used at the output end of the
segment to scale-up the voltages to the proper level.

(3) Automatic gain control circuits can be added to the circuits to ensure
the voltages are within the required range.

llustrative example: Electronic protein emulator

Structural optimization and molecular dynamics of a protein can be described
by a set of ODEs. An illustrative amino acid is governed by the collection of

ODEs of each constituent atom (Equation 3-5). The circuit for each atom is
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may exceed the allowed voltages in a circuit. In
addition, sone terns in the nolecular dynam cs

W@ Romslat47ON equati ons can becone very | arge i fPCWOG2004/000316
atons get too close or too far apart from each ot her,
thereby causing the voltages at certain parts of the
circuits to exceed the allowed range. 5 These probl ens
can be sol ved by naintaining%%mavoltage | evel in the
circuit between two fixed voltage val ues, by using at
| east one of the follow ng nethods: 10 (1) Applying
scaling factors to x, y, z coordinates and to the

| ecul ar  _dynam ¢ uations so as to keep the x, v,
Tysted InyFickirg g @)ag?gur% dPmling Qlwltafeapifghgllvthemtams of an
tdigingldcrMRdiustged if Rigurean tBeﬁigngﬁéoT@' | shed by
mul tiplying one or two appropriately 15 sel ected
smal | nunbers (non-zero real nunbers) S or 56 to the
Equation 3, Equation 4, and Equation 5. (2) Resistors
dilestrativd exangied Eledtronict iemoploleafs-Sistéemmatsr end
of a 20 segnent of the circuits and anplifiers are

Utle ahatdebesh PeffofBd f&f ddRlofifg RBholRoREaaF-syBtdne One
vol tages to the Proper level. (3) " Automatic galn

CHRMABE I$a Mimie of aaengEMedimnucteaskeshoiwrcin Figute 16.
ensure the voltages are within the required range. 25

I | B Le: ct Fanj rotein _enul at or

SHTE ot BN 2fi oSk o Eulin s a0 R £ rnosmoleour-

pnadhene azmnbbedescribedbey a bsetaoSSDRE. ORESHluéiative sub-unit of
rative amng acid is governed by the collection

illust
SyeloggiEpeshion indiowent8(l ik overres PEthrcpbectiorepf ODEs of
i ' QM i 7 . .
Bt Bore el AT, ORI B g
Fagurght0 ct4|> rFigure gﬁgﬂ'pef g’g‘cu‘nﬂ grdijgefcﬂt%hm@fatairgs (me'aflwb—unit is
s, illustr n Figure to Figure 15.

ﬁﬂsﬂ'ﬁerda'lni lj-{)gu%ex ‘Pg%gqfﬁél roni ¢ nano- ?ml ecul ar - system
enmul at or '



There have been efforts for devel opi ng
nano- nol ecul ar-systens. One exanple is a mmc of an

we@ewgoe1478 bonucl ease shown in Figure 16. 10 StPCT/EGL@I/000316
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opti m zati on and nol ecul ar dynam cs of such a
nano- nol ecul ar- machi ne can be described by a set of

CDEs. An illustrative sub-unit of cyclodextrin shown

in Figure 16(a) is governed bwy7the collection of ODEs

of each constituent atom (Equation 3-5). The circuit

for each atomis illustrated in Figure 10 to Figure

12. The circuit group for all the atons of a sub-unit
ig%%_i%ji |lustrated in Figure 17 to Figure 19. 20 WO

2 1478 PCT/ SG2004/ 000316 47 Clainms 1. A nethod

for sinmulation of at | east one biol ogical and/or

c He mAcaethaghfarisimulghianhofaf |eastpnediolgyicat apdiar themicad Feaction
of at_|east one.biological and/or chem cal reaction 5

pat hRAPWVAY SPEIRTRRG ng at | east one set of binding and
reaction equation fromthe pathway map; constructing

at | eagreparihgs @l nitlp 6PREQBLEPONE biSIBHRE! GhdJSH chemical reaction
nol ecul es of ~ the pathway map; 10 constructing an

el echatbway; circuit corresponding to every set of

ransur CAGSCRRrEE AP RS RB8 st B bididd st BREIID Bafi¥ton from the
t he gatheaytmagd 2. The method of claim 1, wherein the

bi ndi ng, reaction and/or concentration equation is a
| i near COPSHigpting aklgast pre set of carcasvimtion rauagieaifaamplecules of

di ffﬁ\rﬁﬁgﬁ%y rﬁ%yati on (ODE). 3. The nethod of clains

1-2, rern’the’bi nding, reaction and/or 20
concenicoasiroctingnuan | electrenit reimeulti Beaespomdihgotoleevery set of
or di nare}/, di ffSr ential equation (CODE).
equation; an
determining simulation of pathway by measuring voltage at two or more

connection points of the circuit.

2. The method of claim 1, wherein the binding, reaction and/or concentration
equation is a linear or non-linear first- or second-order ordinary differential
equation (ODE).

3. The method of claims 1-2, wherein the binding, reaction and/or
concentration equation is a non-linear first-order ordinary differential
equation (ODE).

4. The method of claims 1-3, wherein the electronic circuit comprises at least
one of the following circuit units: linear protein/molecule concentration +kx;
unit; protein/molecule concentration power tkx? unit; ligand-protein
concentration product £Lx; unit; ligand-protein concentration power product
+kLx® unit; protein-protein concentration product +kxix; unit; protein-protein

concentration power product -_Fkxiax,-b unit; stochastic rate constant



4. The method of clains 1-3, wherein the electronic
circuit conprises at |least one of the follow ng

w@eosst47ini t s: | i near protei n/ nol ecul e concenPCEHSGING/000316
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kx; 25 unit; protein/nolecule concentration power kx;a
unit; ligand-protein concentration product Lx; unit;

| i gand-protein concentration power product KkLx;a
unit; protein-protein concentigtion product Kkx; Xj

unit; protein-protein concentration power product Kkx;
axj b unit; stochastic rate constant WO 2005/ 031478
PCT/ S&004/ 000316 48 generator unit that replaces a

ot o TSP VT I OHRERE . TR By Ha P iR g pan rate
bi ndigrgtdreachy asioetisstievaniaiind L the concentrati on
of a ligand, x; and xx are the concentration of

pr ot Wherein| dc s eaﬁon%r@llsqvers(@s@@wnglmdw 5@ lscoas@nt L the
orde ?rﬂ% ng ?&?\dxj ana_ h‘?( "EP@O%@“ Bi'l%ﬂﬁatlon of

er conpr|3|n nafn i Al ng 't he voltage
of t bmteirﬁmoldculmb(wand % wespectiedlyy @l diagd aed veder aDpbwer of x;
The nethod of claimb5, wherein the voltage | evel of
the 8MAcuit is maintained between two fixed vol t age
val ues by: multipling scaling factors to the
concentration equation; applying at |east one resistor
abd/The argihod ioé claamsaié, turthescemprBingomadntaining pue noltage level

of t circujt, ther ca own or scaling-up the
vol t%é@ esfre Bﬁeb%;wer%‘w é@ﬁ}e@%@fa ¥3%i rcuit; and/ or
appl ying automatic gain control circuits. 7. The

nmet hod of clainms 1-6, further conprising adding
| 6asthenmethad of26lainr &ui wheinrthsi vgltage elevel r@‘mtlae circuit is

random noi ti.pl.icator

anpl m Plrggn%ﬁ b%i‘gsgstt‘&&fgea Vﬁ)ﬁ]tgs?l gweﬁotwnt of the

ci r cui mulfiplinthscatitigtadtops te Rl eenceniratib iduetion;

conpri Si ng, determining the effect of at |east one
|

drug cérphing ngt deasth@ne eeistar @ne/esi eeuplifieinpt one or more
associ %bﬁﬂe&ﬂém[aémft oF tﬁ&%ﬁeh?ftp&éﬁfé&lﬂg-d’&ﬁn Yr W¥iifig-up the

connect’ron pol n t he
voltage of one or more segment of the circuit; and/or

applying automatic gain control circuits.

7. The method of claims 1-6, further comprising adding at least one unit
~circuit comprising an electronic random noise generator and/or a

multiplicator amplifier at one or more connection point of the circuit.

8. The method of claims 1-7, further comprising determining the effect of at
least one drug comprising adding at least one circuit unit associated with a

receptor protein at one or more connection point of the circuit.

9. The method of claims 1-8, further comprising determining deficiency,
mutation and/or deletion of at least one protein of the biological pathway,
comprising setting a voltage ceiling, a voltage range and/or a fixed voltage

at one or more connection point of the circuit.



9. The method of clains 1-8, further conprising
determ ning deficiency, nutation and/or deletion of

w@roosmairs one protein of the biological pathwapCT/SG2004/000316
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conprising setting a voltage ceiling, a voltage range
and/or a fixed voltage 30 at one or nore connection
point of the circuit. WO 2005/031478 PCT/ SG2004/ 000316
49 10. The nethod of clainms 1-%g wherein the biologica
pat hway conprises at |east one object, and wherein
the object is protein, nucleic acid, |igand,

substrate, inhibitor or antagonist, activator or

agoni st, reactant and/or 5 reaction product. 11.An

el ectronic circuit systemfor the sinulation of at

| ¢asThe mecthbal sfoclamhs 129 divberaihefve asiblogisst tpathway comprises at
conprising at |east one electronic cirguit

Pepr'@@%h?ﬂﬁ@b&e‘éte@ngfwbﬁfﬁﬂ” e qhieettis prolgias prcleic acid, ligand,
Concﬁms“t@‘ié %m&@:{e%a&dt& %tﬁ acgﬁfﬁgﬁ' SFtéggﬂhé‘t GlobEtlint and/or

systemof Claim ng, reactfon
and/ eactiompesducst i on equation is a |inear or
non-linear first- or second- order ordinary
differential equation (ODE). 15 13.The electronic

CHHCA lel EARSME Geuft! s@@mlfﬂorltﬁe ét'rﬁﬁﬂaqldh bhat gbast 61%“5iolog|cal

clrcult conpri ses at | east one | owi ng circult
uni tand/bi mémmlpaloirmct!mmlpamw:a;y, compéningaat oeaki; one electronic

uni t rotei n/ nol.ecul e conc tion
oo GBRASeBURG o X B BIPgHKc: rABero e ifor Bohoentration
|'i gagglidtiont €i n concentratl on 20 power product KLx;a

unit; protein-protein concentration product Kkx; X]
unit; protein-protein concentration power product Kkx;

C e THE et RS Wkl coaRe . of RRh Tty HEPRIA R Mg, geaction
consadlbr lcohgentraticit Rasiation W@W@meéﬂ@r%ﬁf-ﬁh@ar kirdts o second-
f orward/ reverse bindi n?/ reaction rate constant, L the

25 coreenidinanygiiferenial pgaation (ODBM xj are t he
concentration of protein/nolecule xi and xx

respectively, a and b are order of power of x; and xj

r 3pEled elediinonic circuit system of claims 11-12, wherein the electronic circuit

comprises at least one the following circuit units: linear protein/molecule
concentration +kx; unit; protein/molecule concentration power kx? unit;
ligand-protein concentration product xL.x; unit; ligand-protein concentration
power product +kLx unit; protein-protein concentration product tkxx; unit;
protein-protein concentration power product ikxiax,-b unit; stochastic rate
constant generator unit that replaces a forward/reverse binding/reaction
rate constant k by a stochastic value; and ]

wherein, k is a forward/reverse binding/reaction rate constant, L the
concentration of a ligand, x and x are the concentration of
protein/molecule x; and x; respectively, a and b are order of power of x;

and x; respectively.

14. A method for molecular dynamics simulation of biomolecules and/or nano-

molecular systems comprising:



14. A net hod for nol ecul ar dynam cs sinul ati on of

bi onol ecul es and/ or nano- 30 nol ecul ar systens
w@oopsersig: WO 2005/ 031478 PCT/ SG2004/ 000316 BOT/SG2004/000316

constructing at |east one set of equation representing

the nol ecul ar dynam cs of at |east one nol ecul e of

t he bi onol ecul es and/ or the nano- nol ecul ar syst ens;

constructing an electronic cirgguit representing every

set of equation; and 5 determ ni ng nol ecul ar dynam cs

simul ation by nmeasuring voltage at two or nore

connection points of the circuit. 15. The nethod of

cl ai n]sfmcﬂﬁgrgf Wedéégegﬁeuéé{ A é&.l%}dfn:t rllgﬁrresgé'fing the molecular

non-1| 1 near econ rder ordinary erentl

equadyramicORE)at I2astl 6ne Theleratchofltte bidrolesulbs- dfd/or the nano-

wher ei t[1e electronic circuit conprises at |east one

at onm_B[]?é’f" ﬁréﬁS%W%ui t unit, wherein the atom position

cir i ; .a .
CébristrBtihg aheESPEME TirklR r‘ﬁ@%%hﬂ%gt’%@ﬁ%gﬁ%h%“&m and

nol ecul e or a nol ecul ar syste

5 cl ai detesnining=melecul ardynamics simulationdiy measurimg voltage at two or

conpLise at .| east. on tomatominteraction circuit
subdﬁpfe, g?mecé'PHrRQA?§rﬂef1 S Hf™bction circuit subunit
representing a sub-unit of atomatominteractions
within a nolecule or a nol ecular system and conpri sing

afl 51 B imefhed 3f: claimt #4.nwhersindhetequation ingl inear or non-linear

angl i RS SRR TIHRRARE o IR 31 Teast 1o

nearest sub- unit of a nolecule. 20 18. The net hod of

10 cHéi Mhe7metirat ef lahmseh14t G waicosini thiceslactrbria ¢irduitUédmprises at

subyni t, represents .a termjn the nolecular dynanics

equ ??gn‘?“egﬁgo

Ci I GHj ' [ I t

Fol IaplesehRy el poliBH bPe dtom 25 oRRIC br aiiBlecutar system.
bond stretch z unit, angle bending x type-A unit,

MoPRSIGH Cirpdit ndmviesain; thecatasrpeition circuit unit

afhg! dhbeneiheg of ¢lpjme-18, whareinaiigl atobrepdsitign \cirzhitturiteedmprises

uni t ngl.e bendi,n type-B unit, angle bendjng z
typealtAzfl _tt ,ongngqtg%-é@%i ngrzacltlgﬁe_cgcam _ts}JBPB'tt’sigtBﬁ »atom-atom

15 typenteradtidn cikcUitSdubunit represdating!d sub-Qhit'd?Btdm-dt¥REmferactions
unit, torsion y type-B unit, torsion z type-A unit,

t or Vithin 2 mghecwe or a molecular system and comprising at least one of:
internal bond stretch, angle bending, torsion, non-bonded unit; bond

stretch, angle bending, and torsion unit; between at least two nearest sub-
unit of a molecule.

20 18.The method of claim 17, wherein each atom-atom interaction circuit

subunit represents a term in the molecular dynamics equation, and

wherein the atom-atom interaction circuit subunit comprises at least one of
the following: bond stretch x unit, bond stretch y unit, bond stretch z unit,

angle bending x type-A unit, angle bending x type-B unit, angle bending y

25 type-A unit, angle bending y type-B unit, angle bending z type-A unit, angle

bending z type-B unit, torsion x type-A unit, torsion x type-B unit, torsion y

type-A unit, torsion y type-B unit, torsion z type-A unit, torsion z type-B



WO 2005/ 031478 51 PCT/ SG2004/ 000316 unit, non-bonded Xx
unit, non-bonded y unit, non-bonded z unit, hydrogen-

whoowd/ 031401 t , hydrogen-bond y unit, and hydr ogeCF/bGHH4/800316
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unit; and wherein x, y, and z represent the

coordi nates of each atomof the nolecule, and type-A
represents the case of the atombeing in the mddle 5
posi tion of an angle bending &1 torsion connection
with other atons, and type-B represents the case of
the atom being in the end-position of an angle
bendi ng or torsion connection with other atons. 19.

The ymat hed-sndddek rlﬁ'i’mlf‘lbﬂ%onﬁj\éﬁtﬁ‘ﬁ{mCﬁé'ﬁ’-rbioﬁhggbe%mit chydrogen-

nalntalnlngthe voltage level i'nthe circul
t wo Bandedunis) hyagegemiboed.y urit, 20d Miftzogen-hoddof uit;aird
19, wherein x, y and z represent the coordinate of

t he I | ta evel f he ircuit is

nai nYValLBﬁeg'l&j )gely ween Hhd %ME‘XS'PSQﬂﬁt 1 ¢! Bgch atom of the
appl wioteruis, aénmg/pfe&@tr@pr%séﬁtstthe c?ése)bf%ﬁé’ a%oﬁ%nﬁ? ﬂﬁfrﬁasmmme-
and to the nol ecul ar nam c equation; 15 a

| easPOYHRN o snsangle g Qﬁiﬁprsrqnefzormeqﬂne \Ml’ch mﬂn@' atoms and

CO”_“(S/EE'%%& tegﬁse‘ﬂi cggeecdof:tﬁg n%tpgf ggzﬂiﬁ} ﬁial | ngosmon of an

ci r camgle bemdira oatm‘slxbnrmnaetﬁw&“ﬁth diikématefdy.r ol
circuits. 21. The nethod of clainms 14-20, wherein the

IS Sitid STt 1aele Jort ga(ac%brfnsrtsl{éj Ghtaining the voltage
r epl&as it tH&an&iﬁt béﬂn@eﬂ%o%e@a\{)dlt%ﬁ é&e chem cal

structure of a nolecule or a su I'nt eracti on
pattern in the chem cal structure of a nol ecul e
%Th@umg’fmd efoplais t 1% tvdtereinxey tandinz represent emzlcoordmate of

Zggﬁﬂ%m&eﬂlm% g@%@%}eg@l SFé lc?r%{t)(s rt%]%rl]n amed between two

fixed voltage values by:

applying scaling factors to the x, y and z coordinates and to the molecular
dynamic equation;

applying at least one resistor and/or amplifier at one or more connection
point of the circuit, thereby scaling-down or —up the voltage of one or
more segment of the circuit; and/or

applying automatic gain control circuits.

21.The method of claims 14-20, wherein the biomolecule comprises amino
acids, nucleotides and/or organic molecules.

22.A circuit group representing the interaction pattern in the chemical
structure of a molecule or a sub-unit of interaction pattern in the chemical
structure of a molecule comprising:

a bond stretch connection between each atom pair of the molecule
covalently bonded to each other;



PCT/ SG2004/ 000316 an angl e bendi ng connection pair
between a first atomand other two atons; a torsion

w@omwsesron bundl e between a first atom and ot PeT/SGIn0€@00316
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atons; and 5 a non-bonded connecti on between each
atom pair whose atons are at |east four bonds away
fromeach other. 23. A circuit unit conprising at |east
one circuit group of claim 225210 24. An el ectronic
circuit conprising at |l east one circuit unit, the
circuit unit conprising at |east one circuit group,
the circuit group representing a sub- unit of

| Nt efrRGNgRN HeMAR] BohRetish F)B ﬁ@\L ectt &Y Fé'l”&ﬁﬂf aid other two
nol ecul e 'and conprising 1 nterna ond s retc angl e

bend@tA@S; t or si on, non-bonded units; and/or bond

E‘ei S o S B e e B ki e atoms
afte electronic circuit of claim?24, wherein each

ci reuit unit represents a termin the nol ecul ar
dy nahinenkpngad gonagrtiofhbewaen packiatom paiinvihose atoms are at

Rt TR el i sab B ond otrerch 2 unit.

bond stretch z unit,
angl e bending x type-A unit, angle bending x type- B

upit, andle pending .y type- A unit, angle bending y
t %ﬁ B’fﬁﬁi unit gagrsisingaldeast one giseuibgiosptof cdkaig 32.
bending z type-B unit, torsion x type-A unit, torsion
X type-B unit, torsion y type-A unit, torsiony type-B
udd tAn ebectianic z:nch}tpmrﬁpmmhg attleast onezcitguie uBitUthd circuit unit
non- bonded X ﬁnlt non-.b ded é nit, 25 non- bonded
T

uni COMHRY BRI &k lesEst one Girauit oy itoyli-aroppURPreseatiag a sub-
hydrmeaf typfaction| bﬁer’ﬁn% \gfé@ I?Sal %trug@ﬁj? Zof a molecule and

represent the coor | nat es at om
mol eompgisingdntarpal Ammm stretghy easmgmsbehdamgastersubnt lhen-bonded

or *UBRS| ol kil < £ APl Bendinghm angf epgetaesion units

r epLRRREER at st 886 ndbrdd1SuBLII R ARAISLAS1478
PCT/ S&G2004/ 000316 53 being in the end-position of an

angl e bending or torsion connection with

25. The electronic circuit of claim 24, wherein each circuit unit represents a
term in the molecular dynamic equation, and wherein the circuit unit
comprises at least one of the following: bond stretch x unit, bond stretch y
unit, bond stretch z unit, angle bending x type-A unit, angle bending x type-
B unit, angle bending y type-A unit, angle bending y type-B unit, angle
bending z type-A unit, angle bending z type-B unit, torsion x type-A unit,
torsion x type-B unit, torsion y type-A unit, torsion y type-B unit, torsion z
type-A unit, torsion z type-B unit, non-bonded x unit, non-bonded y unit,
non-bonded z unit, hydrogen-bond x unit, hydrogen-bond y unit, and
hydrogen-bond z unit; and wherein x, y, and z represent the coordinates of
each atom of the molecule, and type-A unit represents the case of the
atom being in the middle-position of an angle bending or torsion
connection with other atoms, and type-B represents the case of the atom



ot her atonms. 26. A nethod for the manufacture of an
el ectronic circuit representing at |east one

wher@sosrcsl e and/ or nano- nol ecul ar system t hePCT/SG2004/000316

10

15

el ectronic circuit 5 conprising at |least a unit
circuit conprising at least a circuit group, Wwherein
the circuit group represents a sub-unit of interaction
pattern in the chem cal stru@sure of a nolecule or a
nol ecul ar system conprising: introducing a bond
stretch between each atom of a pair of atons

coval ently bonded to each other; 10 introducing an
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bunditbebatonmen a first atom and ot her three atons;
and introducing a non- bonded 'connection between each

f ?@% Eri hog{} rln%n% Sclire of telelc?r%snﬁc Eﬁgdlt represer?ﬁngy at least
one blomolecule and/or nano-molecular system, the electronic circuit
comprising at least a unit circuit comprising at least a circuit group,
wherein the circuit group represents a sub-unit of interaction pattern in the
chemical structure of a molecule or a molecular system comprising:
introducing a bond stretch between each atom of a pair of atoms
covalently bonded to each other;
introducing an angle bending connecting pair between a first atom and
other two atoms;
introducing a torsion connection bundie between a first atom and other
three atoms; and
introducing a non-bonded connection between each atom pair whose
atoms are at least four bonds away from each other.



