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The memory effect on the noise decomposition

during mRNA translation

Student: Guan-Jhih, Huang Advisor: Cheng-Hung Chang
Institute of Physics
National Chiao Tung University

ABSTRACT

Noises are everywhere in-ourlife. How to analyze the sources of these noises is very
important. We use the dual-reporters method to separate noises into extrinsic and
intrinsic parts. We also separate the noises in mRNA translation, by using the present
state or other historical states of the environment. Then we analyze the relation
between the present status of protein and different lengths of history of mRNA by
using the variance norm and KL divergence. In most of the situations, we cannot
separate the noises correctly by using the condition on the states of the present
environment , We need to consider the full histories of the environment to separate
the noises correctly. However, in some particular cases, like when the dissipation rate
of mRNA is greater than that of protein, we can separate the noises correctly by the
present state of the environment. The effects of the histories of environment are

different in different rate constants.

Keywords : Fluctuation, Noise
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I 4w

R B 28T #EE (fluctuation) FFR AR E & R - (AR HY D T B RE S TP RV AV REE
HhEEE A o B R E) AR E AR A A FE R I B ME RS A 8 - M 2 RES
ITEEEFINZAE > R EMEEE g LHPE  EECOB M AEER
Ao > FiT DA RTRYRHSE S S {sa A il RV e > BN S at P B ses M s B Ak s
A E YRR -

7B SL IR B R > AL DA AT FBUER Ry s S Rl i 2 2k B PR 458
2% (births and deaths at low numbers) YA Ho0ER & BEAFE TR AF 17 B EER T i 52 482 - NI
{46 E VIRERT BB 122 e 1 Fiv B Tz E e S PR iy s - i e B M A T
T4 e VI BRI AR - EAE & = BB LTI RIA -

TEARIIE (75 (DL RE R R o] AR — (& RS BErG Py U5 220 Ak © A R (R B ik
A5 S IL 285G R 22 W1 2t - AT T PAGE Zadye 2 IR AR BEIMAIC o e B S
ZERHALERZE o it LRI Z SR RIS e T S S P e A 1y B SRR - (S
T8 5 AR I AT BAA FH Al % 4t R B i A By = s A (e 70 P B M R B 2K
R o

ISR T 018 J5iEe [ dual-reporter(Z:47) Kk AIAE proteins $EH)-H4HHE
JE 4 (RIERER) HY AR - Hor g dual-reporter 2 fi] normalized covariance {5 FIAE AR N F {24
FE BRSNS YR - HUEFRHERNY R ERE -

By T HEORAN LSy A B S R S FR M B B AR N YN E TE 2% TR BB M R AP
o o FFHARYEL R o - $5ARERIIE L EIERR R M AR HE R 1] DA dual-reporters
T3 A S R BRI I RO/ NI - {E SRR LB R Sy i B A A TR AR IR
(3] - HEPREAE TR A 28 MR BERE AV RS EEIRERY - R fRARE
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2.1 BVRHEFE ST RNER RS MNRREFRI AT

FNF IR EE LRI S - FrL e BT S ZRESRES BRI E -
DUt T HRA AP B - BI(E H prEI A4 —HYEL R - (HEE R CA&REFIDRTEN
[AHEREDIHI R N & RN EATE E- A RS #E2vE i M A S L b e R
BEHAERFER SR - AaEZE /) a] DU 7 Y bHREIE T i e 5 -
TSN R o KRG A S A (L A iR AR

gene - mRNA — protein
——— S—— o
ng np ns

Hi_EZ A PAIEE protein YRR T &% mRNA B ERERTSZEE » RIS, gene HYEE
s B BR8] DL PRAY E it - HOstR (e e s B IR A A
#hA T RERZEEE] protein R AT A PLAN AR (H AP E A H o HIRAL e L B
1t. genes ~ mRNAs 5 proteins Sifi ff B AT HY A 60 2 T A 20y AR i B

Hrp R R0 S (Gene activation) i] I FF 2R [EIHY 73 F IR A > GG 2B Rk
(dissociation of repressors) » jf{ LAY [F T (association of activators)Zi 7% 0/ B HYEE 7

(chromatin remodeling) o (A & A TRFE R HUSE R bl DL =02 -

(2.1.1)

H AR E RN S DAL - A YRR -

FEIE AP RS T il A AN RS 1E[F—F DNA i F 8 SE = [FHY
BN A AR e — {8 B A (2. 1. 1) AP BB 17 A B R A A (B e B IR U Ry
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n"®¥) > active genes EiE AR AL GEE F BT A A SRRy 180310 -

Hepp, = M
/\EPPon =7 ,..-°

AT +AT
gene HEEEHY mMRNA F1 mRNA 225 protein 18 B E ST Poisson processes » EL AR

HRF ] A ny RN o Y A2 FERESER ST Il IEEE T active genes F1 mRNA HY%&En, fen,

T _EHCERE S o AT A ERVNR e e B S MR A4 - AT SR
i

iRV S BB E (fluctuations in the many enzymes and substrates involved) ~ 4HHE A EARY

2.2 (cell cycle effects)FI{EAHPE T34 i B FEf&E] 7 (random partitioning of copies at
cell division)55 o E ARG HI| 720 T i s DA R St (RAHER 52 22 N L Be) O /S (TS Bk =R
4-(exponential events) : {5122 Al BAECH B8 EARY 2R & % ~ active geneEE§F %Y

transcript//#EHAEE 7 ~ transcriptsfilproteinsHyF5EIEE i ©

EH EFEEAE T SRS B AR ERENRE T/

gene (m) mRNA (12) Protein (n3)

~—— ——— %2}

e @w ¢ °

—_— ] — —_— X 3

P —— . “, 2

i Q

i i g

off on - Ad *
s Time
(A) (B)

2-1

(A) gene activation, transcription, translation, mRNA decay and proteolysis FY &7~
(B) FIFH(2.1.2)A s EEsE R - A IEIBH e AR E(A) A [EIBHE)AE - B H ] 5 mRNA 1Y
JRTEARETTY protein BEPRIRAYELPRZE gene HYRIE ML -



REVIHEESEFAYEER -

A (0P —n,)

Gene activation n——n; +1
Ainy
Gene inactivation n,—n; —1
Azny
Transcription n,—n, +1
. nz/t;
mRNA degradation n,—n, —1
) A3np
Translation n;—ns;+1
. n3/ts
Proteolysis ng —nz; —1 (2.1.2)

FH b1 7SS B 2 7T 47 B2 AN rate equations -

d<n;> _ o4/ max — . _ 3+ max
ot =A ("™*—<n; >) =AM n; =A n** —n, /1y
d<n2>
=A,n; — N, /T
dt 2441 2/ 2
d<n3> o
dt —A3n2 S n3/T3 (2.1.3)

W

e = (A +A7) T B RS RETE  T, © T3 mRNA T

porteins -5 N o SFIGTT RV TE AT LI {EER S e (2. 1.3) S AIHEAS: - (EAREE T

R F AR E T T Ayt N /H % 48 master equation ¢

dP(ny,n,,n3)
dt

= )\f (n"* —n; + 1)P(n; — 1,n,,n3) — )\f (n1*** —n,)P(ny, ny, n3)

+A; (n; + 1)P(n; + 1,n,,n3) — Ay n;P(ny, n,, ng)



+A;n;P(ny, n, — 1,n3) —A;n;P(ny, ny, n3)
+(ny + 1)/t,P(ny,n; + 1,n3) — ny /t,P(ny, ny,n3)
+A3n,P(ny, ny, n3 — 1) — Az3n,P(nyg, ny, n3)

+(n3 + 1)/T3P(n1r n;, N3 + 1) - n3/T3P(n1, ny, n3) (214)

FHAYN(2.1.3) @0 IYERMER Dy T2 > AT BLA] DU b Bshkr ] 22 (AN, o

B K 1E stationary distribution B dP/dt=0 =] LLfi#f5: normalized variances[1] :

Proteins 5[jEHY#EH)

Total R vl From spontaneous From forced mRNA noise,originating

protein noise births and deaths mRNA noise in gene activation—inactivation
2 —
03 - 1 4 1 T 1-Pon. Ty Tp+TI34T73/T2
<ns >2 <nz> <n,> 3+7;, <n{> Tp+T3T11+13 1117,
Poisson Poisson One-—step Binomal Two—step
time—averaging time—averaging

(2.1.5)

TG EHEE— R S TR RIS FrE HAAYAHAEPRZ= #0 2 (RERY » - proteins {71 H 4=

EASE U SRR R I AR A A P e e Bl - BR T Ealtse 5 ) - Hil gy T F Bt
FME A LEE Bt S A R ERR - 58— TAAISE =THAIRAEE proteins & EFEHEEE (LY
R

MRNA 5 [#ELIHEE)

0% _ 1 1-Pyn T1

<n,>2  <ny> <n;> 4T

(2.1.6)

Poisson  Binomal One-—step
time—averaging

(2.1.6)HYZ5—IHFF S T mRNA &5 HAERITE L AYRRRS [REAYELHR T - 55 IHEAK
EAERBUEHI B -



genes 5 [EEHYHEE)

o? 1 A 1-Pon <n;>
2 = max ,+ = ’ Where Pon = max
<n;> ny v A <n;> ny

(2.1.7)
N——_———
Binomal

(2.1.7) H9&#1 — P, 2K 5 i’ active geneffybinomial 73 » [ &Poisson 3 {fi ©
TEAEAI4EERFET T > Binomial®# & A FHELA Poissonian® & B/ NAHEEE) > AV H
FEVEE BRIy BAEERNER > A —EZA KIENEE > Ppp= 1 -

2.2 F]F Dual-Reporter Method ZR& 43:1\5%

HEr (gt ERE T EREH 245 - Tk 7] LURF Total variance Frfi# iz B 4 MERHY IR

 Extrinsic EAZRE NSV Intrinsic o

Paulsson % NEEf(7 ] Dual-Reporter HYJj 28Kk & » ESEEMIE SR 4l inA
—{l& reporter X » = TR FEAILASE ([ BLEE—{E5¢ A8 EEE & B 417 E-FAHRBARY reporter
Y o TEIEHE R E reporters 5E @ ARG A H RG22 )7 » H A 4HAIAl reporters 7371
TEFRERBINZRGT » 151 5 R B A = N BB Mg B s 8 R B o] LURE
Total variance #Ffik R

o%

2 — >’ 2
Neot = <x>2 Nint o Next (22.1)

HA i {# reporters 2Z Ll Covariance 545 fudMEl YIRS -

Cov(x,y)
nex'c <x><y>

H A BN A MR E S - LTRSS R A ER T R —EE
B T HESY dual-reporter T F 38 LU RIJ P &/ Mg » 3 9 0 E S S HA A s S R Eq(2.2.1)
HYoTRT% - WEERE AR PSR -

2.3 FIFHE T ERRHGRER RS

BIt o FIRE FEREEAGIRAE Rkt > daes m] DAL TS

(2.2.2)

fl'



ox

= XxzX’p(x,2) — (Ex 2 XP(%,2))

= Y. Zxx*pog (x|2)p(2) — (X, X, xp(x[2)p(2))
= 2 2xX°p(x|2)p(2) — X(Zxxp(x|2))*p(2)
+ 2, Exxp(x12))?p(2) — (X, Zxxp(x|2)p(2))?

= 2,05,p(2) + X, < x|2>% p(2) =(X, < x|z >p(2))?

_ 2 2

_<0x\z> N o<x\z> (2.3.1)
S——’ N ——
unexplained by Z explained by Z

i< o | >l TR Z [ T X veriance fIPE o2 |, RIZEmiE s F iR

7 &4 x A variance o
1F_bafcsfeagngs » (2.3.1) 822 ESERNZ A4 dual-reporters method it y(2.2.1) -
(2]

EFETARRTTT P B I PR S N 2 B

PEE AT B — (B SN R Z BB B 52 R P B M X Y R B ALY

Extrinsic dynamics Intrinsic dynamics
}\ t )\ VA
7-57+1 X5 X+1 (2.3.2)

Beth

Bintx
72571 X225 X—-1



Aext Aintz

—»Z—»

1smz l Bine

& 2-2
e 7 81X 43 BB EEE ATEREERO A, ~ Ay ~ B
SRR -

B 73 ARy [ e 22 s ST A

mt

AR EAS RS H (stationary) o (M 0] AR B AT Variance KEHERY 537 -

— 1 Tz
Ntot <x>  <zZ> Tty
N—— o e

(2.3.3)
nlznt ngxt

Ht,=1/Beye M =1/B,, EEEINIAN EIHIERY A - (2]
FH(2.3.3) ITEUHIZE R AR S e B 02 o e 7 PIEPERSNERIE - BN EH - 2 A MEER R
BV SRR A B SRS IR A

B T B H(2.3.3) B0 F(2.3.1) 8953 % > whiEET BL(2.3:1) » BAREIE R TE - HEH A
Paulsson S5 A #FEEAVIRERE (A > (2.3.1) B /1A Wi TE Al HED K H -

2
Ocx|z> _ nz Tz
<x>2 eXt r +1,

2
<0X|Z>

— N2
<x>2 Nint

FOFE TS 7(2.3.3) LG IR - WUIRIKE MIREGIRARHY T 30(2.3.4) 0 i - S RVEE R EE5 K



PIERIER T IS T AN

HAEEY » ol (2.3.4) 4 G0ERE)(2.3.3)0 B - - WHlERIRA R E R
AURRIR T - (& N EREGIRRRAY i T A AT ol - (B2 AE B AR MRV A4
ERIGE ERF IR - FTPURE FEREGIRRRH i 5 TGRS MR o R A EHREIRE T
IR

FHEE B - BRI B AR S BRIy 0 - WA RE S8 E THIREGIREE > M/ES
FEFTARRE LR -

2.4 F| FBBRAIME LA AR &
BATEH2.3.0) IR A IR A TR S S A SR 4

02= <03 > +g°

X 1Z[0,t] <Xelzjog> (241

2 2
Oint Oext

H o Y EIE O, X A BEIE A I RS AR YRR 5 Z[0,t]AATIR variance (Y734 -
4 MERTE RIS A T RE Y FFE S B4 Z[0,t] RX(HYSEES{EHY variance -

ERA (2.4:2)5 8 A BESL SRR 7 IR I 2 A1T(2.3.4) Y R B AAAL > B AT 15:5(2.3.3)
FY IEREE N S MR T i -

ANIEETE FeRT5T * HMEDIRAE 02 B T MR 1y P 3 (B S IO S o T o, oL S FE A S 49 1Y
JH & -

SN AR EGHERETE R 2 s i (ergodic)iy » Ab—FE Z By PR o] LLEN B — Z
TR R P -

time average

(XIZI00) = limee [ Tim SYE RO dt (242)

[0.]

ensemble average <X;|Z[0,t] >
Hr PR j AAEREFE—FREEE Z[0,t] N HERAY m {EX, o
RIEETT FH(2.4.2)515(2.4.1) & TR YR ELTE (5 chap 4.2.1) -
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AR (2.4.1) B JRAT_EFFEEEALR—4H T R EHY reporters A& - (HEE L

FIFHFI(E reporters HE Al DUBZFIMHEISER - AEMHFEEREE T - AIRZREE X~ Y EMEEE
MHEHEAAHREERY reporter » £ SR EIRIE A SR BRI T AT Eme LT
Gttt R

< X¢|Z]0,t] > = <Y{|Z[0,t] >

FEAEMIERIEH ZITaEE T Fi(E 58 £ F EAMEEHEY reporter Z [T $t 7 2= ¥ EE]
(2.4.1) TEFRAIIMELRE -

Cov(X, V)= K X Y|Z[0, t] > — & X|Z[0,t] >« Y,|Z[0,t] >
= << X{|Z[0,t] >< Y,|Z[0,t] >> — <K X(|Z[0,t] »>?

= << XZ[0,t] >2> — <K X{|Z[0,t] >2= 024  (2.4.3)

H PSSR Z e -
FLUE 53 0 5 o P ST reporters FEIAY3E T 26 A (RSB BRAIR S

reporters °

TERBIRE RS PR S B N R YR
[ AT EREE AR R B R (B (R BRI T RETERBEAV SIS SO ER IS
ERACH A - SRR Rofk LB Gy S LM (variability) » PAETIR S R B TP 5edhk hHEE
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& > EHALEREE SRR OB MY -

) maee (1)
- X[ Z[0,t
— (X,|Z[0, 1]}
- izt [0,¢]
§, : TXi|z[04]
& [t

2.5 KL_C l Prg
TERR RN ) cibler di (e il 3
13 = & B % IS 4 Q HY KL diverg

= .
ﬁ 7DV

HEIEEER > T IR %ﬁﬁp% Q 2 [N SRS (E -
KL divergence LE P ~ Q & E" 4 ] 555/ =0-

INY.
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3.1 %4t

Z
mRNA Protein
Transcription " Translation % 4"

: .u: ‘--uno

-
-

4 \.- ‘un-n-

mRNA degradation Proteolysis

3-1
FEHEIFIAIIEE %45 B mRNA $H#ARL Protein AYAEFE - Horh DU(E I B HEEFE Ay -
(i)Transcription » £ 7= {4 KF B A B {18l & 8l mRNA g Protein /)25 B 4fH © (ii)mRNA
degradation > mRNA V[P E F erfEELRE N £ 5 (i) Translation » mRNA FYRE & 228
Protein SEFE[I¥ K (iv)Proteolysis * 5 porteins 7KL Protein LY T o
B U {E AR FE R U R(E 2R E T =

Extrinsic Dynamics Intrinsic Dynamics
L Aext }‘intz .
Transcription 7—7+1 X—X+1 Translation
. Bextz BintX .
mRNA degradation 7—7—-1 X—X-1 Proteolysis

HPext ~ Aine ~ Pexer ~ By Ry FIFTEIRERIAY S REZRE 2 -
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HHig tb 7 12158 %! rate  equations ©

dz

P Aext = Beyez * Z

dx

e Mingz * Z — Bjx * X (3.1.1)

AR Z RSB R B E CA R > (H X REE{EAIEL mRNA B Protein #YATEH (% -

3.2 BEREETA

Mo Ng ~ Ny sTalER z
—4HNz ~ NxHYHIATR (6

%'Z}\ext * }\intz * Bextz N Bint"gﬁ‘\1

anslation~ mRNA

07 o R RSN

A EE SR A T

FY4E R
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4.1 FFHE TERRHGRER I AR e

T 58 — 6 R B AR A = HER [ 77 2ok Bpad 55— 5 ofl FHERIR AR R 2 o e i 1
S S Aa B0t B E TE0RES X Z I E » Kt MER T AR rate constant
RA2.3.4) 1 F] 502, (Unexplained by Z) K¢< o), > (Explained by ) HYHE:R{E - HZC
FEUE R EE 77477 BIFI A time average Bi1 ensemble average Wi faiAs [E] Y8 5 5 2 AKGHE
02y < 0f, >0 FEHILR =R EHEEEIIERE T 2 -

4.1.1 (ERM KRR

E5t o BRI E I & ERERR U e o B Z AP 2] T I T N BRI A IRRE K

SRR % - FIA (233) 5inee > NinelIEZ A (2.3.4) AIBUES -

1
Olalz> = ( ¥ )* —— ) e < x >2 (4.1.1)
<z> T4 +T; Tx+Ty
Unexplained by Z

<o, > =[(— +(1 = )(1— TZ) 9 ¥
X|z <x> <Z> T4 +1, T +T,

N— —_——

Explained by Z

T, = 1/Bexex * Tx = 1/Binex

FIFHE.1.1)= AT <z> B <x> (R A (4.1.1) SETE[ 5502, ~ < 0%, >Hh LAYfE -
1T rate constants fhext = 15 ~ Ajpz = 175 ~ Beyez = 4 ~ Binex = 410 BF > 02, &

< 0%, > 537k 1.594106 K7 0.662906093 °
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4.1.2 {#i[H time average >K & FLE]

FH B BB T 72 A s Pl (B Z 8 X(TN ) -

histogram
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ERES
HHERAAEA -
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w10t

22

2 e :
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-
i
4

Ny
- ﬂ%’/ &
N
s g

%
i

15

60

40

4-2

fEe (2.3.1) U0 FEFRAEREIFRIRER Z 7R o X P Sy

=111

MAELEE

°2<x | ;- (Explained by Z)@EIIEI{I%{#S%%Z’X%E%(E’\ﬂzi’:j<0§ Iz > (Unexplained by Z) -

A4S R MR

(&) | 120 120 130 140 150 160 170 180 190 200

Explained by Z 0.689 | 0.657 | 0.664 | 0.571 | 0.682 | 0.667 | 0.673 | 0.642 | 0.741 | 0.671

Unexplained by Z | 1.578 | 1.629 | 1.655 | 0.638 | 1.637 | 1.506 | 1.658 | 1.601 | 1.638 | 1.682

REERIE - & NETECHhgR o ME AL R 4.1.1 B HAYE R -
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Explained by Z
08
07 A
oe - = oot
05
04
03 = Explained by Z
0.2 -—= Hiw
01
0 T T T T T T T T T 1
110 120 130 140 150 1e0 170 180 190 200
tEh)
4-3
Unexplained by Z

08 e | e plained by 2
05 S
04
0.2
Q T T T T T T T T T 1

110 120 130 140 150 160 170 180 190 200
t(Eh)

4-4
IRBER B ER IR T TS R4S R T R R IR A B R -
A I 1% S BRI R LT Y S SR B 4.1.1 B R RV ER SR B — L -

4.1.3 i ensemble average K45 8]
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variance norm= << /;(P,(i) — Q(i))2 >,>;
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