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UjkV

J2�Mr?BH2- #2+�mb2 i?2`2 �`2 MQ T`Q/m+iBQM �M/ /2;`�/�iBQM Q7 �Mv +QKTQM2Mi- 2p2`v bm#bi�M+2 Bb +QMb2`p2/
�b

TF
1 + TC

1 = TA
1 = w UjjV

TF
2 + TC

2 = TA
2 = a+ b Uj9V

TC
1 + TC

2 +RF = RA = a+ w Uj8V

*QK#BMBM; 1[bX jj@j8- r2 ;2i

RF = RA − TA
1 − TA

2 + TF
1 + TF

2 UjeV

*QK#BMBM; 1[bX jR- jk �M/ je- r2 ;2i

TF
1 =

1

2
(TA

1 + TA
2 −RA − TF

2 −K1 +
√

(TA
1 + TA

2 −RA − TF
2 −K1)2 + 4K1T 0

1 ) UjdV

r?B+? Bb � /2;2M2`�i2 7Q`K Q7 1[X R8- r?2`2

α1 = α2 = β1 = β2 gT1 = gT2

K1 =
gR

α1k1+
(
k1−
g1

+ 1) K2 =
gR

α2k2+
(
k2−
g2

+ 1)

TA
1 = kT1/gT1 TA

2 = kT2/gT2

RA = kR/gT1 = kR/gT2

�++Q`/BM; iQ 1[X k3- i?2 #mz2` +�T�+Biv Q7 i?Bb bQHmiBQM Bb

B =
∂R

∂pOH
= TF

1 +
Kw

K2TA
2

(TF
2 )

2

TF
1

+
Kw

TF
1

= [OH−] +
K2(a+ b)[OH−]

(K2 + [OH−])2
+ [H+] Uj3V

1[X j3 BM/B+�i2b i?�i r?2M � KBH/ +?�M;2 Q7 P>Ĝ Bb BMi`Q/m+2/ iQ i?2 bQHmiBQM- i?2 #mz2` +�T�+Biv
;m�`�Mi22b i?2 bi�#H2 Q7 TP> U�M/ T>VX JQ`2 #mz2` bm#bi�M+2 UL>9

Y �M/ L>j · >kP- a+ bV +�M H2�/ iQ �
H�`;2` #mz2` +�T�+Biv- �M/ i?2 #mz2` +�T�+Biv K�v K�tBKBx2 r?2M pH = pK2X



jXj .Qb2@`2bTQMb2 +m`p2 Q7 7`22 i�`;2i iQ 7`22 `2;mH�iQ`

am#biBimiBM; 1[X kk BMiQ 1[X k- r2 ;2i

kT1 − TF
1 gT1 − k1+R

FTF
1 + (k1− + (1− β1)g1)T

C
1 = 0 UjNV

h?mb-
TF
1

T 0
1

=
1

1 +O1RF
- r?2`2 O1 =

β1k1+

gT1(1 +
k1−
g1

)
U9yV

AM bvbi2K rBi? n i�`;2ib +QKT2iBM; 7Q` b�K2 `2;mH�iQ`- 7Q` i?2 ii? i�`;2i Ui = 1, 2, · · · , nV- i?Bb `2bmHi +�M
#2 2ti2M/2/ �b,

TF
i

T 0
i

=
1

1 +OiRF
- r?2`2 Oi =

βiki+

gTi(1 +
ki−
gi

)
U9RV

aBKBH�`Hv-
TC
i

T 0
i

=
gTi

βigi
(1− 1

1 +OiRF
) U9kV

1[bX 9R �M/ 9k BM/B+�i2 i?�i i?2 H2p2H Q7 TF
i �M/ TC

i �`2 /2i2`KBM2/ QMHv #v i?2 7`22 H2p2H Q7 R- �M/
bQK2 +?2KB+�H FBM2iB+ T�`�K2i2`b Q7 Ti �M/ RX AM �MQi?2` rQ`/b�B7 irQ Q` KQ`2 i�;2ib +QKT2i2 7Q` b?�`2/ R-
i?2 `2H�iBp2 �#mM/�M+2b Q7 2�+? 7`22 i�`;2i Q` +QKTH2t �`2 BM/2T2M/2Mi Q7 Qi?2` i�`;2ib r?2M ;BpBM; i?2 7`22
H2p2H Q7 RX AM i?2 bB_L� /2bB;M bi`�i2;v (R- k)- i?Bb T`QT2`iv ;m�`�Mi22b i?�i MQ K�ii2` r?�i 2tT`2bbBQM Q7
i?2 Qz@i�`;2i ;2M2 Bb UmMH2bb i?2 2tT`2bbBQM Bb x2`QV- i?2 �KQmMi Q7 7`22 bB_L� `2[mB`2/ iQ `2T`2bb i?2 i�`;2i
;2M2 iQ � +2`i�BM 2ti2Mi rQmH/ �Hr�vb `2T`2bb i?2 Qz@i�`;2i ;2M2 iQ � +2`i�BM 2ti2Mi- r?B+? Bb /2i2`KBM2/ #v
Oon �M/ Ooff - �b /2b+`B#2/ BM 1[X 9RX q?2M ;BpBM; i?2 2tT`2bbBQM Q7 �Mv i�`;2i ;2M2- bB_L� +QmH/ �+i �b
� K2/BmK iQ T`2/B+i i?2 2tT`2bbBQM Q7 Qi?2` i�`;2i ;2M2bX h?Bb T`QT2`iv �HbQ ;mB/2b ?Qr iQ b2H2+i bmBi�#H2
+?2KB+�H `2�+iBQM T�`�K2i2`b, � ;QQ/ bB_L� b?QmH/ ?�p2 H�`;2 Oon �M/ bK�HH Ooff X

9 *QKT2iBiBQM +�M /2H�v Q` �++2H2`�i2 /vM�KB+ `2bTQMb2

q?2M R H2p2H +?�M;2b- +QKT�`BbQMb Q7 dRF

d t i2HHb ?Qr +QKT2iBiBQM �z2+ib i?2 /vM�KB+ `2bTQMb2 bT22/ Q7 T1

rBi? `2bT2+i iQ RX �++Q`/BM; iQ 1[X R �M/ 8-

dRF

d t
=kR − gRR

F − k1+T
F
1 R

F + k1−T
C
1 + (1− α1)g1T

C
1

−k2+T
F
2 R

F + k2−T
C
2 + g2T

C
2︸ ︷︷ ︸

�

−α2g2T
C
2︸ ︷︷ ︸

"

U9jV

Ai2K � 2[m�Hb iQ −dTC
2

d t - �M/ BM/B+�i2b i?2 �#BHBiv Q7 T2 iQ b2[m2bi2` R r?2M TC
2 7Q`Kb U−dTC

2
d t < 0V- Q` `2H2�b2

R r?2M TC
2 /BbbQ+B�i2b U−dTC

2
d t > 0VX Ai2K " BM/B+�i2b i?2 H2p2H Q7 R HQbb K2/B�i2/ #v TC

2 /2;`�/�iBQMX
PM i?2 `BbBM; 2/;2 Q7 R- TC

2 7Q`Kb bQ Bi2K � < 0- K2�Mr?BH2 Bi2K " < 0 �HH i?2 iBK2- i?mb dRF

d t Bb bK�HH2`
i?�M MQM@+QKT2iBM; bvbi2K- H2�/BM; iQ � bHQr2` `2bTQMb2X PM i?2 7�HHBM; 2/;2 Q7 R- Bi2K � > 0 r?BH2 Bi2K
" < 0- i?mb i?2 `2bTQMb2 bT22/ /2T2M/b QM i?2 `2H�iBp2 K�;MBim/2 Q7 Bi2K � �M/ "X �b g2 Q` α2 BM+`2�b2b-
i?2 �#bQHmi2 p�Hm2 Q7 Bi2K " BM+`2�b2b iQ �Hi2` i?2 `2bTQMb2 7`QK /2H�v iQ �++2H2`�iBQMX �b k+2 BM+`2�b2b Q`



k−2 /2+`2�b2b- Bi2K � BM+`2�b2b r?BH2 i?2 �#bQHmi2 p�Hm2 Q7 Bi2K " �HbQ BM+`2�b2b #2+�mb2 TC
2 #2+QK2b H�`;2`-

i?mb /2H�v i?2 `2bTQMb2 r?2M i?2`2 Bb MQ R HQbb K2/B�i2/ #v TC
2 Ug2 = 0- 6B;X aj.V- �Hi2` i?2 `2bTQMb2 7`QK

/2H�v iQ �++2H2`�iBQM r?2M g2 Bb KQ/2`�i2 U6B;X aj1V- Q` �++2H2`�i2 i?2 `2bTQMb2 r?2M g2 Bb H�`;2 2MQm;?
U6B;X aj6VX

8 LQBb2 �M/ +Q``2H�i2/ ~m+m�iBQM 2p�Hm�iBQM

h?2 p�`B�M+2b �M/ +Q@p�`B�M+2b Q7 i?2 KQH2+mH�` bT2+B2b BM i?2 bvbi2K +�M #2 2biBK�i2/ rBi? HBM2�` MQBb2 �T@
T`QtBK�iBQM (j)X 6Hm+im�iBQM@/BbbBT�iBQM i?2Q`2K T`QpB/2b � ;2M2`�H r�v iQ [m�MiB}2b i?2 ~m+im�iBQMbX h?2
~m+im�iBQM@/BbbBT�iBQM 2[m�iBQM r�b bQHp2/ MmK2`B+�HHv iQ +�H+mH�i2 i?2 +Qp�`B�M+2 K�i`Bt C- i?2 /B�;QM�H
2H2K2Mib Q7 r?B+? �`2 i?2 p�`B�M+2 Q7 +Q``2bTQM/BM; 2MiBiB2b- r?BH2 i?2 Qz@/B�;QM�H 2H2K2Mib Q7 r?B+? /2b+`B#2
i?2 +Q@p�`B�M+2b #2ir22M KQH2+mH�` bT2+B2bX h?2 MQBb2 Q7 � KQH2+mH�` bT2+B2b i Bb /2}M2/ �b +Q2{+B2Mi Q7 p�`B@
�iBQM σ(xi)/x̄i �M/ i?2 +Q``2H�iBQM #2ir22M irQ KQH2+mH�` bT2+B2b i �M/ j Bb /2}M2/ �b cov(x, y)/(σ(xi)σ(xj))-
r?2`2 xi �M/ xj �`2 `�M/QK p�`B�#H2b `2T`2b2MiBM; i?2 �#mM/�M+2 Q7 KQH2+mH�` bT2+B2b i �M/ jX

h�FBM; KB_L� +QKT2iBM; bvbi2K �b �M 2t�KTH2 Ur?2`2 KB_L� �+ib �b `2T`2bbQ`V- i?2 p2+iQ` Q7 KQH2+mH�`
MmK#2`

N =
[
RF TF

1 TF
2 TC

1 TC
2 P1 P2

]
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h`�MbBiBQM `�i2b p2+iQ` Bb

f(x) =
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kT1 gT1TF
1 k1+TF
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F k1−TC

1 g1 (1− β1)TC
1 kT2 gT2TF

2

k2+TF
2 R

F k2−TC
2 g2 (1− β2)TC

2 kR gRRF g1 (1− α1)TC
1

g1 (α1 + β1 − 1)TC
1 g2 (1− α2)TC

2 g2 (α2 + β2 − 1)TC
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]
U98V

aiQB+?BQK2i`B+ K�i`Bt Bb

S =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 −1 −1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 1 −1 −1 1 1 0 0 0 0 0 0 0 0 0 0

0 0 −1 1 0 0 0 −1 1 0 1 −1 1 1 0 0 0 0 0 0

0 0 1 −1 −1 0 0 0 0 0 0 0 −1 0 −1 0 0 0 0 0

0 0 0 0 0 0 0 1 −1 −1 0 0 0 −1 0 −1 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 −1 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 −1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

U9eV

AM i?2 bi2�/v bi�i2- i?2 `�i2 2[m�iBQMb +�M #2 HBM2�`Bx2/ #v i?2 C�+Q#B�M K�i`Bt,

J = S · ∂f (x)

∂N
U9dV

h?2 /BzmbBQM K�i`Bt D Bb
D = S · diag (f (x)) · S⊤ U93V



h?2`27Q`2- i?2 +Qp�`B�M+2 K�i`Bt C +�M #2 +�H+mH�i2 MmK2`B+�HHv #v bQHpBM; i?2 ~m+im�iBQM /BbbBT�iBQM
2[m�iBQM,

J ·C +C · J⊤ +D = 0 U9NV
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∑
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i iQ Q++mTv R

UQiV Bb �M�HQ;Qmb iQ i?2 ii? #`�M+? +QM/m+i�M+2 U1/RiVX
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r?B+? BM/B+�i2b i?�i BM i?2 ǳR b+�`+2Ǵ `2;BK2- i?2 +�T�#BHBiv Q7 Ti iQ Q++mTv R U`2bBbi�M+2V Bb QMHv /2i2`KBM2/
#v i?2 T�`�K2i2` b2iiBM;b Q7 TiX
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i UeRV
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F
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i
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RF UejV
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∑
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∑

j
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1 +
∑
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TF
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1 +
∑
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F
j /Kj

Rtotal UeeV

q?B+? Bb i?2 7Q`K�iBQM Q7 2MxvK2 �HHQ+�iBQM BM JB+?�2HBb@J2Mi2M FBM2iB+b bvbi2Kb (9)X

d aBKmH�iBQM T�`�K2i2`b 7Q` /`�rBM; };m`2b

h?2 b+�H2b Q7 bBKmH�iBQM T�`�K2i2`b �`2 `272`2M+2/ 7`QK T`2pBQmb Tm#HB+�iBQMb �+`Qbb /Bz2`2Mi +QKT2iBiBQM
b+2M�`BQb- bm+? �b i`�Mb+`BTiBQM (8)- TQbi@i`�Mb+`BTiBQM (e- d)-i`�MbH�iBQM (3)-/2;`�/�iBQM (N)�M/ +?2KB+�H #mz2`
bQHmiBQMbX h�#H2 aR HBbib i?2 T�`�K2i2`b 7Q` /`�rBM; };m`2b- i?2 b+�H2b Q7 r?B+? �`2 /2`Bp2/ 7`QK 7`QK T`2pBQmb
`2b2�`+?2b QM +2_L� 2z2+ib (R- k- e)X �HH ;`�/m�HHv +?�M;BM; T�`�K2i2`b �`2 b?QrM BM };m`2bX AM 6B;X k6@:
�M/ ak.@1- kT2 = 1 × 10−2X AM 6B;X kA- kT2 = 1 × 10−4- �M/ T�`�K2i2`b Q7 T3 �`2 b?QrM BM h�#H2 aRX AM
6B;X j�@* �M/ aj�@6- g1 = 4 × 10−5- kT2 = 1 × 10−4X AM 6B;X aj�- g2 = 3.2 × 10−4X AM 6B;X j1@>- 7Q`
/�b?2/ #Hm2 HBM2b- kR = 5× 10−3c 7Q` i?B+F #Hm2 HBM2b- kR = 7.81× 10−5c 7Q` i?B+F ;`22M HBM2b- kR = 5× 10−3-
kT2 = 3.21× 10−2X AM 6B;X aj:@C- kT1 = 5× 10−3X

_272`2M+2b

(R) um�M u- GBm "- sB2 S- w?�M; JZ- GB u- sB2 w- 2i �HX JQ/2H@;mB/2/ [m�MiBi�iBp2 �M�HvbBb Q7 KB+`Q_L�@
K2/B�i2/ `2;mH�iBQM QM +QKT2iBM; 2M/Q;2MQmb _L�b mbBM; � bvMi?2iB+ ;2M2 +B`+mBiX S`Q+22/BM;b Q7 i?2
L�iBQM�H �+�/2Kv Q7 a+B2M+2bX kyR8cRRkURyV,jR83ĜjRejX

(k) um�M u- _2M s- sB2 w- q�M; sX � [m�MiBi�iBp2 mM/2`bi�M/BM; Q7 KB+`Q_L�@K2/B�i2/ +QKT2iBM;
2M/Q;2MQmb _L� `2;mH�iBQMX Zm�MiBi�iBp2 "BQHQ;vX kyRec9URV,9dĜ8dX



(j) 1H7 C- 1?`2M#2`; JX 6�bi 2p�Hm�iBQM Q7 ~m+im�iBQMb BM #BQ+?2KB+�H M2irQ`Fb rBi? i?2 HBM2�` MQBb2 �T@
T`QtBK�iBQMX :2MQK2 `2b2�`+?X kyyjcRjURRV,k9d8Ĝk939X

(9) *?Qm h*- h�H�Hv SX � bBKTH2 ;2M2`�HBx2/ 2[m�iBQM 7Q` i?2 �M�HvbBb Q7 KmHiBTH2 BM?B#BiBQMb Q7 JB+?�2HBb@
J2Mi2M FBM2iB+ bvbi2KbX CQm`M�H Q7 "BQHQ;B+�H *?2KBbi`vX RNddck8kUR3V,e9j3Ĝe99kX

(8) C�v�Mi?B a- LBH;B`Br�H� Ea- .2H o2++?BQ .X _2i`Q�+iBpBiv +QMi`QHb i?2 i2KTQ`�H /vM�KB+b Q7 ;2M2 i`�M@
b+`BTiBQMX �*a bvMi?2iB+ #BQHQ;vX kyRjckU3V,9jRĜ99RX

(e) �H� l- E�``2i? 6�- "QbB� *- S�;M�MB �- h�mHHB _- GûQTQH/ o- 2i �HX AMi2;`�i2/ i`�Mb+`BTiBQM�H �M/
+QKT2iBiBp2 2M/Q;2MQmb _L� M2irQ`Fb �`2 +`Qbb@`2;mH�i2/ BM T2`KBbbBp2 KQH2+mH�` 2MpB`QMK2MibX S`Q@
+22/BM;b Q7 i?2 L�iBQM�H �+�/2Kv Q7 a+B2M+2bX kyRjcRRyUR3V,dR89ĜdR8NX

(d) a+?KB2/2H CJ- EH2KK aG- w?2M; u- a�?�v �- "HɃi?;2M L- J�`Fb .a- 2i �HX JB+`Q_L� +QMi`QH Q7 T`Qi2BM
2tT`2bbBQM MQBb2X a+B2M+2X kyR8cj93UekjyV,Rk3ĜRjkX

(3) :Q`Q+?QrbFB h1- �p+BH�`@Em+mF;Qx2 A- "Qp2M#2`; _�- _Qm#Qb C�- A;M�iQp� wX � KBMBK�H KQ/2H Q7
`B#QbQK2 �HHQ+�iBQM /vM�KB+b +�Tim`2b i`�/2@Qzb BM 2tT`2bbBQM #2ir22M 2M/Q;2MQmb �M/ bvMi?2iB+ ;2M2bX
�*a bvMi?2iB+ #BQHQ;vX kyRec8UdV,dRyĜdkyX

(N) *QQFbQM L�- J�i?2` q>- .�MBMQ h- JQM/`�;ƦM@S�HQKBMQ P- qBHHB�Kb _C- hbBK`BM; Ga- 2i �HX Zm2m2@
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h�#H2 aR S`BK�`v T�`�K2i2`b 7Q` bBKmH�iBQMb

S`BK�`v T�`�K2i2`b
�//BiBQM�H T�`�K2i2`b

7Q` 6B;X kA
R T1 T2 T3

kR 5× 10−3 kT1 1× 10−3 kT2 8× 10−3 kT3 5× 10−4

gR 1× 10−4 gT1 1× 10−5 gT2 1× 10−5 gT3 1× 10−5

k1+ 1× 10−4 k2+ 1× 10−4 k3+ 1× 10−6

k1− 5× 10−5 k2− 5× 10−5 k3− 5× 10−5

g1 8× 10−5 g2 8× 10−5 g3 1× 10−5

α1 1 α2 0.5 α3 0.5

β1 1 β2 1 β3 1

kP1 1× 10−2

gP1 5× 10−6



 

Figure S1 Detailed descriptions under the unified coarse-gained competition motif model for diverse 

competition scenarios. 

(A) DNA TF binding sites (TFBS) competing for TFs. Left: TF acts as an activator; right: TF acts as a 

repressor.  

(B) RNA molecules competing for miRNAs.  

(C) RNA molecules competing for ribosomes.  

(D) Proteins competing for proteases.  

(E) Competition in the ammonium buffer solution, where H+ and NH4+ compete for OH-. 
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Figure S2 Steady state behaviors of competition systems. 

(A) Abundances of each component in Figure 2A on linear scales. 

(B) Derivatives of the curve in Figure 2B. Each component’s abundance in competition motif changing 

with T2’s production rate (kT2). Colors, lines and parameter settings are the same with Figure 2A-C. 

(C) Schematic diagram depicting the maximum sensitivity (Smax) and its position (R*) of R-T1 dose-

response curves. Dose-response curves are adopted from Figure 3G.  

(D-E) Relative binding affinities of T1 and T2 (k1- and k2-) shape R-T1 dose-response curves. (D) Fold 

change of Smax compared with that of non-competing system (kT2=0). Competition of T2 buffers the 

response of T1F to R when log10FC(Smax)<0, but introduces larger sensitivity when log10FC(Smax)>0. (E) 

Changes of R*.  

  



 

Figure S3 Dynamic properties of competition systems. 

(A-F) Modifications of response time on the falling edge of R’s change under different kinetic parameters: 

(A) different α2 and β2; (B) different g2 and β2; (C) different k2- and g2; (D-F) different k2+, k2- and g2 

(values of g2 are shown in figures). 

(G-J) Abundant weak competitors can buffer target expression noise better. (G-H) P1 level changing with 

T2’s production rate (kT2) and T2’s association rate (k2+) (G), or kT2 and T2’s dissociation rate (k2-) (H). 

Black lines are T1F level isolines. (I-J) Target expression noise changes on the isolines in (G) and (H) 

respectively. Along the direction of the arrows, T2’s production increases and T2’s binding affinity 

decreases, bringing about lower expression noise. 


