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Mitigation of resource competition in synthetic genetic citeuhrough
feedback regulation

Abdullah Hamadeh Domitilla Del Vecchid

Abstract— A recurring challenge in the design of genetic among the various gene expression processes taking place
circuits is context dependence, the fact that the behavior of Simu|taneous|y throughout the cell, they therefore belssre

gerlﬂrl‘;rtiorgﬁ‘;e?%ji‘tﬂe vivshiicnkfluiter}(r:ﬁgra@t/sthgnsétaEe of }gee\r/viiorller scarce resources, placing limits on the achievable space of
| y Py protein product outputs.

context dependence is the scarcity of shared cellular resources, A : . . . .
especially those required for transcription and translation Our aim in this work is to design synthetic genetic
during gene expression. Because of competition for these limited circuits in which impact of the competition for resources
resources, the behavior of modules becomes coupled in subtle gt steady state is mitigated. To achieve this, we model the
B e oty M P, dhnamics of the simultaneous expression of two genes. The
gtegdy state effects of the competition f%e resources n%cesysa two processes are coupled through their use OT the shared
for gene expression. In particular, we analyze and compare the RNAP and ribosomes, and the total concentration of each
ability of several inhibitory feedback regulation architecturesto ~ resource is assumed to be fixed. Regarding the uptake of
reduce the interdependence between different gene expression resources by either one of the two processes as being an
processes due to resource limitations. external signal acting upon the other, we will investigéte t
effectiveness of negative feedback to de-sensitize tloitsr
to this disturbance. We propose to implement three differen
The emergence of the field of synthetic biology [1] hasegative (inhibitory) feedback loops, illustrated in Fig:
given rise to novel challenges in the design of feedbadkhibition of a gene’s transcription by its own protein puoti
systems. A particular feature of this design environment i& in Figure 1), inhibition of a gene’s transcription by an
context dependence [2]; the fact that functional biomolecular RNA species that is co-expressed with its mRNA transcript
modules behave very differently in different settings,irthe (B in Figure 1), and inhibition of mMRNA translation by its
behavior being largely dependent on what other modules thgyotein product € in Figure 1).
‘connect’ with via shared pools of reactants. This property This paper is organized as follows, in Section Il we present
can make the operation of synthetic circuits unpredictablghe gene expression model. In Section Ill we model the
and therefore poses a significant design challenge. proposed feedback mechanisms that will be used to mitigate
The nature of this design challenge has direct analoguestifie effects of resource competition. In Section IV we présen
modern control design, one example being the dependeng framework through which we will make a fair comparison
of the behavior of electrical loads on power demand in &etween the different feedback architectures and we derive
circuit. There is therefore ample scope for the adaptatiothe limits on the lowest achievable competition for each
of fundamental control theoretic ideas to design questionsf the four feedback structures. Finally, in Sections V and
that arise in synthetic biology. Questions of how feedback| we illustrate the effectiveness of our proposed designs,
regulation may be employed by biochemical systems teoncluding with a discussion of the relative qualities of th
reduce the effect of parametric uncertainties has receivelifferent feedback structures and avenues for future work.
much attention since the 1970s, with seminal works such

I. INTRODUCTION

as [3]. Recent work has also focused on negative feedback PO e

motifs that attenuate the influence of intrinsic and exicins o V) rivosomes: Qg -

sources of noise on gene expression [4], [5]. The question ; ESe 3 ‘

of context dependence has been addressed via notions of ] | mRnam, mRNA T,

retroactivity [6] and methods to construct ‘insulationdes’ o H &Se - §

that shield genetic and signal transduction modules from Transcriptiop”\ ‘ UnSumd RNA ‘ A Transcription

their environment so that their input-output properties ar factorty PONMETESR oy ]~ factory
Promoterp,; Gene 1 Gene 2 Promoten,

preserved regardless of upstream or downstream processes

with which they share reactants and products. Fig. 1. The feedback mechanisms considered.

In this paper, we are concerned with the problem of I p
context dependence arising from the competition for catlul - PROBLEM FORMULATION

resources during gene expression [7], [8], [9], [10]. InA. Gene expression model
this process, RNA polymerase (RNAP) transcribes genes g, system of interest consists of two gene circuits,
into MRNA, and ribosomes translate mRNA into proteini,qeyed; — 1, 2. The genes on each circuit are respectively

LLI'xpressed upon activation by transcription factars us.
'The transcription factors bind to the promoter region of the

* . i I -
* Department of Mechanical Engineering, Massachusettsitumst of DNA p; to form a compIesz. This reaction, denoted R-1

Technology, Cambridge, MA, 02139, USA. Emails: ahamadeh@unite N Table | obeys the differential equation
(Abdullah Hamadeh), ddv@mit.edu (Domitilla Del Veecchio). 3 kiork was . .
funded by ONR Award # N000141310074. D; = XiDi — Ciuip; Q)

the lifetime of the cell [11], [12]. As demonstrated in [13]



R1 | u+p} C—;\pi Transcription factor binds DNA I. The sharing of these resources indirectly couples the
i dynamics of the two circuits. As an illustration, Figure

Qg .
R2 | pitx==ci RNAP binds DNA 2 shows that when the transcription facter binds the
R3 | ¢; 2> m; +n; +x | Transcription with mRNA and promoter p7, there is a change in the level doth Py
microRNA outputs and P,, even though there is no change in the activation

R4 | m; i o mRNA decay level of the promoter responsible fér,. This effect is due
R5 | o %o microRNA decay to expression of gene 1 sequestering RNAP and ribosomes
e . 7L g Rib binds MRNA from promoterp, and mMRNA ms, which are responsible

| mity=di foosome binds m for producing proteinP,. Our aim is therefore to design a

a;d;

R-7 d; —>y mRNA-ribosome complex decay
R-8 | d; =+ P, + m; +y | Translation of mRNA

regulatory scheme for these circuits that mitigates thiscef

R9 | P; 2y Protein decay B [=P=--n)]
RI0O [ p tpita=1 DNA conservation Ef .
RILI | z+c Fc2 =ar RNAP conservation g =
R-12 [ y+di +da=yr Ribosome conservation ;é o / 1
TABLE | o2 4 s 5 10 1w u 1 1
REACTIONS OF THE GENE EXPRESSION MODEL Time (hours)

i

The complexp; will draw free RNA polymerase to form a
complexc;, initiating the transcription of geng producing
the mRNA m; and the microRNAn; at a rate~;. This
reaction, R-2 in Table I, is modeled as

S - IO Fig. 2. Effect of competition for limited RNAP and ribosomespesssion
€ = oipix — Bici — ici @ of the two genes is coupled through a common pool of transeriptiand

; _ ; nslational resources. Activation of gene 1 using trapgon factor u;
and relation R-10 represents the conservation of DNA. T uses a rise i, and a fall in P>. Simulation shown for a rise im2

microRNA n; will be used as a transcriptional regulator inconcentration fromu; = 10uM to u; = 20uM at time ¢ = 5 hours,

Section . It is assumed to decay at a réfgreaction R-5) Wwith us = 10uM fixed for the duration of the simulation. Simulation

and its dvynamics obe parameters foi = 1,2 (see Section V for reference$; = 1 nM.hour !,

y y Xi = 200%- hour !, a; = 20 (nM.hour)™!, 3; = 6000 hour !, v; =

= e — B ©) 250 hour !, 0; = 10 hour!, §; = 10 hour!, p; = 100 (nM.hour)™1,
i =i — Vil o; = 10 hour'!, a; = 1 m = 300 hour! , A\; = 1 hour?,

The mRNAm; decays at a raté;. Free ribosomes bind 7 =500 "M, 27 =27 1M, y = 13.5 1M

to the ribosomal binding site (RBS) on the mRNA molecule

to form a Comr_ﬂe)dZ The_produc“on and decay of mRNA IIl. MITIGATION OF RESOURCE COMPETITION THROUGH

m; and its %mdlng r%actlgn wn%lrlboscr)]mes are gkljven by FEEDBACK

reactions R-3, R-4 and R-6 in Table I. The mRNA-ribosome : o

complex decays at a rates, (reaction R-7), wherey, c We propose to employ negative feedbgck to de—sens_|t_|ze

P)’ 1], modeling the ability of ribosomes to 'protect mRNAthe steady state of the circuits to the disturbances arising

rom decay. The complex also translates the mRNA t§om changes in the availability of resources by lowering

produce the proteiR?; at a rater; (reaction R-8). The protein the degree of competitiondP,/dP;|. We will analyze the

B dc%cna}:gm?;ﬂ%nrsat%t rggeﬂ%% R'?r?'e msN%yﬂggslg% gf ability of four different inhibitory feedback control saines

complexd; and the proteirP; are described by the ordinary to achieve this aim. The four regulation schemes are:

&

— U] ==l
a4 6 8 10 12 14 16 18 20
Time (hours)

Trans. factor (nM)

differential equations A: Repression of transcription of genevia protein P;,
. g modeled by reaction F-1 in Table Il, denotedy in Figure
M = Yici — 6y — pimay + oids + mid; (4) 3. ProteinP; will bind to the free promotep; to produce
di = pimiy — osds — mid; — aibsd; (5) the complexip,, the concentration of which obeys
P, = midi — AP ©) Ip, = ¢1,piPi — ¢2,1p, (9a)
The binding of RNAP to the promoter yields B: Repression of transcription of genevia microRNA n;,
pix _ Biti - K, (7) as proposed in [14], modeled by reaction F-2 in Table I,
Ci a; denoted byrp, in Figure 3. This feedback loop consists of

whereK; is the dissociation constant between RNAP and th@licroRNA n; inhibiting its own transcription by binding to
promoteri. Furthermore, from (5), at steady state we havepromoterp; to form a complex,,,, which obeys the ODE

i i + ™+ a;d; [ = ini — Ga, In,
My _ it TG0 o ot steady state  (8) Ini = 9.pini = 94,In, (9b)
d; Pi C: Repression of translation of mRN#&; via proteinP;,
where@; is the ribosome-mRNA dissociation constant.  as proposed in [15], modeled py re@ction F-3 in Table II,
B. Signaling cross-talk due to resource competition denoted byr¢, in Figure 3. Proteir?; binds the mRNAm,,

forming the complex,,,, and preventing translation. When

The two gene circuits describ(_ad_in Section II-A s_har e MRNA in the complex,,, decays at the rate;,, the
the same limited pool of transcriptional and translation [oteinP,- is released. The compld,, satisfies

resources, respectively, RNAP and ribosomes. The to )
amount of each resource is given in R-11, R-12 in Table I, = ¢5,m:P; — ¢6, L, — 07, 1m, (9¢)



b1, ) K, )
F-1 | Py +ps == Ip, Protein binds to DNA to where Fy:=2: L, D=2 K By(u;) :=Fi + D; [1 + %i}
b2, inhibit transcription cr A o
b3,
F2 | n+pi = I, miRNA binds to DNA to G () = [ﬁ (w6 } 5 . [ﬁ 5 }
‘ ‘ b4, ! inhibit transcription ?Z(ul) ' m T+ Bi(u)0:iQi ef ' m P Fi0:Qs
¢’57', ¢>7,i . . bz(uz) = [TCiBi(ui) + TA,;D'L(;'L] Qz fl = TCiFiQi
F-3 | m; + P; == Im;, —— P; | Protein binds to mRNA to o ok 12 0
= I, Prote | ~ - 5, D F;Q2 (8470, P;| P;
b6, inhibit translation G i=Ta, 70, DiQ; Gij = 2 !
v J [y —O\i/mi)Pi—(X; /75 ) Ps]
TABLE |I (13a)
REACTIONS IMPLEMENTING THREE OF THE FEEDBACK CONTROLLED  where we define the feedback strengths, respectively,
SCHEMES resulting from the reactions (9a), (9b), (9¢c) as := %,
_ 93y o $5,97; '

TB; ‘= ba, B, TC; = 6, +07,
BC: This feedback configuration simultaneously combinedhe proof of this proposition comes simply from combining
. the steady state relations of (9) and (10) with the congsain

the microRNA regulation of transcription and the protei : L :
regulation of translation in cas& and C above. n(ll)’ applying the approximation of Assumption 1 and

These regulatory reactions modify (1)-(6) so that thgliminatingu; and all states except, and P;.
dynamics of the two circuits satisfy
IV. ANALYSIS OF FEEDBACK DESIGNS

P; = XiPi — Guip; (10a)

¢ = aipir — Bici — yici (10b) Equation (12) in Proposition 1 presents the relationship

fip = yici — 0ing — @3, pini + Ga, In, (10c) between the protein®; and P, that holds for a given

i =vyici— 6imi— pimiy+ oidit midit ¢, Im— ¢s5,miP; concentration of the transcription factor input. As u; is
10d) varied, the steady state will move along (12). This relation

di = pimasy — osd; — mids — aidids (10e) therefore describes the degree of competition for ressurce

- between the processes expressihgand P,. Note that in
Pi=midim A Pimgr,pibit b2, [pi— $5.mi Pt Imi 497, I"(”liof) the case of little competition we can expééP, /dP; | to be
small. Equation (12) is also a function of the strengths of
with the feedback regulation (9), subject to the new DNAhe three feedbacks.s,, 75,, 7¢,, defined in Proposition

conservation relation 1. Equation (12) can therefore be used to analyze and
. compare the ability of the three feedbacks to reduce the
pi +0i + In; +1p, +ci =i (11a)  effects of resource competition by evaluating the impact of

as well as the same RNAP and ribosome conservatiosrgrem‘]’thenlng the three feedbacks\dﬁ’g/dPl\.
When no feedback regulates the circuits & 75 = 7¢ =

relations as in the un-regulated circuit . L :
9 0) and the concentration of transcription factoy is held

r+ep+co=ar y+di +ds = yr (11b) fixed, it can be seen from (12) thiy and P> satisfy
rryr — Az(uz) Py = €11 (14)
Disturbance 1: Disturbance 2: . _ . .
perturbations in perturbations in as the concentration of transcription factaer is varied.
RNAP ribosomes From (14), we can quantify the competition for resources
as |dP2/dP1| = él/&g.
,,,,,, Transcription Translaton | Settingr4, > 0 and7p, = 7¢, = 0 (feedback schema),
-- of pi . ofm the dependence @, on P, is transformed into the parabolic

i relation Tryr — dQ(U/Q)PQ — BQPQQ =eé1 P, with only thedg
! coefficient dependent on,. Figure 4 shows the change of

B: microRNA feedbackrs, C: protein feedbacky,
inhibiting transcription inhibiting translation

the P, — P, relationship from linear (under no feedback)
to parabolic (under the feedback scheAle In this Figure,
******************* the concentration of transcription factor inpuf is fixed at
T e 1 1M while that of transcription factor input; is varied
fromu; = 0 uM to u; = 1 uM. Note that the feedbach
Fig. 3. Block diagram of the three individual inhibitory tigack loops. reducegdP,/dP;|, thus diminishing the impact oR, of an
increase in the production d?,.

Based on free RNAP and ribosome concentrations from 10 Simplify our analysis of the feedback regulated cirguits

[11], [16] and K; , Q; values form [20], [21], we make the W& make the following assumption: .
following assumption. Assumption 2: The two circuits indexedi = 1, 2,

Assumption 1: Steady state concentrations of free RNAPnodeled by the ODEs (10) and the regulatory feedback
x and free ribosomes satisfyz < K1, Ky, y < Q1, Q. ODEs (9) have |derjt|cal pgrameters. -

Proposition 1: Under Assumption 1, the steady state ofAlthough Assumption 2 is not realistic, it allows us
system (10), at a given transcription factor levgland under to demonstrate the feasibility of the proposed feedback
th(‘%‘. f]ge t%ﬁCk rlegtulatlon scheme (9) and the constraints (Ibyulation approach to reduce the effects of resource
salisties the relation competition. Using this assumption, we will henceforthyiro
wryr—an(uz) Pa—ba(uz) Pi—&: P —Gh o (Py, Po) = &1 P +f, P2 thei notation except where a subscript is required to denote

(12) species belonging to the different circuits.



)
S

o feedback Claim 1. Under Assumption 1, constraints (11) and input
s e v u; = uz = u the steady state of system (10) satisfies
hmﬁﬂoo P1 = hmﬁ%oo P2 = P if for
_ K
FeedbaclA: Q= Qua(1a) := Qﬁ("iﬂ

N
a

N
S

Protein 2 (
S &g

FeedbackB: Q= Qp(rp) == QB(Tp)
T—— ‘ FeedbackC: Q= Qc(mc) = QMpr
R, . 8
% 5 10 15 20 -\275 30 FeedbaCIBC' QBC(TB’TC) - Qﬁ-‘rTcpﬁ(TB)
Protein 1 (nM) (%+2)< 4TBIT%+(%+2)2*(%+2)>

Fig. 4. Effect of adding feedback on competition for resources. With WhereB(TB) = (257317)

transcription factoriz = 1 M and concentration ofi; varied fromu; = Proof: Note that becausé7 the two circuits= 1.2 are
0 uM to u; = 1 uM, the steady state concentrations of protelns, ’ ]

P, lie on a linear curve when no feedback regulation is usectkbttashed  identical and (12) is such th%% < 0 over the domainP; >
curve) and on a parabolic curve when feedbaak applied (red dash-dotted (), settingu; = uo = @ results in a unique steady state protein
Z)urve)' The parameters of feedbatiused here are., — 1(iMhou) ', output satisfyingP; = P. The modified RBS strengths
2; = 1 hour—+*. other parameters are the same as those In Figure Q . _
4,QB,Qc,Qpc are required to be such that when =

uy = u wWe havelimg_, o, P1 = limz_, o P» = P. For each
A. A mathematically controlled comparison regulation s_cheme, the mo_dified RBS strength is pbtained
. ) by substituting the appropriate values of, 75, 7¢ into
Note that the measure of competitiodP, /dPy | is alocal ({2 settingu, = @ and P, = P, = P, solving for Q and
measure, depending on the particular point along the curgajuating its limit asi — oo. =

(12) at which it is taken. If we set; = u, whereu iS @ \yhen the feedback gains, 75, 7 are zero, each of the
fixed level of input transcription factor, then the competit ,gified RBS strengths in Claim 1 is restored@o= Q.
measurgd P, /d P, | is maximized ovew, € [0,u] atu; =@. 1) Transcription repression through protein feedback: In
This is due to the fact that, from (12§22 < 0 and %22 <0  this case, the fe(()adback gains in equations (12), %3) ¥O?t'5f
: . S i = = 0. enus; = @ is fixed an

and that increasing,; necessarily increaseB;. Also note Zﬁ‘ e>[0 ’ﬂ}ﬂ%’he stéac%c; state of the two circuits wil satisfy
that since the two circuits are identical by assumption, the B
point along (12) where,; = us = u, where competition is eryr — a(a) Py — bP; = éP, 17)
maximized, is such thab, = P. » . _ o

The addition of feedback regulation results in a reduction Proposition 2: With RBS dissociation constar® 4(7)
8f the C|rc#|tsa_fsrteady stattles._ 0 prhowde a fair comparisoand transcription factor inpui; = us = u the competition

etween the different regulation schemes we consider, e %@ : d [ B ‘@H
circuit will be analyzed at the same steady st@tevhich we asurezp; | is such thatze |lima—o0 |75} || <0 and
define to be the steady state that is exhibited by the circuit

with no feedback {4 = 78 = 7¢ = 0), at a fixed RBS im | 1 1222 |] = 1 (18)

dissociation constar® = Q, Ender Iﬂ e tr:anscripéion factor TA—o0 |a—oo | dPy 14292 (K 49

inputs, u; = ug = @ — co. From , this steady state is R o S N .

gi\F,)en b1;/1 vz = el ( y Proof: We first implicitly differentiate (17) with respect
_ TryT to P, and substitute&) = Q 4(74). Settingu; = uy = @, we
P= (15) havelimg_, o P; = limg_, P> = P and

2207 + 292 (£ 4 2)
1
_ rr + 56Qa(T4) (19)

rT + %5QA(TA) (% + 1+ QTAP)

.| dPs
Restoration of the steady state protein outputs of the ™ |75
regulated circuits_to (15) will be achieved by sufficiently
increasing the ribosomal affinity for mRNA; for each , , ) -
regulated circuit, the dissociation constghtvill be reduced The first result of the claim follows by differentiating (19)

from @ = Q to a level which is such that when the circuitswith respect tors. The second result follows by taking the

are subject to inputs; = uy = u we havelimg o, P =  limit of (19) asT4 — oco.
limy . P» = P. The measure of competition will then be ™
limg—y 00 j—fg’j . In the case where there is no feedback and 2) Transcription repression through miRNA feedback:
A Here, the feedback gains are such that = 0, 75 >
= (), we have, from (14 ' ¢ : » !B
@ =@, we have, from (14), 0, 7¢ = 0. Hence, withuy = @ fixed andu; € [0, @],
P 14 9@ (12) becomes ~
lim ‘—2 S . (16) rryr — a(u) Py — G12(P1, Py) = ePy (20)
a—oo | dPy 1+ 5Q (£+1)
n

YxrT

Proposition 3: With RBS dissociation constar® z(75)

To assess the effectiveness of the different feedback men’?‘nd transdcgptllon factor mp;ﬁl — w2 = d;he competition

in reducing competition, we will demonstrate thé, /dP; | measure(ﬁ is such that; " {hmfmoo i } < 0 and

is a decreasing function of the feedback gains 75, ¢

and we will evaluate this measure as the feedback gains are lim [ lim ‘@ } _ 1

made large. Tp—o0 [a—oo |dP) 1429 (K49
The following claim gives the RBS dissociation constants  pyoof: We first implicitly differentiate (20) with respect

@ that achieve the steady stafe for each of the four to p; and substitut€) = Q5 (7). Settingu; = uy = 4, we

feedback regulation schemes. havelim; o, P = limy_,o, P» = P and

(1)




K
ZTT,

o1+ 26Qp + — = T5Q% unregulated circuit in (16). It is interesting to note that

m |42 | < (5+2) _ schemesA and BC, each of which regulates against both

a—oo | dPy 1(K Ser 5y 2, Ty 2 RNAP and ribosome competition, achieve the same limit.
rr+2 (E41)0Q p+2 —-2 F—— 1 . , . _

T W(W )@B 1Q(E+2) T80 Q%%@)ZTBQB Practically, schemé\ may offer a better design since the

. . ] ~(22) extra feedback iBC provides an additional source of noise
The first result of the claim follows by differentiating (22) and may therefore yield poorer performance when factors
with respect torp. The second result follows by taking the other than resource competition are considered.
limit of (22) as7p — oo. . We also find thatA and BC both achieve lower

. . . competition measures th&a andC, which is not surprising

Ti t ession through protein f ki | : . .
thig) cars?g,gﬁlq:ao?e(ra tgogainrsoggrje g&%ﬁ%ﬁd%‘?‘cm :n since each of the latter two regulates against disturbances
0, 7o > 0. With uy = @ fixed andu; € [O’QH’ from (12), arising from competition for only one of the two resources.

the steady state protein concentratidis P lie along Comparing schemeB and C, we find thatB £a2 achieve

(23 lower competition thanC when Q > 3 7. That

is, when the unregulated circuit experierfces both low
intion f : e — 4 th o competition for rlbosqmes (due to weak RBS and thus high

and trans;;lptl_on actor mp;ﬂl . 2 ud;[32e competition Q) and high competition for RNAP (due to strong promoters

measure gp: | is such thatzz- [hmﬂ*oo ’ﬁu < 0 and in high concentrations, thus loi and highn), adding the

feedbackB to regulate against RNAP competition achieves

xryr — a(a) Py — b(a)P3 = éP, + fP}
Proposition 4: With RBS dissociation constar®¢ (7¢)

5Q N .
i | lim apr, |l L+ QWQT 24) a lower competition measure than adding feedb@ckihe
roros [a—oo |dPy || 1909 (K 44 converse is true when there is high competition for ribosome
YT \ N

Proof: We first implicitl)(/ dh;ferentiate (23) with respect and low competition for RNAP.
to P, and substitut€) = Qc(7¢). Settingu; = ue = u, we
havelimg_,oo P; = limg_.oo P> = P and V. EXAMPLES

We present two sets of simulations demonstrating our

5 142 pl : ' -
lim ‘@ — rr+Qc(re); + TCQC(TC)_ il (25) proposed designs. In both, the concentration of transonipt
oo |dPy xT+6Qc(rc)%(%H)Hm@o(m)%(%ﬂ) factor inputu, is held fixed at 1mM and the model is

_ _ ) O simulated for concentrations of the transcription factgiuit
The first result of the claim follows by differentiating (25) , ranging from @M to 1 mM. The resulting steady state
with respect torc.. The second result follows by taking the concentrations of proteir3; andP, are then plotted against
limit of (25) as7¢ — oo. each other. This is done for the unregulated circuits and for

. . . . ~ B the four proposed feedback schemes.
thé)ng?b{ﬂgdfggglg‘cingaegeégﬁ%}iagOr;;eidgad;'cIQ In the first set of simulations we compare the circuits
0. From (12), withu, = & fixed andu; € [0, 4], the steady N & high RNAP competition regime, characterized by a
state protein level®’;, P, lie along the curve low promoter dissociation constadt and high promoter

o S, N - concentration. The second set of simulations is carriedrout
wryr —a(u) Py —b(u) Py — Gi2(P1, P2) = éPi+ fPT (26) 3 low RNAP competition regime. The parameters common
Proposition 5. With RBS dissociation constanf) to both sets of simulations are as follows: from [17] welhave

Qpc(TB,7¢) and transcription factor input; = us = that% = 200nM and therefore we set = 1 (nM.hour)*,
the competition measurfé&%‘ is such that X = 200 hour~'. From [12], the elongation rate of a peptide
! chain is around 20 amino acids per second. GFP, a typical
P, 1 protein that may be used in an experimental setup to test
apP, } = 11930 (K 4o @7)  this work, is composed of approximately 240 amino acids.
S g (G 12) Therefore we setr = 300 hour!. From [18] we obtain
Proof: We first implicitly differentiate (26) with respect 5 _ g — 1 per hour. We assume that ribosomes binding to
tho P 11."md SUb;t'tEt‘f?? =Qc (;C)_ %ett":jgul =u2=1u W& mRNA offer no protection from the RNAase, and therefore
AVelMg oo £ = UMa—oo £2 = 178N complexesd; decay at the same rate as mRNA, giving

=0l

lim  lim lim
TO—00 TR —00 | 4—00

o ldp, hi(tc)TBQ%c +27—C%QBC]5+33T + %5QBC a = 1. The approximately 1 hour half-life of protein [19]
Jim apP = 3 = - i setsA = 1 per hour. From [21], a typical RBS dissociation
' h2(TC)TBQBC”TC?(?+1)Q30P+xT+§(?+1)5QBC constant is 10'nM, and sinceQ) = 52 ~ 2 we take
LK _ 9 @8) 5 = 105 hour! and p = 100 (nM.hour)"!. We take the
where hi(ro) = 25 (5+T§‘P) w, h2(7¢) = total concentration of RNAP that is available to the two
B8 (6 +7cP)w ((2+w) (6 + 70 P) + 210 P) and competing circuits to be:; =27nM and that of ribosomes
w o= 5@7%” The result follows by taking the limit of to beyr =1.35 nM. The feedback parameters in Table Il

are chosen so thaty = 10 (nM)~!, 73 = 10 (nm)~! and

(28) as7p — oo and7c — 0. 7¢ = 10 (nM.hour)~* when non-zero.

B. Comparison of feedback schemes A. Example 1: High demand for RNAP

Equations (18), (21), (24), (27) give the degree of In this first example, we take =0.6 uM, v =250 hour!
competition that is achieved using each regulation schenfom [12]), « = 20 (nM.hour)™!, 3 = 6000 hour !,
when the feedback gains are made large. All achiewgelding a promoter dissociation constant/gf= 312.5 nM.
competition measures that are lower than that of th8imulation results are shown in Figure 5.



Protein P, (nM)

== =No feedback
= Feedback A

(1]

= = =Feedback BC i
@ Point of maximal competition P

0 2

4 s 8 10 12
Protein P; (nM)

[2]
Fig. 5. Simulations for Example 1, showing competition for reses
under different feedback structures. 3]
B. Example 2: Low demand for RNAP [4]
In this example we takg =0.5 uM, v =18750 hour,
a = 10 (nM.hour)™!, 3 = 6000 hour?, yielding a promoter 5]
dissociation constant o = 2475 nM. Simulation results
are shown in Figure 6. [6]
200
180f "l [7]
(8]
< at 1 [9]
£ el
O el
20 - G 1 [10]
0 20 40 Prostoein P (831\1) 100 120 140 [11]
Fig. 6. Simulations for Example 2, showing competition for teses [12]
under a low RNAP competition regime.
[13]
VI. DISCUSSION& FUTURE WORK
Using ideas from classical feedback control theory, [14]
we have presented a methodology for the design of
synthetic genetic circuits that mitigates the effects of
resource competition arising from the scarcity of the daflu [15]
machinery required for gene expression.
As seen in Figure 5, we find that, as expected from
Propositions 2, 5, schemées and BC achieve the lowest [16]

competition, outperformind. All three of these schemes
give lower competition thaf, which may be expected since
the circuit in this example is operating in a regime where the [17]
promoter concentration is high, leading to high compatitio
for RNAP, whichC does not regulate against.

In Figure 6, schemesA and BC again achieve the
lowest competition. However, here we have relatively low
competition for RNAP and, since scher@eegulates against
competition for ribosomes, it performs better than scheme
B, which only regulates against competition for RNAP.
This therefore shows that if it is known that a particular
disturbance is more likely to affect one part of the genetic [20]
circuit than another, we can make a judicious choice about
where a feedback control loop can be most effective.

In future work we will extend this analysis to non-identical
circuits. Further work is also needed to develop techniques
for the implementation of schemeB and C. These are
most likely to involve the use of siRNA to implement such

(18]

[19]

(21]

. feedbacks in an indirect manner. The long term aim of
| this work is to advance the tools available for the design
and implementation of reliable synthetic genetic cirguits
enabling them to perform accurate logical operations, Wwhic
10 1 would be a significant step towards the development of
8 ] robust cellular programming techniques that find applocati

o ] in medicine and biotechnology.

REFERENCES

P. E. M. Purnick, R. Weiss, “The second wave of syntheiitdyy:
from modules to systems,” Nature Reviews Molecular Cell Bjglo
10:410-422, 2009.

S. Cardinale, A.P. Arkin, “Contextualizing context faynthetic
biology - identifying causes of failure of synthetic biologl
systems,” Biotechnol J 7(7):856-866, 2012.

M. A. Savageau, “Biochemical Systems Analysis: A Study of
Function and Design in Molecular Biology”, Addison-Wesley
Reading, Mass, USA, 1976.

V. Shimoga, J. White, Y. Li, E. Sontag, L. G. Bleris, “Syntiee
mammalian transgene negative autoregulation”, Nature/EMBO
Molecular Systems Biology, 9:670, 2013.

Abhyudai Singh,“Negative Feedback Through mRNA Prosidee
Best Control of Gene-Expression Noise,” IEEE Transactions
Nanobioscience 10(3):194-200, 2011.

D. Del Vecchio, A.J. Ninfa, E.D. Sontag, “Modular Cell @ogy:
Retroactivity and Insulation,” Nature Molecular System®IBgy,
4:161, 2008.

N.A. Cookson, W.H. Mather, T. Danino, O. Mondragn-Palomi
R.J. Williams, L.S. Tsimring, J. Hasty, “Queueing up for enzjima
processing: correlated signaling through coupled degi@daMol
Syst Biol 7:561, 2011.

D. Siegal-Gaskins, V. Noireaux, R.M. Murray, “Biomoldau
resource utilization in elementary cell-free gene cirguiAsnerican
Control Conference 1531-1536, 2013.

J. Vind, M.A. Sorensen, M.D. Rasmussen, S. Pedersen,th®gis

of proteins inEscherichia coli is limited by the concentration of free
ribosomes: expression from reporter genes does not alwélgstre
functional mMRNA levels,” J Mol Biol 231(3):678-688, 1993.

D. Del Vecchio and R. M. Murray, “Biomolecular Feedback
Systems,” Princeton University Press, 2014.

S. Klumpp, T. Hwa, “Growth-rate-dependent partiticgninof
RNA polymerases in bacteria,” Proc Natl Acad Sci USA
105(51):20245-20250, 2008.

H. Bremer and P. P. Dennis. “Modulation of chemical composi
and other parameters of the cell by growth rdfscherichia coli
and Salmonella: cellular and molecular biology”, 2, 1996.

A. Gyorgy and D. Del Vecchio, “Limitations and Trade-®fh Gene
Expression due to Competition for Shared Cellular Resovirces
IEEE Conference on Decision and Control 2014,

M.-X. Zhang, H. Ou, Ying H. Shen, J. Wang, J. Wang, J. dpse
and X. L. Wang, “Regulation of endothelial nitric oxide sgase
by small RNA,” Proc Natl Acad Sci USA, 102(47): 1696716972,
2005.

J. A. Stapleton, K. Endo, Y. Fujita, K. Hayashi, M. Tagire, H.
Saito, and T. Inoue, “Feedback Control of Protein Expressio
Mammalian Cells by Tunable Synthetic Translational Inhdwitt
ACS Synthetic Biology, vol. 1(3), pp. 83-88, 2012.

A.D. Tadmor, T. Tlusty, “A coarse-grained biophysical aeb of E.

coli and its application to perturbation of the rRNA operon copy
number”, PLOS Computational Biology, vol. 4, 2008.

M. Weber and J. Buceta. “Dynamics of the quorum sensinigchw
stochastic and non-stationary effects”. BMC Systems Bipl@¢6),
2013.

J. A. Bernstein, A. B. Khodursky, P.-H. Lin, S. Lin-Cha&.

N. Cohen. “Global analysis of mRNA decay and abundance
in Escherichia coli at single-gene resolution using two-color
fluorescent DNA microarrays”. PNAS, 99(15), 2002.

G. Kramer, R. R. Sprenger, M. A. Nessen, W. Roseboom, D.
Speijer, L.n de Jong, M. J. T. de Mattos, J. W. Back, and C. G. de
Koster. “Proteome-wide alterations Hscherichia coli translation
rates upon anaerobiosis”. Molecular & Cellular Proteom@4,1),
2010.

A. G. Perez, V. E. Angarica, J. Collado-Vides, and A. T.
R. Vasconcelos. “From sequence to dynamics: the effects of
transcription factor and polymerase concentration changes
activated and repressed promoters”. BMC Molecular Biology,
10(92), 2009.

D. Na, S. Lee, and D. Lee. “Mathematical modeling of tratish
initiation for the estimation of its efficiency to computatéadly
design mRNA sequences with desired expression levels
prokaryotes”. BMC Systems Biology, 4(71), 2010.

in



