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Biomolecular resource utilization in elementary cell-freegene circuits

Dan Siegal-Gaskirls Vincent Noireaux, and Richard M. Murray?

Abstract— We present a detailed dynamical model ofnvitro  is shown schematically in Fig. 1 and summarized by the
behavior of transcriptional circuits that explicitly takes into  following set of chemical reactions:
account the contributions of essential molecular resources and
that demonstrates (1) how resources are utilized in circuits T =T+ Ty, Y=Y+ Ym
with multiple components, and (2) the consequences of limited
resource availability. The model is validated using a recently Tm — D Ym — @
developed and well-characterizedn vitro environment—a cell- T — T + X Ym — Ym + Y4
free biochemical ‘toolbox'—and a number of simple test circuits
that allowed us to confirm the existence of biomolecular Ya—= Y.
‘crosstalk’ and isolate its individual sources. The implications | constructing this reaction set we have assumed that the
g}‘sgr?jis:ctﬁtsé%r. biomoleclar circuit design and function are proteins are stable against degradation, although mRNA
transcripts are readily degraded by ribonucleases. Wedurt
I. INTRODUCTION assume that the reactions take place in large volumes (so tha
_ o stochasticity in the expression of individual moleculegslo
The past several decades have witnessed significant gt affect the overall dynamics [5]) and that their dynamics
vances in the biological sciences driven by the introductiocan be suitably approximated using mass-action kinetics,
of techniques from historically separate research areels suand rewrite them as a set of ordinary differential equations
as mathematics, physics, computer science, and engigeeri(oDES);

The rapid growth and a number of research successes has led dlz,

to the emergence of whole new disciplines, chief among them =5 = karx[z] — kalzm] (1a)
‘synthetic biology’ [1], promising significant insights tm % = ko rr[Tm] (1b)
biological circuit function and a wide array of technolagjic dlym] _ g, ok 1

benefits. An important aspect of synthetic biology is the ar = hyrx[y] alyml (10)
use of models to guide circuit construction and understand W¥al — &y r2[Ym] — kmae[Ya] (1d)
behaviors that, even in seemingly simple systems, regularl % = kmat[Ya] (1e)

defy intuition [2], [3]. ‘Toy circuits’'—those without any &
cific biotechnological application or direct natural amgle  wWherek, rx, ki, ky 71, kmat, kz 7x, andk, 71, are the var-
are also regularly used to explore fundamental biologicdPus reaction rates of the circuit. This model has a strectur
mechanisms and design principles [4]; among their argugé®mmon to many other ODE models of gene regulatory
benefits are a relatively well-controlled constructionqass ~Circuits: for each gene there is one equation for trangoript
and a certain degree of confidence with the necessary scdpl one for translation, the degradation of mRNAs is not

of any associated mathematical model. regulated by any other species in the circuit, and that
the production and degradation terms are linear [6], [7].
A. A simple two-gene circuit According to this simple model, the expected behavior of

As an example of a toy circuit, we consider a simple Syst_he output signal when all background reactions reach gtead
tem consisting of two genes under the control of constieutivState 1S
promoters,z andy, which code for a generic proteiX and d[Y] | — MM 2)
fluorescent reporteY, respectively. A ‘naive’ description of e 1ss ka 7
the system is as followst is transcribed into mRNAz,, that is, the rate of increase in fluorescent signal is related
which is then translated intd, while in parallel the reporter only to the fixed concentration of and constant reaction
gene is transcribed to produce an mRNA, which is then rates.
translated into an ‘immature’ (i.e., dark) reporter protei An assumption implicit to this model is that the molecular
Y4 that matures into the visibl&. This simple description machinery fundamental to all gene regulatory circuits—for
example, transcription initiation factors, RNA polymezas
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— or no modification. The toolbox also allows for control over
- —> VW —> @ nutrients, reaction conditions, and the concentratioriratiit
Xom components—control which is difficult to achieirvivo. It
— is thus an ideal environment that may be used to establish the
—> YW\ _> val|d|ty of biological circuit models ar_ld in partlcu_lar ctumn
the existence of crosstalk in even simple genetic circuits.

In Section Il we give our detailed model of the two-gene
Fig. 1. A ‘'naive’ picture of a circuit containing two genesandy  System described above with the roles played by essential
driven by C_gn(Sjtit(l_Jtivi p:quot_ers .(rgpreszntsd ﬁy fi_lle&aﬂgt%)- ??nes molecular resources made explicit. In Sections Il and 1V,
are transcribe in the direction indicate y the righttanarrows) into . _ H
mRNASs z.,, and y.,, which are then translated into a generic proteinthe simulated and (_:e” free EXpenm_ental results are shown
X and immature fluorescent reportsi,, respectively. The reporter then for a number of simple test circuits that allowed us to
matures into the visibl& . The proteins are stable against degradation bugonfirm the existence of biomolecular ‘crosstalk’ and is®la
the mRNAs are readily degraded (not shown). The two genestdimeetly o i qividual sources. A discussion of these results aed th

interact. . o Rk . o . .
implications for circuit design is given in Section V.

between expressing genes across a range of biological net- 1. DETAILED MODEL FOR CONSTITUTIVE

works, including those involved in transcriptional redida EXPRESSION OF TWO GENES IN VITRO

[8] and post-translational processing [9]. It has been sug- , , .

gested that this crosstalk arises via the forced sharing of* More detailed chemical reaction network model for the
the molecular resources needed for circuit function uotwo-gene system described in Section I-A that makes explici
[11]. And while theoretical frameworks for the analysis ofhe role of TX-TL machinery is as follows:

crosstalk are being developed (e.g., [12]); models that may g g1 — ES1 R+, = 2, R

be used to explore the effects of crosstalk introduced via

resource utilization are still lacking. ESL +z = zES] R+ ym = ymR

We thus set out to develop a more detailed mathematical ES1 +y = y:ES1 TmR = R+ X
model for the simplén vitro gene circuit shown in Fig. 1, but z:ES1 — x:ES1 + 2, Ym'R = ymR + Yq
with a Ievel_ qf complexity suff_icient to capture and predict yES1 — yES1 + v, Yqo— Y.
crosstalk arising from the sharing of molecular resourées. o

important model design criterion was that the model have a
general form that could be easily expanded to more complex Ym — 9D
circuits and that the individual sources of crosstalk ar&irth where E, R, S1, and ES1 represent free core RNA poly-

relative contributio_ns to the to_tal could be identified with \1arase (RNAP), free ribosome, the primary ‘housekeeping’

small number of simple experiments. sigma factor (necessary for transcription initiation)d ahe

B. A cell-free biochemical ‘toolbox sigma factor-RNAP holoenzyme, respectively. In addition,
represents RNAP holoenzymes bound to DNA and ribosomes

The value of any biological model lies in its ability to bound to mMRNA transcripts. The ODEs for this expanded
accurately capture and predict true biological phenomenmodeI e

however, given the complexity of biological systems and the
context-dependence of circuit components (which ofterehav

unpredicted interactions with the host; see, e.g., [13])[1 @ = kep px [#ES1] — kglzm] — d[acc,l,L:R] 3)
experimental verification of biomolecular circuit modetnc alya] o Ay E]

be challenging. As a result there has been considerable inte qi = Ky rx[yEST] = kalym] — =55 (4)
est in developing relatively simpi@ vitro platforms that can % = kx+[R][zm] — kx—[zmR] (5)
be used for circuit development, characterization, andehod dlym:R] _ .

verification [15]-[17]. Important steps towards this goalé dg N = hov i [R[ym] = kv —[ymB] (©)
been made in recent years by V. Noireaux and colleagues at "o = ky 71 [, R] (7)
the University of. Mirmesota with the developmen.t qf a cell- % = ky L [ymR] = kmat[Yd] (8)
free ‘toolbox’: anin vitro system that allows transcription and ary]

translation (TX-TL) processes to take place using molecula i = Fmat[Ya] ©)
machinery extracted fronfE. coli [18], [19]. Endogenous B — kg4 [E] ([S1o — [ES1))

DNA and mRNA from the cells is eliminated during extract ~ kg1 [ES1] — d[z:ES1]  d[y:ES1] (10)
preparation, so that synthetic gene circuits of interest bea d[eES1] - dt dt

studied in isolation with no other genetic material present a = kay [ES1]([2]tor — [:ES1])

the reaction. In contrast with otham vitro systems that use — kyp— [2:ES]] (11)

non-native RNA polymerases and/or have a high cost per use, d[y:Es1]

. . . . = ES1 — |ly:ES1
the toolbox enables rapid and inexpensive testing of nlatura d Py [ES ]([y]“’t [y ES ])
circuits that may be later implemented vivo with little = ky [yES]]

12)



with the following conservation relations: S st zene
L, [+ & = [sD
[E] = [Ehot — [(LESl](l + kI,TXT)
TX

— [yES1)(1 + ky,TXVLT-’;) —[ES1]  (13) )
M —wy

L,
[R] = [R]tot - [I’m,:R](l + kr{:,TLi)

I B. Second protein
_ . Y .
o byrng ) ) K+ @ =[D

Vre
[Eliots [Rltots [S1]tots [¥]iot, @Nd [x]ior represent the fixed total @

concentrations of (free and complexed) RNAP, ribosome ﬁ ﬁ
primary sigma factor, and genes in the reaction volume ) -

and the factors of the forml + kLV) account for multiple N M
loading of holoenzymes on the mRNA templates [2D]. @

is the length (in bp) of gené and Vx and Viry, represent
the rates of progression (in nucleotides per second) of RNAR € Secondary sigma factor
along the DNA and ribosome along the mRNA, respectively. R 4 @ = @

lIl. SIMULATED AND EXPERIMENTAL RESULTS = &) +

Of the molecular species in our model, we might expect T T
the RNAP E) and ribosomesR) to contribute a crosstalk- WA < [ 2] T —> VA
type effect to the output signal; for example, sirige(in = ‘-j‘l Yn
the form of the holoenzymdiS1) binds to bothz and @

y, an increase in the concentration of could result in

a sequestration OES1 away from Yy and thus a decrease Fig. 2. Two-gene circuits tested in the cell-free toolboxiemment. The

in the output Y. Similarly, an increase in the amount gitference between circuits is in the second gene, whichaes either (A)

of z,, could decrease the amount of frée available to an untranslated RNA, (B) a ‘dummy’ protein with no direct imtetions,

translatey,,. These predictions were tested computationall§’ (C) a secondary sigma factor. Symbols are as in Fig. 1, wititiadal
. . L . . rrows representing complex formation and the regulatomsrof various

and experimentally with two circuits specifically desigrted molecular species.

distinguish between the possible sources of crosstalkné o

case,r encodes a small untranslated RNA to which there

_there 'Sd no rlb‘((;somal,blndm_g (F'.gﬁ 2A),dgnd n the OT[herand exactly overlaid and highly consistent with experiment
|tF_enczoB es a ‘dummy’ protein with no direct |nteract|ons(Fig_ 3B). We can thus conclude that when additional genes
(Fig. 2B). are present in low concentrations, and when using biolbgica
A. Fluorescent reporter only parts with their native binding affinities_, and reaction sate

holoenzyme does not appear to contribute to any crosstalk

As_a preliminary test (?f the model and 1o provide %etween those additional genes and the circuit output.
baseline for performance in the absence of a second gene,

we set|z]t = 0 and solve expression dynamics using
parameters drawn from the literature (Table I). Simulateg¢. Additional protein-coding gene
fluorescence « [Y]) is plotted as a function of time in
Fig. 3A, along with experimental results. Both simulation We now consider the effect of ribosome sequestration on
and experiment show a linear increase in output after a shaitcuit output, using a second protein-coding gene whose
‘ramp up’ phase and are in good agreement. final product has no direct interactions with any other model
components, i.e., a ‘dummy’ protein (Fig. 2B). We use the
B. Untransiated RNA full model of Section Il with all rates and concentrations
To determine the contribution of RNAP holoenzyme along@ositive. Similar to the single-plasmid control and ungan
to crosstalk in the circuit, we use a gene that is transcribddted RNA circuit, simulated and experimental data both
into an RNA molecule that is not bound by ribosomes andhow a linear increase in output after a short ‘ramp up’
thus not translated (Fig. 2A) at two low but biologically-phase; however, the model predicts a slope[af/dit that is
relevant concentrationgi]ir = 0.1 NnM and [z}t = 1 different for[x]i = 0.1 NM and[z]i,: = 1 nM (Fig. 3C), and,
nM. In simulation, the identity of this gene is fixed bythough preliminary and with substantial variance, the data
setting the rate of association & to x,,, kx4, equal to consistent with this predicted behavior. This suggest$ tha
zero. We find that neither concentration had any discerniblenlike holoenzymes, ribosomes may be a limiting resource
effect on the rate of production &f as compared with the and that even low levels of auxiliary ribosome targets can
single-plasmid control; both simulated functions are dine lead to a reduction in the circuit output.



A, Reporteronly b Untronsiated and modify Egs. (7) and (13) to be
2L . rter on Al . ntran

gene . ] % = kSQ,TL[SQm:R] - % (16)

L
[E] = [E]IOI — [s?ESl](l + st,TXviz)
TX
L

— [y:ESl](l + ky,Txviy)
TX

— [ES1] — [ES2] . 17)

AU 1°0 “A9p PIs

o | C. Second protein | D. Secondary 1
sigma factor . (Notationally, references tor' and ‘X’ have been replaced
with ‘s2" and ‘S2’ to emphasize that these equations rep-
resent specific properties of sigma factors.) The results of
our simulation are shown along with experimental data for
[s2]tot = 0.1 nM and [s2],,t = 1 nM in Fig. 3D. We note
that (1) core RNAP sequestration by a secondary sigma
00 00 T 20 e 00 w0 factor has a more pronounced effect on the circuit output
Time (mins) than does the ribosome loading, and particularly at higher
model, 0.1 nM model, 1 nM gene concentrations, and (2) unlike the untranslated RNA
and ‘dummy’ protein cases, the rates of fluorescence inereas

Fig. 3. Modeling and experimental results for the fluoresceporter alone  are sublinear for the 2.5 hours of the experiment.
(A) and for implementations of the circuits schematized in Bigin which
the second gene encodes a small untranslated RNA (B), a s@cotein V. DISCUSSION

(C), and a secondary sigma factor (D). Blue and light greenlesthareas ; ; -
indicate the standard deviation of measurements (n=2) made[wit = We have presented a detailed model for a simple two-gene

0.1 nM and|z]ot = 1 NM, respectively. Total reporter concentratidgle) ~ regulatory circuitin vitro that makes explicit the important
is fixed at 2 nM in all simulations and experiments. DNA composersied ~ functional roles played by RNA polymerase, sigma factors,

in experiments were derived froR coli; see Appendix for details. and ribosomes and that allows us to understand and predict
precisely how these resources are shared between compo-
) nents in multi-gene circuits. In particular, the model peed
IV. SPECIAL CA?E(':'_?_‘(L)TRESRNATIVE SIGMA that, in_circuits_ C_om_pos_ed of_n_a_turally occur_ring biolos_gic
parts with realistic binding affinities, even a single ndarn
In the previous section we showed simulated results aratting protein-coding gene added at a low concentration to
experimental data suggesting that a generic protein which circuit introduces significant crosstalk through riboabm
does not interact directly (for example, as a transcriptiolbading. The model also shows a significant decrease in
factor) with a constitutively expressing fluorescent régor the output signal when a constitutively expressed secgndar
may still affect its expression via indirect sequestrat@n sigma factor is added to the circuit. These predictions are
ribosomes. While this particular resource loading effect isupported by our experimental results and further sugbest t
common to all protein-coding genes, certain classes of prealidity of the cell-free toolbox as an experimental plaitfio
teins with dynamically changing concentrations may introfor characterizing novel synthetic biocircuits.
duce additional undesirable effects; for example, altdr@ea  With confidence so established, we may use the model to
sigma factors that can compete for access to free coamswer additional questions about the system; for example,
RNAP and in doing so reduce the concentration of specifiwithout modifying any circuit component, can we determine
holoenzymes, which in turn reduces activity from sigmaat what level of additional genes does the RNAP holoenzyme
factor-specific promoters. Experimental evidence supmprt become a limiting resource, and below what concentration
sigma factor sequestration has been foumdivo [21] and does ribosomal loading not lead to any significant cros8talk
using purified sigma factor subunits [22]. Alternative s@m In Fig. 4 we see how the production rate of the output
factors hold significant potential for the design of compleXd[Y]/dt) is affected by the concentration of a second gene
genetic circuits: the substantial promoter selectivitytth over 6 orders of magnitude. As before, we use the simulated
sigma factors confer to RNAP [23] can lead to a significantintranslated-RNA gene (withk , = 0) to isolate and predict
increase in the variety of available transcriptional cohtr the effect of holoenzyme utilization. We find that crosstalk
elements, beyond the standard library of repressors aadsing from limited holoenzyme availability begins to @ap
activators that are now commonly used. when the concentration of additional genes~80 nM
We set out to determine if our model formalism predictgFig. 4A), or 15X the reporter concentratiofy|(:) of 2 nM.
additional resource-loading-type effects when a secgnda®©n the other hand, ribosome-related crosstalk (as detetmin
constitutively-expressed sigma factor is introduced te thby the model) begins to manifest itself at concentrations as
system. We thus add the following equation to our model:low as 1% of[y]iwt, or ~20 pM (Fig. 4B). This latter result
A[Esy in particular suggests that ribosome utilization effectsym
a - = kesa [E][S2] — kps2- [ES2] (15)  pe difficult to avoid in any natural circuit of even minimal
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Fig. 4. Rate of increase of fluorescence at system ‘steadg’ sia a Relative ribosome off-rate

function of the concentrations of the secondary gene wheades for (A)

an untranslated RNA or (B) a typical protein.
Fig. 5. Rate of increase of fluorescence at system ‘steadg’ sia a
function of the strength of the second gene’s ribosomal bipdite relative
to the fluorescent reporter’s.

complexity. Experimental efforts aimed at confirming these

results are ongoing.

However, we are not limited to naturally-occurring partausing 384-well plates and a Victor X3 plate reader set at
when constructing new biomolecular circuits; synthetio-bi 29°C. Simulations were done using Mathematica.
logical tools allow us to adjust many properties of a given
circuit component, including degradation rates and holoef- Model parameters
zyme and ribosomal binding affinities. This model may then Values for reaction rates and other model parameters are
be used as a circuit design aid, to predict, for example, holisted in Table |. References are listed when available. When
much the ribosomal binding off-rate must be reduced in ordemnly a dissociation constart,; (= k_/k,) could be found
to reduce ribosomal crosstalk. According to the model, witbr measured, the on-raté:() is taken to bel.7 x 106
[z]or = 1 NM and all other parameters held fixed, a 50-foldM—'s~!, with the off-rate ¢_) set to K4 x k.. We note
decrease inkx_ is needed for a complete elimination ofthat in cell-free systems, the speeds of RNAP and ribosomes
ribosome loading effects (Fig. 5). The effects of variation are slower than what has been measuredvo.
other circuit parameters may be similarly tested.

The model proposed here is a foundational one that may
be easily expanded to include any number of genes. We
have made no assumptions as to the timescales of various

TABLE |
MODEL PARAMETERS

reactions or the relative concentrations of reacting gseei Param. | Value Param. | Value
assumptions that are commonly made in the application of &, rx | 0.05s? Emat | 0.003 §°1 [18]
Michaelis-Menten kinetics to biocircuit analyses. Furthe ke | 00012 5" [18] kyp | 1.7x10°M~'s™!
more, although we have used a mass-action deterministic kv.7z | 0055 ky- | 00175
approach in the construction of our model ODEs, the chemi-_F=.7x | 005 5:1 kot ”Xl?ﬁl M7isT!
cal reaction network formalism is easily adopted to stotibas borr | 0055 ——— Foo | 00175
. . . ! . kEs1+ 1.7x10° M~ "s L, 800 bp
simulation should the size of the reaction volumes of irgere -
K . kps1— 4.3x107% s7 " [22] L, 800 bp
be decreased as to require it. Fmszr | L7x100 M~ 15T Vix | 3bps 1 [25]
kpsa— | 1.2x1072% s7! [22] Vrr 2 bps~! [25]
APPENDIX kx 1.7x10° M~ 1s™! [Rlot | 1500 nM [26]
x_ 350 st [Elot | 100 nM [19]
A. Methods kvr | L7x10°M 15! (St | 30 nM [19]
Preparation of the cell-free TX-TL system was described __*¥- | 5005 [Who | 20M
previously [18], [19]. We used the reporter gene deGFP, a
variant of eGFP more translatable in the cell-free toolbox.
ACKNOWLEDGMENT

The transcriptional repressdetR was expressed from a
Priaco_1 regulatory part, composed of a strong promoter We thank Z. Sun and C. Hayes for help with the cell-
specific too™® flanked with twolac operators. Sigma factor free experiments, J. Kim and E. Yeung for many useful
F (02®), the secondary sigma factor used in the circuits, wadiscussions, and J. B. Lucks for the untranslated gene
expressed from a OR2-OR1-Pr regulatory part, a strong proenstruct. This work is supported by the Institute for Col-
moter specific tar™® flanked with two lambda Cl operators. laborative Biotechnologies through grant W911NF-09-0001
The untranslated RNA gene used is an RNA-based transcrijpom the U.S. Army Research Office, and the DARPA Living
tional regulator expressed off plasmid pAPA1256 from [24]Foundries Program under Contract HR0011-12-C-0065. The
Data were collected over two separate experimental rumentent of the information does not necessarily reflect the



position or the policy of the Government, and no official14] C. Tan, P. Marguet, and L. You, “Emergent bistability bygeowth-
endorsement should be inferred.

(1]
(2]

K]

(4]

(5]

(6]
(7]

(8]

(9]

[10]

[11]

[12]

[13]

REFERENCES

S. A. Benner and A. M. Sismour, “Synthetic biolog\Nat Rev Genet,
vol. 6, no. 7, pp. 533-543, Jul. 2005.

M. Kaern, W. J. Blake, and J. J. Collins, “The engineerbfggene
regulatory networks.”Annu Rev Biomed Eng, vol. 5, pp. 179-206,
2003.

R. McDaniel and R. Weiss, “Advances in synthetic biology the
path from prototypes to applicationsCurr Opin Biotechnol, vol. 16,
no. 4, pp. 476-483, Aug. 2005.

C. J. Bashor, A. A. Horwitz, S. G. Peisajovich, and W. A.nii
“Rewiring cells: synthetic biology as a tool to interrogate orga-
nizational principles of living systemsAnnu Rev Biophys, vol. 39,
pp. 515-537, Jun. 2010.

D. T. Gillespie, “The chemical Langevin equatiod,Chem Phys, vol.
113, p. 297, 2000.

H. de Jong, “Modeling and simulation of genetic regulgteystems:
a literature review,"J Comput Biol, vol. 9, no. 1, pp. 67-103, 2002.
A. Polynikis, S. Hogan, and M. di Bernardo, “Comparingfeitnt
ODE modelling approaches for gene regulatory networlisTheor
Biol, Aug. 2009.

S. Jayanthi and D. Del Vecchio, “Tuning Genetic Clocks Hogmg
DNA Binding Sites,”PLoS ONE, 2012.

N. A. Cookson, W. H. Mather, T. Danino, O. MondiagPalomino,
R. J. Williams, L. S. Tsimring, and J. Hasty, “Queueing up forzyen
matic processing: correlated signaling through coupledatigion.”
Mol Syst Biol, vol. 7, p. 561, 2011.

W. H. Mather, N. A. Cookson, J. Hasty, L. S. Tsimring, and R
Williams, “Correlation resonance generated by coupled evatic
processing.’Biophys J, vol. 99, no. 10, pp. 3172-3181, Nov. 2010.
Y. Rondelez, “Competition for Catalytic Resources Adtdiological

Network Dynamics,Phys Rev Lett, vol. 108, no. 1, p. 018102, 2012.

E. Yeung, J. Kim, Y. Yuan, J. Gongalves, and R. M. Murr&yuan-
tifying Crosstalk in Biochemical Systems31st IEEE Conference on
Decision and Control (CDC), 2012 (accepted).

P. Marguet, Y. Tanouchi, E. Spitz, C. Smith, and L. Youst@ations
by minimal bacterial suicide circuits reveal hidden facetshoft-
circuit physiology,”PLoS ONE, vol. 5, no. 7, p. e11909, 2010.

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

modulating positive feedback circuitNat Chem Bioal, vol. 5, no. 11,
pp. 842-848, Nov. 2009.

V. Noireaux, R. Bar-Ziv, and A. Libchaber, “Principlesf cell-free
genetic circuit assemblyProc Natl Acad Sci USA, vol. 100, no. 22,
pp. 12672-12677, Oct. 2003.

A. J. Hockenberry and M. C. Jewett, “Synthetic in vitiiecaits.” Curr
Opin Chem Biol, vol. 16, no. 3-4, pp. 253-259, Aug. 2012.

C. E. Hodgman and M. C. Jewett, “Cell-free synthetic ogy:
thinking outside the cell.Metabolic Engineering, vol. 14, no. 3, pp.
261-269, May 2012.

J. Shin and V. Noireaux, “Efficient cell-free expressiavith the
endogenous E. Coli RNA polymerase and sigma factor J0Biol
Eng, vol. 4, p. 8, 2010.

——, “An E. coli Cell-Free Expression Toolbox: Appli¢ah to
Synthetic Gene Circuits and Atrtificial CellsXCS Synth. Bial., vol. 1,
no. 1, pp. 29-41, Jan. 2012.

M. Mathews, N. Sonenberg, and J. HershBygnsational Control in
Biology And Medicine, ser. Cold Spring Harbor Monograph Series.
Cold Spring Harbor Laboratory Press, 2007. [Online]. Asblé:
http://books.google.com/books?id=FHO8DpwC

A. Farewell, K. Kvint, and T. Nystim, “Negative regulation by RpoS:
a case of sigma factor competitioniviol Microbiol, vol. 29, no. 4,
pp. 1039-1051, Aug. 1998.

H. Maeda, N. Fujita, and A. Ishihama, “Competition amongese
Escherichia coli sigma subunits: relative binding affirstte the core
RNA polymerase.’Nucleic Acids Res, vol. 28, no. 18, pp. 3497-3503,
Sep. 2000.

S. Osterberg, T. del Peso-Santos, and V. Shingler, “Regulatib
alternative sigma factor usefnnu Rev Microbiol, vol. 65, pp. 37-55,
2011.

J. B. Lucks, L. Qi, V. K. Mutalik, D. Wang, and A. P. ArkirfVer-
satile RNA-sensing transcriptional regulators for engiieg genetic
networks.”Proc Natl Acad Sci USA, vol. 108, no. 21, pp. 8617-8622,
May 2011.

E. Karzbrun, J. Shin, R. H. Bar-Ziv, and V. Noireaux, ‘@ee-grained
dynamics of protein synthesis in a cell-free systehi/s Rev Lett,
vol. 106, no. 4, p. 048104, Jan. 2011.

K. A. Underwood, J. R. Swartz, and J. D. Puglisi, “Qutative
polysome analysis identifies limitations in bacterial cedlef protein
synthesis,"Biotechnol Bioeng, vol. 91, no. 4, pp. 425-435, 2005.



