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ABSTRACT

Understanding and designing of systems-level behaviours such as pulse dynamics is an impor-
tant task in systems and synthetic biology. Pulse dynamics appears in multiple instances in
biology, from the molecular scale of gene regulation to the population scale of ecology and
epidemiology. In synthetic biology, these dynamical behaviours are implemented by circuits
of interacting biomolecules. Significant advances have been made to understand the underly-
ing dynamical principles, especially in natural biological systems, and to implement these key
properties, such as robustness towards changes in the environmental conditions, in synthetically
designed circuits. Further, understanding design constraints have been helpful in predicting
achievable performance in the synthetic circuits. However, the design issues to achieve the
desired behaviour in a biomolecular circuit with pulse dynamics are relatively unclear. To ad-
dress these, we used a combination of mathematical models and experimental measurements of
a pulse-generating biomolecular circuit. We used the incoherent feedforward loop as an example
of a pulse-generating biomolecular circuit. In this context, we investigated three design aspects
— the underlying mechanism of the pulse, the constraints in the achievable performance of the
pulse, and the robustness of the pulse towards the environmental variable of temperature. We
found that non-normality, which constrains the output solution to evolve as a difference of expo-
nentials, could facilitate pulsing in an incoherent feedforward loop. Based on this, we developed
frameworks to quantitate pulse behaviours, to screen pulse behaviours in arbitrary networks,
and to design pulses adhering to given specifications. We examined the constraints, specifi-
cally the co-variation of amplitude and timescale, in a pulse experimentally, and found that
larger amplitude pulses had slower rise time. We characterized these trends in computational
models and discussed the experimental results in the context of the mathematical models. We
assessed the extent of robustness in a pulse to the perturbation of temperature experimentally

and found that the change in the amplitude and the timescale of the pulse depended upon the



temperature and might relate to the change in the growth rate of the host cell. We noted that
the matching temperature dependencies of the parameters in the mathematical model could
cancel each other’s effect and exhibit overall temperature robustness. Further, we developed
a control-theoretic framework using contraction theory and finite-time Lyapunov exponents to
enhance robustness to temperature in a biomolecular circuit and validated this framework using
computational models. Overall, this investigation should facilitate the analysis and the design

of systems-level dynamics in biology.
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- EoI eYagR 519 Yol SIS hl FHAAT 3R FSSiTs el [aFery AR FHA sl
el & Toh FgcaqUT A §| ToH SAATAFH Siig [l & &g 3eeol & Yehe i g,
ST RAfATAT & 3moTiae dAT O Jot aiRfEAfad 3R AgERy R & Jeaaeas
AT Teh| HTEAA S faaTe #, 31 arfciiiel sagRi &l WER SRATIFIeH & Fihe garT
Frlifead fRaT ST g1 3dfifed aifaeler feuidr #F gose & fav, @Ay &0 & wpfas
Sifaes gomforat &, AR wa@ quil, S o gaTeroi aRfEufadt & aRads & gia #ere,
H FHEA T @ BoEa Fr v e F an) w0 & v Agcaqel yerfa #r S § o
S8 3TelTaTl, f3olsel 1 St & FASHT HTAA Alhe TR H HfasFaol wd #
HEGIR T@T &1 Blelileh, ToH STAFH & HIY SATFIeR Hiche H Al chagR
ued el & AT Sos & Hed VeThd 3TTse g1 Fog Hald e & fav, gaa
O AlSel & AT 3N Ueh ToH-SToR (9T SAHATTIeR Hiche & FARMcHS AT
39T fhaT| §HA Ted-STeR T aRATTge] Hidhe & 3aeY0T & ®9 # 3HTd HIshRas
T F 39T fRaT| 5 HeeT A, g A fEase wgelst Y Jra f - dew A siafifea
9, 9o & UItd el 19T SPdgR & 141U, 3R digaA & 99aiond @) & 9 Jod
I A | §HA TN o ATA-AATAEN, ST 3M3eYe FATTT HT Taquleicihod & 3 &
T # AfAd el & AU aifthd el §, U 31EIT BIShRES ofd # Yog & giaer
el X Thdl &l 3T% MR R, §Hd Tod TdgR I A AUiRa & & v,
HAATA Acdsh H Tod STAER Pl Thlel ol & foig, IR feu v Ffadart & aree &
grel grall ol 33TSeT el & folv TRAET ARAT Frl gAT JA9cAS 9 & Teh Jod &
aTen3i, 9w & ¥ 3 AR GHT & Aqg-fAeaar fr S H, 3R grr 5 93 3w
arel el & el gefr T GHT ATl gHA REGLUAS Alsel H gl Fgadl Hr faQwar
garg 3R 0T Alze & Tl F TAeNcAs IRUMAT W T HT| g7 JA9cHAS &
¥ AUA $T 598" & TIT Th Tod H FASTAT I HAT HT HTeheled fhar AR arm f&
el & HREH IR FAT H IR AA ) IR A § 3R ASEs I H gefy
X A qRadd ¥ TEfd & Iohdr g1 g e Far & afodr Aflsa & Amuest 6
fAee AT fRar Ueh gal & 9T & g A Fehdl § 3N THIT ATGAT Hatech
Tefid & Hehcll §1 $HE 3eTTal, §HA TRAATFeR Hihe H dTIATT T AN T TG
& forw depeer Reuia 3R IRAT-THT Agelg gfadieshi 1 39T e Teh fHAIT0T-
eunfder arar f[aefid fhar 3R FFcgesa Alse &l 3TANET & 38 i Al A
fohar| o AR, 3@ S A Sha =T & AecH-valdrg arfaehr & fagevor AR fSege
1 giawm A @Rl
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