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Abstract

In this work, we present modeling and experimental characterization of the mini-
mum time needed for flipping of a DNA substrate by a two-integrase event detector.
The event detector logic differentiates the temporal order of two chemical inducers. We
find that bundling biological rate parameters (transcription, translation, DNA search-
ing, DNA flipping) into only a few rate constants in a stochastic model is sufficient to
accurately predict final DNA states. We show, through time course data in F.coli, that
these modeling predictions are reproduced in vivo. We believe this model validation is

critical for using integrase-based systems in larger circuits.
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Figure 1: Serine integrase mechanism of action. The integrase monomers bind to the attB
and attP recognition sites, forming two cutting dimers. These dimers then form a tetramer
and the DNA is subsequently digested, flipped and rotated.

Introduction

The large serine-type phage integrases (Figure 1) are a class of tetrametric enzymes used
by phages to integrate viral DNA into host bacterial chromosomes (7). They are closely
related to tyrosine integrases such as Cre and Flp, but have the additional advantage of
being strongly directional. Serine integrases recognize flanking DNA binding domains (attB,
attP) and subsequently digest, rotate, and re-ligate the DNA between the recognition sites.
Their directionality and relatively short recognition sites (40-50bp) make them attractive
options for genome editing and synthetic circuits.

In 2009, Friedland et al. pioneered the use of serine integrases for sequential counting of
single inducer pulses (2). They showed that the circuit responded to 8 hr pulses of arabinose

(with 8 hrs of no inducer), and the final output, GFP, was only expressed upon detection of
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three sequential pulses. In 2012, Bonnet et al. demonstrated a reversible integrase memory
module using the integrase Bxb1 and its cofactor Xis that binds onto the enzyme and reverses
the directionality (). Similar cofactors have also been found for ¢C31 (/). Following that
work, Siuti et al. (5) and Bonnet et al. (6) independently then both used systems of two
integrases to compose multiple logic gates. Siuti et al. used Bxbl and ¢C31 to compose
16 logic gates, while Bonnet et al. used Bxbl and TP901-1 to demonstrate a set of 8 logic
gates.

In the same 2009 work, Friedland et al. (2) also demonstrated the used of their integrase
event counter system for the detection of three sequential pulses of three different inducers.
The output, GFP, would only be expressed if the inducers were introduced in the correct
order.

Recently, Yang et al. identified a set of 11 previously uncharacterized orthogonal inte-
grases (7). Their fastest integrase, int8, had a two-hour activation time. This new library
of integrases opens up the possibilities of integrase-based circuits.

We would like to build upon this previous work by incorporating the integrase-based
memory module into a larger event detector system. This work discusses the initial charac-
terization and modeling of the system. Specifically, we have designed an A then B logic gate
and analyzed the response time as well as required separation time of A and B for maximum

response.

Stochastic model of integrase flipping

First we implemented our event detector logic design into a stochastic model (Figure 2).
The model has six species - the four possible DNA states, and the two integrases, intA and
intB. The four possible DNA states are: the original state, the intB excision state, the intA
single flip state, and the A then B double flip state. Once a DNA cassette has flipped into

any of the states other than the original state, there is no reverse process. The logic gate
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Figure 2: Stochastic model of integrase mediated DNA flipping. The four possible DNA
states, illustrated as a Markov chain. All the DNA starts in state [X].Note that none of
the processes are reversible. The propensity functions, agq, as, andas, are dependent on the
concentration of the two integrases and the rate constant for DNA flipping, Kgip.

is designed such that if integrase B is expressed prior to integrase A, the DNA cassette is
excised and the chain reaches a dead end (state B first). The desired result is for the DNA
to first go to state A, then state A then B.

Since the target DNA cassette is chromosomally integrated into the cell, each cell only
has one copy. In order to replicate this in silico, each simulation of the system only has one
copy of DNA that can be flipped ([X], = 1).

This model combines the rates transcription and translation of the integrases into a single
production rate constant, kpoq, and set to 1 (um?®- hr)~!, where the estimated volume of a

3. The integrase degradation rate constant, kqeg, is set to 0.1 hr~t. Any

single cell is 1um
individual integrase, once produced, will need to search for the DNA binding site, bind to
the DNA, tetramerize, then digest, rotate, and ligate the DNA. We have combined all of
those rates into a single rate constant, kg, and that is also set at 1 hr~!. The production,
degradation, and flipping rates are the same for integrases A and B. The propensity functions
are dependent on the concentration of the two integrases and the rate constant for DNA
flipping, kaip-

Using the Gillespie stochastic simulation algorithm(8) to simulate individual cells in a
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Figure 3: Effect of inducer separation time and final cell population states. Simulations for
separation times of 0, 1, 2, and 5 hours between inducer A (¢ = Oh) and inducer B (t = ATh)
are shown.

population (n = 1000), we can look at population states over time (Figure 3) as a function
of 0, 1, 2, and 5 hour separation time between the addition of inducer A and inducer B. We
assume that each cell only has one DNA cassette that can be flipped. Inducer A is always
added at t = Oh, and inducer B is added at time t = AT h. We see that when A and B are
added simultaneously the number of cells in the B excision state is equal to the number of
cells in the A then B state. With a separation time of 1 hour, we see a 25/75% split between
the B first and A then B states, respectively. With a AT of two hours, that split widens to
10/90%, and with AT of five hours, nearly 100% of all the cells are in the desired A then B
state.

We can then simulate an experiment in which we test the effect of AT from 0 to 10
hours. We would like to focus on the final fraction of cells in the A then B state, the rate at
which the circuit responds to inducer input, and the minimum time required to get 90 % of
population in one state. Figure 4A,B shows the superimposed timecourse results of just the
cells in the A then B state over a range of AT = 0 — 10 hours. In Figure 4A, we see cells
that have been exposed to the A then B sequence of inducers - Just as we observed before,
the simultaneous addition of both inducers results in only 50% of the final population in the
A then B state. As AT increases, so does the fraction of cells.

Figure 4B shows cells that are exposed to a B then A sequence of events. In this case

inducer B is added at t = Oh, and inducer A is added at ¢t = 0 + AT. Here we see the
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Figure 4: Staggered inducer separation times. A) Cells that see the inducer order A then
B see increasing output as separation time increases. B) Cells that see the inducer order B
then A see decreasing output as separation time increases. C) A summary of final number
of cells in the A then B state as a function of separation time.

opposite trend as Figure 4A, with the number of cells in the A then B state decreasing as
inducer A is added later.

Figure 4C shows the final number of cells from panels Fig. 4A and Fig.4B. We see that
a minimum four hour separation time is needed to have at least 90% of the population

detecting the same result.

Experimental results

The inducer separation experiment was conducted for AT = 0 — 9h. GFP expression repre-
sents successful DNA flipping into the A then B state. In Figure 5 we see a distinct curves
arise with the addition of inducer B at ¢t = AT. The curves have been normalized to the
background fluorescence of a non-induced control. Notably, we see some amount of leaky
GFP expression in the A only and B only cases - This indicates some amount of background
leaky expression of both of the integrases. Figure 5A shows the increase in GFP expression
with increased separation time - AT > 4h is sufficient for maximum expression. Addition-
ally, the circuit continued to respond well past the final induction time of 9 hours, reaching

the same steady state after 30 hours.
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Figure 5: Experimental results for staggered inducer separation times. A) Cells that see the
inducer order A then B see increasing output as separation time increases. B) Cells that
see the inducer order B then A see decreasing output as separation time increases. C) A
summary of final number of cells in the A then B state as a function of separation time.

In Figure 5B, we see cells that have been exposed to a B then A sequence of events. We
see that maximum GFP expression occurs when both inducers are added at the same time,
then, as cells are exposed to only B for longer periods of time, steady state GFP expression
drops. Figure 5C summarizes the final steady state GFP expression based on the event order
that the cells are exposed. For complete population switching, four hours is needed, but even

within two hours, the population reaches 60% of the maximum expression.
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Figure 6: Alignment of output curves by time of second inducer. A) Aligned simulation
results show that the slopes do not align for the lower separation times. B) Experimental
data reproduces these trends. C) A zoomed in view of the experimental data shows the
clear separation based on AT as well as the overlap once the AT has reached the minimum
separation time of 4 hours.



In Figure 6, the curves for the A then B event sequence have been aligned to the time
at which inducer B is added. This will allow for slope comparison, which is a proxy of how
quickly cells are transitioning into the A then B state. In Figure 6A, the simulation shows
that we should not expect the slopes to be the same. In the case where the two inducers are
added simultaneously, it takes longer for cells to transition to the A then B state because
they first need to go to the A only state. As AT increases, there is a greater buildup of cells
in the A only state, so that they can immediately be converted into the A then B state when
inducer B is added. Figure 6B shows the same in vivo data with all of the curves aligned to
the time of inducer B induction, and indeed we see that only the slopes of AT > 4 hours line
up - separation times less than four hours result in lesser GFP production slopes. Figure
6C shows a zoomed-in view of Figure 6B, and we can see that all of the cultures start to

produce GFP within 1 hour of B induction, but produce it at varying rates.

Conclusion

In this brief technical report, we have investigated the kinetics of an integrase-mediated two
input event detector. We have determined that the minimum separation time for maximum
population output is 4 hours and that GFP production (as a product of integrase transcrip-
tion/translation/flipping) begins immediately after induction. These initial tests measure
bulk fluorescence, but flow cytometry will determine the fraction of the population that is
actually expressing GFP. Additionally, further studies will be done to determine minimum

pulse duration - previous studies have suggested 15 minutes is sufficient (6).

Materials and Methods

The DNA logic cassette was chromosomally integrated into a strain of DH5a-Z1 FE.coli cells
(9) and grown in MOCA media. Arabinose and aTc were used as inducers A and B, respec-

tively.



The Gillespie SSA was implemented in MATLAB and simulated 1000 times.
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