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ABSTRACT: Transcriptional interference (TI) has been
shown to regulate gene expression at the DNA level via
different molecular mechanisms. The obstacles present on the
DNA that a transcribing RNA polymerase might encounter,
for example, a DNA-bound protein or another RNA
polymerase, can result in TI causing termination of tran-
scription, thus reducing gene expression. However, the
potential of TI as a new strategy to engineer complex gene
expression modules has not been fully explored yet. Here we
created a series of two-input genetic devices that use the
presence of a roadblocking protein to control gene expression
and analyzed their behaviors using both experimental and
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mathematical modeling approaches. We explored how multiple characteristics affect the response of genetic devices engineered
to act like either AND, OR, or single input logic gates. We show that the dissociation constant of the roadblocking protein,
inducer activation of promoter and operator sites, and distance between tandem promoters tune gate behavior. This work
highlights the potential of rationally creating different types of genetic responses using the same transcription factors in subtly

different genetic architectures.
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E ngineering bacteria to perform industrially and clinically
useful tasks requires the implementation of sophisticated
artificial gene regulation programs.’ The size and complexity of
these programs have been shown to induce several design
challenges, including varying construct performance in differ-
ent hosts,” " the propagation of noise through cascading
repressors,” and cross-talk between genetic parts.”” Thus, in
order to be able to engineer gene expression in an efficient and
sophisticated manner, new genetic devices with minimal size,
that is, a low DNA footprint, are required. Here we study how
similar transcription factor recognition sequences with a similar
DNA footprint can lead to diverse logic gate behaviors.
Transcription factors bind to specific DNA recognition
sequences to regulate RNA polymerase (RNAP) activity by
either recruiting it to promoter sites (activators) or blocking its
binding to the DNA (repressors). Additionally, traffic of
RNAPs can be controlled during transcription by the presence
of “obstacles”, that is, DNA-binding proteins and other
RNAPs, usually causing the transcriptional process to
prematurely end, decreasing gene expression. This second
layer of regulation is a mode of transcriptional interference
(TD)® and is present at different extents in a variety of
organisms comprising the three domains of life.” "> The
presence of TI in a multitude of organisms and its potential to
create higher-order gene regulation' ™" has brought interest in
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Here we propose that TI can be rationally engineered to
obtain complex gene regulation functions. If the DNA to be
transcribed is free of obstacles, transcription can proceed
freely. However, if an obstacle to transcription is deliberately
placed downstream of a promoter region, the RNAP traffic can
be regulated by the controlled presence and absence of such an
obstacle. In this transcriptional context, we refer to an obstacle
as (i) a DNA-binding protein obstructing transcription from an
upstream RNAP, and (ii) an RNAP initiating at or originated
from a downstream sense promoter (Figure la). For
constitutive promoters, only the latter case occurs; however,
inducible promoters can be understood as a conditionally
activated combination of both obstacles. Since these obstacles
can lead to TI, hereafter we refer to them as transcriptional
interference modules (TIMs).

Depending on which TIM the transcribing RNAP elongating
complexes (ECs) encounter, different TI mechanisms may
occur: (i) roadblock, in which the presence of a DNA-bound
protein impede the progression of ECs (Figure 1a);*"** (i)
sitting duck interference, which is the unbinding of a
promoter-bound RNAP. This can also be caused by the
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Figure 1. AND behavior can be created by placing a TIM composed of a strong roadblock downstream of an inducible promoter. (a) Transcribing
ECs, shown with an associated nascent RNA, can be intercepted by the presence of an obstacle bound to the downstream DNA. A transcription
factor bound to the DNA causes roadblock, causing an elongating RNAP to stall and eventually terminate transcription.”> During sitting duck
interference, an EC collides with an initiating RNAP (sitting duck) at a downstream promoter, typically resulting in the removal of the “sitting
duck” RNAP.'® (b) A transcriptional interference module (TIM) downstream from an inducible promoter can be used to engineer TI-based
genetic devices. Shown are the two types of TIMs used in this study. (c) Schematic showing how aTc and IPTG act as inputs of a genetic device
designed to act as an AND logic gate the output of which is GFP. Gene expression is only highly activated when both inducers are present and is
reduced to intermediate levels when only aTc is present due to the roadblock caused by bound Lacl. The truth table for an AND gate is inserted in
the plot. The asterisk () indicates significant difference with the rest of the conditions (Mann—Whitney U test, p-value < 0.05).

movement of a tandem (Figure la) or convergent EC;23 (iii)
occlusion, which can be caused by an upstream tandem
promoter or a downstream convergent promoter, is the process
by which an RNAP is prevented from binding to a promoter
due to the presence of an EC in that promoter region;.”*™’
and (iv) head-on collision,"*'>'7!%?% occurring between two
ECs moving in opposite directions, in which case either one or
both ECs are susceptible to fall off the DNA.”” This study will
focus on engineering the TI mechanisms of (i) roadblock and
(i) sitting duck interference.

The combination of an inducible promoter with different
downstream TIMs can lead to diverse gene expression
patterns. Therefore, genetic devices with multiple inputs can
be created to control the production of a protein, which is
considered the output of the device (Figure 1b). Here we focus
on two-input logic gates. We show that a genetic device
composed of an inducible promoter followed by a downstream
roadblock site can perform AND logic, while a device with a
similar architecture in which transcriptional activity is provided
to the downstream TIM (thus transforming it into an inducible
promoter) can exhibit OR logic. In this work, we present a
series of two-input genetic devices designed with the aim of
understanding and exploiting more complex ways of
controlling RNAP traffic. We explore how the positioning
and recognition sequence of the TIMs affect both gene
expression and logic gate performance and develop mathe-
matical models representing these constructs to validate and
predict construct behavior. We demonstrate how the behavior
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of the genetic devices can be modified in a predictable manner
by tuning biological parameters such as the dissociation
constant of the roadblocking protein, activation of promoter
and operator sites by their chemical inducers, and the distance
between the two modules. Taken together, our results
demonstrate the diverse gene expression profiles that are
possible through rationally engineering simple genetic
architectures.

B RESULTS

Creation of AND Logic Using a Downstream Lacl
Roadblock Site. We first anticipated that a TIM composed of
a roadblocking protein downstream of an inducible promoter
would behave as a two-input AND gate. Thus, we designed
construct pAE_LGO1 (Supplementary Table S1) consisting of
a pTet promoter followed by the native Lacl binding site
(LacO) located 47 bp downstream. LacO is composed of two
O, sites separated by a 6 bp spacer sequence (Figure 1b,
Supplementary Table S1).>° Transcriptional activity of pTet is
controlled by the presence of aTc, which prevents the binding
of repressor TetR to the DNA. The extent of successful
transcription can then be further controlled by the magnitude
of roadblock at the downstream TIM caused by the presence
of the Lacl repressor, which has been observed to greatly
reduce transcription both in vitro and in vivo.”"””" Therefore,
the transcriptional activity can also be controlled by the level of
IPTG in the system, which binds to Lacl and impedes its
binding to the DNA. This construct is expected to minimally
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Figure 2. Switching from AND gate behavior to Single Input aTc Gate behavior as the dissociation constant of Lacl increases. (a) Mutations to the
LacO site changes Lacl dissociation constant, Kp, and tunes the extent of RNAP readthrough. Small Lacl dissociation constant values produce a
strong roadblock, which may lead to ECs falling off the DNA, stopping transcription (dashed arrow). With increasing Lacl Ky, values, Lacl is
dislodged in a greater extent from the DNA and transcription continues (plain arrow). (b) GFP expression profiles for constructs with different
Lacl Kp, at each of the four possible inducer combinations. Lighter filling indicates a better AND behavior, measured by the value of d,o. The
asterisk () indicates significant differences for the aTc+IPTG construct with respect to the other conditions (Mann—Whitney U test, p-value
<0.05). (c) Triangle plot showing the gate behaviors of AND constructs with different Lacl Ky, values. The plot shows dynamic range, r; the
asymmetry, g, i.e., the responsiveness of the device to each input; and the logic type, ], i.e.,, whether one, two, or three input combinations result in
the output being ON. For a pure AND gate, [ = 1 and a = 0. The designed constructs lie in the AND-aTc gate diagonal. Constructs were closer to
the aTc gate vertex when Lacl Ky, was high, and closer to the AND vertex when Lacl Ky, was low. Full circles belong to the OR-AND-aTc space
(GFP,,; > GFP,r. > GFPpprg > GFPy,,). Half circles belong to the (a)I(I)-AND-aTc space (GFP,,; > GFP,;. > GFPp, > GFPprc). (d)
Fractional readthrough is a function of Lacl Kp, for values > ~0.03 pM.

activate gene expression when only aTc is added while not of transcription (Figure lc, middle top). As expected,
responding to IPTG addition unless it is in combination with pAE_LGO1 had a 10-fold increase in GFP expression only

aTc (Supplementary Figures S11-S18). Therefore the when both aTc and IPTG were added to the cells (Figure I,
construct is expected to behave as an AND gate and produce

high levels of GFP expression as its output only when both aTc

and IPTG are present. fol . .
To express GEP, RNAPs need to be able to bind to pTet bound Lacl caused a 5.2-fold decrease in GFP expression due

and freely transcribe through the roadblocking LacO site to roadblock. This demonstrates that AND logic can be
without being roadblocked by Lacl (Figure lc, bottom). created by placing a roadblock site downstream of an inducible
Whereas if only aTc is present, Lacl will impede the progress promoter.

bottom). However, in the presence of aTc only, expression
increased just 1.9-fold (Figure lc, middle top). Therefore,
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Figure 3. Optimization of AND gate behavior. (a) Heat maps of logic gate analysis parameters for varying aTc and IPTG inducer concentrations
for two AND constructs—pAE_LG02, which has a low K, value and pAE_LG04, which has a high K, (b) Triangle plots for pAE_LGO02 (top)
and pAE_LGO04 (bottom) showing trends in gate behavior with changing IPTG (left) and aTc (right). All data points resulting from combinations
of four inducer levels belonged to the OR-AND-aTc space for pAE_LGO02 while for pAE_LGO04 they belonged to one of the following spaces:
(a)I(I)-AND-aTc, OR-AND-aTc, OR-(a)N(I)-aT¢, or (I)I(a)-(a)N(I)-aTc ((a)N(I) means (aTc)NIMPLY(IPTG)), which shares the aTc gate
behavior at I = 0.5 and a = 1. (c) Triangle plot for all eight AND constructs at different aTc and IPTG combinations. The observed logic parameter
spaces were a(I)I-AND-aTc, OR-AND-aTc, OR-AND-IPTG, OR-(a)N(I)-aTc, or (I)I(a)-(a)N(I)-aTc. (d) AND behaviors for each construct at
conditions that minimize d;,. The asterisk (x) indicates significant differences in the aTc+IPTG condition with respect to the other inducer

combinations shown. (Mann—Whitney U test, p-value <0.0S).

Point Mutations in the LacO Site Tune the Extent of
Roadblock Repression Caused by Lacl, Changing Logic
Behavior. We hypothesized that in order to achieve good
AND behavior, the roadblock interference needs to be strong,
that is, most RNAPs must not be able to read through it
(Figure 2a, top). Conversely, if the roadblock strength is low,
RNAPs will read through it (Figure 2a, bottom). To test this

2431

hypothesis, we created a library of constructs with one
mutation in each of the O; sites of LacO that modifies the
dissociation constant, Kp, of Lacl (Figure 2a, Supplementary
Table S1).** Lacl Ky, values ranged from 0.0092 to 2.34 pM.
We measured the GFP expression of these constructs at the
following four possible inducer combinations—no inducers,
aTc only (50 ng/mL), IPTG only (1 mM), and aTc+IPTG.
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Expression was always the highest when both aTc and IPTG
were present and lowest at the basal and IPTG only conditions
(Figure 2b). We observed increases in GFP expression ranging
from 3.2- to 45-fold at the aTc+IPTG condition compared to
the basal condition across the constructs. We evaluated mRNA
secondary structure and folding energetics for each construct
using the RBS Calculator” and did not find any correlation
with observed GFP fluorescence. As anticipated, when cells
were induced only with aTc, intermediate levels of gene
expression ranging from 1.9- to 19-fold, with respect to the
basal condition, were observed (Figure 2b).

We then characterized the logic behavior of these constructs
using a model previously developed by Cox et al.** The model
quantifies the dynamic range in expression, r; the asymmetry,
a, that is, the relative responsiveness of the device to each
input; and the logic type, ], that is, whether one, two, or three
input combinations result in the output being ON. For the
constructs presented here, we observed behaviors ranging from
asymmetric AND gate to Single Input aTc Gate (Figure 2b,c).
We have also represented these results in Figure 2b by color-
coding the GFP expression profile of each construct with the
calculated Euclidian distance from the logic (/) and asymmetry
(a) values obtained for each construct to the perfect AND gate
(=1, a =0). This distance, d,, is dependent on [ and 4, and is
a measure of the deviation from pure AND behavior (eq S,
Methods), with higher values indicating a greater deviation
from AND gate behavior. Graphically, this parameter d,
represents the distance of a particular gate from the bottom
right vertex of a triangle plot, which corresponds to pure AND
behavior (I = 1, a = 0) (Figure 2c). In general, better AND
behavior is obtained when Lacl Kp is small, whereas the
behavior tends to resemble an aTc gate (I = 0.5, a = 1) as Lacl
Kp becomes larger (Figure 2b,c). This can also be observed by
looking at the difference between the GFP expression levels at
the aTc-only condition and at the aTc+IPTG condition
(Figure 2b). This difference becomes virtually negligible for
our control construct, pAE_LG04 (Supplementary Table S1),
in which two mutations in each O, sequence completely
removed Lacl binding. Therefore, pAE LG04 behaves as a
pure aTc gate.

The logic behavior of each construct is mainly determined
by the intermediate levels of GFP expression when only aTc is
present relative to the high GFP expression obtained when
both aTc and IPTG are present. In other words, as we had
hypothesized, the magnitude of the roadblock is the main
factor dictating how well each AND construct behaves. If the
roadblock caused by Lacl is weak, then the ECs originating
from pTet are able to dislodge LacI and continue transcription
downstream, ultimately producing higher levels of GFP. To
quantify the extent of successful transcription through the
downstream roadblocking Lacl site, we used eq 1:

C‘}FPaTc - GFPBasal
GFI)a+I - GFPIPTG

fractional readthrough =

(1)

When plotted against Lacl Kp,, we observed that the fractional
readthrough follows an excellent logarithmic trend (Adj. R* =
0.99) for Ky, values greater than ~0.03 pM (Figure 2d). This
data agrees with our suggested model for roadblock (Figure
2a). For Kp, values smaller than ~0.03 pM, a plateau exists in
which further decreasing K does not diminish readthrough
any further. In this scenario, the unbinding frequency of Lacl
from the DNA is so small that the possibility for either an EC
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to escape roadblock due to momentarily Lacl unbinding or for
an EC to dislodge Lacl is at its minimum. Therefore, most
encounters between an EC and Lacl result in the unbinding of
the EC from the DNA (Figure 2a, top, 2d). However, when
Lacl Ky values are high, the more frequent unbinding of LacI
from the DNA increases the chances of a certain EC to escape
the roadblock event before Lacl rebinds to the DNA, while the
dislodging of LacI upon a clash with an incoming EC is also
possible (Figure 2a, bottom). Accordingly, six constructs that
had lower K (pAE_LGO1, 02, 03, 05, 06, 13) values had a
significantly decreased GFP expression in the presence of aTc
and absence of IPTG compared to 1 mM IPTG (Mann—
Whitney U test, p-value < 0.05). The decrease in GFP
expression caused by the presence of Lacl ranged from 1.8- to
5.4-fold between constructs (Figure 2b), with the closest AND
gate behavior exhibited by the constructions with the lowest
LacI Kp. This is consistent with the fractional read through
observed as Kj, is increased (Figure 2d). The change in K, also
impacted the regulatory range (r) between constructs, which
tended to be higher at intermediate K, values. These results
show how roadblock can be engineered to downregulate gene
expression in a predictable manner.

AND Behavior Is Improved through Tuning Inducer
Concentrations. Though dynamic range is typically maxi-
mized at saturating inducer concentrations, optimal AND
behavior, quantified with d,,, does not always occur at these
conditions. We calculated d;, and the parameters that
comprise it—asymmetry, 4, and logic, [—at each set of
inducer concentrations for our library of AND constructs
(Methods, Figures S3—S10). Low Ky, (pAE_LG02) and high
Kp (pAE_LGO04) constructs experienced different inducer-
dependent expression trends. We observed that, in the case of
pAE_LGO02, d, generally decreased with high IPTG and low
aTc concentrations (Figure 3a,b). Higher pTet activation
apparently permits readthrough of the Lacl roadblock in the
absence of IPTG, and therefore high aTc concentrations
reduce AND-like behavior (increase d;y). In the case of
pAE_LGO04, the Lacl Ky, is so high that there is no clear trend
in dy, or other logic parameters with changing inducer
concentration (Figure 3a,b).

The Lacl Kp value of a construct, along with the aTc and
IPTG concentrations, influence AND behavior (Figures S3—
S10). When all combinations of inducers for each construct are
plotted, it is evident that low Ky, constructs exhibit more AND-
like behaviors at all concentrations of aTc and IPTG (Figure
3c, Figures S3—S10). When GFP expression of all the
constructs at the concentrations of aTc and IPTG that
minimize d}, are plotted, more AND-like behavior is apparent
among the constructs with Lacl Ky, values below 0.21 pM
(Figure 3d). The GFP expression patterns at these di4-
minimizing conditions offer low asymmetry—the construct
responds to both inducers equally—and high logic—there is a
clear ON state and three OFF states, corresponding to AND
behavior (Figure 3d). In the case of pAE_LGO03, for example,
this adjustment of inducer concentrations resulted in a greater
than 3-fold decrease in djy, trending toward ideal AND
behavior.

Though each of these d;;-minimizing conditions reduces the
construct’s dynamic range compared with its expression profile
at maximum aTc and IPTG concentrations (Figure 2b, 3d),
the improvement in AND behavior may in some conditions be
more useful. For example, in applications for which expression
of the protein of interest needs to be tightly restricted in OFF
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interactions at the pTet promoter and LacO operator site, with specific association constants for each protein. Transfer functions describing the
occupancy of the promoter or operator are derived using the Shea—Ackers formalism—partitioning binding events that allow transcription in the
numerator and all possible states in the denominator. These parameters are assembled into model equations describing the observed gate behaviors
and quantified using the Akaike Information Criterion (AIC), a model selection criterion that penalizes spurious parameters in the model
equations, with low AIC values indicating a better fit. We find find that, for pAE_LG02, AND + Single Input aTc gate behavior yields the best fit,
with an R? of 0.99. (b) Log-transformed GFP expression data from five different concentrations of aTc and IPTG were used to fit the model

equations.

conditions, true AND behavior may improve circuit perform-
ance. More broadly, this analysis shows that the activation of a
tandem promoter and operator site are highly dependent on
their relative strengths, and that small changes in the strength
of each part significantly change their performance in tandem.

Mathematical Modeling of RNAP Roadblock and
Development of Transfer Functions. To gain mechanistic
insights into the logic gate performance of our constructs, we
developed mathematical models that predict GFP expression
as a function of inducer concentrations (Figure 4a). We first
used the Hill equation® to derive an inducer-dependent
expression for the fraction of free transcription factor capable
of binding to the promoter or operator sites. For example, the
fraction of TetR with aTc bound is a function of the
equilibrium dissociation constant for aTc to TetR, Ky ,rcrems
the concentration of aTc, [aTc], and the Hill coefficient, m,
which was either fitted or set to a value of 2, corresponding to
the 2 molecules of aTc shown to substantially repress
TetR:DNA binding.*’

2433

[aTc]”
Kd,aTc:TetR + [aTC]m

-faTc;T -
@)
Thus, the fraction of free TetR capable of binding to TetO was

estimated as

=1 = fqer 3)

We then used the Shea—Ackers formalism®” to derive transfer
functions describing the occupancy of promoter and operator
sites (TFyrey TFih0), Wwith binding events that permit
transcription in the numerator and all possible states in the
denominator (Figure 4a). For example, TF,r,, includes RNAP
binding to the promoter (K,gnsap X [RNAP]) to initiate
transcription in the numerator, and all other possible states—
including TetR binding to one or both TetO sites on the pTet

promoter—in the denominator:

DOI: 10.1021/acssynbio.9b00321
ACS Synth. Biol. 2019, 8, 2428—2441


http://dx.doi.org/10.1021/acssynbio.9b00321

ACS Synthetic Biology

a)
aTc e IPTG & 0 ) %o aTc e IPTG & a;c 'PSG (:)R
i = 1G s 1 ol o — 1 — 1 0 1
1 l_lf_l 0 1 1 1-L3°|KDT 1 1 o 1 1
1 1 1 2. dpTetplac) 1 1 1 1
pTet pLac g pTet pLac gfo
4Tor72bp
Lacl K Lacl K,
b) > 2 Lacl Kp=2.34 pM
47 bp spacer 72 bp spacer 47 bp spacer
T ‘ I ‘ T ‘ T ‘ I — ‘ .
3 : : ' i
S ] ] 0.7
8104 =
o I 0.6
o R
g S
S10°
T 0.5
o
[T
O 102 0.4
aTc -+ -+ -+ -4+ -+ -+ -+ -+ -+ - + -+ - + ORgate
PTG- - ++ - -4+ + - -+ 4+ - - ++ - - + + - -+ +
pAE_LG15  pAE_LG23 pAE_LG26  pAE_LG21 PAE_LG25 PAE_LG27
c) d)
1.0qLacl Ko(pM) PTG r = 1.0 3
3.000 2 1
150 L
0.5l 0.606 2 0.8 . i
3 0.122 O o =l e
20.64] | 0.025 . & 0.6 i
: O« 3
£ 0.00 o -~
50.4_ _90.4- ’,* E
2 S L
S0.24 -~ 4
0.2 w :;‘ i
0.0 E
0.0 : : : : \ " T
OR0.0 02 04 06 0.8 1.0AND 0.02 0.1 1 4
Logic (/) Lacl KD (pM)

Figure S. Tandem inducible promoters generate tunable OR logic behavior. (a) If the roadblock caused by a downstream TIM formed by an
inducible promoter is strong, then SIG behavior is obtained. Thus, the device only responds to the inducer of the downstream transcription factor.
OR behavior can be improved by either increasing the dissociation constant of the roadblocking protein or by increasing the interpromoter distance
from 47 to 72 bp. (b) Constructs with different Lacl Kj, values and interpromoter distances (either 47 or 72 bp) exhibit varying logic behaviors.
Modifications of the original TIM lead to higher GFP expression in the aTc only condition, improving OR behavior. The asterisk () indicates
significant differences in the aTc+IPTG condition with respect to the other inducer combinations shown. (Mann—Whitney U test, p-value <0.05).
(c) The triangle plot shows three metrics of gate behavior: dynamic range, ; the asymmetry, g, i.e., the responsiveness of the device to each input;
and the logic type, I. OR gate is defined by, I = 0 since three inputs should be able to turn gene expression ON, while all should turn it on to the
same levels, i.e., a = 0. Constructs lay close to a line parallel to the OR-IPTG gate axis, which indicates some AND gate component. OR behavior is
improved with the increase of LacI Ky, since allowing the upstream aTc-induced pTet to readthrough the roadblock increases the contributions of
the aTc input. Empty circles, 47 bp separation; patterned circles, 72 bp separation. Note: pAE_LG27 is not represented in this plot because it
belongs to a separate logic gate parameter space (OR-AND-aTc). (d) Fractional readthrough increases with Lacl K, independently of the pTet-
pLac distance (brown, 47 bp; gray, 72 bp).

TEyr, values whenever possible (see Supporting Information, section
Mathematical Model Derivations).
= (K, znap X [RNAP])/(1 + (K, pegr X [TetR] X f, ) After comparing several model equations, we found that

model fits were improved through the addition of terms to our
model equations that describe the effects of TI—namely the
(4) relationship between the LacO association strength and
transcriptional roadblock. We quantitatively compared models
using the Akaike Information Criterion (AIC),*® a model
selection criterion that compares the goodness of each model’s
fit with respect to the number of terms in the model equation,

+ 2 X (K, re X [TetR] X f.) + K, gnap X [RNAP])

The resulting transfer functions were combined to develop
model equations (see Supporting Information AND Gate
Model Equation Derivations) that were fit to GFP expression

data for varying aTc and IPTG concentrations for each of the with lower AIC values indicating a better model (Figure 4a,
constructs described (Figure 4a). The constants and fitted Supplementary Table $24). Our three best performing models
biophysical parameters are reported in Table S22 and Figures are shown in Figure 4a. We found that our AND gate behavior
S11-S18, respectively, and were compared against literature was best captured using a model equation that consists of both
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an AND term (TF,rTFi,0) and a single-input gate term
(TFyre), as this function better describes the observed
transcriptional readthrough than a pure AND function (Figure
4a). The model was able to predict the fold change in GFP for
the entire range of aTc and IPTG concentration variations as
shown by the heat maps for construct pAE_LG02 with an R?
value of 0.99 (Figure 4b). The model also fit our other AND
constructs well, with R* values ranging from 0.97 to 1 (Figures
S11—S18). The predictive ability of this simple mathematical
model demonstrates how small sequence modifications can
reliably and significantly change AND gate behavior.

Addition of Transcriptional Activity Associated with
a Weak Roadblock to the Downstream TIM Creates OR
Logic. Transcriptional factor regulation can also result in other
Boolean behaviors. For example, adding transcriptional activity
to the LacO site, converting it to pLac promoter, will result in
tandem transcription from both the upstream pTet and the
downstream pLac. Tandem transcription has been previously
used to create OR logic;””* however, the design specifications
which enable and optimize such behavior have not yet been
investigated in depth. The output of an OR gate is ON when
either one or both of its inputs are ON, thus being only OFF
when both inputs are OFF. Here we show that OR logic is only
achieved when the roadblock created by the downstream
inducible promoter is reduced. In other words, we show that
any hypothetical pair of tandem promoters can potentially
result in OR logic by engineering the extent of roadblock by
tuning the downstream TF dissociation constant.

First, we created construct pAE LG1S5, which is charac-
terized by a pTet-pLac separation of 47 bp and a Lacl Ky
0.036 pM (Figure Sa). This construct’s behavior demonstrated
that providing the downstream TIM with transcriptional
activity is not sufficient to create OR behavior (Figure Sb,
pAE_LG1S). We use the Euclidean distance parameter dy as a
metric for OR behavior, since pure OR behavior is defined by [
=0, a = 0. Our results show that tandem transcription in this
construct did not result in OR logic. Rather, the observed
behavior for pAE LG1S, with an associated dy, = 0.76, was a
single input gate (SIG) responsive to IPTG, the inducer of the
downstream promoter, pLac (Figure Sab, left). For this
construct, the dissociation constant of Lacl is small; therefore,
Lacl has a dual role of repressing transcriptional activity of
pLac by blocking the binding of RNAP to it while also
roadblocking the upstream ECs originating from pTet; the
addition of IPTG causes the alleviation of both forms of
repression (Figure Sa, left). We then hypothesized that in
order to achieve a more OR-like behavior, the readthrough at
the downstream TIM had to be increased (Figure Sa, right),
that is, the roadblock magnitude needed to be decreased. For
the particular system presented here, this means a higher GFP
expression upon the addition of aTc only.

We took two different approaches to optimize OR behavior:
(i) we increased the separation between pTet and pLac from
47 bp to 72 bp (Figure Sa, middle), and (ii) we increased Lacl
Kp by introducing mutations in LacO. Specifically, we
increased the separation between pTet and pLac from 47 bp
to 72 bp in order to allow two stalled ECs, assuming an EC
footprint of 35 bp, to sit in front of the roadblocking protein at
the longest distance.”’ This is based on previous reports that
suggest that longer separations between the transcribing
promoter and the roadblocking site can reduce the extent of
roadblock due to RNAP cooperativity.”” The latter approach
was taken to explore whether the results previously obtained
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for AND constructs would also hold true with this new
architecture.

While keeping Lacl Kp, constant at 0.036 pM, we increased
the separation between pTet and pLac, from 47 bp
(pAE_LG1S) to 72 bp (pAE_LG21). Only a slight improve-
ment in OR behavior was observed (dy, decreased from 0.76 to
0.64, Table S7) due to a significant 1.4-fold increase in GFP
expression when only aTc was added to the cells (Figure Sb,
pAE_LGIS and pAE LG21). The increased spacing likely
allowed for an extra stalled EC in front of Lacl—that could
potentially induce RNAP cooperativity”> and reduce any
potential promoter clogging”*—only to increase readthrough
1.4-fold (Figure S2). However, no significant differences were
observed for the basal and aTc+IPTG conditions, suggesting
the cause of the change in gene expression is a reduced Lacl
roadblock interference.

We next increased Lacl Kp either ~2- or ~6-fold by
mutating the LacO region within pLac for all the constructs
(Figure 2a). In the case of the 2-fold Ky, increase, the GFP
expression at the aTc only condition increased 9.6 + 3.5-fold
and 10.0 + 3.3-fold with respect to the basal condition for 47
bp (Figure Sb, pAE_LG23) and 72 bp (Figure Sb,
pAE_LG25) separation, respectively, and remained constant
for the basal, IPTG, aTc+IPTG conditions. This improvement
in OR behavior is reflected in lower dy, values for pAE_LG23
and pAE_LG2S (Table S7) and suggests that increasing the
Kp of the downstream roadblock to allow readthrough from
the upstream promoter is necessary for more OR-like behavior.
Interestingly, this increase in Lacl K removed any effect of
increasing interpromoter spacing—the dy, values of
pAE_LG23 and pAE_LG2S are nearly identical (Figure Sb;
Table S7), reflecting the similar GFP expression profiles across
both interpromoter distances. This is an indication that the
effect of RNAP cooperativity to facilitate dislodging the
roadblock might only be effective when the dissociation
constant of the roadblocking protein at the downstream TIM is
small—that RNAP cooperation effects are only notable when
the downstream roadblock is strong.

Further increasing Lacl Ky to 0.21 pM for a pTet-pLac
separation of 47 bp led to a higher GFP expression in the basal
and aTc only conditions, compared to pAE_LG23, while not
significantly affecting the GFP levels at IPTG only or aTc
+IPTG (Figure Sb, pAE LG26). This increased basal
expression is likely due to leaky expression at pLac. Since
this construct’s gene expression was low only when both
inducers were absent and high in the other three conditions, it
closely resembles an OR gate. Accordingly, for this improved
construct, dy, showed a reduction of ~2-fold compared to our
initial attempt to create OR behavior (Figure Sb and Table S7,
pAE_LG1S and pAE_LG26). The triangle plot containing the
OR constructs similarly shows the trend toward pure OR gate
behavior with increasing Lacl K, (Figure Sc). In addition, the
difference between the lowest ON state (aTc only) and the
highest ON state (aTc+IPTG) was only 5.6 + 1.7-fold, which
is smaller than the difference between the OFF state (basal)
and the lowest ON state (aTc only).

When Lacl Kp was increased to 2.34 pM, effectively
abolishing the LacI roadblock, we observed a loss of OR
behavior (Figure Sb, pAE_LG27). This dramatic change in
behavior can be attributed to the increase in leaky transcription
in the absence of aTc and IPTG. Taken together, these results
suggest that optimal OR behavior is achieved at moderate Lacl
Kp values that permit some readthrough from the upstream
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Figure 6. Optimization of OR gate behavior. (a) Heat maps of logic gate analysis parameters for varying aTc and IPTG inducer concentrations for
two OR constructs—pAE_LG26, which exhibited best OR behavior at saturating inducer concentrations and pAE_LG27, which has a high LacI
Kp. (b) Triangle plots for pAE_LG26 (top) and pAE_LG27 (bottom) showing trends in gate behavior with changing IPTG (left) and aTc (right).
For pAE_LG26, data points resulting from combinations of four inducer levels belonged to the OR-AND-IPTG space (GFP,,; > GFPppr¢ >
GFP,1. > GFPy,,) or the OR-(I)N(a)-IPTG space (GFPyprg > GFP,,; > GFP,;. > GFPy,,). For pAE_LG27 data belonged to one of the
following spaces: (a)I(I)-(I)N(a)-IPTG, OR-(I)N(a)-IPTG, OR-AND-IPTG, OR-AND-aTc, or a(I)I-(I)N(a)-IPTG. Because of the high
expression conditions of control construct pAE_LG27 at any inducer combination, its regulatory range, r, is very small, and strictly its GFP
expression profile is not always GFP,,; > GFP, . > GFPprq > GFPy,,, thus resulting in this myriad of logic spaces. (c) Triangle plot for all six OR
constructs at different aTc and IPTG combinations. Half circles denote a 72 bp spacer. The observed logic parameter spaces except for the control
construct pAE_LG27 were OR-AND-IPTG and OR-(I)N(a)-IPTG. (d) OR behaviors for each construct at conditions that minimize dy,. The
asterisk () indicates significant differences in the aTc+IPTG condition with respect to the other inducer combinations shown. (Mann—Whitney U
test, p-value < 0.05).

promoter but effectively block leaky transcription at the
downstream TIM (Figure Sb,c).
Though it is clear that increasing Lacl K permits

the trend in fractional readthrough would follow the one
observed in our AND constructs (Figure 2d). To address this,
we also quantified the extent of readthrough for our OR gates

readthrough from the upstream pTet, it was not obvious that using eq 3. Intriguingly, a logarithmic correlation was also
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Figure 7. Mathematical models capture OR behavior. (a) Schematic showing the competing binding interactions at the pTet and pLac promoters,
with specific association constants for each binding protein. Transfer functions describing the occupancy of the promoters are derived using the
Shea—Ackers formalism—partitioning binding events that allow transcription in the numerator and all possible states in the denominator. Note
that all of the transfer functions and derivations are identical to that presented in the AND modeling in Figure 4, only the LacO transfer function,
TFy,0 has been replaced with the pLac transfer function, TF,,.. These parameters are assembled into model equations describing the observed
gate behaviors and quantified using the AIC. For pAE_LG26, a model equation describing the additive contributions from tandem promoters with
the terms ayr; and a,p, to describe the promoters’ relative contributions to GFP expression provided the best fit, with an R* of 0.95. (b) Log-
transformed GFP expression data for pAE_LG26 from five different concentrations of aTc and IPTG were used to fit the model equation with the
lowest AIC value.

observed (Figure Sd). The trend in fractional readthrough and (Figures S19—S24) except pAE_LG27, which has a very high
Lacl K, was comparable to the one observed for the AND Lacl Kp, value (K = 2.34 pM) and does not respond to IPTG
category (Supplementary Figure S2), suggesting that despite (Figures 5d, 6a).

LacI’s dual purpose in roadblock and in RNAP occlusion, Lacl On a triangle plot of pAE_LG26 at varying aTc and IPTG
Kp influences upstream RNAP readthrough in a manner conditions, OR constructs are clustered primarily by aTc
similar to that of our AND constructs. concentration, again demonstrating the importance for high
Tuning Inducer Concentrations Improves OR Gate pTet strength in its upstream position (Figure 6b). Within
Behavior. Just as the AND construct performance was each cluster, low IPTG conditions trend toward more OR-like
sensitive to the relative strength of the promoter and operator behavior, largely due to the equality of pTet and pLac strength
parts and performed best (lowest d;,) at subsaturating aTc at these conditions. Visualizing all conditions from all OR
conditions, the relative strength of the tandem promoters in constructs on a single triangle plot shows that moderate Lacl
our OR constructs can be tuned to improve OR gate Ky values show more OR-like behavior, where low Lacl K
performance. For constructs with moderately high Lacl Kp constructs trend toward IPTG single-input gate behavior

values—pAE LG26 (Kp = 0.21 pM), for instance—we find (Figure 6c).
that OR gate performance is best (dy, is lowest) at high aTc Plotting OR behaviors for each construct at conditions that
and low IPTG concentrations (Figure 6a). At these conditions, minimize dy, it is qualitatively apparent that OR behavior is
gate asymmetry is minimized since the upstream pTet requires improved at subsaturating IPTG concentrations (Figure 6d).
high activation to read through the LacI roadblock. Thus, high The best OR gate at saturating conditions, pAE LG26, is
aTc and low IPTG equalizes the relative GFP contributions improved with a reduction in dy, of 0.4 to 0.28 (Supple-
from both promoters, creating more OR-like behavior. There is mentary Table S7). Though these OR-optimal conditions
a strong trend in dy, with aTc concentration, since low pTet reduce the dynamic range compared with saturating inducer
activity with a Lacl roadblock produces a consistently low conditions (Figure 6a), the emergence of more OR-like
signal (Figure 6a). This trend is seen for all OR constructs behavior may in some cases be more important than a large
2437 DOI: 10.1021/acssynbio.9b00321
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regulatory range. Thus, this optimization of gate behaviors
should be considered alongside regulatory range when
designing dual-input logic gates.

Mathematical Modeling of OR Gate Behavior.
Modeling OR gate behavior suggests potential roadblock
effects and RNAP interactions between tandem promoters.
First, transfer functions describing promoter occupancy were
derived similarly to the transfer functions describing promoter
and operator occupancy for AND gates, though here TF g is
replaced with TF, .. to represent the change in gate
architecture (Figure 7a, Supporting Information OR Gate
Model Equation Derivations). Model equations used to fit OR
gate behavior were derived considering the relative contribu-
tions of tandem promoters (Figure 7a). Tamsir et al. had
previously used a model equation accounting for the
interference of upstream and downstream promoters (e
and aPLac) with the maximum GFP expression from that
promoter (XPTet and XpLac) and the transfer functions
describing promoter occupancy.”” We found that this model
equation adequately described our OR gates—it provided the
fit with the lowest AIC value—and fit inducer-dependent GFP
expression with an R* of 0.95 (Figure 7b). R* values for fits to
other constructs range from 0.61 to 0.98 (Figures $25—S30).

This model equation also revealed insights into potential
interference and interactions between gates (Figure 7a,b, see
also Supporting Information OR Gate Modeling Derivation,
Table S23, and Figures S25—S30). For example, the weight
term describing the relative pLac contributions, a,,, was in
general significantly higher than a,r., suggesting that the
downstream pLac promoter interferes with the upstream pTet,
either through RNAP interactions or through the Lacl
roadblock. The latter mode of interference may explain the
trend in increasing 4, with increasing Lacl Kp, values (Tables
S2 and $23); the former may explain how the construct
pAE_LG27, with a LacO Kp of 2.34 pM and high GFP
expression under basal conditions (Figure 5b), still has an ;.
value over 3-fold higher than a,r.. Additionally, that these
promoter weight values are below 1 suggests some level of
interference between the tandem promoters, since the
combined tandem promoter activities are not simply additive.

Here we have shown that OR behavior can be obtained by
fine-tuning the components of a pair of tandem promoters.
Importantly, our results suggest that mutating the DNA
recognition sequence of the transcriptional factor controlling
the activity of the downstream promoter in a set of two tandem
promoters is a more effective way to modulate TT and achieve
OR behavior than increasing the interpromoter distance.

B DISCUSSION

The presence of TI in naturally occurring systems
brought interest in the modelingls’w'25 and engineering
this regulatory phenomenon. Here, making use of two different
TIMs downstream of an inducible pTet promoter we have
been able to create AND and OR behaviors in a rational
manner. Recently, Hao et al. showed how increasing Lacl Kj
strongly increased readthrough, doing so in a more effective
manner than decreasing Lacl concentration”*—an observation
that is in agreement with our experiments—demonstrating that
tuning Lacl Kp is the most efficient way to tune roadblock.
This mechanism could also explain the observation that as Lacl
Kp was increased in the AND and OR constructs, higher GFP
expression was obtained when only aTc was added to the
system because of the higher chances of escape of the ECs

14,43—46
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through the roadblock due to the more frequent unbinding
events of the roadblocking protein. However, an alternative
mechanism could be that stalled ECs actively dislodge the
roadblocking protein.This mechanism has been shown to
dominate with strong (low Kp) roadblocks.”” Thus, it remains
unknown whether Lacl dissociation and consequent read-
through of an EC occurs via a passive mechanism (ECs are just
able to readthrough by waiting for spontaneous roadblock
unbinding) or an active mechanism (ECs promote dislodge-
ment of Lacl), or a combination of both.

In addition, our results regarding the different pTet-pLac
separations also agree with the observations of Epshtein et al.
that demonstrated how during a roadblock event the trailing
EC helps the blocked complex to read through the roadblock
site by keeping it in the active state."” Alternatively, this
increase in interpromoter distance could alleviate promoter
clogging”* over pTet, which may explain in part the increase in
readthrough of Lacl with increased interpromoter distance. We
note that the observed effects of increasing the interpromoter
distance on readthrough in our OR gates should extend to our
AND gates, because a Lacl-bound pLac and LacO are
comparable—both help reduce basal expression when the
Lacl K, is sufficiently low (Figure 2c, Sc). We note however
that interpromoter length effects on readthrough were only
observed for the S0 ng/mL aTc condition (Figure S31),
suggesting that either (i) promoter clogging was only
significant enough at high pTet activation (50 ng/mL aTc)
for the increase in interpromoter length to make any
observable difference, or (ii) the increase in interpromoter
distance from 47 to 72 bp improved RNAP cooperativity only
slightly and only did so at high pTet activation.

Using Lacl and cAMP receptor protein (CRP) to control
gene expression, Mayo et al.*” showed how point mutations in
the operator sites of each transcription factor changed the
production of GFP. Their studies focused on experimentally
demonstrating the plasticity of the input function of gene
expression. A similar approach was used by Cox et al.”* to
construct a library of activation—repression and repression—
repression promoters that ranged in their observed behavior
from SIG to AND gates. Here, for the first time, we have been
able to demonstrate this plasticity of the input function using
rationally de novo engineered constructs by converting an
initially AND gate to an aTc gate, and an IPTG gate into an
OR gate (Figure 2b; Figure Sab). We show that rationally
changing Lacl Kp and inducer concentrations modulates TI
and tunes AND and OR logic behaviors.

We have shown that both the position of operators of a
certain transcription factor and the existence of point
mutations in such operator sequences can affect the gene
expression pattern of multi-input genetic devices. Our
experimental observations indicate that diversification of
transcription factor regulation is indeed readily achievable
through DNA mutations or the insertion/deletion of small
DNA fragments in the regulatory region. This has important
consequences on how we understand the design of synthetic
genetic circuits in cells. Orthogonality between the new or
existing parts of devices in a cell or its own cellular machinery
is often considered essential for the good functioning of the
synthetic device. However, our results indicate that a defined
set of genetic elements can actually lead to various gene
expression patterns, emphasizing that cells could use a certain
transcription factor to obtain different responses depending on
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its strength and position relative to neighboring genetic
elements.

B METHODS

Strains, Plasmids, and Cell Culture. Constructs designed
for AND behavior were cloned into pZE21MCS (Expressys).
Sall and BamHI were used for the insertion of GFP, while the
LacO operator site was inserted between Kpnl and Sall,
making the LacO sequence exchangeable for modified
sequences with different Lacl dissociation constants.’”
Polymerase Chain Reaction (PCR) primers for inserting
different LacO sites and pLac were purchased from Integrated
DNA Technologies (IDT) and Life Technologies (Thermo
Fisher). GFP was obtained from pAKgfpl (Addgene #14076).
For a list of inserted LacO sequences see Table S1. The LacO
fragment was then replaced with pLac containing different
LacO sequences in order to create OR behavior (Table S2).
The separation between pTet and pLac was increased by the
insertion of DNA fragments of random sequence between
EcoRI and Kpnl (Table S3).

Cloning and experiments to show logic behavior using TI
with GFP were done in E. coli strain DHSaZ1 (Expressys).
Transformation colonies were grown in Luria—Bertani (LB)
and agar plates supplemented with kanamycin (50 pg/mL).

GFP Induction Assays. Individual colonies were picked
from LB and agar plates supplemented with 50 pg/mL
kanamycin and incubated for 16 h at 37 °C under orbital
shaking at 200 rpm. Then, the cells were diluted 1:10 into fresh
LB media supplemented with 50 yg/mL kanamycin. Induction
was performed at various inducer concentrations using
anhydrous tetracycline (aTc), (0, 10, 20, 30, or SO ng/mL)
and isopropyl f-p-1-thiogalactopyranoside (IPTG), (0, 0.01,
0.02, 0.5, or 1 mM), creating a matrix of 25 different inducer
combinations. Cells were grown for 6 h at 37 °C under shaking
in a flat bottom 96-well plate in a microplate reader (Tecan
Genios). Optical density at S90 nm was measured during
induction. Following the growth period, the cells were
transferred to a V-bottom 96-well plate and pelleted by
centrifugation of the plate at 4000 rpm for 10 min at 4 °C. The
supernatant was removed by vigorously inverting the plate and
then the pellets were resuspended in 100 yL of PBS each. The
centrifugation and supernatant removal processes were
repeated and then each pellet was resuspended in 100 uL of
PBS + 4% formaldehyde, and the plate was stored at 4 °C.

Flow Cytometry. Before fluorescence measurements
conducted with a FACSCelesta instrument, samples were
diluted 1:50 in PBS. The $88B 530/30 V (800 V) channel was
used to measure GFP levels. FSC-V = 420 V, SSC-V =260V,
FSC-Threshold = 8000, SSC-Threshold = 200. For each
sample, 50000 cells were measured. At least four biological
replicates were collected for each construct. Data were
analyzed using MATLAB. Statistical differences were examined
using the Mann—Whitney U test.

Mathematical Characterization of Logic Behavior. To
measure the logic gate behavior of the engineered TI
constructs, it was useful to characterize their GFP reporter
expression using a previously developed mathematical model
that classified the behavior of each construct into a certain type
of “pure” or “hybrid”/asymmetric logic gate.”* Such a model,
developed by Cox et al, utilizes three parameters: (i)
regulatory range, r, which measures the increase in gene
expression using the ratio from the highest expressing
condition compared to the lowest; (ii) logic, |, which quantifies
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whether the two intermediate expression levels are closer to
the ON (I = 1) or OFF state (I = 0); and asymmetry, a, which
quantifies the activation of gene expression caused by each
inducer. Greater a values indicate that the device is more
responsive to only one of the two inducers. Asymmetry varies
between 0 and 1, with O indicating that the gate responds
equally to both, and 1 indicating the gate responds only to one.
The parameters g, |, and r are defined mathematically in egs
S11—-S13. We expanded the previously existing model by
calculating the Euclidian distance, d),, between the a and !
values observed for a certain construct (a,,, l.,,) and the a and
I values corresponding to the desired behavior. The parameter
d,, can range from 0 to +/1.25. Pure AND behavior is
characterized by | = 1 and a = 0. The deviation from AND
behavior is thus represented by dj,. In the case of an OR gate
(I'=0, a = 0) the deviation is represented by dg.

le = \/(lobs - 1)2 + (aobs - 0)2

(s)

doo = / (lips = 0)* + (agy, — 0)? )

Experimental logic behavior is delimited to a certain
parameter space defined by three pure logic gate behaviors.
Constructs were assigned to their corresponding 3-gate
parameter space, which is defined by their highest to lowest
response at the four extreme conditions of basal, aTc only,
IPTG only, and aTc+IPTG. Each three-gate parameter space
can be represented in a triangular plot in which the base of the
triangle corresponds to logic, [, and the height of the triangle
corresponds to asymmetry, a. Since different types of logic
gates can have the same [ and a values, for example, OR gate
and AND gate each have [ = 0, a = 0 because both have three
states ON and one state OFF, then multiple parameter spaces
exist, adding up to a total of 24 unique parameter spaces. As an
example, 24 combinations of three pure logic gates, one with [
=0,a=0, one with /=1, a =0, and one with [ = 0.5, a = 0.5.
For each parameter space, the behavior of a construct was
classified into seven possible logic gate categories correspond-
ing to the three pure gates at the corners of the triangle (I = 0,
a=0;1=0.5a=1;1=1,a=0),3 asymmetric gates (I = 0.25,
a=0.5;1=05,a=0.5;1=0.7S5, a =0.5) and the pure SLOPE
gate (I = 0.5, a = 0) depending on which of these seven was
closest to their observed behavior. The truth tables for the
logic states defining these parameter spaces are reported in
Table S4; the possible logic parameter spaces resulting from
each observed GFP expression profile is reported in Table SS.

Triangular AND Gate Plots. For constructs designed to
behave as AND gates, that is, pTet-LacO architecture, we
observed that, when the induction levels were 50 ng/mL aTc
and 1 mM IPTG, they belonged to either the OR-AND-aTc
space (all but LGO1 and LGO03) or the (aTc)IMPLY(IPTG)-
AND-aTc space (henceforth (a)I(I)-AND-aTc) (see Table S4
for truth table for all gates described). The former is defined by
the GFP expression levels being aTc + IPTG > aTc > IPTG >
basal, while the latter is defined by the GFP expression levels
being aTc + IPTG > aTc > basal > IPTG. This transition into
different logic parameter spaces does not necessarily alter the
logic behavior of a construct; different parameter spaces
represent alternate possible deviations from the pure AND or
OR logic behavior and highlight the versatile tunability
achievable from two tandem regulatory parts (promoters or
operators). (A more detailed explanation of this change is
given in the Supporting Information section Assignment of
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Logic Parameter Space). These logic spaces are contiguous to
one another and they share the AND-aTc diagonal ((I=0,a =
1)—(I = 0.5, a = 1) diagonal) while their I = 0, a = 0 condition
differs (either OR behavior or (aTc)IMPLY(IPTG)). The
behaviors of the constructs fell either in the category of
asymmetric AND gate (I =0.75,a = 0.5) or aTc gate (1= 0.5, a
1). With the best AND gate behavior observed for
PAE_LGO1 (I = 0.85, a = 0.28, dyy = 0.32), (Figure 2bc).
The corresponding d), values for all tested constructs with
pTet-LacO architecture can be found in Table Sé.

Triangular OR Gate Plots. For the OR gates (I = 0, a = 0),
that is, pTet-pLac architecture, when the induction levels were
50 ng/mL aTc and 1 mM IPTG, the constructs belonged to
the OR-AND-IPTG space (GFP,rc,iprg > GFPprg > GFP,p.
> GFP,,,,) with the exception of control construct pAE_LG27
which belonged to the OR-AND-aTc space. The constructs of
the OR-AND-IPTG space were categorized as either
asymmetric SLOPE gate (I = 0.5, a = 0.5) or asymmetric
OR gate (I = 0.25, a = 0.5). In this case, the construct with the
best-performing OR logic was pAE_LG26 (I = 0.31, a = 0.25,
dyo = 0.40), (Figure 4b,c). The corresponding dy, values for all
tested constructs with pTet-pLac architecture can be found in
Table S7.

This type of mathematical analysis is useful to determine the
quality of the desired logic behavior, and it also helps
demonstrate the plasticity of constructs that share a certain
type of promoter architecture in the logic gates parameter
space.”” To further demonstrate this plasticity, we applied the
previously described analysis to all possible combinations of
inducer conditions tested. Keeping the basal condition at 0 ng/
mL aTc and 0 mM IPTG, we considered the “high” aTc
condition to be either 10, 20, 30, or 50 ng/mL and the “high”
IPTG condition to be either 0.01, 0.02, 0.5, or 1 mM. This
results in 16 possible combinations of four “extreme” points.
Sometimes this resulted in the tested conditions for a certain
construct belonging to different logic parameter spaces (see
Supporting Information section Assignment of Logic Param-
eter Space, Tables S8—S21).

Transfer Function Modeling. Transfer functions were
derived as described in the Supporting Information section
Mathematical Model Derivation and Figure S1 and assembled
in model equations to fit AND and OR gate data. These
transfer function derivations and model equations are defined
in eqs S1—S10. Model equations were fit to experimental data
using Isqcurvefit in MATLAB using a custom script. Several
parameters, K, rerreor Kyrpriaw [Lacl], [TetR], [RNAP],
and in some cases, the Hill coefficients m, n, were held
constant to literature values (see Table S22) in order to
compare fitted parameters with experimentally observed
values. Goodness of fit statistics from all best fits are available
in Figures S11—-518, S25—S30. To compare model equations
and prevent overfitting, we compared AIC values correspond-
ing to each fit, which were calculated in MATLAB. AIC values
for all fits are available in Tables S24—S25.
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