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SUMMARY

Cell-free gene expression systems are increasingly important in fundamental research and biomanufac-

turing, offering a versatile platform for studying gene circuits and biocomputation. We present the cell-free

recombinase-integrated Boolean output system (CRIBOS), a site-specific recombinase-based multiplex ge-

netic circuit platform designed for cell-free environments. With CRIBOS, we built over 20 multi-input-multi-

output circuits, including 2-input-2-output genetic circuits and a 2-input-4-output decoder. Combined with

allosteric transcription factor (aTF)-based sensors, the circuits demonstrate multiplex environmental

sensing. Moreover, utilizing paper-based CRIBOS, which demonstrates remarkable portability and stability,

we present a biological memory storage logic circuit device that can preserve DNA-based biological informa-

tion for over 4 months with minimal resources, energy costs, and maintenance requirements. Implementing

CRIBOS not only expands the application of multiplex Boolean logic gates from cellular systems to the cell-

free environment but also augments their overall versatility, opening new avenues for designing and applying

sophisticated genetic circuits. A record of this paper’s transparent peer review process is included in the

supplemental information.

INTRODUCTION

Genetic circuits are foundational tools in synthetic biology with

applications in medicine,1,2 diagnostics,3–5 agricultural produc-

tion,6,7 and environmental surveillance.8,9 Synthetic gene circuits

enable dynamic, precise, interactive, and logical control of cell

function, which can facilitate drug discovery by enabling real-

time monitoring of diverse molecular events and disease-rele-

vant dynamics.1 Genetic circuits have also been applied to

develop new classes of rapid, cost-effective, deployable diag-

nostic devices applicable to various diseases and chemicals.4

Moreover, in chemical manufacturing, engineered cell factories

equipped with sense-and-response systems enable dynamic

control of expression pathways and optimal allocation of cellular

resources.10 In agriculture, crop yield can be boosted by smart

plants incorporated with synthetic circuits capable of sensing

and adapting to environmental challenges.11

Increasingly, cell-free systems have been recognized as valu-

able platforms for fundamental interrogation and bioman-

ufacturing.12–14 A cell-free system is a membrane-free, simplified

version of cells that operates without concern for cell viability. It

provides many advantages for developing and characterizing

circuits and biocomputation, such as a large dynamic range for

chemical measurements,15 reduced interference from irrelevant

cellular pathways,16 and a high level of control over the compo-

sition of the genetic circuits.16,17 Moreover, a cell-free environ-

ment can detect small molecules that are toxic or impermeable

to cells.18,19 It can provide clearer signals and exclude most of

the intrinsic noise caused by complex organelles and biochem-

ical reactions inside the cell by simplifying the protein com-

position.20 With their portability and ease of detection, cell-free

systems have been combined with diverse genetic circuits for

point-of-care diagnostics,21 environmental sensing,22 and fun-

damental research on metabolic pathways23,24 (e.g., allosteric

transcription factor [aTF]-based water contaminant detection

system RNA output sensors activated by ligand induction [RO-

SALIND]22 and CRISPR-based infectious disease diagnostic

devices specific high-sensitivity enzymatic reporter unlocking

[SHERLOCK] and DNA endonuclease targeted CRISPR trans re-

porter [DETECTR]25,26). These examples demonstrate the high

sensitivity and robustness of genetic circuits created in cell-

free systems and provide an ideal platform for research in syn-

thetic biology and the construction of biocomputing devices.

Boolean algebra has been foundational in the design and anal-

ysis of digital circuits, forming the basis of computer logic and

programming.27,28 Boolean logic gates, such as AND, OR, and

NOT, can describe intricate computational tasks and can be

transformed into equivalent functionalities efficiently. This makes

it particularly suitable for constructing complex genetic circuits in

synthetic biology, where precise control and predictability are

paramount.29,30 Various types of biocomputing devices and

Boolean logic gates have been applied to different bacterial,31
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yeast,32 mammalian cell strain,33,34 and animal models35 to

enable complex biocomputation. However, their implementation

in the cell-free field is not as developed, and circuits with multiple

inputs and multiple outputs are still limited in the cell-free system,

primarily due to limited tools for building cell-free biocomputing

circuits. This limitation necessitates the integration of multiple

layers of genetic logic gates to construct biocomputing devices

and requires extensive construction and characterization for cir-

cuit design. The restricted exploration and construction of cell-

free Boolean logic gate toolkits hinder the broader application

of cell-free systems. This paper creates a cell-free Boolean bio-

computing platform for complex multi-input-multi-output genetic

circuit constructions. It makes a streamlined procedure to

simplify the construction of cell-free genetic circuits to facilitate

the study of complex metabolic pathways, controlled biologics

manufacturing, and multiplex environmental sensing.

Site-specific DNA recombinases are powerful tools for devel-

oping multiplex Boolean logic gates in various organisms and

models, such as bacteria,36 mammalian cells,37,38 and mouse

brains.39 In addition, they perform different types of modification,

such as excision and inversion, based on the direction of the

recognition sites. Moreover, many recombinases and their

recognition sites have been developed or discovered, each tar-

geting their corresponding recognition sites with high efficiency

and orthogonality, further expanding the pool of usable genetic

Figure 1. A cell-free recombinase-based

biocomputing platform in test tube/micro-

fluidics allows for the construction of

orthogonal, multiplex, and versatile devices

Such a platform has potential applications in

multiplex environmental sensing, biological infor-

mation storage, and disease diagnostics.

tools.37 The success of recombinase-

based genetic circuits in various living or-

ganisms proves that recombinases can

be easily adapted to different platforms.

However, recombinase-based Boolean

logic gates have yet to be applied to a

cell-free system.

To expand the toolkit for genetic cir-

cuits, we developed a cell-free recombi-

nase system (Figure 1). We demonstrated

the ability to engineer complex circuits

that can be easily implemented and func-

tion with less optimization. Although re-

combinase has been widely studied and

well-characterized in a cellular system,

transitioning from cellular hosts to cell-

free systems is not simple. To apply the

recombinase circuits to cell-free sys-

tems, we comprehensively characterized

circuit designs and established design

rules applicable to cell-free genetic cir-

cuit development.

Additionally, the irreversibility of re-

combinase excision can produce a DNA

writer for biological memory recording.

With its high fidelity, recombinase has been previously applied

to cellular systems to develop DNA-based memory devices,

such as Boolean logic and arithmetic through DNA excision

(BLADE) and recombinase state machine (RSM).36,37 These

works illustrate that recombinase is an ideal candidate for imple-

menting genetic circuits in a DNA-based memory storage de-

vice. Thus, we also establish the potential of cell-free recombi-

nase to develop DNA-based memory storage and characterize

the stability of memory and biological information stored in

such circuits. Such a cell-free recombinase-based biocomp-

uting platform demonstrates the ability to engineer modular,

multi-layered, and programmable platforms, with potential appli-

cations in environmental monitoring, biological information stor-

age, and disease diagnostics.

RESULTS

Design characterization of recombinases in a cell-free

environment

We first characterized Cre recombinase excision circuits to

establish the potential of recombinase in a cell-free reaction.

We chose to use the protein synthesis using recombinant ele-

ments (PURE) system because of its high purity, simple compo-

sition, easy manipulation, and robust performance in building

genetic circuits. The excision reporter comprises a T7 promoter,
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a ribosome binding site (RBS), a terminator flanked by two

Cre recognition loxP sites, and an mCherry reporter gene

(Figure 2A). For the starting reporter design, we used a combina-

tion of rrnB T1 and T7Te terminators (term 1), a double terminator

combination verified in a bacterial recombinase system in the

previous study, to suppress reporter expression before recombi-

nation.40 In addition, the expected reporter plasmid post-exci-

sion, referred to as a loxP-mCherry plasmid, was also generated.

This serves as a positive control for the successful expression of

the reporter plasmid after excision by Cre (Figure 2A). With the

expression and activity of Cre recombinase, we expect the

expression of the mCherry reporter gene to go from OFF to

ON, while the loxP-mCherry should constitutively produce high

reporter output. However, opposite results were observed. The

reporter-alone condition showed a basal output signal that is a

27-fold change over the blank condition. In addition, an 82%

and a 55% decrease in translational output were observed for re-

Figure 2. Characterization of cell-free re-

combinase excision circuits

(A) Excision reporter and loxP-mCherry plasmid

design. Before Cre excision, the terminator after

the promoter suppresses transcription of the

mCherry reporter gene. When Cre is expressed,

the recombinase will excise the terminator and

allow for transcription, thus triggering an mCherry

fluorescent output. The loxP-mCherry plasmid, an

expected reporter sequence post-excision, is

cloned as a positive control for excision circuit

testing. Blue triangle: loxP recognition site for Cre

recombinase. T, transcription terminator.

(B) Reporter optimization part 1: terminator opti-

mization to prevent leaky reporter expression

(left). mCherry expression of the pre-excision re-

porter (right). The blank condition is a cell-free

reaction mix with water only.

(C) Reporter optimization part 2: loxP to mutloxP.

Comparison of loxP and mutloxP sites on the re-

porter (left) and the corresponding mCherry output

(right).

(D) Reporter optimization part 3: insert length be-

tween promoter and recognition sites. Normalized

transcription output (NTO) as a function of insert

length between promoter and recognition sites.

(E) NTO comparison of original excision reporter

and modified reporter.

Data shown are the means of technical triplicate

samples with error bars indicating +1 standard

deviation. p values were calculated as described

in the STAR Methods.

porter and loxP-mCherry, respectively,

when incubated with Cre-expressing

plasmids (Figure S1A). These results sug-

gest multiple issues with the current cir-

cuit design. First, the high reporter basal

expression indicates that the terminator

between loxP sites was too weak and

failed to terminate the T7 RNA polymer-

ase (T7RNAP) activity. Second, the

decreased reporter expression in the

reporter + Cre condition indicates that

Cre protein expression negatively impacts reporter expression,

with the underlying mechanism remaining unclear.

Reporter optimization I: Optimizing terminator to

suppress T7RNAP readthrough

We focused on reducing the basal mCherry expression by utiliz-

ing strong terminators to limit the T7RNAP readthrough. We

chose the T7 terminator, an engineered terminator for the

T7RNAP expected to prevent T7RNAP readthrough efficiently,

as the first candidate (term 2). However, the results show that

the T7 terminator also failed to thoroughly terminate the reporter

transcription pre-excision (Figure 2B). Our result agrees with a

previous study of synthetic terminator design, in which the T7

terminator only showed 80% termination efficiency.41 In addi-

tion, the previous research also screened an array of terminator

designs and created a synthetic terminator (term 3-synTerm)

that can prevent 99% T7RNAP readthrough. The synTerm is

composed of a synthetic T7 terminator, a ribosomal RNA operon
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B transcription terminator 1 (rrnBT1 terminator), and a T7 termi-

nator (Figure 2B).41 Replacing the terminator in our original re-

porter design with the synTerm reduced reporter leaky expres-

sion by >78%. Adding one extra copy of synTerm in the

reporter (term 4-2XsynTerm) can further lower 94% of reporter

basal expression to a level similar to the blank condition

(Figure 2B).

Reporter optimization II: loxP sites vs. mutloxP sites

We next investigated the mechanism of the decreased reporter

expression in the reporter + Cre condition. We hypothesized

that the Cre binds to the loxP on the reporter post-recombina-

tion, thus blocking the T7 transcription. One loxP site is left in

the reporter plasmid after excision, thus serving as a repressive

operator site for Cre to inhibit the promoter activity. To decrease

the Cre binding to loxP sites post-excision, the loxP sites were

replaced by the asymmetric, mutant loxP (mutloxP) sites lox66/

lox72. The lox66/72 pairs carry 5 bp of mutation on the left or

right end of the lox66 or lox72 sites, respectively, resulting in a

10 bp mutation on the recombined loxP sites post-excision

(Figure 2C).42 We hypothesize that the 5 bp sequence mutation

isn’t strong enough to prevent Cre recombinase from binding

and modifying the DNA but will result in a 10 bp mutation post-

excision, which can effectively prompt Cre recombinase to

dissociate from the reporter plasmid. To test this hypothesis,

we created a mutloxP-mCherry plasmid by replacing the original

loxP site with the mutloxP site. Both loxP-mCherry and mutloxP-

mCherry plasmids were then exposed to Cre recombinase. Im-

plementing the mutated lox66/72 sites recovers over 39% of re-

porter expression in the loxP-mCherry plasmids (Figure 2C).

Reporter optimization III: Insert length between

promoter and recombinase recognition site

The success of recovering the output signal with the mutloxP site

suggests potential interference between T7RNAP and Cre bind-

ing to DNA. We hypothesized that the insert length, or distance

between the promoter and the loxP sites, could impact the exci-

sion circuit expression. Thus, we also varied insert lengths to

elucidate their impact on circuit performance. Among all the

insert lengths that were tested, 10, 20, and 30 bp all provide

strong reporter expression, with 10 bp providing the most signif-

icant enhancement of reporter expression under conditions with

Cre plasmid and the lowest background reporter expression un-

der conditions without Cre plasmid (Figure 2D). We rationalize

that it might be due to the competitive binding between the

Cre recombinase and the T7RNAP—the two enzymes might

interfere with the other’s binding efficiency and activity if their

binding sites are too close. However, RBSs should not be too

far downstream of the T7 promoter since a longer sequence

behind the transcription starting site will result in a longer non-

coding mRNA sequence with a more complex secondary struc-

ture that can negatively affect translation efficiency. Thus, finding

an optimal distance between promoter and recognition sites is

critical, and 10 bp is determined to be the insert length that

can maximize the translation efficiency and T7RNAP activity in

our system.

A cell-free system is supplemented with limited energy, en-

zymes, and substrates for transcription and translation. Thus,

to better leverage the limited sources in the genetic circuits,

we fine-tuned the ratio of reporter and recombinase plasmids

for the excision circuits (Figure S1B). The dose-response curve

of recombinase plasmids demonstrates that while a sufficient

amount of recombinase plasmids is needed to trigger reporter

signals efficiently, high levels of recombinase plasmids will also

lead to a decrease in reporter fluorescence. We hypothesize

that this is due to the rapid depletion of energy and resources

for recombinase expression, leaving insufficient resources for re-

porter fluorescence expression post-recombinase excision.

With the characterization of the terminator sequence, recogni-

tion sites, insert length, and plasmid dosage, we present a cell-

free Cre excision circuit that starts with a 0.2-fold induction,

eventually optimized to 41-fold induction, resulting in more

than 200× improvement of the excision reporter output signal

(Figures 2E and S1C). This systematic optimization approach

was also applied to excision circuits of five other recombinases

in the cell-free environment. These recombinases can trigger a

>20-fold change of reporter output signal with high efficiency

and orthogonality in cell-free systems (Figure S2).

Environmental inputs for cell-free recombinase genetic

circuits

Next, we interfaced the cell-free recombinase genetic circuits

with biochemically relevant inputs using aTFs to regulate

T7RNAP activity.

aTFs can respond to various stimuli and control transcrip-

tion.43 Many aTFs have been discovered and engineered in

bacteria to sense a wide range of small molecules and environ-

mental signals, including antibiotics,44,45 heavy metals,46–50 me-

tabolites,51–54 aromatic compounds,55,56 and changes in pH and

osmolarity.57 Their extensive range of potential sensing chemi-

cals has positioned them as invaluable assets in fundamental

research, protein biomanufacturing, and environmental sensing

across diverse cellular contexts. Building upon these advanta-

geous features and leveraging insights from previous studies

on aTFs, we integrated aTFs into the cell-free recombinase-inte-

grated Boolean output system (CRIBOS) system, building a

sensing platform compatible with recombinase-based Boolean

circuits to broaden the potential applications of the CRIBOS

system.

To control the transcription of recombinase, the cognate oper-

ator sequence is placed after the promoter. We reason that the

binding of aTFs to the operator will prevent T7RNAP from ac-

cessing the promoter. By contrast, ligand binding will result in

a conformation change of the aTFs, causing their release from

the operator and thus triggering transcription of recombinase

and the downstream excision circuit (Figure 3A).

We chose a group of aTFs that consists of tetR, smtB, HucR,

QacR, OtrR, Ctcs, and TtgR. These aTFs were previously tested

and characterized in an in vitro transcription reaction, whose re-

action environment is similar to that of a cell-free system.22 To

verify that the aTF-operator interaction can efficiently control

the expression of an mCherry reporter, an operator was inserted

after the T7 promoter, following the design characterized in the

previous study.22 Within the seven pairs of aTF operators that

function in the cell-free environment, we selected well-studied

tetR and smtB and their corresponding ligands, tetracycline

and zinc ions, due to their highest yield and best performance

(Figures 3B and S3). Their corresponding cognate operators

were then inserted into the Cre, PhiC, and Bxb1 plasmids to con-

trol recombinase expression (Figure 3C). Dose-response curves
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Figure 3. Characterization of aTF-implemented recombinase genetic circuits in a cell-free condition

(A) Mechanism of aTF-controlled recombinase genetic circuits. aTFs can bind to transcription operators behind T7RNAP and suppress transcription of the re-

combinase gene. Corresponding inducers bind to aTFs to release them from the operators, thus triggering recombinase expression and genetic circuit activation.

(B) Characterization of tetR and smtB aTFs.

(C) Cre, PhiC, and Bxb1 excision circuits controlled by tetR (left) and smtB (right) aTFs are tested. To set up the experiment, aTFs were produced, purified from

bacteria, and added to the PURE reaction with genetic circuit plasmids with and without chemicals.

(D) Chemical detection range is determined for each aTF-implemented recombinase genetic circuit under optimal aTFs for each recombinase. To set up the

experiment, 12.5 μM tetR protein is used for the Cre excision circuit, 1.25 μM tetR protein is used for the PhiC and Bxb1 excision circuits, and 10 μM smtB protein

is used for the Cre, PhiC, and Bxb1 excision circuits.

Data shown are the means of technical triplicate samples with error bars indicating +1 standard deviation. p values were calculated as described in the STAR

Methods.
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for aTFs were performed to determine optimal aTF concentra-

tions (Figure S4A).

After the optimal aTFs concentration was determined, a dose-

response curve for small-molecule inducers was performed to

determine the detection window of the recombinase-based

sensing circuits (Figure 3D). It is essential to consider that the

detection window for inducers varies among recombinase ge-

netic circuits due to differences in their activities. For instance,

stronger recombinases such as Cre necessitate higher concen-

trations of aTFs to fully deactivate circuit activity. As a result,

these circuits exhibit a detection window that is shifted to the

right compared with weaker recombinases like PhiC and Bxb1,

detecting higher dosages of inducers. The observed shift in the

detection window can be attributed to variations in aTFs concen-

tration requirements, as different recombinase circuits demand

distinct concentrations of aTFs. This diversity in recombinase

activities allows us to broaden the detection window for in-

ducers, as illustrated in Figure 3D.

Furthermore, we assessed the limit of detection (LoD) for both

zinc and tetracycline-induced sensors to determine the input

dose that achieves detection above negative controls (Figure

S4B). The fold change was calculated to determine the maxi-

mum change in reporter output. We found the LoD for zinc-

induced recombinase sensing was 1.17 μM for Cre, 2.69 μM

for PhiC, and 4.45 μM for Bxb1, with fold changes of 20.7×,

8.14×, and 12.8×, respectively. These values indicate that for

zinc-induced sensing, Cre achieves the highest fold change in

reporter response and detection at the lowest dose of zinc input.

For tetracycline-induced sensing, the detection window was be-

tween 1.08 and 59.0 μM for Cre, 0.254 and 19.6 μM for PhiC, and

0.366 and 22.5 μM for Bxb1, with fold changes of 14.0×, 14.6×,

and 5.76×, respectively. These results show that while PhiC has

an initial lower LoD, Cre has the broadest range in detectable

tetracycline. Moreover, it was also observed that tetracycline

at high dosages negatively affected the reporter gene expression

(>12.5 μM). This is most likely due to tetracycline’s inhibition of

bacterial protein synthesis by preventing the association of ami-

noacyl-tRNA with the bacterial ribosome.58

We plotted the receiver operating characteristic (ROC) curves

and calculated the area under the curve (AUC) to quantify assay

performance across sensitivity and specificity classification

thresholds (Figure S4C). For zinc-induced sensing, we found

AUC values of 0.907 for Cre, 0.833 for PhiC, and 1 for Bxb1.

For tetracycline-induced sensing, the ROC curve analysis

showed AUC values of 0.857 for Cre, 0.730 for PhiC, and 0.841

for Bxb1. These results demonstrate the promising ability of the

assay to distinguish both true positive and true negative results.

2-input-2-output logic gates

The high orthogonality of recombinase and recognition se-

quences allows for more complex genetic circuits with multiple

inputs and outputs to be developed under cell-free conditions,

such as the 2-input, 2-output Boolean logic gates (Figure 4A).

We created twelve 2-input Boolean logic gates by placing Cre

and PhiC recombination sites, lox66/72 and PhiC attB/attP,

respectively, by either side of terminator sequences and an

mCherry reporter gene (Figure S5). For each 2-input-2-output

logic gate, there are four possible input combinations: (0,0),

(1,0), (0,1), and (1,1), where 1 represents the presence of an input

and 0 indicates its absence. The outputs are also binary, with 1

signifying the presence of an output signal and 0 indicating its

absence. In this experiment, the output signal corresponds to

mCherry expression. Using the AND gate as an example,

mCherry expression is expected only when both Cre (input A)

and PhiC (input B) are present. This means that the AND gate

will produce an output of 1 (high mCherry fluorescence) only

for the (1,1) input condition. For all other input conditions ((0,0),

(1,0), and (0,1)), the AND gate will yield an output of 0, resulting

in no mCherry fluorescence expression.

In the original experimental design, the reporters and recombi-

nase plasmids were premixed and added to the cell-free reaction

before incubation. With this design, some circuits do not behave

as expected in the logic table, which is mainly due to the delayed

shutoff of the reporter fluorescent expression by PhiC recombi-

nase (Figure S5). We reason that this is because of the weak ac-

tivity of the PhiC recombinase. While Cre is very efficient and

active and thus can promptly shut off the reporter expression,

the PhiC is much weaker and takes longer to excise the reporter

gene. During this time, the reporter expresses and accumulates

in the reaction simultaneously, leading to a leaky output signal for

the genetic circuits. Therefore, we hypothesize that rapid recom-

bination by PhiC is the key to decreasing the leaky signals, and

pre-expression of the recombinases might help to achieve

this goal.

In the subsequent experimental design, instead of adding re-

combinase and reporter plasmids simultaneously to the cell-

free reaction, we first pre-incubated Cre and PhiC recombinase

plasmids in the cell-free reaction for 30 min. Then, we added the

reporter plasmids to finish the circuit setup. The 2-input-2-output

logic gates yielded intended behaviors (Figures 4B and S6). This

result suggests that timing is also a critical factor in developing

and optimizing genetic circuits, and a cell-free platform provides

higher control and flexibility of timing over every step of the cir-

cuits’ execution.

The performance of the circuits was evaluated by a vector

proximity (VP) metric measuring the discrepancy between the

experimental output and the expected logic table. The expected

output indicated by the logic table and the experimental mea-

surements were represented by a truth table vector and a signal

vector, respectively, in a four-dimensional space37 (Figure S7A).

The angular difference between the two vectors was measured:

a 0◦ angle indicates that the experimental results represent the

intended logic table perfectly, and a 90◦ angle indicates that

the experimental output demonstrates completely wrong output.

Among the 11 circuits tested, only 5 circuits (36%) showed a VP

angle that was smaller than 15◦ using the original experimental

procedure (Figure S7B). With the modified procedure, the cir-

cuits’ performance improved, and the VP angle of all circuits sys-

tematically decreased, resulting in 6 of 8 circuits (80%) with a VP

angle smaller than 15◦. Additionally, 2-input-2-output circuits

with biosensors yield 7 over 8 circuits (88%) with a VP angle

smaller than 15◦.

A 2-input-4-output BLADE circuit in a cell-free

environment

The Wong lab has previously developed a 2-input-4-ouptut

BLADE in mammalian cells to exploit the features of site-spe-

cific recombinases to enable N-input-M-output combinatorial
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Figure 4. 2-input-2-output circuits for sensing two chemicals in the cell-free condition

(A) Schematic for the mechanism of the aTF-implemented 2-input-2-output circuit. Cre is controlled by the tetR system, while PhiC excision circuits are controlled

by the smtB system.

(B) Results of 2-input-2-output circuits for detecting tetracycline and zinc. Cre is controlled by tetR, while PhiC is controlled by smtB. To set up the experiment,

recombinase plasmids, purified aTFs, water, and sensing molecules were added to the PURE reaction mix. After 30 min of incubation at 37◦C, reporter plasmids

were added to the reaction.

Data shown are the means of technical triplicate or duplicate samples with error bars indicating +1 standard deviation. p values were calculated as described in

the STAR Methods.
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computation.37 With two inputs, the circuit requires four different

outputs, Z = ZAB = Z00, Z10, Z01, and Z11, to represent 2N = 22 = 4

(N indicates input number) different states of inputs A and B

(Figure 5A). To investigate the potential of building N-input-M-

output in a cell-free environment, we implemented the 2-input

BLADE circuits with terminators, fluorescent, and luminescent

genes. One key element in the BLADE circuit is the hetero-

specific site, such as the Cre recombinase’s lox66/72 and

lox2272. Although they are only a few base pairs different,

lox66/72 and lox2272 can only retain Cre excision capability

when paired with their corresponding recognition sites, which

means lox2272 can only be paired with lox2272 to trigger Cre

recombination activity, while lox66 can only be paired with lox72.

In the initial design of the 2-input-4-output reporter, a low fluo-

rescence signal was observed for GFP and mCherry (Figure

S8A). Based on the previous experience of reporter character-

ization, we hypothesized that this is due to the insert sequences

positioning in front of the Z00 addresses. In contrast to the simple

excision circuit, the BLADE reporter features increased com-

plexity and more diverse recombinase recognition sites, result-

ing in a longer insert sequence between the promoter and the ex-

pressing gene. It’s worth noting that, in addition to the PhiC attB

site and loxP2272 site in the reporter design, an extra 40 bp of U1

Figure 5. 2-input-4-output decoder

(A) Schematic for the mechanism of the 2-input

decoder. The reporter plasmid expression cass-

ette is separated into four addresses by recom-

binase recognition sites, resulting in 4 different

outputs based on the four states of two inputs.

(B) Results of 2-input-4-output decoder for de-

tecting tetracycline and zinc. Cre is controlled by

the tetR system, while PhiC is controlled by the

smtB system. To set up the experiment, re-

combinase plasmids, aTFs, water, and sensing

molecules are mixed and added to the PURE re-

action mix. After 30 min of incubation at 37◦C,

reporter plasmids were added to the reaction.

Data shown are the means of technical duplicate

samples with error bars indicating +1 standard

deviation. p values were calculated as described

in the STAR Methods.

sequence is present to guide the Gibson

reaction during molecular cloning, further

elongating the insert in front of the ex-

pressing gene. Consequently, we postu-

lated that such an extended sequence

in front of the expressing cassette might

adversely impact the expression effi-

ciency of the output signals.

To test this hypothesis, three designs

of inserts were created and positioned

in front of a constitutive mCherry gene

(Figure S8B). Design 1 is the insert sequ-

ence in the original reporter, design 2 is

made by removing the U1 sequence

from design 1 to investigate the effects

of U1 on gene expression, and design 3

is the insert sequence taken from the

excision reporter, which was proved to show the high fluores-

cence output signal in the excision circuit (Figure S8A). Interest-

ingly, design 2 successfully leads to a significant 18-fold in-

crease in output expression by eliminating the 40 bp U1 and

substantially shortening the distance between the promoter

and the expressing gene. Moreover, design 3 also demonstrated

a 2-fold higher output expression than design 2, even with only a

1 bp difference in their length (Figure S8B). This suggests that, in

addition to insert length, the sequence design itself may also in-

fluence gene expression. One hypothesis of such observation is

that mRNA secondary structure might play a vital role in deter-

mining the expression efficiency of the reporter gene.

With the promising data shown, we replaced the insert in the

BLADE reporter with the design 3 insert to develop a BLADE re-

porter version 2 (Figure S8C). The experimental data showed

that the fluorescence signal largely increased with the optimized

reporter version 2 (Figures S8C and S8D). However, leaky

expression is observed for all three addresses, indicating that

the terminator sequence at the end of each address is too

weak. Both version 1 and 2 BLADE reporter designs employed

the T7 terminator at the end of each address to simplify the mo-

lecular cloning process, as the synTerm posed challenges for

PCR and Gibson assembly due to its repetitive sequences.
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Unfortunately, the T7 terminator proved inadequate for the

BLADE circuit, leading to leaky expression.

To address the leaky expression issue, we replaced all T7 ter-

minators with synTerm, creating BLADE reporter version 3. This

modification proved successful, providing the optimal perfor-

mance for the BLADE circuit (Figure S8E). The VP angle metric

for the BLADE circuits was evaluated to be less than 25% for

all fluorescent and luminescent outputs (Figure S7B). Further-

more, the BLADE circuits, when combined with aTF-based bio-

sensors, can be used for environmental surveillance for small

molecules and heavy metal ions such as tetracycline and zinc

(Figure 5B). The VP angle metric for the BLADE circuits was eval-

uated to be less than 25% for all fluorescent and luminescent

outputs (Figure S7B).

Cell-free biological memory storage with CRIBOS

The capability to record crucial biological memory shapes

research and extends to diverse applications in disease diag-

nostics and medical therapeutics.6,59–62 For example, immuno-

logical memory enables the development of innovative thera-

peutic interventions such as vaccines and immunotherapy.63,64

Additionally, DNA barcoding plays a pivotal role in detecting

invasive organisms and uncovering novel species.65–67 These

applications underscore the far-reaching impact of biological

memory storage in advancing various fields of science and

technology.

DNA has been used to transmit genetic information to the next

generations because of its high stability, storage capacity, small

volume, and inheritance. Moreover, employing DNA as the

substrate for memory storage facilitates direct interfacing with

sensors capable of detecting significant biological and environ-

mental signals. This integration allows for the activation of bio-

logical programs in response to various environmental changes

and bridges the gap between sensing and biological responses.

Site-specific recombinase permanently modifies DNA sequence

with high fidelity and efficiency, serving as a powerful writer to

encode biological information into the DNA-based memory stor-

age medium. Thus, with the success of building recombinase-

based Boolean logic gates in a cell-free environment, we created

a portable, robust, and stable biological memory storage device

with the CRIBOS platform.

To evaluate the portability potential, we apply CRIBOS in a pa-

per-based setting. One benefit of the PURE system is that it can

be lyophilized on a sterile and abiotic paper-based platform. The

lyophilized paper-based cell-free reaction is stable at room tem-

perature for over a year and can be activated through rehydra-

tion.68,69 By contrast, liquid-based reactions must be stored at

− 80◦C to maintain enzyme activity.

In addition to device portability, memory stability is critical for a

memory storage device. DNA memory can not only be effectively

modified on paper through recombinase circuits but can also be

stably preserved under room temperature for over 4 months

upon activation (Figures 6A and 6B). Paper-based CRIBOS

with a plasmid excision circuit reporter DNA and a linear recom-

binase-expressing gene was activated on day 0 through rehy-

dration, and information was stored on the paper. At different

time points post-activation, memory stored in the paper-based

device was retrieved and analyzed. The reporter DNA with bio-

logical memory was retrieved through elution, and then the

collected DNA was used to transform bacteria to express

mCherry reporter output (Figure 6A). The recombinase excision

rate was evaluated based on the percentage of mCherry+ bacte-

ria colonies. High excision efficiency in the reporter + Cre condi-

tion indicates that the information was well-preserved at room

temperature, and no DNA mutation is observed based on the

sequencing results (Figures 6B and S9).

CRIBOS memory stability was also measured in 2-input-2-

output (Figure 7A) and the BLADE circuit (Figure 7B). For the

2-input-2-output circuits, plasmid DNA of the NOR gate or

AND gate was lyophilized on paper discs along with linear Cre

and linear PhiC expressing genes. The circuits were activated

on day 0 through rehydration, and information was stored on

the paper. On days 7, 14, 21, and 28 post-activation, memory

stored on the paper-based device was retrieved and analyzed

with the same method as the paper-based Cre excision circuit.

The recombinase excision rate of the NOR and AND gates indi-

cates that the 2-input-2-output circuits can perform well in a pa-

per-based environment, and the information was well-preserved

under room temperature for at least a month (Figure 7A).

The BLADE reporter was lyophilized on paper discs along with

linear Cre and PhiC expressing genes for the paper-based

BLADE circuit. The circuit was activated on day 0 through

rehydration, and information was stored on the paper. On days

7, 14, 21, and 28 post-activation, memory stored on the paper-

based device was retrieved and transformed into Escherichia

coli BL21(DE3) (BL21(DE3)) bacteria for fluorescent and lumines-

cent expression. The normalized translation output (NTO) of

transformed bacteria demonstrates that the BLADE circuit can

perform well in a paper-based environment and that the informa-

tion was well-preserved under room temperature for at least a

month (Figure 7B).

DISCUSSION

CRIBOS is a powerful recombinase-based, multiplex genetic cir-

cuit platform for cell-free biosensing, combining transcription

factor-based sensing with recombinase-mediated signal pro-

cessing. CRIBOS’s unique strength derives from its modularity,

memory storage capability, and complex logic processing. Our

results show that six different recombinases can function in

cell-free conditions with high activity, with over a 20-fold differ-

ence between with and without recombinases. The BLADE cir-

cuit previously developed in mammalian cells has been success-

fully refactored for the cell-free environment. By implementing

aTF-based smallmolecule sensors, the BLADE circuit can be

induced by multiple chemical inducers in parallel. Besides aTF-

based sensors, recombinase genetic circuits are compatible

with chemical-induced dimerization (CID)-based sensors,70

enabling CRIBOS to detect changes in temperature, fluores-

cence, luminescence, and the presence of a broader range of

chemicals in the future. Furthermore, recombinase-based logic

allows for the irreversible recording of transient biological events

and the detection of sequences of events.

These features from CRIBOS enable applications that span

multiple fields. They are particularly valuable for long-term envi-

ronmental monitoring, disease diagnostics, and quality control in

biomanufacturing. For instance, in environmental surveillance, it

can be used to detect contaminants such as heavy metals,
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antibiotics, and toxins in water sources. In medical diagnostics,

CRIBOS offers a promising tool for recording biomolecular

markers, aiding in infection detection and immune response

monitoring. In biomanufacturing, the system can be applied for

real-time monitoring of metabolite levels or process conditions,

ensuring stable and efficient bioproduction. Furthermore, in syn-

thetic biology research, CRIBOS provides a versatile platform for

designing programmable biological circuits, which can be used

for controlled gene expression, biosensing, and bio-recording

applications. Additionally, unlike conventional biosensing meth-

ods that rely on live cells, CRIBOS can be freeze-dried on paper

discs, significantly increasing its shelf life and making it more

practical for point-of-care diagnostics and on-site environmental

monitoring without cold storage.

Through rigorous characterization, we discovered multiple

design rules for recombinase-based Boolean logic gates in the

cell-free environment. First, due to the strong activity of the T7

promoter, a comparably strong terminator is required to sup-

Figure 6. Paper-based recombinase cir-

cuits and memory recording platform

(A) Schematic of the experimental process for

paper-based cell-free recombinase setup. Re-

porter plasmid and linear recombinase DNA are

mixed with PURE reaction mix and then freeze-

dried onto a paper disc for stable storage under

room temperature. Then, the reactions are acti-

vated through rehydration. Modified DNA-based

memory was stored on the paper disc for different

lengths of duration, ranging from 1 day to 4 mo-

nths. On the day of analysis, DNA-based memory

is retrieved from a paper disc and transformed into

bacteria for signal output expression.

(B) Memory stability evaluation for paper-based

memory storage devices. Paper-based CRIBOS

was activated through rehydration on day 0.

DNA-based memory was collected on different

days up until 4 months.

Data shown are the means of technical triplicate

samples with error bars indicating +1 standard

deviation. p values were calculated as described

in the STAR Methods.

press the leaky recombinase expression

of recombinases and reduce background

fluorescence. Second, the binding affinity

between the recombinase and its recog-

nition site post-excision also significantly

impacts circuit performance. The recog-

nition sites must be carefully calibrated

to ensure that recombinases properly

disengage post-recombination, allowing

the reporter expression. Third, the insert

length between the promoter and the re-

combinase recognition sites affects the

genetic circuit performance, with a

10 bp insert providing the optimal bal-

ance for effective recombination and

robust output expression. These insights

will aid in the rational design of future cell-

free genetic circuits.

The challenges encountered during the optimization and trou-

bleshooting process illustrate that applying genetic circuits

developed in cells to cell-free systems is not trivial. Our design

rules, therefore, will facilitate future recombinase circuit develop-

ments. Although a cell-free system is a natural environment for

circuit development and can provide benefits and convenience

that cellular platforms and animal models cannot provide, it

poses challenges and issues not present in other platforms.

For instance, while living organisms can offer genetic circuits

with continuous and durable energy sources and building

blocks, a cell-free environment has limited means to regenerate

high-energy compounds and starting materials needed for pro-

tein synthesis and circuit components. This illustrates that

proper resource allocation is critical for cell-free operations.

Also, cell-free systems are more diluted than the cell lysate,

not just in the concentration of the transcription and translation

machinery but also in the degree of macromolecular crowd-

ing.71–74 Such differences in spatial density can influence the
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biochemical reaction rates and equilibria, changing the effi-

ciency and competitive effect of protein-protein and protein-

DNA binding. The biochemical characteristics of recombinase

recognition site binding might also be affected in the cell-free re-

action, as suggested by the complete shutoff of the loxP reporter

signal by Cre recombinase due to the high Cre-loxP binding af-

finity post-recombination. While lox66/72 sites were previously

used for fixing the directionality of the recombination, few

studies have reported their functions in improving circuit output

signals in cells or animal models because the native Cre-loxP

system can function properly and efficiently in those platforms,

and there is no need to replace the loxP sites into lox66/72 sites.

These discrepancies between cell and cell-free systems will be

critical considerations for building complex genetic circuits and

expanding the cell-free biocomputation toolkits.

While CRIBOS exhibits strong potential for multiplexing with

multiple recombinases and aTFs, several critical factors must

be addressed when scaling up. Expanding the multiplexing ca-

pacity relies on the availability of additional orthogonal recombi-

nases and aTFs with minimal crosstalk. Although previous studies

have successfully expanded the recombinase toolkit to encom-

pass dozens of orthogonal recombinases, their functionality in

cell-free environments remains relatively underexplored.36,75

However, our study shows that a standardized characterization

procedure can be applied across different recombinases,

enabling their efficient function in the cell-free system. This finding

suggests that integrating additional recombinases into CRIBOS is

a manageable challenge, overcoming a key limitation often

encountered in other genetic circuit designs. Similarly, although

various aTFs and biosensors have been discovered or engi-

neered, their performance in cell-free conditions remains un-

known.46,48,50 Thus, expanding the space of usable biosensors

in CRIBOS also requires extensive characterization. Moreover,

increasing the number of inputs and outputs also raises concerns

about circuit complexity and resource competition, as cell-free

systems have limited energy regeneration and translation

Figure 7. Paper-based multi-input multi-output circuits

(A) Memory stability evaluation for paper-based 2-input-2-output memory storage devices. Paper-based CRIBOS was activated through rehydration on day 0.

DNA-based memory was collected 1, 7, 14, and 28 days after activation.

(B) Memory stability evaluation for paper-based 2-input-4-output memory storage devices. Paper-based CRIBOS was activated through rehydration on day 0.

DNA-based memory was collected 1, 7, 14, and 28 days after activation.

Data shown are the means of technical triplicate samples with error bars indicating +1 standard deviation. p values were calculated as described in the STAR

Methods.
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capacities and, therefore, require additional validation to ensure

compatibility and functionality.76,77 Despite these challenges,

the modularity of CRIBOS provides a promising foundation for

systematically integrating additional recombinases and sensors,

enabling the future construction of higher-order circuits capable

of more advanced logic and sensing tasks.

Lastly, we demonstrated that CRIBOS can be applied in a pa-

per-based setting to improve the portability and stability of the

genetic circuit platform. Paper-based CRIBOS is the world’s first

genetic circuit with memory lasting over 4 months with minimal

resource and energy cost and maintenance required. A method

to encode, store, and retrieve memory from the paper-based

CRIBOS was developed and tested at room temperature,

demonstrating its potential for broader field applications, such

as continuous environmental monitoring and pollution detection.

While the current method for memory retrieval is cost- and

resource-effective, more sensitive and rapid methods for detec-

tion out in the field can also be explored in future studies by

combining with next-generation sequencing and genetic engi-

neering tools. CRIBOS memory devices can also be tested

and characterized under more diverse reaction conditions,

such as under extremely high or low temperatures. In addition,

although we only applied CRIBOS in a paper-based setting,

cell-free reactions can function in various settings, such as

microfluidics and flow strips.78–81 Thus, in the future, we can

combine CRIBOS with microfluidic devices to further generate

a portable memory storage device that allows for continuous

and multiplex environmental sensing under a low-resource

setting.
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(2021). Onepot pure cell-free system. J. Vis. Exp. e62625. https://doi.

org/10.3791/62625.

72. Lavickova, B., and Maerkl, S.J. (2019). A Simple, Robust, and Low-Cost

Method to Produce the PURE Cell-Free System. ACS Synth. Biol. 8,

455–462. https://doi.org/10.1021/acssynbio.8b00427.

73. Ge, X., Luo, D., and Xu, J. (2011). Cell-Free Protein Expression under

Macromolecular Crowding Conditions. PLoS One 6, e28707. https://doi.

org/10.1371/JOURNAL.PONE.0028707.

74. Li, J., Gu, L., Aach, J., and Church, G.M. (2014). Improved Cell-Free RNA

and Protein Synthesis System. PLoS One 9, e106232. https://doi.org/10.

1371/JOURNAL.PONE.0106232.

75. Yang, L., Nielsen, A.A.K., Fernandez-Rodriguez, J., McClune, C.J., Laub,

M.T., Lu, T.K., and Voigt, C.A. (2014). Permanent genetic memory with >1-

byte capacity. Nat. Methods 11, 1261–1266. https://doi.org/10.1038/

NMETH.3147.

76. Siegal-Gaskins, D., Tuza, Z.A., Kim, J., Noireaux, V., and Murray, R.M.

(2014). Gene circuit performance characterization and resource usage in

a cell-free ‘‘breadboard’’. ACS Synth. Biol. 3, 416–425. https://doi.org/

10.1021/SB400203P.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

NEB 5-alpha Competent E. coli

(High Efficiency)

New England Biolabs Cat#C2987U

Rosetta 2(DE3)pLysS Singles

Competent Cells - Novagen

Novagen Cat#71401

BL21(DE3) Competent E. coli New England Biolabs Cat#C2527H

Chemicals, peptides, and recombinant proteins

Protector RNase Inhibitor Sigma-Aldrich 3335402001

Bovine Serum Albumin,heat shock

fraction, protease free, essentially

globulin free, pH 7, ≥98%

Sigma-Aldrich A3059-100G

Fluorescein used as fluorescent

tracer 518-47-8

Sigma-Aldrich F6377-100G

NanoLuc purified protein Promega E499A

Carbenicillin Disodium Salt Thermo Fisher Scientific 10177012

Kanamycin sulfate Bio Basic KB0286-25

Chloramphenicol, ≥98% (HPLC), CAS

56-75-7, Sigma-Aldrich C0378-25G

Sigma-Aldrich C0378-25G

Fisher BioReagents Microbiology

Media: LB Broth, Miller

Thermo Fisher Scientific BP1426-2

IPTG Sigma-Aldrich I6758-5G

SoluLyse Reagent in Tris Buffer, 500 ml Amsbio L200500

cOmplete, Mini, EDTA-free

Protease Inhibitor Cocktail

Sigma-Aldrich 11836170001

Imidazole (Certified) Fisher Scientific O3196-500

Lysozyme from chicken egg white Sigma-Aldrich L4919-500MG

Benzonase Nuclease HC, Purity > 90% EMD Millipore 71205-3

Dextran, Texas Red, 10,000 MW, Neutral Invitrogen D1828

Critical commercial assays

Mix & Go! E.coli Transformation Kit Zymo Research T3002

GenCatch Plasmid DNA Mini-Prep Kit Epoch Life Sciences 2160250

PURExpress In Vitro Protein Synthesis Kit New England Biolabs E6800S

Nano-Glo Luciferase Assay System Promega N1110

2×Super Pfx MasterMix CoWin Biosciences CW2965F

GenCatch PCR Cleanup Kit Epoch Life Science 2360250

Recombinant DNA

pJBL701: tetR protein expressing plasmid Jung et al.22 Addgene Plasmid #140371

pJBL725: smtB protein expressing plasmid Jung et al.22 Addgene Plasmid #140395

pJBL723: HucR protein expressing plasmid Jung et al.22 Addgene Plasmid #140393

pJBL719: QacR protein expressing plasmid Jung et al.22 Addgene Plasmid #140389

pJBL711: OtrR protein expressing plasmid Jung et al.22 Addgene Plasmid #140381

pJBL713: CtcS protein expressing plasmid Jung et al.22 Addgene Plasmid #140383

pJBL721: TtgR protein expressing plasmid Jung et al.22 Addgene Plasmid #140391

See Table S32 for recombinase and

reporter sequences used in the

genetic circuits

This paper N/A

(Continued on next page)
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METHOD DETAILS

Strains and growth medium

NEB 5-alpha Competent E. coli (New England Biolabs, C2987U) was used for routine molecular cloning. E. coli strain Rosetta 2 (DE3)

pLysS (Novagen, 71401) was used for recombinant protein expression. BL21(DE3) Competent E. coli (New England Biolabs,

C2527H) was used for recombinase circuit testing. LB broth (Thermo Fisher Scientific, BP1426-2) supplemented with appropriate

antibiotic(s) (100 μg/ml carbenicillin (Thermo Fisher Scientific, 10177012), 50 μg/ml kanamycin (Bio Basic, KB0286-25) and/or

25 μg/ml chloramphenicol (Sigma-Aldrich, C0378-25G)) was used as a bacterial growth medium. Bacterial transformations were per-

formed based on the manufacturer’s protocols.

Bacterial assay for paper-based BLADE circuit

DNA from paper-based BLADE circuits were eluted from the paper disc using 10uL elution buffer. Then 2.5uL of eluted DNA was

transformed to 50uL of BL21(DE3) Competent E. coli (New England Biolabs, C2527H) based on manufacturer’s protocol of Mix &

Go! E.coli Transformation Kit (Zymo Research, T3002). After transformation, 50uL of pure LB was added to the transformed bacteria

and then cultured in 37◦C shaking incubator. After 1hr recovery, 25uL of transformed bacteria was cultured in 200uL with carbenicillin

overnight. Next day, the overnight bacterial culture was diluted 1:100. After 2hr shaking incubation at 37◦C, the bacteria was induced

with 100 μM IPTG. After 3hr of induction, mCherry, GFP and NanoLuc expression was evaluated using a Plate Reader (SpectraMax

M5, Molecular Devices).

Molecular cloning

DNA oligonucleotides for cloning and sequencing were synthesized by ThermoFisher Scientific. Genes encoding fluorescent, lumi-

nescent proteins and 2X terminators were synthesized as gBlocks (Integrated DNA Technologies). All constructs were created using

standard restriction enzyme digestion, Gibson isothermal assembly, and Unique Nucleotide Sequence (UNS) Guided assembly pro-

cedures into a pET15b plasmid. UNS Guided assembly utilizes a mechanism similar to Gibson’s isothermal assembly but with stan-

dard homology sequences that were computationally optimized. Constructed plasmids were transformed and maintained in NEB

5-alpha (New England Biolabs (NEB) C2987H) Escherichia coli competent cells at 37◦C overnight before miniprep (Epoch Life Sci-

ences, 2160250).

Tables S1–S4 and S32 provide sequences of genetic constructs of plasmids and linear DNA that were used.

Protein production and purification

All aTFs expression plasmids were purchased from Addgene of Jung et al.22 For aTFs production, plasmids were transformed into

Rosetta 2 (DE3) pLysS E.coli strain. A single colony of transformed bacteria was cultured in liquid LB media overnight. The next day,

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

SpectraMax M5 Plate Reader Molecular Devices N/A

AKTAxpress fast protein liquid

chromatography system

Cytiva N/A

Other

HiTrap Heparin High Performance Cytiva 17-0406-01

HisTrap HP His tag protein

purification columns

Cytiva 17-5247-01

FPLC AKTAxpress fast protein liquid

chromatography system

N/A

Whatman Quantitative Filter

Papers, Ashless, Grade 42

Cytiva 1442-070

Corning Low Volume 384-well Black/Clear

Flat Bottom Polystyrene TC-treated

Microplate, with Lid, Sterile

Corning 3542

AeraSeal Sealing Films,

Non-Sterile, Sample Prep

Excel Scientific B-100

Pierce Protein Concentrators PES,

3K or 5K MWCO, 0.5–100 mL

Thermo Scientific 88515

Steriflip-GP Sterile Centrifuge

Tube Top Filter Unit

EMD Millipore SCGP00525
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overnight cultures were diluted 1:100 into 200mL-500mL culture media. OD of culture media was measured by a plate reader every

30 minutes. When OD reached 0.5-0.8, culture was induced with 100 μM Isopropyl β-D-thiogalactoside (IPTG) (Sigma-Aldrich, I6758-

5G) overnight at 30◦C. After overnight IPTG induction, bacterial culture was pelleted through a centrifuge at 3500Xg for 20 minutes.

Every 1g of bacterial pellet is resuspended in 10ml SoluLyse lysis buffer (Amsbio, L200500) supplemented with 1 tablet of protease

inhibitor cocktail (Sigma-Aldrich, 11836170001), 40mM imidazole (Fisher Scientific, O3196-500), 200uL Lysozyme (Sigma-Aldrich,

L4919-500MG) and 0.5uL Benzonase (EMD Millipore, 71205-3). Lysozyme was pre-resuspended to 10mg/mL in water and stored

at -80◦C upon arrival. The resuspended cell pellet was placed on a mixer for 20 minutes and centrifuged at 4000g for 10 minutes

at 4◦C to remove bacterial debris post-incubation. The bacterial supernatant was then sterilely filtered with a 0.22μm filter (EMD Milli-

pore, SCGP00525) to remove bacterial precipitate and avoid clogging in FPLC columns.

Clarified supernatants were purified using His-tag affinity chromatography with a HisTrap column (Cytiva, 17-0406-01), followed by

Heparin chromatography with a heparin column (Cytiva, 17-5247-01) using an AKTAxpress fast protein liquid chromatography

system. The fractions collected from the FPLC were buffer-exchanged and concentrated utilizing a protein concentrator (Thermo

Scientific, 88515). Protein concentrations were evaluated using Nanodrop. The purity and size of proteins were validated with

SDS-PAGE and western blot. Purified proteins were stored in PBS at 4◦C.

In vitro protein synthesis

NEB PURExpress In Vitro Protein Synthesis Kit (New England Biolabs, E6800S) supplemented with RNase Inhibitor (Sigma-Aldrich,

3335402001) was used to generate data for cell-free experiments based on the manufacturer’s protocol. The concentrations of plas-

mids and linear DNAs are listed in the Supplement. The plasmids, DNAs, aTFs, and small molecules are first premixed before

combining with the cell-free reaction mix. Then, 5μL of cell-free circuits were incubated in each well of a 384-well clear bottom black

plate (Corning, 3542) at 37◦C for 5hr. An endpoint measurement, or dynamic measurement, was performed on a plate reader

(SpectraMax M5, Molecular Devices) with an excitation wavelength of 580nm and emission wavelength of 611nm for mCherry, an

excitation wavelength of 485nm and emission wavelength of 525nm for GFP, and an excitation wavelength of 381nm and emission

wavelength of 445nm for BFP. Nano-Glo Luciferase Assay (Promega, N1110) was used for NLuc luminescence detection. Nano-Glo

Luciferase Assay Substrate was diluted 1:50 by Nano-Flo Luciferase Assay Buffer. The luminescence level was measured immedi-

ately after a volume of the diluted substrate equal to 6X the volume of the cell-free reaction was added to each well.

A linear DNA template with a T7 promoter, followed by a recombinase-expressing gene and a T7 terminator, was PCR (CoWin Bio-

sciences CW2965F) amplified from the corresponding recombinase plasmids using primers listed in the Supplement. Amplified DNA

was purified with a PCR cleanup kit (Epoch Life Science 2360250), and band size and sequence were verified through gel electro-

phoresis and sequencing.

Concentrations of plasmid DNA, linear DNA, purified proteins, and chemical inducers used in the cell-free reaction are listed in the

Tables S5–S31.

Freeze-drying

Filter paper (Cytiva, 1442-070) for depositing and freeze-drying cell-free reactions was first treated with 5% bovine serum albumin

(Sigma-Aldrich, A3059-100G) overnight at 37◦C. The paper was then cut into 2-mm-diameter paper discs with a biopsy punch and

placed at the bottom of a 96-well PCR plate. Before lyophilization, 2μL of cell-free reaction mix was applied directly onto the paper

disc, and the PCR plate was sealed by porous AeraSeal Sealing Films (Excel Scientific, B-100). Post-freezing by liquid nitrogen, the

PCR plate was immediately sent for lyophilization overnight. After lyophilization, the paper discs were inserted into the bottom of the

384-well plate and activated by adding 2μL of autoclaved DI water.

Paper-based recombinase circuits

Paper discs with lyophilized CRIBOS system were placed into the wells of a 384-well clear-bottom black plate (Corning, 3542). On

Day 0, 2 μL of pre-warmed autoclaved DI water was added directly to the paper disc in each well to activate the cell-free reaction. The

384-well plate was then kept at room temperature with the plate lid covered. At different time points post reaction activation, DNA

stored on the paper discs was eluted using 5 μL of pre-warmed miniprep elution buffer (Epoch Life Sciences, 2160250). The eluted

DNA was subsequently diluted 1:2 with an equal volume of elution buffer. To retrieve biological information, 2.5 μL of the diluted DNA

was used to transform 50 μL of bacteria, following the transformation methods described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Plate reader quantification and MEF standardization

A Texas Red Dye (Invitrogen, D1828) was used to convert arbitrary mCherry fluorescence intensity into nanomolar equivalent Texas

Red Dye (labeled as normalized translational expression). A serial dilution was prepared with PBS from a 500 μM stock solution. The

samples were prepared with triplicates, and fluorescence values were measured at an excitation wavelength of 580nm and emission

wavelength of 611nm on a plate reader (SpectraMax M5, Molecular Devices). Fluorescence for a concentration in which a single repli-

cate saturated at the plate reader was excluded from the analysis. The rest of the measurements were averaged and formed a linear

regression line, which is used to convert the measured arbitrary fluorescence value to the concentration of the Texas Red Dye

(Figure S7). Standard curves were created with the same process for each plate reader for data collection to normalize the results.
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The same process was used to convert GFP fluorescence intensity into nanomolar equivalent Fluorescein (Sigma-Aldrich, F6377)

and NanoLuc luminescence intensity into nanomolar equivalent NanoLuc purified protein (Promega, E499A). All fluorescence and

luminescence outputs are normalized to the nanomolar equivalent of corresponding dye or proteins and then present on the figure

as ‘‘Normalized Translational Output (NTR).’’

Figure S10 shows standard curves for GFP, mCherry and NLuc expression.

Diagnostic analysis

For each inducer and recombinase combination, the limit of blank (LoB) was calculated as the mean of the blank added to three times

the standard deviation of the blank. The limit of detection (LoD) was calculated as the LoB plus three times the standard deviation of

low concentration sample. The dynamic range was computed as the mean expression of highest output for tetracycline and zinc pos-

itive samples over the mean expression of negative samples. False positive rate and true positive rate were used to construct the

receiver operating characteristic (ROC) curve and compute the area under the curve (AUC).

Vector proximity computational analysis

Each 2-input-2-output or 2-input-4-output Boolean function corresponds to a logic table with four rows and one output column or

four rows and four output columns, correspondingly, the output column in each Boolean function was mapped to a 4-dimensional

vector a, called the ‘‘truth table vector’’. The fluorescent reporter output signal of each genetic circuit measured from experimental

implementation was also mapped to a 4-dimensional vector b, called the ‘‘signal vector.’’ We evaluated the accuracy of a genetic

circuit by computing the angle θ between the vector a and b using the formula:

θ = cos− 1

(
a⋅b
|a||b|

)

When computing θ, we capped the signal values in b to a maximum of 400nM Texas Red, 60nM Fluorescein, and 400nM NanoLuc

purified protein. The angular difference ranges from 0◦ (best) to 90◦ (worst).

Statistical analysis

All cell-free in vitro experiments involved setting up PURE in vitro protein synthesis expression of DNA into n = 2 or 3 reactions. Fluo-

rescence and luminescence intensities for each reaction were averaged, and the standard deviation was taken. To evaluate statistical

significance, data between groups were evaluated with unpaired two-tailed t-tests. P values are reported (not significant = p > 0.05,

* = 0.01 < p < 0.05, ** = 0.001 < p < 0.01, *** = 0.01 < p < 0.001, **** = 0.001 < p < 0.0001)
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Supplementary Figure 1: Characterization of Cre excision circuit 
 
(A) The original Cre excision reporter is compared with blank negative control (water and cell-free 
reaction mix only) and loxP-mCherry plasmid.  

(B) The dose response for recombinase plasmid concentration is tested to optimize circuit function.  

(C) Characterization of excision reporter. Three sites on the reporter were optimized to improve 
circuit output: terminator sequence (red circle), recognition sites (blue circle), and insert length 
between promoter and terminator (green circle).  
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Data shown are the means of technical triplicate samples with error bars indicating +1 standard 
deviation. P-values were calculated as described in the methods. 
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Supplementary Figure 2: Results of testing recombinases in the cell-free environment for 
their efficiency and orthogonality 
 
Data shown are the means of technical triplicate samples with error bars indicating +1 standard 
deviation. P-values were calculated as described in the methods. 
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Supplementary Figure 3: Result of Potential aTFs systems to control constitutive mCherry 
expression in the cell-free system 
 
Data shown are the means of technical triplicate samples with error bars indicating +1 standard 
deviation. P-values were calculated as described in the methods. 
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Supplementary Figure 4: Characterization of aTFs-controlled recombinase circuits 
 
(A) Dose-response curves of tetracycline measured by Cre, PhiC, and Bxb1 excision circuits 
using different concentrations of tetR proteins.  

(B) ROC curves (receiver operating characteristic curve) and AUC (Area Under the ROC Curve) 
for aTFs-controlled recombinase excision circuits.  

(C) Limit of detection, detection window, and dynamic range of sensing for aTFs-controlled 
recombinase excision circuits.  
 
Data shown are the means of technical triplicate samples with error bars indicating +1 standard 
deviation. P-values were calculated as described in the methods. 
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Supplementary Figure 5: Results of 2-input-2-output genetic circuits 
 
Data shown are the means of technical triplicate samples with error bars indicating +1 standard 
deviation. P-values were calculated as described in the methods. 
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Supplementary Figure 6: Results of 2-input-2-output genetic circuits with improved 
experimental protocol. Recombinase plasmids were added to the PURE reaction mix to initiate 
the reaction. After 30 minutes of incubation at 37°C, reporter plasmids were added to the reaction.  
 
Data shown are the means of technical triplicate samples with error bars indicating +1 standard 
deviation. P-values were calculated as described in the methods. 
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Supplementary Figure 7: Vector proximity metric analysis  
 
(A) The truth table of each genetic circuit is mapped into a four-dimensional vector called a 
“Truth Table Vector.” The experimental measurement of each genetic circuit is also mapped into 
a four-dimensional vector called a “Signal Vector.” To evaluate the correctness of the genetic 
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circuit, the angle θ between the Truth Table Vector and Signal Vector is calculated for vector 
proximity (VP) metric analysis. We defined the circuits with VP angle <15° as functioning with 
high robustness.  

(B) VP angles of 2-input-2-output and 2-input-4-output genetic circuits.  
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Supplementary Figure 8: Characterization of 2-input-4-output decoder circuit 

(A) Results of pilot study of the 2-input-4-output decoder circuit (version 1). Red dotted line 
indicates the background signal of GFP, mCherry and NanoLuc measured using the blank 
condition (water with cell-free reaction mix).  
 
(B) Three designs of insert sequence for the BLADE reporter. Design 1 is the original insert 
sequence from the BLADE pilot study, containing 2 random 8bp sequences and a U1 sequence. 
Design 2 cuts out the U1 sequence from design 1. Design 3 is the insert sequence taken from the 
excision circuits.  
 
(C) Comparison of version 1 and 2 BLADE reporters. BLADE reporter version 2 is modified from 
version 1 by replacing the original insert sequence with insert Design 3.  
 
(D) Results of the 2-input-4-output decoder circuit with reporter version 2.   
 
(E) Results of the 2-input-4-output decoder circuit with reporter version 3. BLADE reporter version 
3 is modified from version 2 using synTerm to minimize basal expression, presenting 4 output 
states as expected in the logic table.  
 
GFP, mCherry, and NanoLuc arbitrary measurements are all normalized to equivalent nanomolar 
of Fluorescein, Texas Red, and purified NanoLuc proteins based on the standard curves. The dye 
or protein concentration corresponds to the arbitrary measurements present in the figure as 
“Normalized Translation Output (NTO).”  
 
Data shown are the means of technical triplicate samples with error bars indicating +1 standard 
deviation. P-values were calculated as described in the methods. 
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Supplementary Figure 9: Paper-lyophilized recombinase circuit characterization  
 
DNA-based memory validation through sequencing. DNA eluted from paper discs was used to 
transform bacteria, and colonies were picked. The three representative examples shown here are 
from a reporter (white colony) only condition and a reporter+Cre (white and red) condition. The 
T7 promoter is indicated by green, Cre recognition sites are blue, terminators are red, and the 
ribosome binding site is yellow.  
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Supplementary Figure 10: Standard curves for fluorescence and luminescence expression  

Arbitrary Units of fluorescence and luminescence were standardized to nM concentration of Texas 
Red, Fluorescein (FITC), and NanoLuc. In the three representative examples shown here, the 
Texas Red and FITC dilution series was prepared with PBS, and NanoLuc was prepared in 
Promega Nano-Glo Luciferase Assay Buffer (Promega, E499A). The dilution series was 
measured on a plate reader using the same settings for measuring mCherry, GFP, and NanoLuc 
from PURE reactions. Data shown are for n=3 replicates.  
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Supplementary Table 1: Sequences of terminators 
 Sequence 
Terminator 1 
T1 Term-T7T2 Term 

CCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGG
GCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCTAC
TAGAGTCACACTGGCTCACCTTCGGGTGGGCCTTTCTGCGT
TTATA 

Terminator 2 
T7 Term  

CTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGG
GTTTTTTG 

Terminator 3 
synTerm 
UUCCT7-rrnBT1-T7 Term 

CCTAGCATAACCCCGCGGGGCCTCTTCGGGGGTCTCGCGG
GGTTTTTTGCTGAAAGAAGCTTCAAATAAAACGAAAGGCTCA
GTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGCT
GCGCGGCCGCCCTAGCATAACCCCTTGGGGCCTCTAAACG
GGTCTTGAGGGGTTTTTTG 

Terminator 4 
Doubled synTerm 

CCTAGCATAACCCCGCGGGGCCTCTTCGGGGGTCTCGCGG
GGTTTTTTGCTGAAAGAAGCTTCAAATAAAACGAAAGGCTCA
GTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGCT
GCGCGGCCGCCCTAGCATAACCCCTTGGGGCCTCTAAACG
GGTCTTGAGGGGTTTTTTGGTCGACCTAGCATAACCCCGCG
GGGCCTCTTCGGGGGTCTCGCGGGGTTTTTTGCTGAAAGA
AGCTTCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCC
TTTCGTTTTATCTGTTGTTTGTCGCTGCGCGGCCGCCCTAG
CATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTT
TTG 

 
 
  



17 
 

Supplementary Table 2: Sequences of LoxP and mutLoxP sites  
  Sequence  
LoxP ATAACTTCGTATAGCATACATTATACGAAGTTAT 
mutLoxP before excision  
(upstream LoxP71) 

taccgTTCGTATAGCATACATTATACGAAGTTAT 

mutLoxP before excision  
(downstream LoxP66) 

ATAACTTCGTATAGCATACATTATACGAAcggta 

mutLoxP after excision TACCGTTCGTATAGCATACATTATACGAACGGTA 
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Supplementary Table 3: Inserts between promoter and recombinase recognition sites for 
recombinase excision reporter  
 Sequence 
5bp insert AGCGG 
10bp insert AGCGGCCGCA 
15bp insert AGCGGCCGCACTAGT 
20bp insert  AGCGGCCGCACTAGTtcagc 
30bp insert AGCGGCCGCACTAGTtcagcGTCGACTCGC  
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Supplementary Table 4: Inserts between promoter and recombinase recognition sites for BLADE 
reporter  
 Sequence 

Design 1 CCTCTAGACATTACTCGCATCCATTCTCAGGCTGTCTCGTCTCGTCTCGC 
ACGCGT 

Design 2 CCTCTAGAGCACGCGT 
Design 3 AGCGGCCGCACTAGT 
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Supplementary Table 5: Concentration of DNA for cell-free reaction in Figure 2B  

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) 

Terminator 1 JC42 6 
Terminator 2 JC48 6 
Terminator 3 JC464 6 
Terminator 4 JC465 6 
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Supplementary Table 6: Concentration of DNA for cell-free reaction in Figure 2C  

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
loxP-mCherry JC466 6 Cre JC40 0.6 

mutLoxP-
mCherry JC467 6    
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Supplementary Table 7: Concentration of DNA for cell-free reaction in Figure 2D  

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
0bp JC757 6 Cre JC40 0.6 
5bp JC758 6    
10bp JC759 6    
15bp JC213 6    
20bp JC760 6    
30bp JC761 6    
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Supplementary Table 8: Concentration of DNA for cell-free reaction in Figure 2E  

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
Original JC42 6 Cre JC40 0.6 
Modified JC213 6    
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Supplementary Table 9: Concentration of DNA for cell-free reaction in Figure 3B 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) 

tetO-mCherry JC265 6 
smtO-mCherry JC266 6 
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Supplementary Table 10: Concentration of proteins and chemicals for cell-free reaction in 
Figure 3B 

aTFs Protein aTFs Protein 
Number 

aTFs Protein 
Conc. (µM) Chemicals Chemicals 

Conc. (nM) 
tetR JC20 1.25 tetracycline 12.5 
smtB JC22 5 zinc 12.5 
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Supplementary Table 11: Concentration of DNA for cell-free reaction in Figure 3C and 3D 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
Cre JC213 6 tetO-Cre JC287 0.6 

PhiC  JC196 6 tetO-PhiC JC288 0.6 
Bxb1 JC271 6 tetO-Bxb1 JC289 0.6 

   smtO-Cre JC603 0.6 
   smtO-PhiC JC604 0.6 
   smtO-Bxb1 JC605 0.6 
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Supplementary Table 12: Concentration of aTFs proteins for cell-free reaction in Figure 3C and 
3D 

aTFs Protein aTFs Protein 
Number Recombinase aTFs Protein 

Conc. (µM) Chemical Chemical 
Conc. (nM) 

tetR JC20 
tetO-Cre 12.5 Tetracycline 12.5 

tetO-PhiC 1.25 Tetracycline 2.5 
tetO-Bxb1 1.25 Tetracycline 2.5 

smtB  JC22 
smtO-Cre 10 Zinc 12.5 
smtO-PhiC 10 Zinc 50 
smtO-Bxb1 10 Zinc  125 
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Supplementary Table 13: Concentration of DNA for cell-free reaction in Figure 4B 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
NOR JC305 6 tetO-Cre JC287 0.6 
AND JC306 6 smtO-PhiC JC604 0.6 

NAND JC431 6    
A IMPLY B JC434 6    

NOT A JC432 6    
NOT B JC433 6    

A NIMPLY B JC436 6    
B NIMPLY A JC437 6    
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Supplementary Table 14: Concentration of aTFs proteins for cell-free reaction in Figure 4B and 
5B  

aTFs Protein aTFs Protein 
Number 

aTFs Protein 
Conc. (µM) Chemical Chemical 

Conc. (nM) 
tetR  JC20 12.5 Tetracycline 12.5 
smtB  JC22 5 Zinc 12.5 
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Supplementary Table 15: Concentration of DNA for cell-free reaction in Figure 5B  

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
2 Input 

Decoder JC493 6 tetO-Cre JC287 0.6 

   smtO-PhiC JC604 0.6 
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Supplementary Table 16: Concentration of DNA for cell-free reaction in Figure 6B  

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
Cre JC213 6 Cre JC40 0.6 
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Supplementary Table 17: Concentration of DNA for cell-free reaction in Figure 7A 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
NOR JC305 6 Cre JC-L7 0.6 
AND JC306 6 PhiC JC-L31 0.6 
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Supplementary Table 18: Concentration of DNA for cell-free reaction in Figure 7B 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
2 Input 

Decoder JC493 6 Cre JC-L7 0.6 

   PhiC JC-L31 0.6 
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Supplementary Table 19: Concentration of DNA for cell-free reaction in Supplementary Figure 1A 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
Reporter JC42 6 Cre JC40 0.6 

LoxP-mCherry JC466 6    
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Supplementary Table 20: Concentration of DNA for cell-free reaction in Supplementary Figure 1B 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
Cre JC213 6 Cre JC40 0-6 
PhiC JC196 6 PhiC JC138 0-6 
Bxb1 JC271 6 Bxb1 JC140 0-6 
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Supplementary Table 21: Concentration of DNA for cell-free reaction in Supplementary Figure 1C 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
Original  JC42 6 Cre JC40 0.6 

Terminator 
Characterized JC465 6    

mutLoxP JC757 6    
Insert Length 
Characterized JC213 6    
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Supplementary Table 22: Concentration of DNA for cell-free reaction in Supplementary Figure 2 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
Cre JC213 6 Cre JC40 0.6 
PhiC JC196 6 PhiC JC138 0.6 
Bxb1 JC271 6 Bxb1 JC140 0.6 
A118 JC311 6 A118 JC348 0.6 

TP901 JC312 6 TP901 JC350 0.6 
VCre JC315 6 VCre JC352 0.6 
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Supplementary Table 23: Concentration of DNA for cell-free reaction in Supplementary Figure 3 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) 

HucO-
mCherry JC303 6 

QacA-mCherry JC301 6 
OrtO-mCherry JC297 6 
CtcO-mCherry JC298 6 
TtgO-mCherry JC302 6 
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Supplementary Table 24: Concentration of proteins and chemicals for cell-free reaction in 
Supplementary Figure 3 

aTFs Protein aTFs Protein 
Number 

aTFs Protein 
Conc. (uM) Chemicals Chemicals 

Conc. (nM) 
HucR JC309 68.8 Uric Acid 500 

QacR JC307 2.25 Benzalkonium 
Chloride 100 

OtrR JC316 25 Oxytetracycline 50 
CtcS JC317 12.5 Chlortetracycline 12.5 
TtgR JC308 75 Naringenin 250 
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Supplementary Table 25: Concentration of DNA for cell-free reaction in Supplementary Figure 4A 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
Cre JC213 6 tetO-Cre JC287 0.6 

PhiC  JC196 6 tetO-PhiC JC288 0.6 
Bxb1 JC271 6 tetO-Bxb1 JC289 0.6 
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Supplementary Table 26: Concentration of aTFs proteins for cell-free reaction in Figure 4A 

aTFs Protein Protein 
Number Recombinase aTFs Protein 

Conc. (µM) Chemical Chemical 
Conc. (nM) 

tetR JC20 
tetO-Cre 0.125, 1.25, 12.5 Tetracycline 0-62.5 

tetO-PhiC 0.125, 1.25, 12.5 Tetracycline 0-62.5 
tetO-Bxb1 0.125, 1.25, 12.5 Tetracycline 0-62.5 
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Supplementary Table 27: Concentration of DNA for cell-free reaction in Supplementary Figure 5 
and Supplementary Figure 6 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
NOR JC305 6 Cre JC40 0.6 
AND JC306 6 PhiC JC138 0.6 

NAND JC431 6    
A IMPLY B JC434 6    

NOT A JC432 6    
NOT B JC433 6    

A NIMPLY B JC436 6    
B NIMPLY A JC437 6    
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Supplementary Table 28: Concentration of for cell-free reaction in Supplementary Figure 8A 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
2 Input 

Decoder JC361 6 Cre JC40 0.6 

   PhiC JC138 0.6 
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Supplementary Table 29: Concentration of for cell-free reaction in Supplementary Figure 8B 

 Linear DNA 
Number 

Linear DNA 
Conc. (nM) 

Design 1 JC-L51 6 
Design 2 JC-L52 6 
Design 3 JC-L53 6 
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Supplementary Table 30: Concentration of for cell-free reaction in Supplementary Figure 8D 

Reporter Plamid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
2 Input 

Decoder JC449 6 Cre JC40 0.6 

   PhiC JC138 0.6 
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Supplementary Table 31: Concentration of DNA for cell-free reaction in Supplementary Figure 8E 

Reporter Plasmid 
Number 

Plasmid 
Conc. (nM) Recombinase Plasmid 

Number 
Plasmid 

Conc. (nM) 
2 Input 

Decoder JC493 6 Cre JC40 0.6 

   PhiC JC138 0.6 
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