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16

Abstract:

17

Computing and memory in living cells are central to encoding next-generation therapies and

18

studying in situ biology, but existing strategies have limited encoding capacity and are challenging

19

to scale. To overcome this bottleneck, we developed a highly scalable, robust and compact

20

platform for encoding logic and memory operations in living bacterial and human cells. This

21

platform, named DOMINO for DNA-based Ordered Memory and Iteration Network Operator,

22

converts DNA in living cells into an addressable, readable, and writable computation and storage

23

medium via a single-nucleotide resolution read-write head that enables dynamic and highly

24

efficient DNA manipulation. We demonstrate that the order and combination of DNA writing

25

events can be programmed by biological cues and multiple molecular recorders can be coordinated

26

to encode a wide range of order-independent, sequential, and temporal logic and memory

27

operations. Furthermore, we show that these operators can be used to perform both digital and

28

analog computation, and record signaling dynamics and cellular states in a long-term, autonomous,

29

and minimally disruptive fashion. Finally, we show that the platform can be functionalized with

30

gene regulatory modules and interfaced with cellular circuits to continuously monitor cellular

31

phenotypes and engineer gene circuits with artificial learning capacities. We envision that highly

32

scalable, compact, and modular DOMINO operators will lay the foundation for building robust

33

and sophisticated synthetic gene circuits for numerous biotechnological and biomedical

34

applications.

35
36

One Sentence Summary:

37

A programmable read-write head with single-nucleotide-resolution for genomic DNA enables

38

robust and scalable computing and memory operations in living cells.

39

2

bioRxiv preprint doi: https://doi.org/10.1101/263657; this version posted February 16, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

40

Main Text:

41

Robust and scalable molecular recording and computation platforms in living cells are key to

42

enabling a broad range of bioengineering and biomedical applications. Unlike their silicon-based

43

counterparts that have access to large capacities of addressable memory registers, synthetic genetic

44

circuits currently have very limited information storage capacities and existing methods for

45

encoding information into cellular memory, as well as strategies for integrating such memory with

46

logic operations, are challenging to scale.

47

Genomic DNA is an ideal medium for biological memory since it is ubiquitously present,

48

naturally replicated at high fidelity within cells, and compatible with natural biological operations.

49

In recent years, several strategies for encoding biological information into DNA and integrating

50

these memories with cellular computers have been described (Farzadfard and Lu, 2014; Kalhor et

51

al., 2017; McKenna et al., 2016; Perli et al., 2016; Roquet et al., 2016; Siuti et al., 2013). However,

52

these methods remain limited in their encoding capacity and scalability. For example, site-specific

53

recombinases that flip or excise targeted DNA segments have been used to create digital memory,

54

sequential logic, and biological state machines in living cells (Roquet et al., 2016; Siuti et al.,

55

2013). However, a different recombinase is required for every unique event that one wishes to

56

record, thus limiting the number of potential states that can be encoded into DNA memory.

57

Furthermore, distances between recombinase-recognition sites usually need to be several hundred

58

base pairs to achieve efficient recombination, thus increasing circuit size (Coppoolse et al., 2005;

59

Stark, 2017). Furthermore, recombinase sites must be pre-engineered into desired target sites,

60

which is time- and labor-intensive, especially if they are to be used in the genomic context.

61

To address these limitations, we previously developed the SCRIBE DNA writing and

62

molecular recording system, which uses in vivo single-stranded DNA expression to generate

63

precise mutations that accumulate into target genomic loci as a function of the magnitude and

64

duration of exposure to an input (Farzadfard and Lu, 2014). However, this approach has been

65

limited to bacteria thus far due to the requirement for specific recombination mechanisms.

66

Alternative molecular recording strategies based on Cas9 nuclease (Kalhor et al., 2017; Perli et al.,

67

2016) have been recently described. However, since the mutational outcomes used to generate

68

memory states by these strategies are generated stochastically, they are not suitable for

69

implementing genetic logic circuits that require robust and deterministic operations. Additionally,

3
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70

due to requirements for host-specific DNA repair and genome editing mechanisms, these systems

71

are only applicable to a subset of organisms.

72

To overcome these bottlenecks, we describe a platform called DOMINO (for DNA-based

73

Ordered Memory and Iteration Network Operator) that uses highly efficient and precise DNA

74

writing with CRISPR base editors (Komor et al., 2016; Nishida et al., 2016) to manipulate DNA

75

dynamically and efficiently with single-nucleotide resolution in living cells. DOMINO enables the

76

use of DNA as a uniquely addressable, readable, and writable information storage and computation

77

medium. We demonstrate that the order and combinations of these DNA writing and molecular

78

recording events can be tuned by external inputs and coordinated, allowing one to execute order-

79

independent (e.g., IF EVER A AND IF EVER B), sequential (e.g., A AND THEN B), and temporal

80

(e.g., A AND THEN B after time X) logic and memory operations. DOMINO operators enable

81

highly compact and scalable logic and memory operators that, unlike previous strategies, can be

82

used to realize both digital and analog computation and molecular recording in living cells. Various

83

orthogonal DOMINO operators can be simply created by changing guide RNA (gRNA) sequences,

84

thus making the system highly scalable. These operators can then be layered and interfaced with

85

synthetic or natural regulatory circuits to build more sophisticated genetic programs. Finally, we

86

demonstrate that DOMINO can be combined with established CRISPR-based gene regulation

87

platforms, such as CRISPR interference (CRISPRi) (Qi et al., 2013) and CRISPR activator

88

(CRISPRa) (Farzadfard et al., 2013; Gilbert et al., 2013), to achieve modular and versatile memory

89

and gene regulation programs. DOMINO moves the utility of molecular recording beyond DNA

90

write-only applications – where the recording output can only be read by disruptive DNA

91

sequencing methods – and demonstrates that more advanced biocomputing, such as building logic

92

gates and online state-reporters, can be achieved by coordinating the activity and timing of multiple

93

molecular recorders. These advances address many limitations of the current in vivo computing

94

and memory technologies and pave the way towards building advanced genetic circuits with

95

artificial learning capacities.

96
97

Engineering an Efficient Read-Write Head for Genomic DNA

98

In order to efficiently manipulate genomic DNA in living cells, we used base editing

99

technology (Komor et al., 2016) to build a single-nucleotide resolution “read-write head” for this

4
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100

medium. To this end, we fused Cas9 nickase (nCas9, an addressable DNA “reader” module that is

101

directed by gRNA to bind to specific DNA targets and nicks them) to cytidine deaminase (CDA,

102

a DNA “writer” module that edits the DNA) and uracil DNA glycosylase inhibitor (ugi, a peptide

103

which has been shown to improve the DNA writing efficiency by blocking cellular repair

104

machinery) to create CDA-nCas9-ugi. Once localized to the target based on the 12 bp gRNA seed

105

sequence (“READ” address), the writer module can deaminate dC positions in the vicinity of 5’-

106

end of the target (“WRITE” address), thus resulting in DNA lesions that are preferentially repaired

107

as dT (Komor et al., 2016; Nishida et al., 2016). Using cytidine deaminase as the DNA writer

108

module enables dC to dT mutations (or dG to dA mutations if the reverse complement strand is

109

targeted) to be introduced to the WRITE address, resulting in permanent records in DNA. In this

110

memory scheme, an individual mutation or a group of mutations in a target site can be designated

111

as a unique memory state for the corresponding memory register, and mutations introduced by

112

DNA writing events can be considered as transitions between DNA memory states (Fig. 1A). DNA

113

writing events can be controlled by internal or external inputs by placing both the gRNA

114

expression and CDA-nCas9-ugi under regulation by inducible promoters.

115

We demonstrated that this approach enables highly efficient, robust and scalable DNA writing

116

in E. coli. We first placed CDA-nCas9-ugi under the control of anhydrotetracycline (aTc)-

117

inducible promoter. Using an Isopropyl β-D-1-thiogalactopyranoside (IPTG)-inducible gRNA as

118

an input, we demonstrated efficient and inducible DNA writing (dC to dT mutations) at desired

119

target sites in the presence of aTc and IPTG induction (Fig. 1A). In this design, which forms the

120

basis of DOMINO operators, the signal controlling the expression of CDA-nCas9-ugi (aTc) that

121

is required for the overall circuit to function can be considered as the “operational signal”, while

122

the signals controlling the expression of individual gRNAs can be considered as independently

123

controllable “inputs”.

124
125

Order-independent DOMINO Logic

126

DOMINO operators can be arrayed and interconnected in a highly scalable fashion to build

127

robust and complex forms of computing and memory circuits that execute a series of order-

128

independent and/or sequential unidirectional DNA writing events. The frequency and order of

129

these DNA writing events can be controlled by internal and external cues, as well as by carefully

130

selecting the position of mutable residues within the target. For example, by layering two
5
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131

DOMINO operators, we built a two-input order-independent AND logic gate, where the A AND

132

B logic is executed independent of the order of addition of the inputs (Fig. 1B). In this design, two

133

distinct gRNAs were placed under the control of IPTG- and Arabinose (Ara)-inducible promoters,

134

respectively. In the presence of its corresponding inducer, each gRNA is expressed and directs the

135

DNA read-write module (which itself is expressed in the presence of the operational signal, aTc)

136

to its cognate target site, resulting in precise dC to dT mutations (or dG to dA mutations in cases

137

where the gRNA targets the reverse-complement strand) within the WRITE address.

138

To assess the performance of the order-independent DOMINO AND gate, we induced cells

139

harboring this circuit with different combinations of the inducers for multiple days and analyzed

140

dynamics of allele frequencies at the target locus by high-throughput sequencing (HTS) over

141

multiple time points. As shown in Fig. 1C, in the presence of the operational signal (aTc) and each

142

of the two inputs (IPTG or Ara), mutations were accumulated in the target sites of the induced

143

gRNA in a linear fashion within the population and comprised ~100% of the population after 72

144

hours of induction. This corresponds to transitions from the unmodified state (state S0) to either

145

of the two singly modified states (state S1 or S2). The time required for transitioning between the

146

two states can be considered as the “propagation delay” of the corresponding DOMINO operator.

147

On the other hand, when cells were induced with both inputs (IPTG AND Ara), the target sites for

148

both gRNAs were edited, resulting in the accumulation of doubly edited sites (state S3) in the

149

target locus. We defined states S0, S1, and S2 as the OFF states and S3 as the ON state, which

150

means that this system implements AND logic. In this experiment, low levels of a singly mutated

151

allele (state S2) accumulated in the absence of any induction, likely due to leakiness of the Ara-

152

inducible promoter (pBAD) in these cells and/or high binding efficiency of its corresponding

153

gRNA. The performance of the circuit should be improved by lowering the Ara-inducible

154

promoter’s basal activity, for example, by overexpressing pBAD repressor (araC) or using tighter

155

promoters (Arpino et al., 2013), or alternatively, by lowering the copy numbers of DOMINO

156

operators (Lee et al., 2016). Nevertheless, the doubly edited allele (state S3) only accumulated in

157

the presence of both IPTG and Ara, indicating the robust AND logic can be achieved despite the

158

leakiness of one of the input promoters.

159

Notably, these results show that in DOMINO operators, the accumulation of the singly mutated

160

alleles in the presence of the operational signal and individual inducer inputs follows a linear trend

161

over the course of few days. About 3 days was required for the unmodified allele to be fully

6
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162

converted into the modified allele(s), thus indicating the propagation delays of the corresponding

163

operators. This feature enables one to use DOMINO to implement both analog and digital

164

computing, since continuous changes that occur within the propagation delay window can be used

165

to implement analog computation, while fully converted states can be considered as transitions

166

between digital states and thus used for digital computation.

167

The states designated in the AND gate logic described in this example are arbitrary defined;

168

for example, the doubly mutated allele (state 3) was defined as the ON state. The same circuit can

169

be defined, for example, as a NAND gate if the unmodified state (state S0) is designated as ON

170

(“1”) output and states S1 through S3 are designated as OFF (“0”) outputs. Alternatively, each of

171

the four different mutational states can be defined as distinct outputs, in which case the circuit can

172

be considered as a 2-input/4-output decoder.

173

In this experiment, two mutable residues within the editing window of each gRNA were used,

174

and the memory states were defined so that mutations in both of these residues were required to

175

be considered as a state transition. One could define mutations in only one of the two nucleotides

176

available for editing as intermediate states (that can be discarded), or if desired, as usable transient

177

memory states. Furthermore, the number of memory states as well as the response dynamics (e.g.,

178

propagation delay) for each DOMINO operator can be tuned by using different numbers of

179

mutable residues (dC or dG) within the WRITE window, or adjusting the position of these residues

180

within this window.

181

While HTS offers a powerful way to quantify the outcome of DOMINO circuits, its relatively

182

high cost inspired us to develop a strategy for using Sanger sequencing chromatograms to quantify

183

position-specific mutant frequencies within a mixture of DNA species. This algorithm, named

184

Sequalizer (for Sequence equalizer), normalizes Sanger chromatogram signals and calculates the

185

difference between the normalized signals from a test sample and an unmodified reference to

186

identify position-specific mutations. It then uses this calculated difference to estimate position-

187

specific mutant frequencies at any given target position. We validated the accuracy of this method

188

by constructing a standard curve based on known ratios of mutant and wild-type (WT) sequences,

189

and comparing the Sequalizer results with next-generation sequencing (see Supplementary

190

Materials and Fig. S1). The Sequalizer output, which is based on population-averaged Sanger

191

sequencing results, provides an estimate of position-specific mutant frequencies in an entire

192

population. Though Sequalizer does not always provide accurate absolute values of mutant

7
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193

frequencies, fold changes in estimated mutant frequencies are accurate (see Supplementary

194

Materials and Fig. S1C). Additionally, unlike HTS, Sequalizer output does not provide insights

195

into the identities and frequencies of individual alleles in the population. Nevertheless, given the

196

high specificity of the DNA writers and predefined target sites for DNA writing, this approach can

197

be used as a low-cost alternative to HTS to assess performance of DOMINO and other precise

198

genome-editing platforms.

199

In addition to HTS, we analyzed the samples obtained from experiment shown in Fig. 1B by

200

Sanger sequencing and Sequalizer. As shown in Fig. 1D and Fig. S1C, in samples induced with

201

either of the two inputs, the frequencies of mutants in positions corresponding to the cognate target

202

sites of the induced gRNA increased in the population. On the other hand, in samples that were

203

induced with both gRNAs, the mutation frequencies in the target sites of both gRNAs were

204

increased (state S3). These results demonstrate that Sequalizer results are consistent with and could

205

accurately estimate changes in position-specific mutant frequencies obtained by HTS.

206

In addition to AND gate, other logic can be readily implemented by carefully positioning

207

mutable residues on the targets, as well as designing the combinations and order of DNA writing

208

events. Furthermore, additional input gRNAs can be incorporated to achieve operators with more

209

than two inputs, thus demonstrating scalability of this approach (Fig. S2).

210

The output of DOMINO operators takes the form of DNA mutations that accumulate at a target

211

site. One can flank this target site with a desired promoter and a gRNA handle to convert the output

212

of a given DOMINO operator into downstream gRNA expression. The output gRNA can then be

213

interconnected with other DOMINO operators to build more complex circuits. In addition, it can

214

be combined with CRISPR-based gene regulation platforms such as CRISPRi and CRISPRa to

215

dynamically regulate cellular phenotypes. To demonstrate this, we engineered an AND operator

216

by layering two DOMINO operators under the control of inducible promoters to edit a third gRNA

217

as the output (Fig. 1E). The input gRNAs were controlled by IPTG- and Ara-inducible promoters,

218

respectively. In the presence of both inducers, the output gRNA was modified by both input

219

gRNAs such that it could then bind to and repress a downstream reporter gene (GFP) (Fig. 1E, aTc

220

+ IPTG + Ara co-induction for two 24-hour periods followed by aTc-induction for 8 hours:

221

[IA][IA][T] induction pattern). When targeting gRNA as an output, both the Specificity

222

Determining Sequence (SDS) of the output gRNA as well as its constant region (handle) can be

223

modified. Mutating the SDS is useful when the creation of a unique gRNA is the desired output.

8
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224

On the other hand, mutating the gRNA handle enables one to activate/deactivate an entire set of

225

gRNAs. Furthermore, one can also target gene regulatory and functional elements, such as

226

promoters, ribosome binding sites, start/stop codons, as well as active sites within proteins to tune

227

the expression or activity of downstream components as shown in Fig. S3.

228
229

Sequential DOMINO Logic

230

In addition to realizing order-independent logic, one can carefully control the sequence and

231

timing of DNA writing events executed by DOMINO operators to achieve sequential logic, where

232

desired outputs are generated only when the correct order of inducers is added. To achieve this,

233

for example, one can design the gRNA output of one operator to be used as the input for a

234

downstream operator (Fig. S2C). This design can be used to functionally connect DOMINO

235

operators that are not physically co-located, and offers control over the individual DOMINO

236

operators. Alternatively, sequential logic can be achieved by overlapping mutable residues in the

237

WRITE address of one operator with the READ address of a downstream operator (Fig. 2). This

238

design uses DNA mutations rather than cascades of gRNAs as a way to interconnect cis-encoded

239

DOMINO operators, thus offering a highly compact and scalable strategy for encoding sequential

240

logic.

241

To demonstrate the latter strategy, we first constructed an asynchronous sequential AND gate,

242

where sequential addition of the two inputs in the correct order (IPTG AND THEN Ara) leads to

243

mutation of a cryptic start codon (ACG) into the canonical (and more efficient) start codon (ATG)

244

in the GFP ORF, thus increasing the GFP signal (Figs. 2A and 2B). We observed slight increases

245

in GFP signal in cells that had been induced with the first inducer (i.e., IPTG) or those that had

246

been co-induced with both inducers (Fig. 2B). The former was likely caused by the leakiness of

247

the second (Ara-inducible) promoter while the latter was likely due to the simultaneous presence

248

of both inducers in the media, which could result in the execution of sequential DNA mutations in

249

the correct order to some extent. Nevertheless, the GFP signal was significantly higher when cells

250

were exposed to the correct order of the inducers. We further confirmed these results by analyzing

251

Sanger sequencing chromatograms by Sequalizer (Fig. 2C). Consistent with flow cytometry data,

252

samples induced with the correct order of the inputs showed the highest level of the dC to dT

253

mutation in the position corresponding to the cryptic start codon (Fig. 2C), indicating the execution

254

of a cascade of DNA writing events that lead to execution of sequential AND logic.
9
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255

As another example, we built an asynchronous 2-input/2-output race-detecting circuit, where

256

the output of the circuit is determined by the inducer added first and not the other inducer added

257

second (Fig. 2D). In this design, the PAM domain for each gRNA is placed within the WRITE

258

window of the other, in a way that editing mediated by one gRNA destroys the PAM domain for

259

the other gRNA, thus preventing binding and subsequent editing by that gRNA. As shown in Fig.

260

2D, Sequalizer analysis of cells induced with different combinations of inducers showed that the

261

output of the circuit depends on the identity of the first inducer. Specifically, cells that were first

262

induced with IPTG were converted to state S1, independent of addition of the second inducer (Ara)

263

at a later stage, and those cells that were first induced with Ara were converted to state S2

264

independent of IPTG induction.

265

When cells were induced with IPTG AND THEN Ara (Fig. 2D, IPTG induction for one day

266

AND THEN Ara induction for two days ([I][A][A] induction pattern)), we observed a slight

267

increase in the mutant frequency in the positions corresponding to targets of the Ara-inducible

268

gRNA. We suspected this to be due to leakiness of the Ara-inducible promoter during IPTG

269

induction period (i.e., before ending the propagation delay of the first operator), which would lead

270

to expression of gRNA2 and aberrant transition of a small subpopulation of cells to state S2.

271

Nevertheless, since editing by one gRNA should destroy the PAM domain for the second gRNA,

272

the race-detecting logic should still hold within each single DNA molecule. High-throughput

273

sequencing of these samples revealed that indeed this was the case since doubly edited allele (i.e.,

274

state S3, corresponding to editing events by both gRNAs) were extremely rare (Fig. S4A).

275

This experiment indicates that the ratio between edited alleles in a population can be tuned by

276

controlling the induction time of each of the inputs, while ensuring that the desired logic is applied

277

at the level of each individual DNA molecule. Alternatively, if conversion of the whole population

278

to a final state is desired, one can perform each induction step for periods longer than operator’s

279

propagation delay (i.e., multiple days) to allow the full conversion of cells to a given state before

280

moving to the next induction step. This control over the degree of commitment of cells to different

281

states could be useful for dividing biological tasks between different subpopulations in a

282

community. For example, one subpopulation of cells could be edited to activate metabolic pathway

283

1 and the other subpopulation of cells could be edited activate metabolic pathway 2; the relative

284

ratio of activation could be tuned using our DOMINO circuits to control the overall population

285

performance.

10
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286

Finally, we constructed a 2-input/2-output sequential logic circuit, where induction with IPTG

287

AND THEN Ara results in step-wise transition between two modified states (a sequential AND

288

gate) while induction in the opposite direction (i.e., Ara AND THEN IPTG) results in transition to

289

a different state. In this circuit, editing mediated by one gRNA destroys the binding site of the

290

other gRNA, while editing mediated by the second gRNA does not interfere with the binding or

291

editing of the first gRNA. As shown in Fig. 2E, this circuit is an intermediate circuit between the

292

sequential AND gate (Fig. 2A) and the race-detecting circuit (Fig. 2D). Induction of this circuit

293

with IPTG resulted in the transition of the target register from the initial unmodified state (state

294

S0) to the first modified state (state S1). Subsequent induction of these cells with the second

295

inducer (Ara) led to transition of these cells to the doubly mutated state (state S3). On the other

296

hand, when cells were first induced with Ara, they were converted to an alternative singly modified

297

state (state S2). However, subsequent induction of these cells with IPTG did not result in a

298

transition, thus realizing the expected behavior. Using high-throughput sequencing, we confirmed

299

that expected transitions between the states, and thus the circuit logic, held at the single-molecule

300

level (Fig. S4B).

301
302

Temporal DOMINO Logic

303

The above examples demonstrate that the sequence and timing of DNA writing events

304

mediated by DOMINO operators can be controlled by external cues. In addition to building

305

sequential logic, where the execution of events in a specified order leads to a desired output, the

306

propagation delay in DOMINO operators can be exploited to incorporate temporal logic into

307

circuits, where a desired output is produced only after a certain period of time has passed. In a

308

simple form, DOMINO delay operators can be built by constructing a series of overlapping repeats

309

to act as target sites for a desired gRNA (Fig. 3A). This repeat configuration allows one to overlap

310

the READ address of each gRNA operator site with the WRITE address of the previous gRNA.

311

Initially, the gRNA can bind to the first (i.e., 3’-end) repeat, but not to the upstream copies of the

312

repeat that harbor dC residues (instead of dT) in the sequence corresponding to the gRNA READ

313

address (i.e., the gRNA seed sequence). Upon binding to the first repeat, the gRNA can mutate the

314

dC residues in the repeat immediately upstream of its binding site (i.e., the second repeat), thus

315

converting that repeat to a new binding site for another copy of the same gRNA. This process is

316

sequentially repeated to generate new binding sites for the gRNA. Much like an array of physical

11
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domino pieces that fall down one by one, each genome-editing event is initiated only after editing

318

in the previous repeat has occurred, thus ensuring a sequential cascade of DNA writing events.

319

The total delay can be tuned by changing the number of the repeats, modifying the overlapping

320

distance between the repeats, or adjusting the distance of mutable residues from their

321

corresponding PAM sequences.

322

In addition, the output of the delay elements can be combined with additional logic operators

323

and internal or external cues to create more complex forms of temporal logic. To demonstrate this

324

concept, we placed three DOMINO delay elements into an array and linked the output of the array

325

to a second DOMINO operator that implements sequential AND logic (Fig. 3A). This design

326

achieves temporal and sequential AND logic since the first (IPTG-inducible) gRNA has to execute

327

three consecutive DNA writing events before the Ara-inducible gRNA corresponding to the last

328

operator can bind to and edit its target. We induced cells harboring this circuit with different IPTG

329

concentrations for 4 consecutive days followed by a final day of induction with Ara. Using Sanger

330

sequencing on the population and Sequalizer analysis, we observed a time- and IPTG-dosage-

331

dependent accumulation of mutations in the target sites within repeats, corresponding to

332

propagation of the signal through the repeat array (Fig. 3B). The rate of propagation of the mutation

333

cascade through the delay elements correlated with both the concentration and duration of

334

exposure to IPTG. By the end of the experiment, mutations in the position corresponding to the

335

target site of the second gRNA (shown by the blue arrow in Fig. 3B) were detected only in

336

conditions in which mutations had accumulated through the entire cascade, corresponding to the

337

samples that had been induced with the highest IPTG concentrations.

338

We further confirmed these results by analyzing these samples with HTS. This analysis also

339

showed time- and IPTG-dosage-dependent mutation accumulation within the repeats (Fig. 3C).

340

Furthermore, the mutation corresponding to the target of the Ara-inducible gRNA only

341

accumulated in the later time points and only in cultures induced with high concentrations of IPTG.

342

Upon induction of the samples by Ara, the frequency of the allele corresponding to the final output

343

of the circuit (i.e., state S4) only increased in samples that had been previously induced with high

344

IPTG concentrations (i.e., 0.01 mM and 0.1 mM). These results further demonstrate that, in

345

addition to enacting delays in gene circuits, an array of DOMINO delay elements can be used as a

346

multi-state memory register that undergoes transitions between different discrete states (i.e.,

347

sequential mutations) in a time- and dosage-dependent fashion. In this design, the number of
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348

memory states can be tuned by changing the number of repeats. Moreover, the timing and

349

probability of transitions between repeats can be adjusted by changing the position of mutable

350

residues within the repeat overlaps, or tuned dynamically by external cues.

351

Finally, to demonstrate the power of the technique, we used DOMINO delay elements to build

352

a gene expression program in which the conversion of cryptic ACG start codons into canonical

353

ATG start codons in three different ORFs was temporally controlled by a single input (Fig. S5).

354

We envision that more complex versions of temporal logic, such as counters, can be constructed

355

by integrating delay elements into multiple-input DOMINO operators.

356
357

Associative Learning Circuits and Online DNA-State Reporters

358

A unique feature of DOMINO operators compared to other memory platforms is that the

359

DOMINO DNA read-write head can be further functionalized with additional effector domains,

360

such as transcriptional activators and repressors, to achieve combined DNA writing and

361

transcriptional regulation. This offers the unprecedented capacity to perform both genetic and

362

epigenetic modulation and thus combine DNA memory states with functional outcomes. For

363

example, this feature enables the construction of circuits that can learn and remember. Specifically,

364

we devised a synthetic gene circuit that undergoes associative learning (Bray, 2003; Gandhi et al.,

365

2007; Nesbeth et al., 2016; Tagkopoulos et al., 2008) such that its gene expression output is

366

reinforced by a given stimulus (Figure 4A). While transcriptional positive feedback loop can also

367

be used to implement synthetic self-reinforcing circuits, the state of such circuits can fluctuate due

368

to their reliance on continuous transcription for state maintenance. In contrast, an associative

369

learning circuit that uses genetically encoded memory to gradually reinforce a response remains

370

intact and stable even after the initial stimuli is removed.

371

To demonstrate this concept, we first made an array of overlapping repeats (operators)

372

composed of four WT repeats (4xOp) and a downstream mutant repeat (1xOp*) which harbored a

373

dC to dT mutation. We then placed this repeat array upstream of a minimal promoter driving GFP

374

to build the 4xOp_1xOp*_GFP reporter construct. Additionally, we built a second reporter

375

(1xOp*_GFP) by placing a single Op* repeat upstream of the minimal promoter driving GFP. We

376

also functionalized the DNA read-write head (nCas9-CDA-ugi) with a transcriptional activator

377

domain (VP64) and cloned the nCas9-CDA-ugi-VP64 fusion construct along with either of the
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378

two reporter constructs into lentiviral vectors, which were subsequently introduced into the human

379

HEK 293T cell line. We then delivered a second lentiviral vector encoding an Op*-specific gRNA

380

(gRNA(Op*)) (or a non-specific gRNA (gRNA(NS)) as negative control) to these cells. Upon

381

binding, gRNA(Op*) could mutate the critical dC residue in the WT Op repeat immediately

382

upstream of its binding site, thus converting the Op repeat to a new Op* sequence that could serve

383

as a new binding site for the same gRNA; this strategy enables sequential rounds of mutations (i.e.,

384

Op to Op* conversion) and gRNA binding events (Fig. 4A). We sequentially passaged cells

385

harboring these circuits every three days for fifteen days (Fig. 4B) and observed GFP expression

386

and the genotype of the cells by microscopy (Figs. 4C-D and S6A) and HTS (Figs. 4E-F),

387

respectively. As shown in Fig. 4C, the frequency of GFP-positive cells in cultures harboring the

388

4xOp_1xOp*_GFP reporter and gRNA(Op*) increased over time, indicating the gradual

389

activation of the reporter in the population. On the other hand, the frequency of GFP-positive cells

390

did not change significantly in cultures that were transfected with gRNA(NS), or those that

391

contained the 1xOp*_GFP reporter.

392

In addition to observing an increased frequency of GFP-positive cells, we observed that the

393

intensity of the GFP signal in GFP-positive cells increased in cultures that harbored the

394

4xOp_1xOp*_GFP reporter and gRNA(Op*) over time (Fig. 4D). This data suggests that the

395

number of bound transactivators, and thus, the number of activated (i.e., Op*) repeats that can

396

serve as operator sites for the chimeric read-write-transactivator protein increased in these cells.

397

These results were further confirmed by analysis of the allele frequencies throughout the

398

experiment by HTS. As shown in Fig. 4E, the frequency of the WT allele (state S0) in cells

399

containing the repeat array and gRNA(Op*) decreased linearly with time over the course of the

400

experiment. On the other hand, the frequency of intermediate states (S1 through S4) gradually

401

increased and reached a plateau towards the end of the experiment, suggesting that these

402

intermediate states reached steady state (Fig. 4F). The allele frequency of the final state (S5)

403

gradually increased over the course of the experiment. No significant change in allele frequency

404

was observed in cells that were transduced with a non-specific gRNA (Fig. S6B). Together with

405

the microscopy data, these results show that the analog properties of a signal, such as the duration

406

of exposure to gRNA(Op*), can be faithfully and permanently recorded within the distribution of

407

memory states of the DNA recorder within the population. On the other hand, at the single cell

408

level, each repeat forms a multi-bit digital recorder that associates longer or higher intensity of
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409

exposures to an incoming signal with transitions to higher memory states in the form of more

410

accumulated mutations.

411

In samples harboring the gRNA(Op*) and either the 1xOp*_GFP or 4xOp_1xOP*_GFP

412

reporters, we also observed dC to dG and dC to dA mutations, albeit with lower frequencies than

413

for dC to dT mutations (Fig. S6C). This is consistent with previous results reported in mammalian

414

cell lines (Komor et al., 2016; Nishida et al., 2016), and reflects the promiscuous outcome of repair

415

of deaminated dC (dU) lesions in these cells. Notably, in samples containing the 1xOp*_GFP

416

reporter, the frequency of the WT allele (state S0) decreased and the frequency of the mutant alleles

417

increased linearly over time (Fig. S6C). Thus, even without having a repeat array, the accumulation

418

of mutations in a specific target site can be used as an analog readout of an incoming signal.

419

In this experiment, we used VP64 as an activator domain. However, the activation level and

420

dynamic range of the reporter output can be tuned by using stronger activator domains such as

421

VPR (Chavez et al., 2015). Alternatively, other effector domains (such as repressors (Farzadfard

422

et al., 2013), DNA methyl transferases (Liu et al., 2016), acetyl transferases (Hilton et al., 2015),

423

or other types of histone modification domains) could be used to implement more sophisticated

424

forms of gene regulation programs.

425
426

Discussion

427

Our DOMINO platform addresses many limitations of current DNA writing platforms by using

428

a DNA read-write head that converts the genomic DNA of living cells into a readable and writable

429

medium that can be manipulated with single-nucleotide resolution. Orthogonal DOMINO

430

operators can be built by simply changing the sequence of gRNAs, making the system highly

431

scalable. Furthermore, due to the ability to manipulate DNA with single-nucleotide resolution

432

within a defined window, compact multi-input operators can be readily created by targeting

433

multiple gRNAs to nearby registers. By leveraging DNA as the computing and storage medium,

434

we anticipate that this approach will be more stable than transcriptional memory strategies. Unlike

435

other systems that require multiple recombinases to encode memory, DOMINO uses small gRNAs

436

and only one protein moiety. The CRISPR-Cas9-based nature of this system and the absence of

437

any requirement for double-strand DNA breaks or special repair mechanisms (such as Non-

438

Homologous End Joining (NHEJ)) enables this system to be functional in both prokaryotic and
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eukaryotic cells. As a result, DOMINO offers a highly modular, robust and scalable strategy for

440

dynamic programming of memory as well as order-independent, sequential and temporal logic

441

operations in living cells. Furthermore, we show that DOMINO can be used to record both analog

442

and digital signals, depending on the temporal nature of the circuits constructed. DOMINO circuits

443

can be readily interfaced with other gene regulatory mechanisms to modulate gene expression and

444

provide online readouts of cellular memory. Thus, we anticipate that DOMINO will allow for new

445

strategies and unprecedented capacities to control cellular phenotypes and study biological

446

phenomena in their native contexts.

447

In this paper, we focused on executing unidirectional DNA writing events by using a cytidine

448

deaminase as the DNA writing module. Very recently, an adenosine deaminase DNA writing

449

module that allows for dA to dG and dT to dC mutations was described (Gaudelli et al., 2017).

450

Incorporating this new DNA writing module (or other orthogonal writer modules) into DOMINO

451

should make reversible DNA writing possible, which has been challenging to achieve with

452

previous DNA memory platforms. This will enable bidirectional cellular programs and thus pave

453

the way for sophisticated biological state machines, cellular automata, and Turing machines that

454

use the genomic DNA of living cells as a rewritable memory tape to perform advanced memory

455

and computation operations.

456

In addition to digital computation, DOMINO operators can be used to perform analog memory

457

and computation in living cells when propagation delays are taken into account. Furthermore, as

458

shown in Figs. 3 and 4, analog properties (i.e. duration and magnitude) of an incoming signal can

459

be recorded within the mutation states of the DOMINO operators. In these examples, recording

460

capacity can be increased by extending the number of repeat elements or tuning the overlapping

461

distance between the repeats. On the other hand, the input-output transfer function (i.e., the

462

relationship between gRNA expression level and degree of mutation) can be tuned by adjusting

463

the position of mutable residues within the gRNA WRITE window.

464

The self-reinforcing circuit presented in Fig. 4 can be used as the basis for building intelligent

465

synthetic gene circuits with artificial learning capacities (Bray, 2003; Gandhi et al., 2007; Nesbeth

466

et al., 2016; Tagkopoulos et al., 2008). Besides serving as a proof of concept for synthetic gene

467

circuits with learning capacity, this circuit can be used as an online functional reporter for DNA

468

memory states. Existing DNA-based molecular recording technologies rely on DNA sequencing

469

as the readout. Thus, in these technologies, in order to retrieve the recorded information, the
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470

recording has to be stopped and cells need to be killed, which limit the applicability of these

471

technologies to offline monitoring. On the other hand, the precise and sequential DNA writing

472

achieved by DOMINO enables one to correlate the DNA memory state (i.e., the number of edited

473

repeats) with the intensity of a fluorescence reporter signal that can be continuously monitored in

474

living cells without disrupting the cells (Fig. 4A-D). This feature makes DOMINO recorders

475

especially useful for studying biological events in an online fashion in their native context.

476

Deterministic DOMINO operators and cascades rely on precise base editing events for proper

477

function. Our results show that using the CDA-nCas9-ugi head, the outcome of these operators in

478

E. coli are almost exclusively in the form of dC to dT mutations. However, in human cells, other

479

nucleotides (dG, and to a lesser extent, dA) are also generated, albeit with a lower rate than dT

480

(Fig. S6C). In human cells, this issue could generate undesirable memory states that could reduce

481

the performance of deterministic DOMINO operators. This can be addressed by implementing

482

strategies that favor dC to dT mutations over the other possible outcomes to improve the efficiency

483

of correct outcomes (Komor et al., 2017) or using alternative DNA writing modules that generate

484

more pure editing products (Gaudelli et al., 2017).

485

Several CRISPR-Cas9 based strategies for recording information, such as signaling dynamics

486

and cellular lineage histories, into DNA have been recently described (Frieda et al., 2017; Kalhor

487

et al., 2016; McKenna et al., 2016). These approaches rely on stochastic DNA memory states (i.e.,

488

indel mutations) that are generated by Cas9-mediated double-strand DNA breaks and subsequent

489

repair of these breaks by NHEJ. However, the recording capacity of these recorders are exhausted

490

within a few generations or after recording a few molecular events due to loss of gRNA target sites

491

and are therefore not ideal for long-term recording of signaling dynamics and event histories.

492

Moreover, since indel mutations (memory states) are stochastically generated due to NHEJ, new

493

mutations could destroy the previous mutations and thus overwrite the previous memory states,

494

making tracing lineage histories challenging. In addition, none of these strategies can be used in

495

organisms without an efficient NHEJ repair pathway, such as prokaryotes.

496

In contrast, mutational memory states generated by DOMINO are precise, unidirectional,

497

position-specific, and minimally-disruptive. The features ensure that previous mutations are

498

preserved after each editing step and can be accurately traced. The precise and predictable memory

499

state transitions in DOMINO recorders enables one to couple memory states to functional

500

biological outcomes, such as changes in gene expression (Fig. 4). Furthermore, DOMINO does
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not require double-strand DNA breaks or NHEJ, thus enabling it to function in both bacterial and

502

mammalian cells in an autonomous and continuous fashion over many generations. We envision

503

that the DNA record generated by the DOMINO recording system could be used to study signaling

504

dynamics and event histories over many generations in their native contexts. The promiscuous

505

repair of dC lesions in mammalian cells could actually be beneficial for lineage tracking

506

applications, as it can increase the number of potential memory states. Moreover, signal-responsive

507

lineage maps with tunable resolution can be generated because the activity of DOMINO recorder

508

can be modulated by internal or external signals of interest. Combining these recorders with single-

509

cell sequencing, advanced barcoding schemes, and self-targeting guide RNAs (Perli et al., 2016)

510

should pave the way toward more advanced recorders for long-time monitoring of signaling

511

dynamics and cellular lineages.

512

We envision that our long-term, compact, scalable, modular, and minimally disruptive DNA

513

writers will enable an unprecedented set of applications for both building genetic programs and

514

the recording of spatiotemporal molecular events in their native contexts. These applications could

515

be highly impactful across many different fields, including development, cancer, stem cell

516

differentiation, brain mapping, and many other areas. For example, DOMINO can be used to

517

design and program the progression of developmental stages within living animals, or to perform

518

long-term lineage tracking experiments in mammals, which has been impossible to date due to the

519

lack of scalable and long-term methodologies. DOMINO recorders could be adapted to map neural

520

activity by driving the activity of DNA writers with regulators that respond to neural activity. One

521

could study the order and temporal nature of signaling events in their native contexts and robustly

522

control cellular differentiation cascades ex vivo and in vivo. Our DNA writers could be

523

programmed to investigate tumor development and unveil the cellular and environmental cues

524

involved in tumor heterogeneity. Arbitrary information could be programmed into the DNA of

525

living cells for DNA storage applications. Finally, living sensors could be designed to sense

526

pathogens, toxins, or other signals within the body or in the environment and then later report on

527

this information in detail.

528
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620
621

Figure 1 | Incorporating memory and logic in living cells by DOMINO. A) Schematic

622

representation of DOMINO operators. DOMINO operators are enabled by a DNA read-write

623

head that performs efficient and precise manipulation of genomic DNA with single-nucleotide

22
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624

resolution. In this device, nCas9 (READ module), along with cytidine deaminase (CDA, WRITE

625

module) and uracil DNA glycosylase (ugi, WRITE enhancer) domains are addressed to a desired

626

genomic loci using gRNA with a complementary seed region (READ address). Localization of

627

the CDA write module to the target results in the deamination of cytidine (dC) residues in the

628

vicinity of the 5’-end of the gRNA (WRITE address) and their conversion to dU residues, which

629

are then preferentially repaired by the cellular machinery to dT (or dG to dA mutation if the

630

negative strand of DNA is targeted by gRNA). By placing the DNA read-write module and the

631

gRNA under the control of inducible signals, DNA writing for DOMINO operators can be tuned

632

and controlled by external cues. Here, we schematize the basic DOMINO operator as an AND

633

gate since it requires the expression of both the DNA read-write head (i.e., CDA-nCas9-ugi

634

controlled by the “operational signal”) as well as the gRNA (regulated by “Input 1”) with a

635

downstream feedback delay operator (to illustrate the unidirectional and memory aspect of the

636

operator). DOMINO operators can be layered to a wide variety of memory and logic functions.

637

Bold nucleotides on the target show the location of NGG PAM sequence. Targeted nucleotides

638

are underlined. B) Order-independent AND gate enabled by DOMINO where the output is ON

639

only when both inputs have been present with any possible order. Induction of the circuit with

640

either of the two inducers (IPTG or Ara), results in editing of the target and transition to an

641

intermediate state (states S1 or S2, respectively). Induction of the circuit with both gRNAs

642

results in generation of the doubly edited DNA sequence (state S3), which is designated as ON

643

state. C) Dynamics of allele frequencies obtained by Illumina High-Throughput Sequencing

644

(HTS) for the circuit shown in (B). E. coli cells were exposed to different inducer combinations

645

for four days with serial dilution after each 24 hours. Error bars indicate standard deviation of

646

three biological replicates. D) Position-specific mutant allele frequencies for the last time point

647

(96 h) of the experiment shown in (C) estimated from Sanger sequencing analysis by Sequalizer

648

(see Supplementary Materials). This data demonstrates the expected outcomes of AND gate

649

behavior at the population level. The x-axis shows dC to dT or dG to dA mutations in the

650

specified positions. For example, the G18A mutation means a dG to dA mutation in position 18

651

of the target sequence. Small boxes along the x-axis show the induction patterns and duration of

652

induction used in each experiment. For example, the induction pattern of the last sample set

653

([IA][IA][IA][IA]) means that the samples were induced with aTc + IPTG + Ara for four days

654

with dilutions every 24 hours. Error bars indicate standard deviation of three biological
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655

replicates. E) The output of DOMINO operators, which is in the form of DNA mutations, can be

656

converted to a gRNA by flanking the target DNA sequence with a desired promoter and gRNA

657

handle. This allows DOMINO operators to be linked to other DOMINO operators or host

658

regulatory networks. To demonstrate this concept, we designed an order-independent DOMINO

659

AND gate with a target sequence flanked by a constitutive promoter and a modified gRNA

660

handle. The modified gRNA handle harbored a dA to dG mutation in a position that was not

661

essential for gRNA function (Briner et al., 2014). This modification (shown by an asterisk) was

662

required to generate an NGG PAM motif for binding of one of the input gRNAs. Upon induction

663

by both inducers, the input gRNAs edit the Specificity-Determining Sequence (SDS) of the

664

output gRNA. The doubly edited output gRNA can then bind to the GFP ORF and repress it via

665

CRISPRi in E. coli. In this example, AND logic is realized on the target DNA register (i.e., the

666

output gRNA) while NAND logic is achieved on the output GFP reporter. Error bars indicate

667

standard deviation for three biological replicates.

668
669
670
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671
672

Figure 2 | Building sequential logic by DOMINO operators. A) Sequential AND gate encoded

673

with DOMINO operators. The output of a DOMINO operator was used as an input for another

674

operator, which in turn mutates a non-canonical start codon (ACG) within the GFP ORF into a

675

canonical (efficient) start codon (ATG), thus increasing GFP signal. The second gRNA (induced

676

by Ara) can bind to and enact the start-codon mutation only after the first gRNA (induced by
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677

IPTG) has edited its target. B) GFP signal measured by flow cytometry for the circuit shown in

678

(A). Only when IPTG AND THEN Ara were applied was the sequential logic satisfied, thus

679

resulting in increased GFP signal. Error bars indicate standard deviation of three biological

680

replicates. C) Position-specific mutation frequency obtained from Sequalizer analysis for the

681

experiment shown in (A). Consistent with GFP data, the highest frequency of ACG to ATG

682

conversion (blue bars) was achieved when the samples were induced with IPTG AND THEN

683

Ara. Error bars indicate standard deviation for three biological replicates. D) Two-input/two-

684

output race-detecting circuit. Two gRNAs were designed so that editing by one gRNA destroys

685

the PAM domain for the other gRNA, thus inhibiting its binding. Sequential expression of each

686

gRNA resulted in an output corresponding to the output of the first gRNA, independent of

687

whether the second gRNA was expressed or not. Error bars indicate standard deviation for three

688

biological replicates. D) Another example of sequential DOMINO logic, where sequential

689

induction of cells with IPTG AND THEN Ara results in the sequential transition between two

690

modified states (states S1 and S3, respectively). However, induction of cells with the reverse

691

order (Ara AND THEN IPTG) only results in a one-step transition to state S2. Error bars indicate

692

standard deviation for three biological replicates.

693
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694

695
696

Figure 3 | Incorporating propagation delay and temporal logic into living cells. A) Time-

697

dependent logic and tunable propagation delay can be programmed by DOMINO operator

698

cascades. DOMINO operators possess an inherent propagation delay (the time required for

699

transition from a non-modified state to modified state) that can be modulated in an analog

700

fashion (stronger induction results in a shorter delay). Multiple DOMINO operators can be
27
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701

placed sequentially in an array to build longer delays and then coupled with other logic operators

702

to build temporal logic. We constructed a series of overlapping repeats to serve as gRNA binding

703

sites. Once expressed, the first gRNA (IPTG-inducible, pink) can bind to the downstream repeat,

704

but not to the other instances of the repeats due to presence of dC residues in these repeats that

705

form mismatches with the gRNA READ address. Upon binding the downstream repeat, the DNA

706

read-write head can mutate these dC residues to dT in the immediately adjacent upstream repeat,

707

thus creating a new binding site for this gRNA. In turn, this event recruits the read-write head

708

once again and makes the third repeat available for binding. The second gRNA, which is under

709

control of Ara, is only able to bind to and edit its target when the third copy of the repeat is

710

edited by the first gRNA, thus encoding time-dependent sequential logic. B) E. coli cells

711

harboring the circuit shown in (A) were exposed to different concentrations of the first inducer

712

(IPTG) for 4 days with serial dilution after each day, followed by a one-day exposure to the

713

second inducer (Ara). The propagation of the signal as manifested by sequential mutations in the

714

repeat array was monitored by analyzing Sanger chromatograms with Sequalizer. Transitions

715

between states occurred in a time- and IPTG-dosage dependent fashion, and only cells exposed

716

to higher concentrations of IPTG (0.1 mM and 0.01 mM) accumulated mutations to the level that

717

enabled a response to the second inducer (Ara) by the last day of experiment. C) Transitions

718

between the memory states for samples shown in (B) assessed by HTS. Error bars indicates

719

standard deviation for three biological replicates.

720
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721
722

Figure 4 | Associative learning and online DNA-state reporting circuits in human cells. A)

723

Being CRISPR-Cas9-based, DOMINO operators can be functionalized with transcriptional and

724

epigenetic modules to implement gene regulation integrated with computing and memory. As an

725

example, we functionalized the read-write head with a transcriptional activator (VP64) and used

726

it to sequentially edit and activate multiple operator sites that were arrayed in overlapping repeats

727

(composed of four copies WT unmutated repeats (Op) followed by a downstream mutated repeat

728

(Op*)) upstream of a minimal promoter (4xOp_1xOp*_GFP). In the presence of an Op*-specific

729

gRNA (gRNA(Op*)), this system allows for sequential conversion of Op sites to Op* and

730

binding of the transactivator to the progressively mutated operator sites in the promoter, which in

731

turn results in GFP signal increases. Therefore, cells harboring this circuit manifest sequential

732

and permanent transitions between DNA states and increases in GFP in response to increased

733

gRNA expression over time. Thus, the circuit can be considered as an example of associative
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734

learning. B) HEK 293T cells were transfected with the circuit shown in (A) via a two-step

735

lentiviral delivery protocol and were grown with serial passaging every three days as indicated.

736

At the end of each passage, GFP signal was assessed by microscopy and DNA memory state was

737

assessed by HTS. C) The mean number of GFP-positive cells in different samples harboring

738

either the Op*-specific gRNA (gRNA(Op*)) or a non-specific gRNA (gRNA(NS)) and either

739

4xOp_1xOp*_GFP or 1xOp*_GFP as the reporter. The number of GFP-positive cells harboring

740

4xOp_1xOp*_GFP and gRNA(Op*) increased over time. In contrast, the number of GFP-

741

positive cells in cultures harboring gRNA(NS) or 1xOp*_GFP and gRNA(Op*) did not change

742

and remained at background levels. D) Histogram of signal intensities for GFP-positive cells

743

harboring 4xOp_1xOP*_GFP and gRNA(Op*). The gradual increase in GFP signal intensities is

744

reflected as a shift to the right in the histograms, indicating multi-stage GFP activation in these

745

cells. E) Dynamics of the frequency of the WT unmodified allele (state S0) in cultures harboring

746

4xOp_1xOp*_GFP and gRNA(Op*) assessed by HTS. The frequency of the unedited allele

747

decreased linearly over time, indicating that the DNA writing circuit can be used as an analog

748

recorder for the input gRNA. F) Dynamics of mutant allele frequencies (memory states S1

749

through S5) for the same samples as (E), shown as time-series data and histograms. Consistent

750

with the GFP data, the first four memory states (S1 through S4) started to accumulate

751

sequentially (state S1, then state S2, then S3 and then S4) until they reached a plateau. Moreover,

752

memory state S5, which corresponds to the highest GFP expression state, increased steadily over

753

time, as is expected from the terminal product of the DNA memory circuit.

754
755
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756

Supplementary Materials:

757

1.

758

Estimating Position-Specific Mutant Frequencies by Sequalizer

Supplementary Text

759

We developed a MATLAB program, dubbed Sequalizer (for Sequence equalizer), to

760

calculate the frequency of base-pair substitutions in specific positions in a mixture of DNA

761

species from Sanger sequencing chromatograms. Analyzing Sanger chromatograms by

762

Sequalizer offers a low-cost strategy to HTS for assessing and quantifying frequency of precise

763

mutations (i.e. nucleotide substitutions) that are generated by base-editing and other targeted

764

genome engineering platforms.

765

Sequalizer uses a previously described algorithm (SeqDoC (Crowe, 2005)) to normalize and

766

compute difference between Sanger chromatogram of a reference (unmodified) sequence and a

767

test sample (which is expected to contain a mixture of DNA species containing mutations in

768

specific positions). It then overlays the computed difference for all the four nucleotides (A, C, G,

769

and T) on a single plot for the reference (top) and test sample (inverted, bottom) as a function of

770

nucleotide position (x-axis) (Fig. S1A). A peak in this plot, indicates a difference in the

771

normalized chromatogram signal between the reference and the test sample, and thus a mutation

772

(i.e. base substitution) in that specific mutation. Sequlizer then estimates the frequency of

773

mutants in each specific (targeted) position in the test sample using the difference between the

774

heights of peaks corresponding to the reference and test samples in that position and reports that

775

frequency as a number on top of the corresponding peaks. A test sample that has the same

776

position-specific mutant frequency as the reference would result in no peaks in the Sequalizer

777

plots (Fig. S1A, top panel). On the other hand, base-substitutions in the test sample compared to

778

the reference sample can be detected as a peak in the Sequalizer plots (Fig. S1A, bottom panel).

779

If a pure WT sample is used as the reference sample, the number printed on top of the peak

780

estimates the frequency of molecules with mutation in that specific position in the test sample.

781

Since there is a high degree of variation between the height of peaks between different

782

positions along a Sanger chromatogram, for each position Sequlizer normalizes the computed

783

difference to the height of the peak for the reference chromatogram in that specific position.

784

However, the height of the Sanger chromatogram containing 100% mutant alleles in a position

31

bioRxiv preprint doi: https://doi.org/10.1101/263657; this version posted February 16, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

785

could be different from the reference in that position, which could result in under- or over-

786

estimation of mutant frequencies by Sequalizer. Since the Sanger chromatogram, and thus the

787

height of peaks for samples with the 100% mutant alleles are not always known, Sequlizer uses

788

an experimentally determined parameter to account for the difference in height of peaks of

789

Sanger chromatogram in each position. This parameter was calculated by mixing pure WT and

790

pure mutant samples with different ratios, sequencing the mixtures, and using the Sequalizer

791

output of the corresponding chromatograms to calculate a standard curve. As shown in Fig. S1B,

792

the Sequalizer algorithm is able to compute frequencies of mutants at different positions solely

793

based on Sanger chromatogram data, which correlates well with the mutant ratios in the

794

mixtures.

795

We further verified Sequalizer by measuring position-specific mutant frequencies and

796

comparing the output with the HTS for samples obtained from the order-independent AND gate

797

circuit for the experiment described in Fig 1B. As shown in Fig. S1C, we observed high

798

correlation (R2 values) between mutant frequencies measured by both methods in all the targeted

799

positions, indicating that Sequalizer output can be used as a low-cost alternative to HTS.

800

Deviation of the regression slope from unity (e.g., for C20 position) could be partially due to

801

variations in the height of peaks of Sanger chromatograms between pure WT and pure mutant at

802

different positions. As mentioned above, the Sequalizer algorithm tries to minimize the effect of

803

such variations by normalizing the differences to the height of the WT peak in corresponding

804

positions. However, since the heights of Sanger chromatograms for a pure mutant species also

805

could affect the Sequalizer and this value is often unknown, it could cause the Sequalizer to

806

underestimate or overestimate mutant frequencies compared to those measured by HTS.

807

Nevertheless, the high correlation between Sequalizer outputs and HTS results indicate that

808

changes in Sequalizer output can be used as a quantitative measure of changes in allele

809

frequencies in a given position, even if they are not used for absolute measurements. The

810

MATLAB script for Sequalizer is provided in Supplementary File 1.

811
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812

2.

Materials and Methods

813

2.1 Strains and Plasmids

814

Standard molecular biology and cloning techniques, including ligation, Gibson assembly

815

(Gibson, 2011) and Golden Gate assembly (Engler and Marillonnet, 2014) were used to construct

816

the plasmids. Chemically competent E. coli DH5α F’ lacIq (NEB) and E. cloni 10G (Lucigen) were

817

used for cloning. MG1655 PRO strain (MG1655 strain that harbors PRO cassette (pZS4Int-

818

lacI/tetR, Expressys) and expresses lacI and tetR at high levels) (Lutz and Bujard, 1997) was used

819

for all the bacterial experiments. HEK 293T cells (ATCC CRL-11268) were purchased from and

820

authenticated by ATCC and were used for mammalian cell experiments. Lists of plasmids,

821

synthetic parts and sequencing primers used in this study are provided in Tables S1, S2 and S3,

822

respectively. Plasmids and their corresponding maps will be available on Addgene.

823

2.2 Antibiotics and Inducers

824
825

For bacterial selection, antibiotics were used at the following concentrations: Carbenicillin
(Carb, 50 μg/mL), and Chloramphenicol (Cam, 25-30 μg/mL).

826

For the experiments shown in Figs. 1E, 2D, 2E, S2C, and S4 different combinations of 200

827

ng/ml anhydrotetracycline (aTc), 0.1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) and

828

0.2% Arabinose (Ara) were used to induce the corresponding circuits. For the experiments shown

829

in Figs. S3 and S5, 250 ng/ml aTc and 0.005% Ara were used. For the experiment shown in Fig.

830

2A, 150 ng/ml aTc, 0.1 mM IPTG, and 0.2% Ara were used. For all the other experiments, unless

831

otherwise noted, 250 ng/ml aTc, 1 mM IPTG and 0.2% Ara were used. All concentrations are final

832

concentrations.

833

2.3 Experimental procedure

834

2.3.1 Bacterial Cell Experiments

835

Different plasmids expressing gRNAs and targets (listed in Table S1) were transformed into

836

the reporter cells (MG1655 PRO) harboring aTc-inducible CDA-nCas9-ugi (for bacterial

837

experiments, APOBEC1 CDA (Komor et al., 2016) was used as the writing module). Single

838

transformant colonies were grown in LB + Carb + Cam for 6-8 hours to obtain seed cultures. Seed

839

cultures were diluted (1:100) in fresh media containing different combinations of inducers and
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840

grown in 96-well plates for multiple days with serial dilution as indicated in induction patterns in

841

corresponding figures. Samples for various analyses including HTS, Sequalizer, and flow

842

cytometry were taken at indicated time points.

843

2.3.2 Cell Cultures and Mammalian Cell Experiments

844

Cell culture and transfections were performed as described previously (3). HEK 293T cells

845

were grown in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-

846

streptomycin. Lentiviruses were packaged using the FUGW backbone (Addgene #25870) and

847

psPAX2 and pVSV-G helper plasmids in HEK 293T cells. Filtered lentiviruses were used to infect

848

respective cell lines in the presence of polybrene (8 μg/mL). Successful lentiviral integration was

849

confirmed by using lentiviral plasmid constructs constitutively expressing fluorescent proteins or

850

antibiotic resistance genes to serve as infection markers.

851

A lentiviral plasmid construct was made by placing the nCas9-CDA-ugi-VP64 fusion protein

852

with nuclear localization signals linked to the Puromycin resistance gene with the P2A sequence

853

under the control of constitutive CMV promoter (for mammalian experiments, PmCDA (Nishida

854

et al., 2016) was used as the writing module). In addition, repeat arrays (4xOp_1xOp* or 1xOp*)

855

were placed upstream of the minimal pMLV promoter driving EGFP and the resultant reporter

856

constructs were cloned into the same lentiviral construct. The clonal cell lines harboring the two

857

transcriptional units were constructed by infecting early passage HEK 293T cells with high titer

858

lentiviral particles, selecting for pooled populations grown in the presence of Puromycin (7 µg/mL)

859

and picking up clonal populations after seeding pooled population with the density of 0.5 cells per

860

well in a 96-well plate.

861

On day 0, 440,000 clonal reporter cells were infected with high titer lentiviral particles

862

encoding the sgRNAs driven by the U6 promoter in a 6-well plate with triplicates. Infection

863

efficiency was more than 90% in every sample. The cells were harvested every 3 days until day

864

15 after the infection. Half of the harvested cells were seeded in a 6-well plate for further culture

865

and a quarter of cells were collected for next-generation sequencing. Microscopic images were

866

obtained just before the harvests.
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867

2.3.3 Microscopy Image Analysis

868

Fluorescence microscopy images of cells in tissue culture plates were obtained by using the

869

ZEISS ZEN microscope software. For each sample, total number of EGFP-positive cells and signal

870

intensities were measured from microscopic images of 5 random fields using CellProfiler image

871

analysis software by using the ‘ColorToGray’, ‘IdentifyPrimaryObjects’, MeasureObjectIntensity’

872

and ‘ExportToSpreadsheet’ modules.

873

2.3.4 Flow Cytometry

874

An LSR Fortessa II flow cytometer (Becton Dickinson, NJ) was used for all the experiments.

875

GFP expression was measured using 488/FITC laser/filter set. All samples were uniformly gated

876

and flow cytometry data were analyzed by FACSDiva and FlowJo (Becton Dickinson, NJ). For

877

each gated sample, the mean fluorescence and percent of GFP-positive cells were calculated.

878

2.3.5 High-throughput Sequencing

879

For each sample, 5 l of culture was resuspended in 15 l of QuickExtract DNA Extraction

880

Solution (Epicentre, WI) and lysed by a two-step protocol (15 minutes incubation at 65 C

881

followed by 2 minutes incubation at 98 C). Target sites were PCR amplified using 2 l of lysed

882

cultures as template and the appropriate primers listed in Table S3. The obtained amplicons were

883

directly used as templates in a second round of PCR to add Illumina barcodes and adaptors. The

884

amplicons were then multiplexed and analyzed by Illumina MiSeq. The obtained sequencing reads

885

were demultiplexed and allele frequencies were calculated using a custom MATLAB script.

886

2.3.6 Sanger Sequencing and Sequalizer Analysis

887

For each sample, target sites were PCR amplified by target-specific primers and Sanger

888

sequenced by Quintara Biosciences. The obtained Sanger chromatograms were then analyzed by

889

Sequalizer using seed cultures as reference as described above.

890
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891
892

Figure S1 | Using Sequalizer to estimate position-specific mutant frequencies from Sanger

893

chromatograms. A) Sequalizer analysis comparing two instances of WT unmutated (i.e., Ref

894

samples) sequences (top) and a WT unmutated (Ref) sequence vs. Test sample containing a

895

mixture of mutated and unmutated sequences (bottom). The y-axis shows differences between

896

normalized Sanger chromatograms for the samples being compared (Ref #1 vs. Ref #2 or Ref vs.

897

Test). Peaks in these plots indicate differences in the normalized chromatograms and thus

898

mutations in corresponding positions. For example, the peak marked by a black arrow in the

899

bottom plot indicates mutations of dG at position 18 in the Ref to dA in the Test sample. The

900

numbers above target positions (i.e., positions 18-21), show the estimated mutant frequency in

901

that position based on the Sequalizer algorithm, which takes into account the height of Sanger

902

chromatograms in a given position to normalize the calculated difference values. B) Standard

903

curves obtained by analyzing samples containing known mutant ratios by Sequalizer. Two

36

bioRxiv preprint doi: https://doi.org/10.1101/263657; this version posted February 16, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

904

plasmids encoding the pure WT and mutant sequences (as indicated) were mixed at the following

905

mutant:WT ratios: 0:10, 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 9:1, and 10:0. The mixtures were

906

Sanger-sequenced and the obtained chromatograms were analyzed by Sequalizer. The estimated

907

mutant frequencies at the four target positions were plotted against the known (i.e.,

908

experimentally mixed) mutant ratios. Error bars indicate standard deviation for six independent

909

replicates. C) The position-specific mutant frequencies measured by Sequalizer vs. HTS at four

910

target positions for samples from the experiment described in Fig. 1B.

911
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912

913
914

Figure S2 | Examples of additional circuits built using DOMINO operators. A) Schematic

915

representation and truth table for a DOMINO OR gate. B) Sequalizer results for the circuit

916

shown in (A). E. coli cells were induced for four days using the indicated patterns and position-

917

specific mutant frequencies were assessed by Sequalizer analysis of Sanger chromatograms.

918

Error bars indicate standard deviation for three biological replicates. C) A sequential AND gate

919

built by a cascade of gRNAs, where the first (IPTG-inducible) gRNA edits and activates a

920

downstream gRNA, which can then edit a downstream target. As demonstrated in this example,

921

gRNA outputs of a DOMINO cascade can be independently regulated by using inducible

922

promoters, such as an Ara-inducible promoter. This offers greater flexibility compared to using
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923

mutations as DOMINO outputs (e.g., designs shown in Fig. 2 and 3). D) Dynamics of allele

924

frequencies (i.e., memory states) for the circuit shown in (C) assessed by HTS (left panel) and

925

population-averaged C4T mutation frequency assessed by Sequalizer (right panel). Error bars

926

indicate standard deviation for three biological replicates. E) A multi-input encoder circuit,

927

where the presence of three input gRNAs is converted into cis-encoded mutations in the same

928

DNA target locus (lacZ ORF in E. coli in this case). The circuit can be used to encode multiple

929

transcriptional signals from various loci across a genome into DNA memory within a confined

930

region. The multiplexed and cis-encoded signals can then be read and decoded by HTS or Sanger

931

sequencing to reveal information about the original signals. The plots on the right show the

932

Sequalizer output for cells containing no gRNA (top) and those containing three constitutively

933

expressed input gRNAs (bottom). Mutations in gRNA target sites are reflected as peaks in the

934

bottom Sequalizer plot. This circuit is an example of a DOMINO circuit with more than two

935

inputs, which we envision can be readily extended to additional inputs for in vivo memory

936

applications and storing information (spatial, temporal, or artificial) across a genome.

937
938
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939
940

Figure S3 | Regulation of gene expression by manipulating functional elements by

941

DOMINO. Conditional conversion of a canonical, efficient initiation codon (ATG) to ATA

942

(which is a non-efficient initiation codon) by an Ara-inducible DOMINO operator was used to

943

down-regulate GFP expression in E. coli. Over time, the number of GFP-positive cells decreased

944

and the frequency of mutants increased in induced samples while these quantities minimally

945

changed in non-induced samples. For GFP measurements, samples were grown for six hours in

946

LB with no inducers before flow cytometry to ensure removal of any repression (i.e., CRISPRi)

947

effect enacted by bound CDA-nCas9-ugi. Error bars indicate standard deviation of three

948

biological replicates.

949

40

bioRxiv preprint doi: https://doi.org/10.1101/263657; this version posted February 16, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

950
951

Figure S4 | Dynamics of allele frequencies (memory states) for (A) the race-detecting circuit

952

(Fig. 2D) and (B) the sequential logic circuit shown in Fig. 2E. In each subplot, the dominant

953

allele in the last time point has been used to determine the memory state. Error bars indicate

954

standard deviation for three biological replicates.
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955
956

Figure S5 | Using DOMINO delay elements to temporally control the conversion of cryptic

957

start codons into canonical start codons in three ORFs. A) The schematic representation of the

958

time-dependent codon conversion experiment. Three different ORFs with non-canonical (ACG)

959

start codons and different number of delay elements (i.e., overlapping repeats) in their N-termini

960

were placed in a synthetic operon. A gRNA was designed so that it could bind to the 3’-distal

961

repeat element in each array. Sequential recruitment and editing of the repeat elements by this

42
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962

gRNA led to progressive mutation accumulation within the repeat elements toward the 5’-end and

963

eventually editing of the upstream ACG codons to ATG. In this circuit, due to the presence of

964

different number of delay elements in each array, different delay times and thus temporal

965

regulation is achieved. The time required for start codon conversion for ORF 1 (t1) is expected to

966

be longer than the time required for ORF 2 (t2) which itself is expected to be longer than the time

967

required for the conversion in ORF 3 (t3). B) E. coli cells harboring the indicated circuit in (A)

968

were induced and then mutation accumulation in the arrays was monitored by Sanger sequencing

969

and Sequalizer over time. Upon induction of the circuit, time-dependent accumulation of mutations

970

was observed in all the three repeat arrays. The position corresponding to the start codon (shown

971

by red arrow) in the third ORF, which possessed only two repeats in its N-terminus array, was the

972

first that accumulated significant levels of mutations. This was followed by the second ORF, which

973

contained four delay elements and thus experienced a longer delay compared to ORF 3. The first

974

ORF, which possessed six repeats and was thus subject to the longest delay, was the last ORF in

975

which mutations in the position corresponding to the cryptic start codon were accumulated. On the

976

other hand, in non-induced cells, only low levels of mutations accumulated in the downstream

977

repeat of each array and only at the later time points of the experiment, likely due to the background

978

activity of the promoters. Nevertheless, no mutations were detected in positions corresponding to

979

cryptic start codons in non-induced cells.

980
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981
982

Figure S6 | Representative microscopy images and additional data for the experiment

983

shown in Fig. 4. A) Representative microscopy images for cells harboring the

984

4xOp_1xOp*_GFP reporter and the Op*-specific gRNA (gRNA(Op*)) or a non-specific gRNA

985

(gRNA(NS)). Scale bars indicate 100 m. B) Dynamics of allele frequencies (memory states) for

986

cells harboring the 4xOp_1xOp*_GFP reporter and gRNA(NS) (negative control). C) Dynamics

987

of allele frequencies (memory states) for cells harboring the 1xOp*_GFP reporter and

988

gRNA(Op*). The mutable dC residue within the gRNA target site was mutated with a constant

989

rate into dT and constant but lower rates into dG and dA, reflecting the promiscuous repair of
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990

deaminated cytidine lesions in mammalian cells. The linear decrease in dC allele frequency, as

991

well as the linear increases in dT, dG, and dA allele frequencies, can be used as an analog

992

readout of gRNA expression duration or intensity.

993
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994
995

Table S1 | List of the plasmids used in this study
Name

Plasmid Code

Marker

PtetO_CDA-nCas9-ugi

pFF1454

Cam

Comb_AND_gate

pFF1581

Carb

Fig. 1B-D

Comb_AND_gate_gRNA_output

pFF1590

Carb

Fig. 1E

Seq_AND_gate

pFF1610

Carb

Fig. 2A-C

Race_detecting

pFF1684

Cam

Mixed_seq_logic

pFF1685

Carb

3x_propagation_delay_seq_AND

pFF1588

Carb

Fig. 3

gRNA(Op*)

pYH383

Carb

Fig. 4

Hygro

Fig. S6

gRNA(NS)

pYH384

Carb

Fig. 4

Hygro

Fig. S6

4xOp*_1xOp_GFP_pCMV_nCas9_CDA_ugi_VP64

pYH396

Carb

Fig. 4

Puro

Fig. S6

1xOp*_GFP_pCMV_nCas9_CDA_ugi_VP64

pYH404

Carb

Fig. 4

Puro

Fig. S6

OR_gate

pFF1583

Carb

Fig. S2A-B

gRNA_cascade

pFF1586

Carb

Fig. S2C-D

Multiplexer

pFF1572

Carb

Fig. S2E

Temporal_start_codon_conversion

pFF1573

Carb

Fig. S5

ATG_conversion

PFF1604

Carb

Fig. S3

996
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Used in
Figs. 1-3 & 5
Figs. S1-S5

Fig. 2D
Fig. S4A
Fig. 2E
Fig. S4B
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997
998

Table S2 | List of the synthetic parts and their corresponding sequences used in this study
Part name

Type

pBAD

Source

(Lutz
and
Bujard,
1997)
(Lutz
aTc-inducible TCCCTATCAGTGATAGAGAAAAGAATTCAAAAGATCTAAAGAGGAGAAAGGA and
TCT
promoter
Bujard,
1997)
ACATTGATTATTTGCACGGCGTCACACTTTGCTATGCCATAGCATTTTTATCCA
E. coli
Ara-inducible
TAAGATTAGCGGATCCTACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTC
promoter
genome
CATA

IPTGPlacO (PLlacO-1) inducible
promoter

PtetO

Sequence
AATTGTGAGCGGATAACAATTGACATTGTGAGCGGATAACAAGATACTGAGC
ACATCAGCAGGACGCACTGACC

4xOp_1xOp*
GACAGGAGAAGAATTGAGACAGGAGAAGAATTGAGACAGGAGAAGAATTGA
array
GACAGGAGAAGAATTGAGACAGGAGAAGAATTGAGATTGGTGGGGGGCTATA This
4xOp_1xOp* upstream of AAAGGGGGTGGGGGCGTTCGTCCTCACTCTAGATCTGCGATCTAAGTAAGCTT
work
minimal MLP GGCATTCCGGTACTGTTGGTAAAGCCACCATGGC
promoter
1xOp*
GACAGGAGAAGAATTGAGATTGGTGGGGGGCTATAAAAGGGGGTGGGGGCGT
This
upstream of
TCGTCCTCACTCTAGATCTGCGATCTAAGTAAGCTTGGCATTCCGGTACTGTTG
1xOp*
minimal MLP GTAAAGCCACCATGGC
work
promoter

pU6

Constitutive
RNA Pol III
promoter

CDA-nCas9ugi
For use in
bacterial
experiments. read-write
The
head ORF
APOBEC1
CDA protein
used as the
writing
module.

TGTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTAC
CAAGGTCGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATA
TACGATACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACA
AAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTT
TGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTG
AAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACC
ATGAGCTCAGAGACTGGCCCAGTGGCTGTGGACCCCACATTGAGACGGCGGA
TCGAGCCCCATGAGTTTGAGGTATTCTTCGATCCGAGAGAGCTCCGCAAGGAG
ACCTGCCTGCTTTACGAAATTAATTGGGGGGGCCGGCACTCCATTTGGCGACA
TACATCACAGAACACTAACAAGCACGTCGAAGTCAACTTCATCGAGAAGTTCA
CGACAGAAAGATATTTCTGTCCGAACACAAGGTGCAGCATTACCTGGTTTCTC
AGCTGGAGCCCATGCGGCGAATGTAGTAGGGCCATCACTGAATTCCTGTCAAG
GTATCCCCACGTCACTCTGTTTATTTACATCGCAAGGCTGTACCACCACGCTGA
CCCCCGCAATCGACAAGGCCTGCGGGATTTGATCTCTTCAGGTGTGACTATCC
AAATTATGACTGAGCAGGAGTCAGGATACTGCTGGAGAAACTTTGTGAATTAT
AGCCCGAGTAATGAAGCCCACTGGCCTAGGTATCCCCATCTGTGGGTACGACT
GTACGTTCTTGAACTGTACTGCATCATACTGGGCCTGCCTCCTTGTCTCAACAT
TCTGAGAAGGAAGCAGCCACAGCTGACATTCTTTACCATCGCTCTTCAGTCTT
GTCATTACCAGCGACTGCCCCCACACATTCTCTGGGCCACCGGGTTGAAAAGC (Komor
GGCAGCGAGACTCCCGGGACCTCAGAGTCCGCCACACCCGAAAGTGATAAAA et al.,
AGTATTCTATTGGTTTAGCCATCGGCACTAATTCCGTTGGATGGGCTGTCATAA 2016)
CCGATGAATACAAAGTACCTTCAAAGAAATTTAAGGTGTTGGGGAACACAGA
CCGTCATTCGATTAAAAAGAATCTTATCGGTGCCCTCCTATTCGATAGTGGCG
AAACGGCAGAGGCGACTCGCCTGAAACGAACCGCTCGGAGAAGGTATACACG
TCGCAAGAACCGAATATGTTACTTACAAGAAATTTTTAGCAATGAGATGGCCA
AAGTTGACGATTCTTTCTTTCACCGTTTGGAAGAGTCCTTCCTTGTCGAAGAGG
ACAAGAAACATGAACGGCACCCCATCTTTGGAAACATAGTAGATGAGGTGGC
ATATCATGAAAAGTACCCAACGATTTATCACCTCAGAAAAAAGCTAGTTGACT
CAACTGATAAAGCGGACCTGAGGTTAATCTACTTGGCTCTTGCCCATATGATA
AAGTTCCGTGGGCACTTTCTCATTGAGGGTGATCTAAATCCGGACAACTCGGA
TGTCGACAAACTGTTCATCCAGTTAGTACAAACCTATAATCAGTTGTTTGAAG
AGAACCCTATAAATGCAAGTGGCGTGGATGCGAAGGCTATTCTTAGCGCCCGC
CTCTCTAAATCCCGACGGCTAGAAAACCTGATCGCACAATTACCCGGAGAGAA
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GAAAAATGGGTTGTTCGGTAACCTTATAGCGCTCTCACTAGGCCTGACACCAA
ATTTTAAGTCGAACTTCGACTTAGCTGAAGATGCCAAATTGCAGCTTAGTAAG
GACACGTACGATGACGATCTCGACAATCTACTGGCACAAATTGGAGATCAGTA
TGCGGACTTATTTTTGGCTGCCAAAAACCTTAGCGATGCAATCCTCCTATCTGA
CATACTGAGAGTTAATACTGAGATTACCAAGGCGCCGTTATCCGCTTCAATGA
TCAAAAGGTACGATGAACATCACCAAGACTTGACACTTCTCAAGGCCCTAGTC
CGTCAGCAACTGCCTGAGAAATATAAGGAAATATTCTTTGATCAGTCGAAAAA
CGGGTACGCAGGTTATATTGACGGCGGAGCGAGTCAAGAGGAATTCTACAAG
TTTATCAAACCCATATTAGAGAAGATGGATGGGACGGAAGAGTTGCTTGTAAA
ACTCAATCGCGAAGATCTACTGCGAAAGCAGCGGACTTTCGACAACGGTAGC
ATTCCACATCAAATCCACTTAGGCGAATTGCATGCTATACTTAGAAGGCAGGA
GGATTTTTATCCGTTCCTCAAAGACAATCGTGAAAAGATTGAGAAAATCCTAA
CCTTTCGCATACCTTACTATGTGGGACCCCTGGCCCGAGGGAACTCTCGGTTC
GCATGGATGACAAGAAAGTCCGAAGAAACGATTACTCCATGGAATTTTGAGG
AAGTTGTCGATAAAGGTGCGTCAGCTCAATCGTTCATCGAGAGGATGACCAAC
TTTGACAAGAATTTACCGAACGAAAAAGTATTGCCTAAGCACAGTTTACTTTA
CGAGTATTTCACAGTGTACAATGAACTCACGAAAGTTAAGTATGTCACTGAGG
GCATGCGTAAACCCGCCTTTCTAAGCGGAGAACAGAAGAAAGCAATAGTAGA
TCTGTTATTCAAGACCAACCGCAAAGTGACAGTTAAGCAATTGAAAGAGGACT
ACTTTAAGAAAATTGAATGCTTCGATTCTGTCGAGATCTCCGGGGTAGAAGAT
CGATTTAATGCGTCACTTGGTACGTATCATGACCTCCTAAAGATAATTAAAGA
TAAGGACTTCCTGGATAACGAAGAGAATGAAGATATCTTAGAAGATATAGTGT
TGACTCTTACCCTCTTTGAAGATCGGGAAATGATTGAGGAAAGACTAAAAACA
TACGCTCACCTGTTCGACGATAAGGTTATGAAACAGTTAAAGAGGCGTCGCTA
TACGGGCTGGGGACGATTGTCGCGGAAACTTATCAACGGGATAAGAGACAAG
CAAAGTGGTAAAACTATTCTCGATTTTCTAAAGAGCGACGGCTTCGCCAATAG
GAACTTTATGCAGCTGATCCATGATGACTCTTTAACCTTCAAAGAGGATATAC
AAAAGGCACAGGTTTCCGGACAAGGGGACTCATTGCACGAACATATTGCGAA
TCTTGCTGGTTCGCCAGCCATCAAAAAGGGCATACTCCAGACAGTCAAAGTAG
TGGATGAGCTAGTTAAGGTCATGGGACGTCACAAACCGGAAAACATTGTAATC
GAGATGGCACGCGAAAATCAAACGACTCAGAAGGGGCAAAAAAACAGTCGA
GAGCGGATGAAGAGAATAGAAGAGGGTATTAAAGAACTGGGCAGCCAGATCT
TAAAGGAGCATCCTGTGGAAAATACCCAATTGCAGAACGAGAAACTTTACCTC
TATTACCTACAAAATGGAAGGGACATGTATGTTGATCAGGAACTGGACATAAA
CCGTTTATCTGATTACGACGTCGATCACATTGTACCCCAATCCTTTTTGAAGGA
CGATTCAATCGACAATAAAGTGCTTACACGCTCGGATAAGAACCGAGGGAAA
AGTGACAATGTTCCAAGCGAGGAAGTCGTAAAGAAAATGAAGAACTATTGGC
GGCAGCTCCTAAATGCGAAACTGATAACGCAAAGAAAGTTCGATAACTTAACT
AAAGCTGAGAGGGGTGGCTTGTCTGAACTTGACAAGGCCGGATTTATTAAACG
TCAGCTCGTGGAAACCCGCCAAATCACAAAGCATGTTGCACAGATACTAGATT
CCCGAATGAATACGAAATACGACGAGAACGATAAGCTGATTCGGGAAGTCAA
AGTAATCACTTTAAAGTCAAAATTGGTGTCGGACTTCAGAAAGGATTTTCAAT
TCTATAAAGTTAGGGAGATAAATAACTACCACCATGCGCACGACGCTTATCTT
AATGCCGTCGTAGGGACCGCACTCATTAAGAAATACCCGAAGCTAGAAAGTG
AGTTTGTGTATGGTGATTACAAAGTTTATGACGTCCGTAAGATGATCGCGAAA
AGCGAACAGGAGATAGGCAAGGCTACAGCCAAATACTTCTTTTATTCTAACAT
TATGAATTTCTTTAAGACGGAAATCACTCTGGCAAACGGAGAGATACGCAAAC
GACCTTTAATTGAAACCAATGGGGAGACAGGTGAAATCGTATGGGATAAGGG
CCGGGACTTCGCGACGGTGAGAAAAGTTTTGTCCATGCCCCAAGTCAACATAG
TAAAGAAAACTGAGGTGCAGACCGGAGGGTTTTCAAAGGAATCGATTCTTCCA
AAAAGGAATAGTGATAAGCTCATCGCTCGTAAAAAGGACTGGGACCCGAAAA
AGTACGGTGGCTTCGATAGCCCTACAGTTGCCTATTCTGTCCTAGTAGTGGCA
AAAGTTGAGAAGGGAAAATCCAAGAAACTGAAGTCAGTCAAAGAATTATTGG
GGATAACGATTATGGAGCGCTCGTCTTTTGAAAAGAACCCCATCGACTTCCTT
GAGGCGAAAGGTTACAAGGAAGTAAAAAAGGATCTCATAATTAAACTACCAA
AGTATAGTCTGTTTGAGTTAGAAAATGGCCGAAAACGGATGTTGGCTAGCGCC
GGAGAGCTTCAAAAGGGGAACGAACTCGCACTACCGTCTAAATACGTGAATTT
CCTGTATTTAGCGTCCCATTACGAGAAGTTGAAAGGTTCACCTGAAGATAACG
AACAGAAGCAACTTTTTGTTGAGCAGCACAAACATTATCTCGACGAAATCATA
GAGCAAATTTCGGAATTCAGTAAGAGAGTCATCCTAGCTGATGCCAATCTGGA
CAAAGTATTAAGCGCATACAACAAGCACAGGGATAAACCCATACGTGAGCAG
GCGGAAAATATTATCCATTTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGCA
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TTCAAGTATTTTGACACAACGATAGATCGCAAACGATACACTTCTACCAAGGA
GGTGCTAGACGCGACACTGATTCACCAATCCATCACGGGATTATATGAAACTC
GGATAGATTTGTCACAGCTTGGGGGTGACTCTGGTGGTTCTACTAATCTGTCA
GATATTATTGAAAAGGAGACCGGTAAGCAACTGGTTATCCAGGAATCCATCCT
CATGCTCCCAGAGGAGGTGGAAGAAGTCATTGGGAACAAGCCGGAAAGCGAT
ATACTCGTGCACACCGCCTACGACGAGAGCACCGACGAGAATGTCATGCTTCT
GACTAGCGACGCCCCTGAATACAAGCCTTGGGCTCTGGTCATACAGGATAGCA
ACGGTGAGAACAAGATTAAGATGCTCTCTGGTGGTTCTCCCAAGAAGAAGAG
GAAAGTCTAA
ATGGCACCGAAGAAGAAGCGTAAAGTCGGAATCCACGGAGTTCCTGCGGCAA
TGGACAAGAAGTACTCCATTGGGCTCGCTATCGGCACAAACAGCGTCGGTTGG
GCCGTCATTACGGACGAGTACAAGGTGCCGAGCAAAAAATTCAAAGTTCTGG
GCAATACCGATCGCCACAGCATAAAGAAGAACCTCATTGGCGCCCTCCTGTTC
GACTCCGGGGAGACGGCCGAAGCCACGCGGCTCAAAAGAACAGCACGGCGCA
GATATACCCGCAGAAAGAATCGGATCTGCTACCTGCAGGAGATCTTTAGTAAT
GAGATGGCTAAGGTGGATGACTCTTTCTTCCATAGGCTGGAGGAGTCCTTTTT
GGTGGAGGAGGATAAAAAGCACGAGCGCCACCCAATCTTTGGCAATATCGTG
GACGAGGTGGCGTACCATGAAAAGTACCCAACCATATATCATCTGAGGAAGA
AGCTTGTAGACAGTACTGATAAGGCTGACTTGCGGTTGATCTATCTCGCGCTG
GCGCATATGATCAAATTTCGGGGACACTTCCTCATCGAGGGGGACCTGAACCC
AGACAACAGCGATGTCGACAAACTCTTTATCCAACTGGTTCAGACTTACAATC
AGCTTTTCGAAGAGAACCCGATCAACGCATCCGGAGTTGACGCCAAAGCAAT
CCTGAGCGCTAGGCTGTCCAAATCCCGGCGGCTCGAAAACCTCATCGCACAGC
TCCCTGGGGAGAAGAAGAACGGCCTGTTTGGTAATCTTATCGCCCTGTCACTC
nCas9-CDAGGGCTGACCCCCAACTTTAAATCTAACTTCGACCTGGCCGAAGATGCCAAGCT
ugi-VP64
TCAACTGAGCAAAGACACCTACGATGATGATCTCGACAATCTGCTGGCCCAGA
TCGGCGACCAGTACGCAGACCTTTTTTTGGCGGCAAAGAACCTGTCAGACGCC
For use in
ATTCTGCTGAGTGATATTCTGCGAGTGAACACGGAGATCACCAAAGCTCCGCT
mammalian
GAGCGCTAGTATGATCAAGCGCTATGATGAGCACCACCAAGACTTGACTTTGC
cell
TGAAGGCCCTTGTCAGACAGCAACTGCCTGAGAAGTACAAGGAAATTTTCTTC
GATCAGTCTAAAAATGGCTACGCCGGATACATTGATGGCGGAGCAAGCCAGG
experiments.
AGGAATTTTACAAATTTATTAAGCCCATCTTGGAAAAAATGGACGGCACCGAG
PmCDA
GAGCTGCTGGTAAAGCTTAACAGAGAAGATCTGTTGCGCAAACAGCGCACTTT
protein
CGACAATGGAAGCATCCCCCACCAGATTCACCTGGGCGAACTGCACGCTATCC
(Nishida et
read-write- TCAGGCGGCAAGAGGATTTCTACCCCTTTTTGAAAGATAACAGGGAAAAGATT
This
al., 2016) and
transactivator GAGAAAATCCTCACATTTCGGATACCCTACTATGTAGGCCCCCTCGCCCGGGG
minimal
AAATTCCAGATTCGCGTGGATGACTCGCAAATCAGAAGAGACCATCACTCCCT work
ORF
VP64
GGAACTTCGAGGAAGTCGTGGATAAGGGGGCCTCTGCCCAGTCCTTCATCGAA
(Farzadfard et
AGGATGACTAACTTTGATAAAAATCTGCCTAACGAAAAGGTGCTTCCTAAACA
al., 2013)
CTCTCTGCTGTACGAGTACTTCACAGTTTATAACGAGCTCACCAAGGTCAAAT
ACGTCACAGAAGGGATGAGAAAGCCAGCATTCCTGTCTGGAGAGCAGAAGAA
domain were
AGCTATCGTGGACCTCCTCTTCAAGACGAACCGGAAAGTTACCGTGAAACAGC
used as the
TCAAAGAAGACTATTTCAAAAAGATTGAATGTTTCGACTCTGTTGAAATCAGC
write and the
GGAGTGGAGGATCGCTTCAACGCATCCCTGGGAACGTATCACGATCTCCTGAA
transactivatio
AATCATTAAAGACAAGGACTTCCTGGACAATGAGGAGAACGAGGACATTCTT
n modules,
GAGGACATTGTCCTCACCCTTACGTTGTTTGAAGATAGGGAGATGATTGAAGA
respectively.
ACGCTTGAAAACTTACGCTCATCTCTTCGACGACAAAGTCATGAAACAGCTCA
AGAGGCGCCGATATACAGGATGGGGGCGGCTGTCAAGAAAACTGATCAATGG
GATCCGAGACAAGCAGAGTGGAAAGACAATCCTGGATTTTCTTAAGTCCGATG
GATTTGCCAACCGGAACTTCATGCAGTTGATCCATGATGACTCTCTCACCTTTA
AGGAGGACATCCAGAAAGCACAAGTTTCTGGCCAGGGGGACAGTCTTCACGA
GCACATCGCTAATCTTGCAGGTAGCCCAGCTATCAAAAAGGGAATACTGCAGA
CCGTTAAGGTCGTGGATGAACTCGTCAAAGTAATGGGAAGGCATAAGCCCGA
GAATATCGTTATCGAGATGGCCCGAGAGAACCAAACTACCCAGAAGGGACAG
AAGAACAGTAGGGAAAGGATGAAGAGGATTGAAGAGGGTATAAAAGAACTG
GGGTCCCAAATCCTTAAGGAACACCCAGTTGAAAACACCCAGCTTCAGAATG
AGAAGCTCTACCTGTACTACCTGCAGAACGGCAGGGACATGTACGTGGATCAG
GAACTGGACATCAATCGGCTCTCCGACTACGACGTGGATCATATCGTGCCCCA
GTCTTTTCTCAAAGATGATTCTATTGATAATAAAGTGTTGACAAGATCCGATA
AAAATAGAGGGAAGAGTGATAACGTCCCCTCAGAAGAAGTTGTCAAGAAAAT
GAAAAATTATTGGCGGCAGCTGCTGAACGCCAAACTGATCACACAACGGAAG
TTCGATAATCTGACTAAGGCTGAACGAGGTGGCCTGTCTGAGTTGGATAAAGC
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CGGCTTCATCAAAAGGCAGCTTGTTGAGACACGCCAGATCACCAAGCACGTG
GCCCAAATTCTCGATTCACGCATGAACACCAAGTACGATGAAAATGACAAACT
GATTCGAGAGGTGAAAGTTATTACTCTGAAGTCTAAGCTGGTCTCAGATTTCA
GAAAGGACTTTCAGTTTTATAAGGTGAGAGAGATCAACAATTACCACCATGCG
CATGATGCCTACCTGAATGCAGTGGTAGGCACTGCACTTATCAAAAAATATCC
CAAGCTTGAATCTGAATTTGTTTACGGAGACTATAAAGTGTACGATGTTAGGA
AAATGATCGCAAAGTCTGAGCAGGAAATAGGCAAGGCCACCGCTAAGTACTT
CTTTTACAGCAATATTATGAATTTTTTCAAGACCGAGATTACACTGGCCAATGG
AGAGATTCGGAAGCGACCACTTATCGAAACAAACGGAGAAACAGGAGAAATC
GTGTGGGACAAGGGTAGGGATTTCGCGACAGTCCGGAAGGTCCTGTCCATGCC
GCAGGTGAACATCGTTAAAAAGACCGAAGTACAGACCGGAGGCTTCTCCAAG
GAAAGTATCCTCCCGAAAAGGAACAGCGACAAGCTGATCGCACGCAAAAAAG
ATTGGGACCCCAAGAAATACGGCGGATTCGATTCTCCTACAGTCGCTTACAGT
GTACTGGTTGTGGCCAAAGTGGAGAAAGGGAAGTCTAAAAAACTCAAAAGCG
TCAAGGAACTGCTGGGCATCACAATCATGGAGCGATCAAGCTTCGAAAAAAA
CCCCATCGACTTTCTCGAGGCGAAAGGATATAAAGAGGTCAAAAAAGACCTC
ATCATTAAGCTTCCCAAGTACTCTCTCTTTGAGCTTGAAAACGGCCGGAAACG
AATGCTCGCTAGTGCGGGCGAGCTGCAGAAAGGTAACGAGCTGGCACTGCCC
TCTAAATACGTTAATTTCTTGTATCTGGCCAGCCACTATGAAAAGCTCAAAGG
GTCTCCCGAAGATAATGAGCAGAAGCAGCTGTTCGTGGAACAACACAAACAC
TACCTTGATGAGATCATCGAGCAAATAAGCGAATTCTCCAAAAGAGTGATCCT
CGCCGACGCTAACCTCGATAAGGTGCTTTCTGCTTACAATAAGCACAGGGATA
AGCCCATCAGGGAGCAGGCAGAAAACATTATCCACTTGTTTACTCTGACCAAC
TTGGGCGCGCCTGCAGCCTTCAAGTACTTCGACACCACCATAGACAGAAAGCG
GTACACCTCTACAAAGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATTA
CGGGGCTCTATGAAACAAGAATCGACCTCTCTCAGCTCGGTGGAGACAGCAG
GGCTGACCCCAAGAAGAAGAGGAAGGTGGGTGGAGGAGGTACCGGCGGTGG
AGGCTCAGCAGAATACGTACGAGCTCTGTTTGACTTCAATGGGAATGACGAGG
AGGATCTCCCCTTTAAGAAGGGCGATATTCTCCGCATCAGAGATAAGCCCGAA
GAACAATGGTGGAATGCCGAGGATAGCGAAGGGAAAAGGGGCATGATTCTGG
TGCCATATGTGGAGAAATATTCCGGTGACTACAAAGACCATGATGGGGATTAC
AAAGACCACGACATCGACTACAAAGACGACGACGATAAATCAGGGATGACAG
ACGCCGAGTACGTGCGCATTCATGAGAAACTGGATATTTACACCTTCAAGAAG
CAGTTCTTCAACAACAAGAAATCTGTGTCACACCGCTGCTACGTGCTGTTTGA
GTTGAAGCGAAGGGGCGAAAGAAGGGCTTGCTTTTGGGGCTATGCCGTCAAC
AAGCCCCAAAGTGGCACCGAGAGAGGAATACACGCTGAGATATTCAGTATCC
GAAAGGTGGAAGAGTATCTTCGGGATAATCCTGGGCAGTTTACGATCAACTGG
TATTCCAGCTGGAGTCCTTGCGCTGATTGTGCCGAGAAAATTCTGGAATGGTA
TAATCAGGAACTTCGGGGAAACGGGCACACATTGAAAATCTGGGCCTGCAAG
CTGTACTACGAGAAGAATGCCCGGAACCAGATAGGACTCTGGAATCTGAGGG
ACAATGGTGTAGGCCTGAACGTGATGGTTTCCGAGCACTATCAGTGTTGTCGG
AAGATTTTCATCCAAAGCTCTCATAACCAGCTCAATGAAAACCGCTGGTTGGA
GAAAACACTGAAACGTGCGGAGAAGTGGAGATCCGAGCTGAGCATCATGATC
CAGGTCAAGATTCTGCATACCACTAAGTCTCCAGCCGTTGGTCCCAAGAAGAA
AAGAAAAGTCGGTACCATGACCAACCTTTCCGACATCATAGAGAAGGAAACA
GGCAAACAGTTGGTCATCCAAGAGTCGATACTCATGCTTCCTGAAGAAGTTGA
GGAGGTCATTGGGAATAAGCCGGAAAGTGACATTCTCGTACACACTGCGTATG
ATGAGAGCACCGATGAGAACGTGATGCTGCTCACGTCAGATGCCCCAGAGTA
CAAACCCTGGGCTCTGGTGATTCAGGACTCTAATGGAGAGAACAAGATCAAG
ATGCTATCTGGTGGTTCTCCCAAGAAGAAGAGGAAAGTCGAGGATCCAAAGA
AGAAAAGGAAGGTTGAAGACCCCAAGAAAAAGAGGAAGGTGGATGGGATCG
GCTCAGGCAGCAACGGCGGTGGAGGTTCAGACGCTTTGGACGATTTCGATCTC
GATATGCTCGGTTCTGACGCCCTGGATGATTTCGATCTGGATATGCTCGGCAG
CGACGCTCTCGACGATTTCGACCTCGACATGCTCGGGTCAGATGCCTTGGATG
ATTTTGACCTGGATATGCTC
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Table S3 | List of HTS primers and their corresponding sequences used in this study
name
FF_oligo_2525
FF_oligo_2526
FF_oligo_2527
FF_oligo_2528

Type
HTS_Primer
_Forward
HTS_Primer
_Reverse
HTS_Primer
_Forward
HTS_Primer
_Reverse

Sequence
ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNN
NTGCTGCCCGACAACCACTA
CGGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNNT
GAACAACCACCACTTCAAGTGGG
CACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNN
GGACAGCAGAGATCCAGTTTGGT
GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNNTC
GCAGATCTAGAGTGAGGACGAAC
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Used in
Figs. 1C, 3C,
S1C, S2D, S4
Figs. 1C, 3C,
S1C, S2D, S4
Figs. 4 & S6
Figs. 4 & S6

