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: testing of multi-gene constructs. Despite recent progresses, several limitations still hinder the ability

to flexibly assemble and collectively share different types of DNA segments. Here, we describe an
advanced system for joining DNA fragments from a universal library that automatically maintains open
reading frames (ORFs) and does not require linkers, adaptors, sequence homology, amplification or
mutation (domestication) of fragments in order to work properly. This system, which is enhanced by
a unique buffer formulation, provides unforeseen capabilities for testing, and sharing, complex multi-
gene circuitry assembled from different DNA fragments.

Synthetic biology encompasses conceptual design, construction, analysis, evaluation, tuning and remodeling of
genetic circuits. Genetic circuits, in this context, consist of the systematic interactions between various molec-
ular components (e.g., DNA activation/repression, RNA secondary structure, protein-dependent signaling,
(in)organic molecules gradients) that are responsible for controlling and adjusting function and behavior in an
organism. These principles have been developed and deployed in several organisms'~'!. Such studies and pro-
gresses however would never have been possible without the advances in the cornerstone of synthetic biology:
DNA synthesis and assembly.

A plethora of cloning methods is available for handling genes and/or gene parts, gene pathways and even
subgenomes. These methods are typically based on either sequence homology (e.g., isothermal assembly*?,
recombination'®) or sequence signatures (also known as prefix and suffix) left by restriction digestion followed
by ligation of DNA (e.g., BioBricks'*, GoldenGate'®) (for a review, see'®). Inevitably, each method has its own
disadvantages, and so far, a platform capable of uniting flexibility, fidelity, efficiency and universality for unbiased
handling of multiple DNA segments has yet to be developed. The homology-based methods require sequence
overlap, which limit the type and order of fragment cloning. Some strategies, as designing adaptors that allow for
sequences to be part of alternate libraries, only partially surpasses this limitation and in the process create scars
and intermediary products are often incompatible with future assembling units!”. Moreover, PCR-based methods
are error prone and the restriction enzyme-based methods require specific recognition sequences to be present at
specific sites and will in turn limit the number of fragments based on the number of restriction sites that can be
used®!. Alternatively, type IIS restriction enzymes, which recognize sequences outside the cleavage sites, allow a

© programmable signature'® and two sets of such enzymes can be used in an alternating pattern, within a proprie-
tary vector, to form a ‘cloning loop. Such principle was recently revealed in the GoldenBraid (GB) method, which
introduced the term endless assembly'®1°. Upon creation of different gene collections, carrying an user-defined
4 nucleotides signature, the GB method provides an alternative to homology-based methods by building some
transcriptional units and joining them together in vitro. On the other hand, all currently available type IIS-based
cloning systems require multiple libraries, use linkers/adaptors to produce functional parts, involve software to
assist the construct design® and leave non-standard signatures making it difficult to stablish a common platform
for different laboratories. All obstacles aforementioned would be surpassed if a pre-defined three nucleotides
signature could be adopted; however, a pair of such enzymes that uniquely recognize two different restriction
sites is currently not available?!.

Still, restriction enzyme-based methods often obligate a mutation step to be performed within the fragment of
interest (FOI) at the enzyme recognition sequence in order to properly manipulate the DNA segment, a process
called domestication. The prescribed need to use overlap from homology-based methods and the domestication
from restriction enzymes-based methods strongly restricts or even excludes several FOI (e.g., regulatory regions)
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Figure 1. TNT-Cloning principle. One universal library in pSTART carries all DNA elements (Synthetic
Biology Open Language, SBOL compliant®®) to produce multi-gene constructs by alternating use of two separate
families of vectors, alpha (a; purple) and omega ({2; orange) through the assembling loop.

in multigene assemblies. Therefore, to properly support synthetic biology and genetic circuit engineering, within
the framework of screening and analyzing many alternative and sharable network designs experimentally, these
hurdles at the cloning level must be overcome. In this context, we engineered an innovative cloning system,
which adopts a pre-defined three nucleotides (TNT) signature, an optimized buffer system for quick one-pot (i.e.,
digestion and ligation) reactions, as well as a method for alleviating the domestication process, creating a clean,
ultra-flexible and all-inclusive system. We demonstrate its worth by readily assembling functional constructs
formed from different DNA fragments present in a single universal library to create a high-fidelity platform. The
TNT-cloning system will properly support synthetic biology and genetic circuit engineering particularly facili-
tating the modification of plants for food and energy or microbes for chemicals, drugs and vaccines production.

Results

The framework of TNT-cloning system. We conceived and developed a cloning platform that adopts
a truly universal entry vector (pSTART) to carry all DNA elements to be joined by reiterative digestion/ligation
steps using two families of assembling vectors, called alpha (o) and omega (£2), which are capable of defining the
order and orientation of each DNA element desired in the final construct (Fig. 1). Such element organization is
determined by specific signatures (1, 2, 3, 4, 1R and 2R) left by the type IIS enzymes chosen, Earl and Lgul, that
allow, a) an ORF compatible 3 nucleotide (nt) overhang for cloning, b) up to three elements to be combined at
once per round of assembly, and c) the pSTART to be used as destination vector to make new assemblies an entry
element in the library, maximizing exchangeability (Fig. 2, Supplementary Fig. 1).

First, elements are either amplified or synthesized to include signatures “1” and “2” at the borders and cloned
in the pSTART vector to build the universal library (Fig. 2a). The pSTART receives and releases the desired frag-
ments with either Earl or Lgul enzyme. Once elements are cloned, they are transferred and further combined in
either alpha (o) or omega (Q2) vectors, which receive elements upon cleavage with Earl/Lgul and release frag-
ments upon cleavage with Lgul/Earl, respectively (Fig. 2b,c). Upon digestion of each plasmid, a set of “signatures”
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Figure 2. Universal library construction and assembling steps. (a) Fragments of interest (element) can be
produced by gene synthesis (“GS”) or amplified by PCR using the sequence shown (plus the three nucleotide
code for signatures 1 and 2) to be inserted in the pSTART vector by either restriction enzymes (EarI/Lgul) or
“Gibson” isothermal assembly (which requires previous linearization of pSTART). pSTART carries signatures

1 (vellow) and 2 (green) used to transfer the fragment from the library to any member of either o family (using
Earl, green arrow) or {2 family (using Lgul, red arrow), (see also c). (b) Exemplification of a three fragment
assembly after cloning the elements Pro, CDS and term in the library (pSTART) as shown in a. Either o or
{2versions 1A, B and C are individually (@) used as destination vectors for Pro, CDS and term, respectively,
generating the constructs Pro(a/(21A), CDS(a/{2B) and term(a/f2C) (®). Following, all three constructs are
now used as entry clones and combined with a new destination vector in one single tube (®; any Q2/any «,
respectively). Signatures 3 (red) and 4 (blue) will be used to join two (only signature 3) or three (both signatures
3 and 4) fragments together. Alternatively, the destination vector can be the pSTART, in case a construct is
desired as an element in the library. After two rounds of cloning, all three elements were joined without the
need of adaptors/linkers or homology between sequences. Versions “R” in both families were created to allow
fragment reorientation (sense or anti-sense) (e.g., @), no other adjustment is needed. (¢) Detailed positioning
of each enzyme in pSTART, « and {2 members. (d) Transfer of 27 hypothetical elements from pSTART into
either av or {2 family members using the “INT-cloning loop”. Elements are first transferred to a members (in
this example) and combined, three at a time, to generate 9, 3 and finally 1 single insert after only 4 cloning steps
(equals to 5 days if a fast growing E. coli strain is used, e.g. Mach1™-T1R or T7Express).

that were specifically arranged to direct and orient the desired fragments are exposed (Fig. 2b, Supplementary Fig.
1). The signatures “1” and “2” are always flanking the inserts released from pSTART and are always used to join
the final constructs into any o or {2 member. At the same time, the signatures “3” and “4” will be used by a specific
member of each family (o and (?) to join fragments between themselves, two fragments at once (binary assembly)
using the members a1A and a2 (or £21A and {22) and three fragments at once (tertiary assembly) using the mem-
bers alA, aB and aC (or 214, 2B and (2C) (Fig. 2b, Supplementary Fig. 1). To change the fragment orientation
(sense or anti-sense) simply switch the chosen a or {2 version for its respective “R” version during the cloning
step, no adjustments are necessary (Fig. 2b, Supplementary Fig. 1). The enzyme location and the signatures were
designed to permit a pre-established cloning setup and to allow each final construct to be used as an insert in case
a following round of cloning is needed, creating a cloning loop that can be repeated over and over, alternating a
and {2 members, in order to join multiple fragments into one larger construct. For example, 27 hypothetical frag-
ments can be customized into one single insert at any combination through just 4 cloning rounds (Fig. 1d). The
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detailed representation of each vector member and the 3 nucleotides sequence of each signature followed by an
ideogram (with a timeline included) are depicted on Supplementary Fig. 1 and Supplementary Fig. 2, respectively.

Development of Earl as a useful enzyme: methylation sensitivity. To date, all type IIS enzymes
that leave a 3nt overhang and therefore are suitable for use in our TNT-cloning system recognize either
5'CTCTTCNYNNN A3 (e.g, Earl) or 5'GCTCTTCNYNNN A3’ (e.g., Lgul) sequences®! (Supplementary Table 1),
leaving the Earl recognition site nested within the Lgul site. To overcome this limitation we assessed EarI sensi-
tivity to different methyl groups added either within or nearby the 5’ GCTCTTCNYNNN 4 3’ sequence (Earl was
chosen over Eam1104I due to previous reports on methylation sensitivity?'). We used three methyltransferases
(M), M.Sacl, M.SssI (2 sites) and M.Taql to methylate, respectively, the cytosines at the positions 2/1 (forward/
reverse strand), 7/8 or -1/1 and the adenines at the positions 9/6 (Fig. 3a). For this purpose, we used a 6,435 bp
plasmid (pET-28-M.Sacl) and different 1055 bp PCR fragments carrying at least two sites for the restriction
endonuclease where at least one site would not be subjected to methylation (except for M.SssI where both sites
were addressed simultaneously). Two distinct methylation sites generated by M.SssI had little (M.SssI-1) to no
(M.SssI-2) effect in Earl ability to cut the modified DNA (Fig. 3b,c). On the other hand, sensitivity tests showed
that M.SacI and M.Taql inhibited the enzyme activity by 83.4% (SE+ 5.4) and 99.9% (SE £ 0.03), respectively
(Fig. 3b,c). Because M.Taql was highly capable of inhibiting digestion of DNA by Earl, we adopted this modifi-
cation to design the TNT-cloning system with, a) the first nucleotide of each signature that flanks the restriction
site starting with an adenine, and; b) such modification present only when Earl is the first enzyme to be used (i.e.,
« members).

To avoid the cost and time of performing in vitro modifications of the & members before cloning, we engi-
neered the genome of the E. coli strain T7Express (T7X) to be capable of expressing the M.TaqI gene during its
regular life cycle (Supplementary Fig. 3). Different conditions for growing the engineered strain (T7X.MT), while
keeping maximum DNA methylation, were tested (Supplementary Fig. 4) and the optimal practice is shown in
Fig. 3d, where 97.1% (SE & 0.8) of the plasmid DNA extracted from T7X.MT was unable to be cut by Earl. Our
results show the use of this strain is comparable to the modification levels obtained for the in vitro methylation.
Methylated DNA extracted from T7X.MT remains stable at —15°C for at least 11 weeks without compromising
Earl/Eam1104I inhibition (Supplementary Fig. 4). There is no methylation requirement for both the {2 members
and downstream cloning steps in the o« members, and therefore, any construct generated using the TNT-cloning
system can be transformed in the strain of choice (T7Express must be used to allow for white/blue screening). As
a consequence, it is not necessary to define Lgul sensitivity to methylation; however, we report a sensitivity chart
for three isoschizomers in this class: BspQI, Lgul and SapI (Supplementary Fig. 5). Importantly, Lgul is also sen-
sitive to M.Taql modification and yet this is irrelevant because M.Tagl site is not present at a critical position on
{2 members and transformation of constructs carrying the joined fragment(s) in the @ members is not required
for T7X.MT. Consequently, the T7X.MT strain is useful for propagation of the original TNT-plasmids but prob-
lematic for downstream cloning purposes.

Our results show that we successfully engineered two distinct sites to support the assembling loop presented,
with Lgul recognizing and cleaving at the sequence 5’ GCTCTTCNYNNN 4 3" and Earl recognizing and cleav-
ing at the sequence 5’ CTCTTCNYNNN 4 3’ (but not at the sequence 5’ GCTCTT'CNYN'NN 4 3', where T'/N’
represent a methylation of the corresponding adenines). By using the engineered E. coli strain our required mod-
ification is simple to implement.

Validation and performance of TNT-cloning system. Once we defined the specificity of the restriction
sites, we built all 17 TNT-vectors described in Supplementary Fig. 1; pSTART (carbenicillin resistance), o mem-
bers (1A, a2, aB, aC, alA-R, a2-R, aB-R, aC-R; spectinomycin resistance) and 2 members (Q1A4, Q2, OB, QC,
QIA-R, Q2-R, OB-R, QC-R; kanamycin resistance - see Methods for details) based on the use of M.Taql. Several
fragments were amplified by PCR or synthesized to be cloned into pSTART, becoming an element in our universal
library, e.g., regulatory regions (upstream regulatory region, URR; untranslated regions, UTRs; ribozymes; sec-
ondary regulatory sequences), coding sequences (proteins; localization signals; affinity tags; functional domains),
structural sequences (replication origins; repetitive DNA) and engineering scaffolds (interfering RNA, RNAj;
artificial microRNA, amiR; guided RNA, gRNA; recombination sites) (Supplementary Table 2). Importantly, we
subjected some of our coding sequences (CDS) to the domestication process, i.e., to screen and synonymously
mutate 5'CTCTTC3’ and 5'GAAGAG3' sites in order to avoid internal fragment cleavage during the cloning
steps (Supplementary Fig. 1). However, to domesticate a fragment is not mandatory for our system (see section
“Overcoming the domestication step”).

As a proof-of-concept we used ten different DNA fragments from our library to design six final constructs
expressing a set of two reporters, red (mCherry) and/or green fluorescent proteins (GFP), respectively fused to
PIP2 (plasma membrane intrinsic protein??) and the known subcellular domains NLS (nuclear localization signal:
PKKKRKVEDP?), with or without a “self-splicing” protein (SS) in between each reporter gene?** (Fig. 4a,b). To
maintain maximum flexibility, the CDS cloned in the pSTART have no ‘stop codons, which are included in the
Terminators/3"UTRs. Each construct, 35S::NLS-GFP-NLS-Term (a1A) (GFP control), 35S::tag-PmCherry-Term
(£21A) (PmCherry control), 35S::tag-PmCherry-NLS-GFP-NLS-tag-Term(§21A) (Fused control) and differ-
ent 35S::tag-PmCherry-SS1-SS2-NLS-GFP-NLS-tag-Term were transformed in agrobacteria and infiltrated®® in
tobacco leaves to confirm mCherry and GFP fluorescence (Fig. 4¢, Supplementary Fig. 6). The combinations of
SS1-SS2 were P2AF2A (QB), P2AT2A (Q1A) or IbpF2A (QC) (different peptide 2A%%; Impatiens balsamina pep-
tide, cleaved in plants®; see Methods for detailed assembly description). As expected, the Fused control had the
same expression pattern as 35S::NLS-GFP-NLS-Term (1A ), being nuclear localized, and the PmCherry control
localized to the karyotheca and plasma membrane (Fig. 4c, Supplementary Fig. 6a). The constructs carrying the
SS clusters should mimic the clean separation of signals observed when GFP control and PmCherry control are
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Figure 3. Earl sensitivity to methylation. (a) Methylases studied with their respective binding sites
(underlined) and targeted residues (—-CH,) on forward (black) and reverse (gray) strands. The EarlI recognition
site is indicated in bold/italic and position number 1 of the 5’ GCTCTTC3' site is indicated in gray numbering.
(b) Agarose gel showing methylation-dependent inhibition of EarI activity. Left panel: M.Sacl was expressed in
E coli T7Express (T7X) and the expression plasmid carrying the site shown in a (pET28-M.Sacl) was subjected
to Earl digestion. Sensitivity is expressed by accumulation of the 1557 bp band (1309 bp + 248 bp). Middle and
Right panels: distinct 1055 bp PCR products carrying each site shown in a (M.SssI-1 or M.Taql, respectively)
were methylated in vitro and subjected to Earl digestion. Sensitivity is expressed by accumulation of the 700 bp
band (450 bp + 250 bp). Images are representative of duplicated experiments. (c) Gel bands of each replicate
described in b were quantified and expressed as percentage: 1-[digested/(digested + linearized)] in each tube.
Mock is average of non-methylated DNAs (n= 6) and bars are standard error. Non methylated sites in the
same molecule showed the digestion was >97% completed in each tube. (d) Methylation efficiency of 5,291 bp
(M.Test) vector in vivo by T7X.MT (which carries the Taql methyltransferase in the genome, see Supplementary
Fig. 3) compared to control (same vector in T7X) and in vitro data (M.Taql; similar to ¢ but new replicates).
T7X.MT carrying the plasmids were selected on plates supplemented with 0.3mM IPTG and grown overnight
at 37°C in liquid media + 0.2 mM IPTG for 14-18h before DNA extraction. Bars are standard error of four
biological replicates and graph is a representative image of a duplicated experiment.

co-infiltrated (Fig. 4c; non-Fused control) indicating an effective split between both reporters. The most efficient
split was observed when either P2ZAF2A (99.7% SE + 1.2) or P2AT2A (94.2% SE + 2.8) were used and less definitive
cellular split efficiencies were observed when IbpF2A (79.7% SE =+ 8.5) was used (Fig. 4c, Supplementary Fig. 6b).
These results demonstrate the TNT-system is functional and multiple coding sequences can be coupled into one
mRNA to efficiently undergo independent translation.

To evaluate the effect of fragment length on the efficacy of our system we took the Fused control (4 kb), the
P2AF2A cluster (=4 kb) and the IbpF2A cluster (=4kb) in QIA, OB and QC, and used a tertiary assembly to gen-
erate a ~12kb fragment in «1A (Fig. 4d). Additionally, we developed an efficient protocol along with an improved
buffer system (called TNT-Buffer; 50 mM Tris-HCI pH7.5, 2mM DTT, 10mM MgCl,, 1 mM ATP and 2% PPG)
that allowed EarI and Lgul enzymes to work well in combination with T4 DNA ligase in a “one-pot-reaction”
(Fig. 4e). When using 75 ng of entry plasmid DNA (75 ng each entry plasmid for multiple elements assembling)
and 50 ng of destination vector (INT-members a, 2 or pSTART) a variety of fragment sizes (from 36 bp to 2.7kb)
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Figure 4. TNT-cloning system proof of concept. (a,b) Scheme of 10 elements joined using our approach:
35SPromoter (35S), lumio tag (Tag), PIP2mCherry (PmChery), different ‘self-splicing’ proteins (SSI and

§82; to be different combinations of the viral proteins P2A, F2A and T2A and the plant protein Ibp), nuclear
localization signal (NLS), GFP (GFP) and 35S terminator (Term). Rows are assembly level where elements

are first transferred from the library (pSTART) to either o or {2 vectors (gray arrows) before binary/tertiary
assembly (black arrows). (c) Confocal image of final constructs without (Fused) or with different sets of

SS proteins (P2AF2A, P2AT2A and IbpF2A) in tobacco leaves. Co-infiltrated PmCherry and GFP controls
(Non Fused) represent a “maximum split” whereas fused/non-split proteins are localized in the nucleus. A
representative breakdown of mCherry(red) and GFP (green) fluorescence across a nuclei section (10-18 pm) is
shown: P2AF2A (99.7% SE & 1.2), P2AT2A (94.2% SE = 2.8), IbpF2A (79.7% SE +£ 8.4) (see also Supplementary
Fig. 6). Double bars separate a 3 fold difference zone. Scale bar, 10 pm. (d) Exemplification of 28 fragments
from the library (pSTART) joined into 1 final 12kb fragment after 5 cloning steps. Fused Q1A (8 elements,
3.9kb), P2AF2A QB (10 elements, 4kb) and IbpF2A QC (10 elements, 4.1kb) were joined by tertiary assembly
(left panel) generating the 12kb fragment in a1A (right panel). Asterisks, vector backbone; arrows, inserts after
appropriate digestion. ND, non digested. (e) Ability of one and multiple fragments to be joined by different
methods. Same 1 insert elements were used in T4-buffer and TNT-buffer reactions (sizes 0.25-2.4kb). Similar
3 inserts fragments were used for the remaining reactions (T4-buffer, 0.9-1.5kb in either one-pot TNT- or
GoldenBraid-reactions; TNT-buffer, 1.2-2.7 kb in one-pot TNT-reaction; Gibson assembly, 0.8-2.4kb). Error
bars are standard error between 3 and 7 biological replicates. TNT-reactions cover both ways (a— {2 and 2—«)
and include both aaCTCTTC and ccCTCTTC (2’s (see Supplementary Fig. 7). Positive clones are confirmed by
PCR (16 < n < 32). Same lot of competent cells was used. Bonferroni, p < 0.01(letters).

could be efficiently cloned. The average number of positive clones retrieved from 1, 2 or 3 elements cloning using
the TNT-buffer were, respectively, 12.2 x 10* (SE+ 16.2%), 6.1 x 10* (SE + 25.4%) and 3.0 x 10* (SE + 35.2%),
if full ligation reaction is applied. Importantly, the accuracy, which is the number of positives clones among all
clones retrieved in a plate, were ~100%, >83.3% and >81.2% when 1, 2 or 3 elements were being cloned, respec-
tively. Differently, the analogous reactions performed using the regular T4 DNA ligase buffer, the LR Reaction
from the Gateway system or the isothermal (Gibson) assembly for cloning 1 element retrieved, respectively,
2.6 X 10* (SE+16.3%),4.7 x 10* (SE+22.3%) and 7.1 x 10* (SE & 4.4%) positive clones, if full ligation reaction is
applied. We followed the manufacturer’ instructions for each method and all three showed ~100% accuracy. The
Earl/Lgul/T4 ligase enzymes concentration were very important, especially for accuracy and a standard 10 pl final
volume TNT-reaction includes 40 U of T4 DNA ligase plus either 5U of EarI or 0.5 U of Lgul. Regardless of the
buffer system, the Lgul enzyme showed some promiscuity over the 5'aaCTCTTC3’ Earl site originally included
in the Q vectors and four point mutations upstream of the biding site (from aa into #, gt and cc) were tested and
finally changed to 5'ccCTCTTC3' in order to achieve such efficiencies (Supplementary Fig. 1, Supplementary
Fig. 7). These results show other cloning strategies available scored less efficient than the TNT-system and the
TNT-buffer is up to 18-fold more efficient than the T4 DNA ligase buffer (Fig. 4e). The key component of our
buffer is a branched polyethylene glycol (PPG) that appears to allow efficient digestion/ligation while maintaining
efficient exchange of inserts between vectors. Since the isothermal (Gibson) assembly'? also allows for multiple
fragments cloning, we also compared 2 and 3 elements cloning using both methodologies -- the one-pot-reaction
in TNT-buffer (50 cycles of: 34 °C for 45 sec and 16 °C for 4.5min) or the 1 h Gibson assembling reaction (at 50°C)
(Fig. 4e). Both methods performed well for 2 or 3 elements cloning and the TNT-buffer respectively retrieved
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6.1 x 10* (SE = 25.4%; >83.3% accuracy) and 3.0 x 10* (SE = 35.2%; >81.2% accuracy) positive clones while the
Gibson assembling respectively retrieved 2.3 x 10* (SE = 18.2%; ~~100% accuracy) and 2.7 x 10* (SE £ 12.1%;
~2100% accuracy) positive clones, both when full ligation reaction is applied. Lastly, the regular T4 DNA ligase
buffer retrieved 0.05 x 10* (SE + 5.9%) positive clones with >35.5% accuracy during 3 elements cloning when full
ligation reaction is applied (Supplementary Fig. 7).

Taken together, our results show that the TNT-cloning system is a powerful tool for flexible, rapid and
all-in-one efficient assembling of various DNA fragments requiring no homology or linker/adaptors between
fragments. The ~12-kb proof-of-principle fragment noted above is an example of how 28 fragments from the
library could be easily designed and joined into a single insert using 5 cloning steps. Because each construct
generated is ready to be used as an entry clone for future assembling (and as an element in the library if cloned in
the pSTART, Supplementary Fig. 1), such system is also remarkably versatile and convenient, requiring minimal
to no re-cloning.

Overcoming the domestication step. Available type IIS restriction enzyme-based systems also hinder
its application due to mandatory mutation steps necessary before DNA elements can be cloned and assembled.
One solution already mentioned above is to domesticate an element by changing a 5’ CTCTTC3'’ site(s) while
maintaining its functionality. However, many elements cloned are not CDS and therefore this strategy cannot be
applied. The unique TNT-buffer efficiently clone elements with a internal 5’ (G)CTCTTC3'’ site (Fig. 5a), however,
tertiary assembling involving non-domesticated inserts were complex and positive clones were not recovered.
Therefore, we utilized the ability of DNA to form triplexes?’-* in an effort to change the DNA-enzyme interactiv-
ity’® and inhibit the type IIS digestion progress by masking specific 5'(G)CTCTTC3' sites using oligonucleotides.

To design such oligos, we adopted the Reverse-Hoogsteen orientation?’, which allows for all four nucleo-
tides to be part of the triple helix. Initially, we combined the ability of the intercalating dye acridine (Acr) to
stabilize triple helixes with the modified oligonucleotide DNA/BNANC (2’-0,4’-C-aminomethylene bridged
nucleic acid), which has stronger binding affinity than DNA oligos (14bp DNA/BNANC Tm = 82.5°C) and is
more capable of forming triplexes at physiological pH (7.0-8.3)%. Increasing amounts of DNA/BNANC oligo
showed oligo-dependent inhibition of the digestion progress over the 675bp PCR product template ‘8 m1’, sug-
gesting inhibition of enzyme activity by a potential triplex formation (Supplementary Fig. 8). On the other hand,
this DNA/BNANC oligo was not able to discriminate 5’ mismatches (3 in total) as observed by similar inhibi-
tion over the template ‘5 m2’, showing this oligo does not differentiate small mismatch changes as those found
between internal and vectorial 5'(G)CTCTTC3’ sites. Therefore, we decided to test two regular DNA oligonu-
cleotides (26 nt and 26 nt-Acr) covering 11 nt upstream and 8 nt downstream of the 5'(G)CTCTTC3’ site. A
“digestion-progression curve” using Lgul on the non-domesticated templates 8 m1 (0 mismatches) and ‘4m1’
(4 mismatches) in the absence or presence of 50 uM of the 26-nt DNA oligo were performed to understand the
kinetics involved in the digestion inhibition (Fig. 5b, Supplementary Fig. 8). We demonstrate the regular unmod-
ified 26nt DNA oligo inhibited Lgul activity at the desired site by 75.9% (SE & 0.9%; 8 m1 template) and only
8.3% (SE =+ 1.6%) when 4 mismatches (4 m1 template) were present, yielding a ‘inhibition coeflicient’ of 67.6%
(Fig. 5b,¢). EarI had a slightly smaller inhibition coefficient of 49.9%, requiring a higher number of mismatches
to discriminate specific 5’ CTCTTC3’ -containg sequences (Supplementary Fig. 8). Expectedly, the 26-nt-Acr
oligo showed stronger inhibition but intensely compromised specificity (Fig. 5¢, Supplementary Fig. 8). These
in vitro data were validated by cloning alternate single and multiple fragments containing up to 4 internal 5'(G)
CTCTTC3' sites into different e and Q vectors. Compared to the 7m1 domesticated (Dom) element, the cloning
of a 8m1 non-domesticated (NoDom) element reduced the number of positive clones to 32.2% (SE £ 8.9%) but
to only 74.0% (SE £ 7.3%) when the 26-nt oligo was previously incubated with the template plasmid, enriching
the ability to recover positive clones by 231.5% (SE £ 10.9%) (Fig. 5e). Similarly, when a tertiary assembly is
performed using three elements in a total of four internal 5'(G)CTCTTC3’ sites (template 8 m1), the some-
how equivalent number of positive clones had increased accuracy when previously incubated with the 26-nt
oligo, going from 31.2% (SE % 4.4) to 77.1% (SE = 1.4), enriching the ability to recover positive clones by 240.8%
(SE+ 31.1%) (Fig. 5e). Combined, these results show the oligo incubation efficiently and specifically created
a manageable “blind-spot” to minimize enzyme activity over chosen 5'(G)CTCTTC3' sites while leaving the
remaining (vectorial) 5'(G)CTCTTC3' sites reliably available for Lgul/EarI to recognize and digest. Thus, the
TNT-cloning system is excused from the domestication process and the probability of finding a fragment unsuit-
able for cloning are exceedingly rare.

Discussion

Building the first synthetic organism leveraged a set of tools for assembling DNA fragments both in vivo and
in vitro that were effective*!?. These efforts, and the construction of subsequent genomes and specific gene cas-
settes, have utilized a linear approach that relies on sequence homology, limiting reuse, multi-combinatorial dis-
tribution and shuffling of key fragments necessary for iterative studies of genetic circuits. An alternative would be
to adopt systems based on type IIS enzymes'®*!; however, current methods have limits in efficiency and efficacy.
We associated an efficient buffer system with the placement of methyl groups in the type IIS enzymes binding site
to generate two recognition sites for two distinct enzymes creating an innovative and flexible cloning platform,
allowing for multiple elements (up to 3 at once) to be combined from a single universal library in a one-pot
reaction with high efficiency and high fidelity (Figs 1-4). The ability to keep ORFs in frame by using cloning
signatures that bear three nucleotide tag allowed us to include all cloning fragments, as CDS pieces, into a single
universal library and, therefore, simplify assembling by orderly ‘picking and mixing’ the elements of interest. In
this approach inversions were, and can be, easily performed by merely swapping the destination vector with its
corresponding “R” version. Similarly, relocation of fragments was easily performed by rearranging intermediate
cloning products rather than starting from the beginning of the process. Such characteristics are responsible for

SCIENTIFICREPORTS |6:19278 | DOI: 10.1038/srep19278 7



www.nature.com/scientificreports/

a

8 T4-Dom . | |

. TNT-Dom *

> 4-Nopom

<1 TNT-NoDom %

—~ 1
i 2 2 S

Positive Clones

31 ’ o 3:

EN.O.8m1 H50uM 8m1 O050uM 4m1
70.0%
60.0% =
@ . / R?=0.9877
S 50.0% /
S 40.0%
S 30.0% A I
B 20.0% Z mgsm
.E’ . -
S 10.0% -
Z
0.0% —+— T T T
0.0% 25.0% 50.0% 75.0%
Time
c 8ml 4ml
M N.O. 50uM M N.O. 50uM 50uM$
= =
e —— e ——— —675bD
— —
o R T e e— — — -—378bp
_— - IS S . — 297bp
d
18‘. 1U\s Digest Count and
= Add a/Q = confirm
Ligate positive
:': : N @ Electroporate clones

[
I 1 Incubation
50uM

7™

linsert NoDom
1site] NoDom+0ligo
3inserts NoDom
4sites] NoDom+0Oligo
e * =
53 %

!
=}

Positive Clones
(Enrichment %)

Figure 5. Strategies for overcoming the domestication step. (a) T4- and TNT-buffers ability to generate
positive clones from fragment bearing (NoDom) or not (Dom) internal 5’ GCTCTTC3' site. Standard TNT-
reaction was performed in both panels (50 cycles of 34 °C for 45 sec and 16 °C for 4.5 min) in duplicates and
graphs are a representative image of a duplicated experiment (covering {2 members 1A, B and C). T4-NoDom
(3.3% SE £ 0.7) and TNT-NoDom (52.3% SE 4 2.6). “Dom” Bonferroni, p < 0.05(*), “NoDom” Bonferroni,

p < 0.01(**). (b) Digestion progress over time using the duplex 8 m1 without oligo (black line), duplex
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8m1l+ 50 uM oligo (dark red line; potential triplex) or duplex 4m1 + 50 .M oligo (pink line). The oligo
specifically delays the digestion of desired 5’ (G)CTCTTC3' site. Lines are linear trend (R? values shown) of
ten (N.O.) and five (8 m1 and 4m1) time points done in duplicates (see also Supplementary Fig. 8). (c) Gel
image representative for b at 64.3% (SE &= 1.1%) digestion progress. Efficient oligo-dependent inhibition

keeps the 675bp PCR band intact (8 m1 inhibition, 45.4% SE & 0.9; 4m1 inhibition, 9.8% SE + 0.5). 50 pM?*
represents the 4m1 template incubated with the 26nt-Acr oligo (inhibition = 48% SE £ 4.2). (d) Scheme of the
“BlindSpot” protocol. Oligos were incubated with appropriate plasmid DNA carrying 8m1 (NoDom) fragments
and subjected to partial digestion, ligation to linearized vector and transformation into E. coli. Colonies were
then counted, confirmed for positive clones and recorded. (e) Enrichment for positive clones during both way
cloning (Earl/Lgul) of one (top) and multiple (bottom) non-domesticated fragments upon incubation with

a 26nt DNA oligo (BlindSpot protocol). Since absolute number of clones equals number of positive clones
(accuracy ~100%) during one fragment cloning, data represent real increase in colonies in the plate. Number of
internal 5'(G)CTCTTC3' sites are indicated. Ligation was performed using T4-Buffer and error bars are from
three biological replicates, Bonferroni p < 0.05(*). Graph is representative of a duplicated experiment. Note
that 3ins/4sites retrieved no positive clones under a regular TNT-reaction (data not shown) but only when the
“BlindSpot” protocol, which represent a partial digestion, was applied (see Methods).

the main advantages found in the TNT-cloning system compared to previous restriction enzyme-based methods
(Table 1). Notably, the TNT-system rely on three nucleotides overhang that is finally incorporated in the con-
structs while some homology based methods, e.g. isothermal (Gibson) assembly, provide seamless joining of
fragments. However, elements released from the universal library are always compatible with isothermal (Gibson)
assembly due to a 5’ extension, rather than a 3’ extension, left by the EarI/Lgul enzymes and therefore well-suited
for scarless cloning.

The features found in the TNT-cloning system are key for establishing a easily transferable platform for quick
determination of qualitative and quantitative gene fragment interactions that will have to be performed in studies
involving gene sets and gene networks®. Currently, the validation of such networks and the reproducibility of data
are limited by the inability of building various compatible multigene constructs from one flexible universal plat-
form, requiring multiple methods to be adopted through a labor intensive pipeline®?. The optimized TNT-cloning
system and buffer, overcome such limitations providing a common platform for different elements from a single
universal library to be orderly combined into 1 insert after a minimal number of cloning steps in a matter of days.

Within the context of synthetic biology, an important aspect for studies in regulatory networks and pathway
engineering is the need of numerous regulatory sequences that may be incompatible with current cloning sys-
tems and/or limited in number, e.g. promoters. Here, we were able to provide a protocol that is greatly capable
of cloning fragments bearing internal 5'(G)CTCTTC3' sites, supporting the use of such regulatory sequences
(Fig. 5). Whether the assembly efficiency is compromised when large multigene constructs involving many undo-
mesticated internal sites are involved remains to be tested. Such factor could also limit the exchangeability of the
constructs; however, our approach is affordable and straightforward allowing for use of certain elements inapt
for mutagenesis.

In addition, we demonstrate the programming of polycistronic mRNAs, a valuable tool for managing bista-
bility/hysteresis®® in genetic circuits as well as overcoming promoter shortage in multi-gene constructs (Fig. 4).
We clustered different peptide 2As to overcome flaws found when only one sequence is used®* by assuming a
simple probability test should be applicable (if one copy gives 20% flaw, for example, two copies should reduce
such number to 4%). We showed that such clustering corroborates our predictions, as P2ZAT2A and P2AF2A
constructs gave almost flawless split between two CDS while their sole use show imperfect split in several cellular
backgrounds?**. This observation suggests that 10 genes can be grouped into one mRNA with approximately
97% [=(0.997)°] efficiency of individually translated transgenes. However, the maximum number of genes capa-
ble of being practically clustered and the protein longevity due to the N-rule turnover® (first amino acid of the
nascent peptide after efficient split is a proline) remains to be addressed. Nevertheless, the advantages intrinsic
to polycistronic mRNAs further support the development of a methodology that allows an endless assembly with
CDS compatibility.

In sum total, we have developed a new cloning platform, enabling gene circuits and pathway engineering
and allowing for virtually any DNA fragment to be quickly, reliably and flexibly clustered and shared. Such a
platform provides essential steps required for synthetic biology studies to progress faster and with high fidelity,
even as DNA synthesis costs drop. Because of the ease of transferability of the developed platform, our system also
contributes to the universality expected by the synthetic biology community and highlighted by several recent
papers!419:3637,

Methods

Methylation tests. Type II cytosine-5 DNA methyltransferase protein sequence from Streptomyces achro-
mogenes, which recognizes and modifies the sequence 5’ GAGCTC3’ (M.Sacl; GenBank AAC97118.1), was
reverse translated, synthesized (Supplementary Table 3), cloned in pET28 (pET28-M.SaclI) by Gibson assem-
bly (Ncol-Sall sites), transformed in T7Express and induced according to vector/strain suggested protocol (4h,
0.5mM IPTG). Expression of the ~z43kDa protein was confirmed by protein gel (data not shown) and a second
fraction of the same culture had the pET28-M.Sacl plasmid extracted, quantified and 1 g was subject to incu-
bation with BspQI, Lgul, SapI or Earl in duplicates on manufacturer recommended buffer. Digestion ran for
1h at 37°C (except for BspQI, where 50 °C were used) using 5 U of each enzyme (except Sapl, where 10 U was
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Characteristics Biobricks'* MoClo*! GB'® | TNT-cloning
Require sequence overlap no no no no
Cloning rely on fragment restriction sites yes no no no
Take advantage of type IIS enzymes no yes yes yes
Support endless assembly loop no no yes yes®
Fragments go from library to any

assembling plasmids («/(2) n/a n/a yes yes
Signatures allow for both sense or anti- o nob es es
sense orientation of fragments Y i
Assembled fragments can be used directly es o es es
or employed in new assemblies y y Y
Cloning process leave scars (linkers/

adaptors) yes yes yes no
Require domestication for enzymes yes yes yes no
Restrict type of fragments in library yes yes yes no
Require different signatures to clone wa os es o
library fragments y Y

Require multiple PCRs for library es es os o
construction 4 4 4

Require multiple libraries to carry different wa os s o
fragment types 4 4

Provide a sharable platform for universal o o o es
exchange of DNA segments y
Optimized buffer allow for quick and o ot ot es
reliable one-pot digestion/ligation step 4

Table 1. Highlights between previous restriction enzyme-dependent methods and the TNT Cloning
system. Limitations firstly surpassed by each method are bold and italic. *TNT-cloning loops up to three
fragments at a time. ®A sub-library is necessary for inverting fragments. “One-pot reactions are suggested but
takes 1.5h longer and are unsuited for sub-cloning efficient competent cells (107 cfu/pug of puc19).

used) in 20 ul reaction volume. The reactions were stopped and loaded in agarose gel. Bands were quantified
by Image] software (area tool after plotting lanes) and organized using Excel. A non-methylated control was
always included, and for M.Sacl and M.Taqgl (see below) sites non-subjected to methylation inside each tube,
were also used to check full restriction enzyme activity. “Digestion inhibition” was a direct measurement of the
digested bands divided by total band intensities (digested plus non-digested) and “Methylation efficiency” was
calculated by 1 minus “Digestion inhibition”. For M.SssI assays, a 1055-bp PCR product, using the pET28-M.Sacl
plasmid as template, was amplified (using the primers TaqI-Fw and TaqI-Rw), purified, quantified and incubated
with methyltransferase as manufacturer instructions (NEB). In this case, there are 92 sites for M.SssI (5'CG3’),
which counts for ~25uM of substrate in a 20 pl reaction if 1 pg of DNA is used. In this case, to achieve complete
methylation, 1l of enzyme (4 U) is recommended by the manufacturer to fully methylate 4 g of such template
in 20 pl reaction supplied with 640 uM SAM for at least 2h at 37 °C; our reactions ran for 4 h under these condi-
tions. Methylated DNA was purified and 400 ng used for type IIS assays in duplicates and “Digestion inhibition”
and “Methylation efficiency” were assessed as described above. Both sites shown in Fig. 3 are present simul-
taneously in the fragment and could be addressed in the same reaction by selecting the appropriate bands for
quantification. For M.Taql assays, two PCR products using the pET28-M.SacI plasmid as template were obtained
(using the primers TaqI-Fw and TaqI-Rwl.1 and TaqI-Fw1.1 and TaqI-Rw), purified, quantified, diluted at least
1000 fold and mixed together in an equimolar ratio for a secondary PCR (30 cycles) using only TaqI-Fw and
TagI-Rw to generate the 1055 bp fragment with an internal M.Tagl site as shown on Fig. 3. The 1055-bp second-
ary product was then purified, quantified and incubated with methyltransferase as manufacturer instructions
(NEB; except we increased incubation time to 4h). Methylated DNA was purified and 400 ng used for type IIS
assays in duplicates and “Digestion inhibition” and “Methylation efficiency” as described above. After the screen-
ing in duplicates, the M.Taql results were confirmed by other 4 biological replicates for EarI only (Fig. 3). For
in vivo assays, using M. Test plasmid transformed in T7X.MT, two separate colonies were tested on each condition
shown on Supplementary Fig. 4 and the best condition (cultures grown on plates with 0.3 mM IPTG right after
original transformation and 0.2 mM of IPTG on liquid media overnight grown at 37 °C) were reproduced for
other 4 new colonies (Fig. 3). Experiment was later reproduced once, with 3 biological replicates and M.Test DNA
was then kept at —15°C and re-accessed after 3 weeks (data not shown) and after 11 weeks, in which Eam11041
was also included.

TNT-family of vectors. All primers, GBlocks and gene cassettes were commercially synthesized and
used in this study are listed on Supplementary Table 3. Nucleic acid manipulation followed the general guide-
lines described in*%. DNA preparation was performed by either traditional phenol:chloroform extraction or
DNA extraction kit (5SPRIME #2300010). The pSTART is a pUC19-backbone vector, which carries the ampi-
cillin/carbenicillin resistance gene, and was built domesticating EarI sites (5'CTCTTC3’) by using Gibson
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assembly'? to join the PCR products of primers 1) pUPD-FW1 and pUPD-RW1 (188bp), 2) pUPD-FW2 and
pUPD-RW?2 (149 bp), 3) pUPD-FW3 and pUPD-RW3 (301 bp), 4) pUPD-FW4 and pUPD-RW4 (1838 bp) and
5) pUPD-FW5 and pUPD-RWS5 (274 bp). The “AM15w-peptide” was separately amplified from E. coli DH5«
using the primers pUPD-RW3.1 and FW_adap and assembled into domesticated pSTART linearized by PCR
using the primers pUPD-FW3.1 and pUPD-RWS5. For the M.Test vector, used on M.Taql assays in T7Express
and T7X.MT, the pUPD-RW5-M_Test and pUPD_adap_met.test-FW were used instead of pUPD-RW5 and
FW_adap, respectively (creating the M. Taq site 5’ TCGA3'). The backbone of the binary vector pPZP200* (posi-
tions 1 to 6495bp), plus a spectinomycin resistance cluster, were domesticated at different 5’CTCTTC3' sites
using the primers aQ2vector-FW and EarI-RW1 (1132bp), Ear]-FW1 and EarI-RW2 (2699 bp), EarI-FW2 and
EarI-RW3 (493 bp), Earl-FW3 and EarI-RW4 (2866 bp), Ear]-FW4 and EarI-RW5 (234 bp) and EarI-FW5 and
af2vector-RW (817 bp). PCR products were purified, mixed in equimolar ratio and re-amplified using the prim-
ers af2vector-nested-FW and a2vector-nested-RW (8080 bp band). The 8080-bp band was re-amplified with
primers af2vector-FW and af2vector-RW to generate the ai-backbone segment. The o version had the appropri-
ate primer pairs a1A-Fw and a1A-Rw, a2-Fw and a.2-Rw, aB-Fw and aB-Rw, aC-Fw and a«C-Rw, a1R-Fw and
o1R-Rw, a2R-Fw and o2R-Rw amplifying the reporter AM15w from pSTART during a first PCR with each prod-
uct followed by a secondary PCR with the primers PCR2_to_a'Vector-Fw and PCR2_to_aVector-Rw to create
the 18-bp overlap needed for joining each segment by Gibson assembly'? to the o backbone. First, we built a1A,
and upon sequencing of CDS present in this backbone plus the T-DNA borders, the remaining members, a2, aB,
aC, alA-R, a2-R, were assembled. Similarly, the appropriate primer pairs, 21A-Fw and Q21 A-Rw, (22-Fw and
Q2-Rw, QB-Fw and QB-Rw, QC-Fw and Q2C-Rw, 21R-Fw and Q1R-Rw and, 22R-Fw and Q22R-Rw, were used to
amplify the reporter AM15w from pSTART during a first PCR with each product followed by a secondary PCR
with the primers PCR2_to_(2Vector-Fw and PCR2_to_{2Vector-Rw to create the 18-bp overlap needed for join-
ing each segment, by Gibson assembly, to the o backbone creating the plasmids £21Aabb, £22abb, 2Babb, {2Cabb,
21A-Rabb, (22-Rabb, where “abb” indicates o backbone. These {2 members then had the spectinomycin marker
(aminoglycoside adenylyltransferase) switched to kanamycin (aminoglycoside phosphotransferase) by lineariz-
ing each member using the primers KStrat2_TNT-FW and KStrat2_TNT-RW (9351 bp) to be joined by Gibson
assembly with fragment 1 amplified with Kan_to_O-FW2 and KStrat2_TOP-RW (1496 bp) and fragment 2 ampli-
fied with KStrat2_TOP-FW and Kan_to_O-RW1 (384 bp), both fragments from pENTR-D-TOPO. Later, the (2’
had the point mutation, noted in Supplementary Fig. 7, adjusted by linearizing the vectors with PstI or Pmel and
partially digesting with Lgul for assembling with a double strand oligo (named leftCC-FW/RW or rightCC-FW/
RW) covering the same sequence (positions 83-142 bp, when PstI was used, or 3328-3394 bp, when Pmel was
used) with the point mutation from 5'aa to 5’ cc being located at positions 108-109 bp and/or 3361-3362bp (Q21A
versions 5’tt and 5’ gt at the 3361-3362 bp positions were also created and tested, data not shown). Importantly,
this change was performed on all versions, however, only at those sites that bear two signatures side-by-side
(Supplementary Fig. 1). Lastly, the versions aB-R, o C-R, 2B-R and Q2 C-R were implemented by digesting the
alA and 21A vectors at the Pst] and Pmel sites and assembling the purified backbone to three GBlock fragments,
having one in common (LacZw-central-gb) and the remaining specific for each vector created (alphaBR-gb left,
alphaBR-gb right, alphaCR-gb left, alphaCR-gb right, omegaBR-gb left, omegaBR-gb right, omegaCR-gb left,
omegaCR-gb right) by Gibson assembly. All vectors created without exceptions had the signatures confirmed
by sequencing before undergoing tests. Primers pUPD-seqFW and pUPD-seqRW (for pSTART) or primers
TNT-af2-seqFW and TNT-a2-seqFW (for any o and 2 members) were used to sequence inserts and diagnose
constructs by colony PCR. Entry elements relevant to this work (Supplementary Table 4) were either synthesized,
amplified (green fluorescent protein, TNT-GFP-FW/RW; PIP2 fused to mCherry, TNT-PmCherry-FW/RW; 35S
promoter, TNT-35SProm-FW/RW; and 35S terminator, TNT-35STerm-FW/RW) from general templates or sim-
ply dimerized (100 pmol in 50 ul of 1x PCR buffer for 95°C 5 min and then 85°C to 45 °C every 5°C, 5 min each)
using FW and RW primers (Lumio_tag, NLS, P2A, T2A, F2A and Ibp) before being assembled (1 pl of dimerized
oligos) in the pSTART by Gibson assembly. Some primers used to clone other elements tested in our entry vector
PSTART, but not used further in this work, are listed for reference (TNT-Cas9-FW/RW1-5, partial domestication;
GUS reporter, rGUS-FW/RW; 35S::hygromycin-F2A-CodA-Terminator, HCC selectable marker, Hig-CodA-FW/
RW; Luciferase reporter, Luc+_pUPD_FW/RW; DNA 2.0 CPB-38-441 vector, CircRep-FW/RW).

Library construction (pSTART) and constructs diagnosis. Primers, to clone fragments by either
restriction/digestion or Gibson assembly, were designed as 5’ ACATGCAGCTCTTCCACCN 5)3’, where N is the
fragment of interest sequence forward (signature 1 is underlined), and as 5’ CGAGGAAGCTCTTCCATCN 3’
for reverse strand (signature 2 is underlined), as long as TM of N, >50°C. Otherwise, number of base pairs
was increased over 20 nt until at least 50 °C of TM was reached (https://www.idtdna.com/calc/analyzer) (see
Supplementary Fig. 1). Multiple PCR products were purified and combined by Gibson assembly. All PCR reac-
tions were performed using Phusion DNA polymerase (Thermo Scientific) according to suggested protocol
(DMSO was added accordingly if amplicon was longer than 1.5kb). Qiagen TAQ DNA polymerase diluted 10
fold was used for diagnosis through colony PCR and the remaining settings were according to suggested protocol.
Briefly, colonies were picked from the agar plate and diluted in 10 ul of water in 96 well plates and 1 ul was used
for PCR in 10 pl final volume. TM used was always 56 °C for 20 sec and extension was always 72 °C for 1 min;
always 40 cycles. Positive clones had the remaining 9l (5pl if colony PCR was performed in parallel to culture
growth) inoculated in appropriate media (LB + chemicals). Every insert in the library was sequenced. First levels
of complex assemblies shown in Fig. 4 were fully sequenced. Clones also checked by restriction digestion are
noted in the text.

PSTART entry clones. Supplementary Table 2 includes the entry vectors (pSTART) relevant to this work.
The insert sequences were grouped in the Supplementary Table 4 as follows: d35S_h-h, PmCherry, Lumio, RGR
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gene®’, P2A, T2A, Cas9%, F2A, Ibp, GFP, 35SProm, 35STerm, NLS, NosProm, GUS, HCC (Hygromycin-CodA),
Kan-ORE 8 m1*, 7m1*, 5m2*, 4m1*, CircRep, 8 m2*.

Detailed assembly steps. Once an element is cloned in pSTART, which receives and releases the desired
fragments with either enzyme, it is transferred and further combined in either alpha (o) or omega (Q2) members,
which receive fragments upon cleavage with Earl/Lgul and release fragments upon cleavage with Lgul/Earl,
respectively (Supplementary Fig. 1). Upon digestion of each plasmid, a set of “signatures” that were specifically
arranged to direct and orient the desired fragments are exposed. The signatures “1” and “2” are always flanking
the inserts released from pSTART and are always used to join the final constructs into any o or {2 member. At
the same time, the signatures “3” and “4” will be used by a specific member of each family (« and {?2) to join
fragments between themselves, two fragments at once (binary assembly) using the members a1A and a2 (or
£21A and §22) and three fragments at once (tertiary assembly) using the members a1A, aB and aC (or 214,
2B and (2C). To change the fragment orientation (sense or anti-sense) simply switch the chosen « or {2 version
for its respective “R” version during the cloning step. We first, at the a-level, had the GFP transferred from the
library (pSTART) to oB and the NLS to «IA and aC. These clones were joined in a tertiary assembly in Q1A
generating the NLS-GFP-NLS ({21A) construct. Secondly, at the {2level, the 35S promoter (35S), the Lumio tag
(Tag) (Invitrogen), the PIP2 fused to mCherry (PmCherry), different clusters of P2A-Ibp (SS1-2) and the 35S
terminator (Term) were transferred to {214, OB, QC, 21A/(22 and (2C, respectively. Third, again at the « level,
the 35S (£21A), Tag (£2B) and PmCherry (2C) were joined in a tertiary assembly in «wIA generating the construct
35S::tag-PmCherry (al1A); the SS1 (£21A) and SS2 (£22) were joined in a binary assembly in aB generating the
construct SS1-SS2 (aB); the NLS-GFP-NLS (§21A), Tag (£2B) and Term ({2C) were joined in a tertiary assembly in
aC to generate the construct NLS-GFP-NLS-tag-Term (aC). Finally, again at the 2 level, the 35S::tag-PmCherry
(alA), different combinations of the SS1-SS2 (aB) and the NLS-GFP-NLS-tag-Term («C) were joined in a ter-
tiary assembly in different {2s generating the construct 35S::tag-PmCherry-SS1-SS2-NLS-GFP-NLS-tag-Term,
where SSI-S52 means P2AF2A (QB), P2AT2A (Q1A) or IbpF2A (QC) (different peptide 2A; Impatiens balsamina
peptide, cleaved in plants®®). In parallel, the 35S::tag-PmCherry (al1A) and NLS-GFP-NLS-tag-Term («:2) were
joined in a binary assembly in Q1A generating the 35S::tag-PmCherry-NLS-GFP-NLS-tag-Term (Fused control).
Lastly, 35S (£21A), NLS-GFP-NLS ({2B) and Term ((2C) were joined in a tertiary assembly in a1A generating the
358::NLS-GFP-NLS-Term («1A) (GFP control); the 35S::tag-PmCherry (owlA) and Term (a.2) were joined in a
binary assembly in {21A generating the 35S::tag-PmCherry-Term (£21A) (PmCherry control). All assembly reac-
tions were performed at either 1h at 34 °C or following a standard TNT-reaction (see below). Constructs details
and annotation are depicted in Supplementary File 1.

TNT-Buffer and the standard TNT-reaction. We tested several conditions for BspQI, Earl, Lgul and
Sapl enzymes in order to tune our one-pot reaction conditions. We found the 10 mM DTT from T4 DNA ligase
buffer to inhibit Earl activity and that excessive amounts of NaCl (>50 mM) inhibited Lgul. BSA in a reac-
tion increased the number of false positives (data not shown). We found the best DNA concentration to be
~75ng (versus 100 ng and 125 ng; 75 ng each for multiple fragment assembling) insert plasmid(s) at the range of
0.25-2.5kb and ~50 ng (versus 15ng, 25ng and 50 ng) of TNT-members «, {2 or pSTART. Subsequently, we
found PPG to increase the number of positive colonies and allowed us to reduce the incubation time for diges-
tion/ligation while keeping higher efficiency than the T4 DNA ligase buffer. Ideal concentration of PPG is
between 0.5% and 2%. Therefore, what we called the “TNT-Buffer”, used in this work has the following formu-
lation at 1x: 50 mM Tris-HCl (pH7.5), 2mM DTT, 10 mM MgCl,, 1 mM ATP and 2% PPG (which was added
right before reaction setup from a 20% stock in water). 5x buffer was stored at —20°C. The Earl/Lgul/T4 ligase
enzymes concentration are extremely important especially for accuracy (number of positive clones) and a stand-
ard TNT-reaction, set up on TNT-Buffer, includes 40 U of T4 DNA ligase and either 5U of EarI or 0.5 U of Lgul,
followed by incubation at 34 °C for 45 sec and 16 °C for 4.5 min’ for 50 cycles. If only one fragment is being cloned
(or linearized destination vector is used for binary/tertiary assemblies) reaction can be performed at 34 °C for
1h, albeit number of positive clones is reduced. All reactions were performed in 10l final volume and diluted
1-10 fold or 1-50 fold when « or {2 members were used as destination vectors, respectively, before taking 1l to
transform electrocompetent cells (e.g. Fig. 4 where efficiency was 210° cfu/pg of Pucl9 plasmid). Final number
of positive clones, shown in graphs, was then calculated as: total number of clones in a plate times dilution times
accuracy. For general reference, GoldenBraid reactions used here followed 50 cycles of: 37 °C for 2 min and 16°C
for 5min.

BlindSpot protocol for cloning non-domesticated fragments. For non-domesticated fragments,
a regular TNT-reaction was used for single fragment cloning (we have not tested fragments that would leave
signatures 1, 2, 3, 4, 1R or 2R upon cleavage of internal site). For binary and tertiary assemblies involving
non-domesticated fragments, we developed the BlindSpot protocol - i.e., fragments (=150 ng each rather than
~75ng each) were first incubated with 50 pM oligo (design details below) for 1h in each temperature 45 °C to
12°C every 3°C, usually overnight, in an alternate buffer (50 mM Tris-HCI pH 5.8, 75 mM NaCl, 10 mM MgCl,,
2mM DTT) in 4 pl final volume. Following, the addition of 6l of a second buffer (50 mM Tris-HCI pH 6.3,
10 mM MgCl,, 2mM DTT) containing either 5U of EarlI (for 5 min, ~60-65% digestion progress) or 1.5U of
Lgul (for 15min, ~55-65% digestion progress) completed the reaction volume to 10 pl, which was incubated
at 25 °C before being directly heated at 80 °C for 20 min. After cool down, 2l were used to set up a standard
TNT-reaction using either T4 DNA ligase buffer (Fig. 5, NoDom) or TNT-Buffer. For the initial screening and
digestion curve (Fig. 5 and Supplementary Fig. 8), several incubation times for digestion were used and reactions
were stopped with loading dye (NEB), loaded on agarose gel and analyzed similarly to what is described for the
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methylation assay. Since the control samples, which carry a non-domesticated fragment, showed some positive
clones (Fig. 5e, NoDom), a partial digestion in these conditions was determined to be sufficient to generate the
desired construct, reducing the time frame from ~12h (if incubation with oligo is performed) to ~1h. However,
for maximum efficiency of complex targets, this affordable protocol more than doubled the ability to build 3 frag-
ments assembly involving non-domesticated fragments.

We failed to obtain efficient inhibition with a regular 15 nt and 22 nt DNA oligos designed in both directions
(15 ntW-H.TFOsl, 22 ntW-H.TFOsl1, 15 ntRvH.TFOs1, 22 ntRvH.TFOs1, 15 ntW-H.TFOs2, 22 ntW-H.TFOs2,
15 ntRvH.TFOs2, 22 ntRvH.TFOs2, data not shown). However, we were able to show that a 26 nt DNA oligo
designed to cover 11 nt upstream of Lgul/Ear] site and 8 nt downstream (which covers the cleavage site) in the
same orientation as the 5'GCTCTTC3' site (if the sense sequence gives the 5’ GAAGAGC3’, use the anti-sense
sequence for designing the oligo) inhibited both enzymes under appropriate buffer conditions*. Experiments
were performed using 1l of 200 pmol oligo (50 uM in 4 pl reaction) or 2 pl (100 .M in 4 pl reaction) when 4 sites
were tested (construct CircRep-8 m1-8m1). Clones were checked by colony PCR (16 < n < 32) for statistical
analysis and different patterns in the gel were digested and sequenced to confirm gene structure. Reagents Used
and their Catalog number are provided in Supplementary Table 5.

Statistical analysis. Statistical analysis was performed using one-way ANOVA followed by post-hoc
Bonferroni or Holm corrections®!. Letters indicate all pairs simultaneously compared. Values shown are inference
based on method p-value.
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