NEW ENGLAND SEED 2018

BiOLOle T Poster 87

Vladimir Potapov?, Jennifer L. Ong*, Rebecca B. Kuceral, Bradley W. Langhorst!, Katharina Bilotti*, John M. Pryort,
Eric J. Cantor?, Barry Canton?, Thomas F. Knight?2, Thomas C. Evans, Jr.1, and Gregory J. S. Lohman*
INew England Biolabs, Ipswich, MA 01938, USA °Ginkgo Bioworks, Boston, MA, 02210, USA

Abstract Schematic of Multiplexed Ligation Profiling Assay

The one-pot assembly of long DNA sequences from multiple component parts is key to the rapid A Ligation pool % B Ligated product (A) Libraries containing randomized three-base
generation of constructs for modern synthetic biology. Methods for the one-pot assembly of multiple v C— = || overhangs were synthesized and ligated with T4
£ linked bv short h Golden Gate) d g i d unbiased ligati Desi Q/ BCA . BC2 DNA ligase under various conditions. The hairpin
ragmeqts Inked by short overhangs (e.g. Golden Gate) depend on accurate and unbiased ligation. Design —) C:: substrates contain the SMRTbell adapter
of junctions to date largely depends on the use of rules of thumb and empirical success, rather than detailed A\ " sequence as well as an internal 6-base random
: : : - : : T : - : ) ) -~ BC ( — SMRTbell Insert SMRTbell barcode used to confirm strand identity and

dqta on Ilgase_fldellty and bias. In_ this study, we have apphegl Pacific Biosciences Slngle_ Molecule Real : :—O e adapter  monitor the substrate sequence bias derived
Time sequencing technology to directly measure of the ligation frequency of every possible 5'-four-base “ f from oligonucleotide synthesis. (B) Ligated

- - . - . . - . . Randomized SMRThbell : : -

overhang pairing in a single experiment. This comprehensive data set has been applied to predict the overhang adapter wn_Overhangs __v_Ligation sites zng)tlfeaftfa:féremd Ci'rr]‘;‘é'sr g‘ﬁfc?;eséa:gpgjh'c&tﬂ
accuracy of Golden Gate assembly (GGA) using the Type IIS restriction enzyme Bsal. Ten fragment SMRTbell adapters. (C) Ligated products were
assemblies were designed based on the ligation data with junctions predicted to result in high or low C Roling-circle sequencing read sequenced utilizing PacBio SMRT sequencing,
fidelit bl E i tal It e g " Iv th 1 but th 53 i tch Adapter Adapter Adanter which produced long rolling-circle sequencing
Idelity assembly. Experimental results confirmed not only the overall accuracy, but the specific mismatc reads. Sequencing reads are comprised of
ligation errors observed and their relative frequency. The data was further used to design 12- or 24- Topst\ra"d LI LD LG LI e regions corresponding to top and bottom strands
- - - - - - - - separated by regions corresponding to SMRTbell

fragment assemblies of the lac operon, which were shown to assemble with high tidelity and efficiency. 5 Consensus soquonces adapters. (D) Consensus sequences were bl
Thus, ligase fidelity data allows the prediction of high-accuracy overhang pair sets with greater flexibility vL— for the top and bottom strands independently,

in design than the rules of thumb, allowing assembly of >20 fragments at high-accuracy junction points —_:::—_}_“"Se"s:::_"‘“‘"“ _'EEE_} consensue Strand ggmgg Segguaggge” of the overhang identity and
even within defined coding regions without modification of the native DNA sequence. e — . BC2

Overhang Overhang

Methods/Results

Fidelity and Bias: Four-Base Overhangs Ligase Fidelity is Predictive in GGA 12 and 24-Fragment One-Pot GGA Recommended Overhangs for GGA

. x ; - NN, - Overview of Golden Gate assembly design. Ten fragments of arbitrary sequence were designed, Donor Plasmids Destination Vector/Golden Gate Master Mix Set Number of Estimated Overhang sequences
Moy, R = h - NNNoN, - with _junctions chosen to provide_ pre_dicted high-fidelity_or Iow-_fidglity per the below table. A overhangs fidelity
B i - . Ligation fraction, x10 Assay results for the deletion prone set altered one HF junction to pron;gitﬁj ‘rj:le;:r‘;rr‘]f“E;'tcaitr']‘;rl‘u?;;nzra%m;?éﬁé{aer(‘jd EI‘OW Antibiotic 1 (MoClo 15 985%  TGCC, GCAA, ACTA, TTAC, CAGA, TGTG, GAGC, AGGA,
= - :‘-l;_ . -"x‘- 'H__x m Watson-Crick li ation Of randomized A Bsal cut site Bsal cut site ' 4« Resistance ;
= 3 . | = Mismatch fg b h b M v efficiency junction. All products, full length and . Compatible) ATTC, CGAA, ATAG, AAGG, AACT, AAMA, ACCG
= g N our-base overhangs Dy GGTCTCENNNN( . .. INSERT. .. |NNNNCGAGACC incomolete. were analvzed bv sequencing to p06 p07 p08
S - i T ’ . “ T4 DNA Ligase 25°C. CCAGAGCNNNN|( . . . INSERT. . . ) NNNNGCTCTGG p T i y y . q ) .g U U
= ; \\ < SMRT sequencing resuls A A determine the identity of every junction in the 2 20 98.1% AGTG, CAGG, ACTC, AAAA, AGAC, CGAA, ATAG, AACC,
| I S for ligating 100 nM of the el utste el uste assembly. = e @ @ p12 14 DNA Ligase TACA, TAGA, ATGC, GATA, CTCC, GTAA, CTGA, ACAA,
= i RN multiplexed  four-base B L 2 . 9 et cet \ U Bsal HFV2 | AGGA, ATTA, ACCG, GCGA
- N e g % - overhang substrate 18h at N R R - " ;. mw o o Y
= o T S IR o ' ° . 1 TTCC CGGG .
Fu RV SRR W C ] 25°C, with 1.75 UM T4 _End Junction Junction Junction -+ Junction  End 2 acre geca 2-Step Temperature Cycling Protocol 3 25 95.8%  CCTC, CTAA, GACA, GCAC, AATC, GTAA, TGAA, ATTA,
- i . - DNA ligase in standard Junction 1 2 3 ° Junetion % AGGA accc / \
- it SN S ligation  buffer.  (Top) 2 aco acce CCAG, AGGA, ACAA, TAGA, CGGA, CATA, CAGC, AACG,
= s o by F_req_uency heat map of all 41 % % Correct Assembly  Incorrect Assembly Partial Assembly AAGT, CTCC, AGAT, ACCA, AGTG, GGTA, GCGA, AAA,
= : W ligation  events  (log- o . 5 aTCA cocc ATGA
= SN R ‘ s00 Scaled).  Watson-Crick - F"reﬂ'ilct"onl - | E'Xpéf'"?e”'t i AT ceaa |
== W T e (WC) pairings are shown ]H T rrrr J T ¢ caac rect / 4 30 91.7%  TACA, CTAA, GGAA, GCCA, CACG, ACTC, CTTC, TCAA,
= ™, N, on the diagonal. (Bottom) ’ : : b i
= % ™ Stacked bar plot showing Y B o ’ act reac GATA, ACTG, AACT, AAGC, CATA, GACC, AGGA, ATCG,
— = " O |s 3 = — —
= e, the frequency of ligation NQE l... ; l... ° o o Blue Colony White Colony No Colony AGAG, ATTA, CGGA, TAGA, AGCA, TGAA, ACAT, CCAG,
=] 2;%?E§;S C?:Tjtﬁ'm?,?/a;zﬁj g = - 1An;’aﬁon Of:C;;Tcates the JT;(;G e Overview of Lac cassette assembly Assay. A cassette for B-galactosidase (B-gal) expression GTGA ACGf\’.ATAC’ AAA, AAGG, CAAC
800 TAM TOMA TOAA TTAA | Crick gbairedy ligation % o ‘ = used s identical o the HF set. was split into 12 or 24-fragments at junctions chosen based on the fidelity data and placed in * Only one member of each complementary overhang pair is shown.
l j l results are indicated in T | . 7 . et aith EE e ot i equent holding vectors, with each fragment flanked by Bsal sites. In each assembly reaction, the Set 1 is an extended MoClo set (TGCC, GCAA, ACTA, TTAC, CAGA,
°% blue and ligation : . : - e v bone et fragments were combined with a pGGA destination vector containing the chloramphenicol TGTG, GAGC) with additional 8 overhangs.
400 it wdt oo J ot redtml Ul 1otk o L L . 3kt S products containing one E ﬂ . ﬂ inefficient junction. resistance gene. A high-fidelity (HF) 12 and 24 fragment system was designed, as well as an All sets are predicted to assemble with the specified overall fidelity if
- or more mismatches are in Protocol: 37°C 5 min/16°C intentionally deletion-prone low-fidelity (LF)12 fragment system. every overhang and its complement is used; subsets of these sets
] ‘ ‘ ‘ ‘” | H ‘ | orange. R R m e e S min, 30 cycles. Assemblies containing all fragments in the proper order result in B-gal expression and a blue \_ are predicted to have even higher fidelity. )
0 ' l;i The WC connections are colony; incorrect assembly leads to a white colony; partial assembly leads to no colony.
« Method allows comprehensive profiling of fidelity for a given I} : -
ligase/end-structure pairing in one experiment z s_hown n- the_ double Why gle] T7 ngase?
o ' © “ | diagonal visible in the HF
 Overhangs range in fidelity from <50% WC to >99%. T set. All other squares oo
- Most ligate with similar efficiency, but TNNA overhangs are 3 : represent mismatched =
notably inefficient. : ﬁE : connections. g
9 9 (0] -
- For even very low-fidelity overhangs, mismatch ligation products . m ' m Predictions match results ~ 4 E T4 DNA Ligase
. . . f = o
result from only a few (2 — 8) other ligation partners. TR e closely,  excepting  only ﬁJ) . 5 (18h at 25°C)
* Increasing temperature increases fidelity, but also increases bias . : o lowest frequency events. Y
againSt AT-rich overhangs. § .. : .. Deletion prone set shows D: 0.008 4-base overhangs
\_* PEG drastically reduces fidelity. ) |& “w o predicted  deletion  and @, S 0006 -
< - : n duplications (indicated by ® g
Position-Dependence of Mismatches : 6’ orrows) | T8 oA aese
o
- Q ! _ S o
p . : y . o || Failure prone set shows [— S i lllIllII‘IlI‘I (18h at 37°C)
v v Frequency of base e g only a modest drop In O il
a - NTN2N3N4 - b m NTN2N3N4 | -
L N4N3N2N1A L L N4N3N2N1A L pa” mlsmatCheS by 1 1|2|2|3|3|4|4|5|5|6|6|7|[7|8|8 9|0 1|1|2]2|3|3|4|a 5|5 |6 /6 7|7 88|99 ConneCtlonS at . the |0W g 0.008 4-base overhangs
5 5 position. This figure ; # efficiency _ JunC“C_m,_ less =
S 4l % . £ 4 was generated from = | .. o than predicted (indicated Ad 5 .
S 4|55 g, the same data as the @ 2 _ : H by arrows). 8 8 T7 DNA Ligase
= a < % panel above. S I : _ _ 5 o
*é 27 - RN ‘é 17 % £8 8220 p e, (LEf) edge position S s m ...l Bias against 100% GC = i (18h at 25°C)
g °58 S 223 £ Diaaés 5533538 (NLN4Y; 2 [ m_ 5 . overhangs observed. This - # -
0 o . e s e e — — ol LD == —— . . s = '; "; . ] ] ] =
nGITAa%A8TAGSS LEeITGATASASS Eﬁ'zg_méjm'dd'e position & p f;. : L, [izzgilngzzsng r;rr:eglli(;ttﬁietg Protocol: 30 cycles (16°C 5 min, 37°C 5min), 5 min 60C end hold. 4-base overhangs
* G:T mismatches dominate, followed by T.T and A!G. G:G appear : = o® due to ligation profiling Results match predictions closely: T7 provides a modest fidelity boost, at the cost of dramatic bias
internally but rarely at the ligation junction. Ligation frequency, x10° 3ssay not accounting for gEFF preddlctte(cji gf:/ﬂ’ glo”eCti observebd 992;256*_0/&_‘;0/ and lower overall efficiency.
- - : - — . i i : redicte o blue colonies, observe 0
 Mismatches are 2x more likely at the edge than the middle. 1 s000 cutting and melting steps. preal ! T ' ' i '
| y | g 24-HF predicted 91% blue colonies, observed 84 * 5%. Muc_h gregter |mpr.ove_ments are possible through careful junction
* At higher temperature, same mismatches but reduced frequency. )\ J U ) \_ choice guided by fidelity and bias data. )

Summary/Conclusions
 Our new sequencing assay permits the rapid profiling of fidelity and bias ¢ Use of data to guide junction overhang choice permits assembly of up

in end-joining. Many segquences can be tested in a single pot. to 24 fragments in one pot with high accuracy and efficiency.
 Fidelity and bias data for four-base overhangs predicts GGA accuracy.  We have provided predicted best junction sets for GGA taking into
. Specific erroneous junctions can be predicted in kind and degree account fidelity and efficiency.
. Current data underestimates bias against 100% GC WC pairings. » Future work will refine the data sets and examine bias of RE cutting.
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