
The current method has proven effective in rapidly profiling the ligation fidelity of T4 DNA 

ligase in a single experiment. The data generated has allowed us to accurately predict the efficiency 

and fidelity of assembly reactions of up to 24 fragments. Further application of the method will allow 

for profiling the effect of other ligases, buffers, and protocols on ligation fidelity and bias. These data 

will allow for discovery of high fidelity, low bias ligation conditions that could extend the utility of Type 

IIS restriction based assembly systems even further. Finally, modifications of the substrate to include 

the restriction cleavage and melting steps should increase the accuracy of predictions and allow co-

screening of different Type IIS restriction enzymes and ligases in combination. Thus, by combining 

informatics to guide junction choice and high-throughput screening of conditions, the use of dozens of 

fragments in a single pot, resulting in highly efficient and highly accurate assembly, is within reach. 

 

AVAILABILITY 

Sequencing data pertaining to this study has been deposited into the Sequencing Read Archive under 

accession numbers SRP144368 (multiplexed ligase fidelity sequencing data) and SRP144386 

(golden gate sequencing data). 

Custom software tools are available in the GitHub repository at: 

https://github.com/potapovneb/golden-gate. 

 

SUPPLEMENTARY DATA 

Supplementary Figures S1-S11, Supplementary Tables S1-S8, Excel and .csv formatted data tables 

for raw ligation product observation counts, and 10-fragment Golden Gate assembly reactions. 

Supplementary Data are available online as a separate file. 
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TABLE AND FIGURES LEGENDS 

 

Table 1. Ten-fragment Golden Gate assembly junction sequences.  

Table 2. Predicted high fidelity four-base overhang sets for use with Golden Gate assembly 

methods. Predicted high fidelity four-base overhang sets for use with Golden Gate assembly 

methods. Sets are provided for use with cycled assembly (16°C/37°C cycles; Sets 1, 2) and a set for 

use with static incubation at 37°C (Set 3). Set 1 is an extended MoClo set (TGCC, GCAA, ACTA, 

TTAC, CAGA, TGTG, GAGC) with additional 8 overhangs. All sets are predicted to assemble with 
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a >98% overall fidelity if every overhang and its complement is used; subsets of these sets are 

predicted to have even higher fidelity.  

Figure 1. Schematic of multiplexed ligation fidelity and bias profiling assay. (A) Libraries 

containing randomized four-base overhangs were synthesized and ligated with T4 DNA ligase under 

various conditions. The hairpin substrates contain the Pacific-Biosciences SMRTbell adapter 

sequence, an internal 6-base random barcode used to confirm strand identity and monitor the 

substrate sequence bias derived from oligonucleotide synthesis, and randomized four-base 

overhangs. (B) Ligated substrates form circular molecules, in which a double-stranded insert DNA is 

capped with SMRTbell adapters. These products were sequenced utilizing Pacific Biosciences SMRT 

sequencing, which produced long rolling-circle sequencing reads. Consensus sequences were built 

for the top and bottom strands independently, allowing extraction of the overhang identity and 

barcode sequence. 

Figure 2. Assay results for the ligation of randomized four-base overhangs by T4 DNA Ligase. 

SMRT sequencing results for ligating 100 nM of the multiplexed four-base overhang substrate 18h at 

25°C, with 1.75 µM T4 DNA ligase in standard ligation buffer. Observations have been normalized to 

100,000 ligation events (see Supporting Data for actual observation totals). (A) Frequency heat map 

of all ligation events (log-scaled). Overhangs are listed alphabetically left to right (AAAA, 

AAAC…TTTG,, TTTT) and bottom to top such that the Watson-Crick pairings are shown on the 

diagonal. (B) Stacked bar plot showing the frequency of ligation products containing each overhang, 

corresponding to each row in the heat map in (A). Fully Watson-Crick paired ligation results are 

indicated in blue, and ligation products containing one or more mismatches are in orange. 

Figure 3. Frequency of specific base pair mismatches by position. Incidence of each possible 

mismatched base pair observed during ligation of four-base overhangs, with 100 nM of the 

multiplexed substrate, 1.75 µM T4 DNA ligase, and 18 h incubation at 25°C in standard ligation buffer. 

This figure was generated from the same data as shown in Figures 2. (A) shows the results for the 

edge position (N1:N4′); (B) for the middle position (N2:N3′). 

Figure 4. Overview of Golden Gate assembly design. Ten fragments of arbitrary, randomized 

sequence (Supplementary Information, Table S2) were designed, giving 9 junctions and an “end 

junction” designed with sequence AAAC, which was not predicted to have significant mismatch 

ligation potential with any overhang used for the junctions. The sequences chosen for the junction 

differ amongst the HF, LF, DP and FP sets, as indicated in Table 1. The order of assembly could be 

determined by SMRT sequencing of the products, with the unique insert sequences defining the order 

of assembly and thus, which overhangs ligated to produce the connection. 

Figure 5. Distribution of assembly sizes for the 10-fragment Golden Gate assemblies (37°C 5 

min/16°C 5 min, 30 cycles). Correct constructs are in blue, constructs containing at least one 

incorrect junction are shown in orange. (A) HF set results in correctly assembled constructs with the 

full-length product ABCDEFGHIJ being the most common. (B) LF set  results in a significant fraction 
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of incorrectly assembled constructs as expected. (C) DP set leads to accumulation of a construct with 

missing Insert G and a slight uptick in 11-insert assemblies duplicating fragment G. (D) FP set has a 

ligating junction 7 (
𝑇𝐴𝐴𝐴

𝐴𝑇𝑇𝑇
) with predicted low efficiency; this junction did join, but with ~33% reduced 

incidence as compared to the other junctions. Additionally, many product fragments truncated at this 

junction (ABCDEFG and HIJ) were observed (Supporting Data).  

Figure 6. Predicted versus observed fragment linkages in Golden-Gate assembly of the HF and 

LF 10-fragment assemblies. Junction overhangs can be found in Table 1. The intensity of the color 

corresponds to the number of instances of that junction observed in a Pacific Biosciences SMRT 

sequencing experiment, normalized to 100,000 total junctions. Predicted frequencies of junctions are 

based on the fidelity library data generated for the four-base overhang substrate ligated with T4 DNA 

ligase at 25°C for 18 h. The experimental observations shown are for assembly of the 10-fragment HF 

and LF sets with Golden Gate Assembly mix, 37°C 5 min/16°C 5 min, 30 cycles. 

Figure 7. Twelve- and 24-fragment Golden Gate assembly of lac cassettes. Assemblies were 

twelve (A and B) or twenty-four fragments (C) in a single pot, with choice of junctions driven by the 

ligation fidelity and bias profile. Reactions were performed as described in the Materials and Methods 

section, plating 5 µL assembly reaction for 12-fragment assemblies, and 100 µL for 24-fragment 

assemblies. Plates shown are representative replicates, imaged and counted using the aCOLyte 3 

automated colony counting system with a white filter (top) to show blue colonies expressing β-gal, and 

a black filter (bottom) to visualize white colonies containing antibiotic resistance but a non-functional 

lac cassette. Data for all replicates can be found in the Supplementary Data, Table S6. (A) shows the 

results of a designed predicted high fidelity 12-fragment set, predicted 99% blue colonies, observed 

average over 8 replicates, 99.2 ± 0.6 %. (B) shows results of the designed low fidelity, deletion-prone 

12-fragment set; predicted 31% blue colonies, observed average of 8 replicates, 45 ± 5%. (C) shows 

the results of assembly of the designed 24-fragment high fidelity set, predicted 91% blue colonies, 

observed average over 10 replicates, 84 ± 5%. 
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Table 1. 

 

Junction High-fidelity 

set 

Deletion-prone 

set 

Failure-prone 

set 

Low-fidelity 

set 

1

1′
 

𝐴𝐴𝐺𝐺

𝑇𝑇𝐶𝐶
 

− − −−

− − −−
 

− − − −

− − − −
 

𝐺𝐶𝐶𝐶

𝐶𝐺𝐺𝐺
 

2

2′
 

𝐴𝐶𝑇𝐶

𝑇𝐺𝐴𝐺
 

− − −−

− − −−
 

− − − −

− − − −
 𝐺𝐶𝐶𝐴

𝐶𝐺𝐺𝑇
 

3

3′
 

𝐴𝐺𝐺𝐴

𝑇𝐶𝐶𝑇
 

− − −−

− − −−
 

− − − −

− − − −
 𝐴𝐶𝐶𝐶

𝑇𝐺𝐺𝐺
 

4

4′
 

𝐴𝐺𝑇𝐶

𝑇𝐶𝐴𝐺
 

− − −−

− − −−
 

− − − −

− − − −
 𝐴𝐺𝐶𝐶

𝑇𝐶𝐺𝐺
 

5

5′
 

𝐴𝑇𝐶𝐴

𝑇𝐴𝐺𝑇
 

− − −−

− − −−
 

− − − −

− − − −
 𝐶𝐺𝐶𝐶

𝐺𝐶𝐺𝐺
 

6

6′
 

𝐺𝐶𝐶𝐺

𝐶𝐺𝐺𝐶
 

− − −−

− − −−
 

− − − −

− − − −
 𝐴𝐺𝐶𝐴

𝑇𝐶𝐶𝑇
 

7

7′
 

𝐶𝑇𝐺𝐴

𝐺𝐴𝐶𝑇
 

𝐺𝐶𝑇𝐺

𝐶𝐺𝐴𝐶
 

𝑇𝐴𝐴𝐴

𝐴𝑇𝑇𝑇
 

𝐴𝐺𝐶𝐺

𝑇𝐶𝐺𝐶
 

8

8′
 

𝐺𝐶𝐺𝐴

𝐶𝐺𝐶𝑇
 

− − −−

− − −−
 

− − − −

− − − −
 𝐶𝐺𝐺𝐶

𝐺𝐶𝐶𝐺
 

9

9′
 

𝐺𝐺𝐴𝐴

𝐶𝐶𝑇𝑇
 

− − −−

− − −−
 

− − − −

− − − −
 𝐴𝐺𝐺𝐶

𝑇𝐶𝐶𝐺
 

1 A notation of 
−−−−

−−−−
 indicates the junction pair used is identical to the HF set. 
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Table 2.  

 

Set Number of 

overhangs 

Overhang sequences 1 

1 15 TGCC, GCAA, ACTA, TTAC, CAGA, TGTG, GAGC, AGGA, ATTC, CGAA, 

ATAG, AAGG, AACT, AAAA, ACCG 

 

2 20 AGTG, CAGG, ACTC, AAAA, AGAC, CGAA, ATAG, AACC, TACA, TAGA, 

ATGC, GATA, CTCC, GTAA, CTGA, ACAA, AGGA, ATTA, ACCG, GCGA 

 

3 25 GCCC, CCAA, ATCC, GGTA, ACGG, AAAT, ATAG, CTTA, AGGA, AGTC, 

ACAC, ATGA, GCGA, CATA, CTGC, AACG, CGCC, AGTG, CCTC, GAAA, 

CAGA, ACCA, AAGT, CGAA, CAAC 

1 Only one sequence for each overhang pair is shown. 
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Figure 1. Schematic of multiplexed ligation fidelity and bias profiling assay. 
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Figure 2. Assay results for the ligation of randomized four-base overhangs by T4 DNA Ligase 

(18h at 25°C). 
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Figure 3. Frequency of specific base pair mismatches by position (18h at 25°C). 
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Figure 4. Overview of Golden Gate assembly design. 
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Figure 5. 
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Figure 6.  
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Figure 7.  
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