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Using ApE for In Silico Golden Gate Cloning 

M. Wayne Davis and Erik M. Jorgensen 

Abstract 

Golden Gate cloning allows rapid and reliable assembly of multiple DNA fragments in a defined orientation. 
Golden Gate cloning requires careful design of the restriction fragment overhangs to minimize undesired 
products and to generate the desired junctions. The ApE (A plasmid Editor) software package can assist in 
silico design of input fragments or to generate expected assembly products. 
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1 Introduction 

Assembling different DNA fragments into plasmids in a reliable way 
is the foundation of molecular biology. Type II restriction enzymes 
are nucleases encoded by a single protein that cut at defined 
sequences, as opposed to type I enzymes that are complexes of 
multiple different subunits and can cut at undefined DNA 
sequences [1]. Type IIP (“Palindromic”) restriction enzymes cut 
within a palindromic recognition sequence and have been the 
primary workhorse enzymes for generating DNA fragments to be 
assembled. Although cut-and-paste reactions using these robust 
enzymes laid the foundations of molecular biology, they are practi-
cally limited to assembling no more than three fragments for any 
single ligation. Thus, more complex constructions require a series 
of cloning reactions. Recombinase-based cloning, the Gateway 
system by Invitrogen for example, can be used to generate more 
complex four or five fragment assemblies, but these methods leave a 
relatively long fixed scar sequence at each junction from the recom-
binase recognition sequence. The development of Gibson assembly 
in 2009 [2] and Golden Gate cloning in 2014 [3] opened the 
floodgates for faster and more flexible single-step DNA assembly 
reactions. Gibson assembly can assemble sequences with scarless 
junctions, but requires generating matching sequences at each end
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of fragments to be joined, usually by polymerase chain reaction 
(PCR), which may introduce mutations to the amplified product. 
The reaction uses a 5′ to 3′ exonuclease to generate 15- to 20-base 
single-stranded overhangs that hybridize to join the ends. The 
reaction then uses a polymerase and ligase to fill in any single-
stranded gaps and seal the backbone. Gibson assembly can assemble 
more than ten fragments in a single tube, but near-identical 
sequences at the junctions can lead to mis-assembly and inverted 
repeats in the ends can lead to hairpin formation that can block 
assembly altogether.
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Golden Gate assembly, the subject of this protocol, is perhaps 
the most robust and flexible of the modern assembly methods. 
Golden Gate uses type IIS (“shifted cleavage”) restriction enzymes 
to generate three- or four-base single-stranded sticky ends that can 
be ligated. The key feature of type IIS restriction enzymes is that 
they cut any sequence adjacent to their recognition site. Because 
the recognition sequences are not incorporated into the junction 
fragments, ends that re-ligate to the starting configuration will 
simply be recut. Only fragments that do not include the recognition 
site will be incorporated into the assembly pathway (Fig. 1). 

With careful design of the sticky ends, Golden Gate reactions 
can assemble more than 50 fragments in a single step [4]. Like 
Gibson assembly, the ends of each fragment need to be pro-
grammed with the correct compatible end and restriction recogni-
tion sequence, usually by donor plasmid, annealed synthetic DNA, 
or PCR. However, Golden Gate reaction is more robust than 
Gibson assembly to internal matching sequences. During the Gib-
son reaction, the exposure of internal duplications can lead to 
deletions or duplications. In Golden Gate reactions, the

Fig. 1 A Golden Gate reaction can assemble two fragments (red and yellow) that 
are flanked by type IIS restriction sites (green, BsaI, in this example). The 
sequences of the four-base single-stranded overhangs (black and cyan) 
control the order of assembly. When a fragment containing the restriction 
recognition sequence is re-ligated onto an end, cycles of cleavage and ligation 
ensue. When the final product is eventually formed by ligation, it is refractory to 
further digestion



information for connecting fragments is encoded by three- or four-
base single-stranded ends exposed by restriction digestion. How-
ever, Golden Gate cannot tolerate the presence of additional 
restriction recognition sequences within the assembled fragments. 
In most cases the reaction can be designed to remove internal sites 
by synonymous, single-base mutations during assembly.
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An easy-to-use DNA analysis software is critical to any success-
ful molecular biology campaign. For example, New England Bio-
labs provides a web-based Golden Gate assembler tool, NEBridge, 
available at https://goldengate.neb.com/. While there are several 
widely used application packages, such as Benchling, SnapGene, 
Mendelgen, or Geneious, this protocol will focus on the freely 
available program ApE (“A plasmid Editor”). ApE is available for 
all major desktop environments: MacOS, Windows, and Linux. 
ApE includes many analysis features such as automated and manual 
feature annotation, restriction site analysis, customizable graphic 
map creation, and DNA translation analysis. Further, ApE includes 
many more complex analysis tools such as in silico simulation and 
design of PCR reactions, Gibson assembly, restriction-ligation, and 
Golden Gate reactions. The use of the Golden Gate in silico 
designer and assembler tools will be discussed in this chapter. 

2 Software 

ApE is available for download at no cost from the author’s website: 
https://jorgensen.biology.utah.edu/wayned/ape/. 

The current version as of late 2023 is 2.1.4. The most recent 
version and current minimum hardware requirements can be 
obtained from the above website. 

3 Methods 

ApE has two separate tools for working with Golden Gate reac-
tions: Golden Gate Designer and Golden Gate Assembler. The 
Designer tool is used to design new Golden Gate reactions out of 
individual DNA sequences. The Assembler tool simulates assembly 
from components provided by existing Golden Gate toolkit 
libraries. 

3.1 Golden Gate 

Designer 

The Golden Gate Designer is used to assemble DNA sequences 
into a final plasmid. The program relies on data from Pryor et al. [4] 
of the rate of ligation, correct and incorrect, of all possible three- or 
four-base single-stranded overhangs in a T4 ligase-based joining 
reaction. They found up to three-fold variation in rates of ligation 
of perfectly matched overhangs, showing that the efficiency of a 
Golden Gate reaction can be affected by the choice of junction



sequences. More importantly, they found that some mismatched 
overhangs, many containing G-T pairings, have a low but non-zero 
rate of ligation. In fact, the rate of the strongest illegitimate junc-
tions can be up to 25% the rate of the weaker legitimate ligations. 
These rates will compound and will lead to very low total efficien-
cies of correct assembly for a reaction with many fragments. Golden 
Gate Designer will inspect each DNA junction and move the seam 
by up to four bases to optimize the assembly overhangs to have the 
least propensity to ligate incorrect ends. The Golden Gate Designer 
tool produces a set of PCR primers that incorporates the required 
restriction recognition sequences, linker sequences, and hybridiza-
tion site. In addition, it incorporates 5′ padding sequences required 
for the endonuclease to bind and cut the free end of the DNA 
fragment. Finally, it will generate a new sequence file representing 
the desired plasmid product. This sequence file will contain a 
comment section including the PCR primers, as well as feature 
annotations representing the PCR primers. Following are a detailed 
series of steps required to use the Golden Gate Designer tool. 
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1. The Golden Gate designer tool first asks the user to select the 
desired restriction enzyme to be used as the type IIS nuclease, 
such as BsaI, SapI, or PaqCI. The dropdown list will include all 
type IIS enzymes with three- or four-base overhang that are in 
the current user enzyme set (see Note 1). Once the enzyme has 
been added to the user set, the Designer tool can be reopened 
and the enzyme selected from the dropdown list. 

2. Below the enzyme selection dropdown is an area for selecting 
and ordering DNA fragments. Each fragment contains a “+” 
and “-” button. Pressing the “+” button will add a new frag-
ment immediately after the chosen fragment, whereas the “-” 
button will remove the chosen fragment. 

3. At the top of each fragment area is a dropdown menu to select 
the DNA sequence to use as the source of the fragment. All 
DNA sequence files currently open in the program are available 
in this dropdown. The user then needs to use the second 
dropdown menu to choose the region of the sequence to 
include in the product (see Note 2). If the user wants the 
sequence to be added to the final product in the reverse orien-
tation, they can select the reverse complement “Rev-Com” 
checkbox in the fragment area. Finally, if the user prefers to 
generate the fragment as a pair of complementary synthetic 
oligos rather than as a PCR product, they can select the “dsO-
ligos” check button. In this case, both the top and bottom 
single-strand sequences must be ordered as single-stranded 
oligo DNA nucleotides (ssODNs). These oligos hybridize to 
generate the correct sticky-ended overhangs directly, without



restriction digestion. This option is not available for fragments 
that are selected as Golden Gate restriction fragments. 
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4. The program may issue several warnings for fragments that 
cannot produce a valid Golden Gate reaction. If the user selects 
a sequence that contains the restriction recognition site, there 
will be a warning text that appears, and the dialog will not 
permit completing the design. If two adjacent Golden Gate 
restriction fragments are selected that have incompatible over-
hangs, there will likewise be a warning that prevents complet-
ing the design. 

5. Before completing the design, the user should set the default 
Golden Gate Designer values using the “Set Defaults” button. 
In this dialog, the user can set the following: (1) the default 
melting temperature for each PCR primer, excluding the 5′ 
additional spacer and restriction sequence; (2) the default 
search time in seconds—for all but extremely complex designs, 
one second should usually be long enough; (3) the default 5′ 
extension appended to the restriction recognition site—most 
restriction enzymes cannot cut at the extreme end of a DNA 
fragment and so require the addition of several extra padding 
bases to provide a comfortable binding surface; (4) the default 
linker sequence between the recognition site and the top strand 
cut site—if this sequence is longer than the enzyme requires, it 
will be truncated to the required length; (5) feature element 
generation in the final product sequence that delineate each of 
the input amplicons. 

6. When all of the desired input fragments have been specified, 
the user can press the “Next” button to proceed to calculating 
the required DNA fragments. The tool will then display its 
calculated design. 

7. The calculated design will first show the total efficiency of the 
design (see Note 3). In the calculated design, each fragment is 
presented with the algorithmically selected left and right single-
stranded overhangs and the corresponding ligation efficiencies. 
For fragments that are designated as PCR products, the result 
shows the primer sequences including the 5′ extension 
sequence. It shows the calculated melting temperature for 
annealing to the initial template sequence as Tm1 and the 
melting temperature for annealing to the final PCR product 
(the Tm for the primer and its perfect complement) as Tm2. 
Double-stranded oligo fragments are shown as two single-
stranded sequences, and restriction fragments are simply 
noted as such with their overhanging end. 

8. When the user is satisfied with the design, they can select 
“Generate Product” to generate the final sequence in a new 
sequence window. All of the original feature annotations will be
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carried over into the new sequence, as well as new annotations 
for each new PCR primer. The sequence comment area will 
contain a listing of all input sequences and the primer 
sequences or annealed oligo sequences needed to generate 
the input fragments. Finally, the comment area will contain a 
section called “Primer order” that can be copied as text and 
pasted into many DNA synthesis company’s order pages. 

3.2 GG Assembler The ApE DNA Assembler tool simulates a Golden Gate reaction 
using pre-existing toolkits that have been designed to generate 
many constructs from libraries of compatible modular inputs. 
There are several such toolkits in wide use [5–8]. In addition, 
many laboratories have developed in-house toolkits of varying 
complexity for easy reuse of modular components. The following 
are a detailed series of steps required to use the Golden Gate 
Assembler tool. 

1. The Golden Gate Assembler tool first asks the user to choose a 
type IIS restriction enzyme from a dropdown menu. As with 
the designer tool, the user can add enzymes to the current set 
using the Enzyme Selector Dialog (see Note 4). 

2. Once an enzyme is selected, the program searches all open 
sequence files for restriction fragments that are flanked by two 
recognition sites in the correct orientation. The user can 
choose one of these fragments from a second dropdown 
menu button (see Note 5). Once this fragment is chosen, the 
program identifies all possible compatible Golden Gate frag-
ments. If there is only one possible fragment, it is added to the 
assembly list and the program proceeds to identify the next 
compatible fragment. If fragments with compatible overhangs 
are available in the open sequence files, this process continues 
on until the final fragment is compatible with the free end of 
the first fragment. The calculation then stops and presents the 
user with the calculated efficiency of the reaction. The “OK” 
button is then activated, which will generate the final assembly 
product. 

3. If during the process of identifying compatible fragments there 
are more than one possible fragments at a single position, the 
program will present the user with a dropdown menu button 
containing a list of the fragments that could be included at that 
position. If all of the possible fragments in one position lead to 
the same fragment in the next position, the program fills in the 
next compatible fragment in the assembly. On the other hand, 
if the alternative choices of fragment in this dropdown would 
lead to more than one alternative subsequent fragments, the 
program cannot select the next fragment in the assembly until 
the user selects one of the fragments from the dropdown.
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4. If the final fragment in the assembly does not have a compatible 
end to circularize the product among the available Golden Gate 
fragments, the process stops with the message “No Product 
Possible” (see Note 6). 

5. When all of the fragments of an assembly have been chosen, the 
user can select “OK” to generate the simulated product (see 
Note 7). The user can select the check box “Keep Assembler 
Dialog Open” to quickly generate a series of simulated pro-
ducts without having to reopen the tool. The comment text of 
the new sequence window will contain a list of all of the 
assembled fragments and their numeric endpoints. 

4 Notes 

1. If there are no type IIS enzymes in the list or the desired 
enzyme is not in the list, the user should add the desired 
enzyme to the user set. To do this, first close the Golden 
Gate Designer tool. Then open the enzyme selector dialog, 
available from the main menu item “Enzymes> Enzyme Selec-
tor.” Once the dialog window is open, select “Enzymes> Edit 
Current Enzyme Set” from the menu bar. This new dialog can 
then be used to add the desired enzyme to the current user 
enzyme set by checking the box next to the enzyme name. 
Closing the Selection dialog will prompt the user to save the 
current set as the default set when the program is closed and 
reopened. It is probably most useful to add any frequently used 
type IIS enzymes to the default user set. 

2. If the sequence is linear, the default fragment is the entire 
sequence; the other available choice is to use the currently 
selected region. If the user selects a different region while the 
tool is open, a new item appears in the dropdown providing 
that new sequence as an option. If the sequence window is a 
circular sequence, the dropdown provides the option of: all of 
the sequence (opened at the current origin); the currently 
selected region; or the complementary fragment of all of the 
sequence excluding the selection. If the sequence contains 
potential Golden Gate fragments, these fragments are also 
provided as an option in the dropdown menu. 

3. This is calculated by multiplying the efficiency of each junction 
fragment. The efficiency of a junction is calculated by using the 
data in Pryor et al. [4] to find the frequency of the single-
stranded overhang at that junction ligating to the correct com-
plementary overhang divided by the sum of the frequency of 
ligating that overhang to each overhang present in the reaction. 
In most cases the efficiency should be better than 98%. In our 
experience, reactions below 95% efficiency, particularly
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reactions with at least one large fragment, will require screening 
multiple candidate clones to find a correct assembly. Because 
the algorithm currently uses a Monte Carlo method to opti-
mize the efficiency, pressing the “Recalculate” button will 
allow the algorithm to continue the calculation from the cur-
rent best seed to try to find a better solution. Similarly, the 
“Calculate New” button will restart the calculation from a 
new seed. 

4. Some toolkits are designed to use a mixture of more than one 
restriction enzyme, and an optional second or third enzyme can 
be added via an option at the bottom of the dropdown menu. 

5. The program also searches for pairs of sequences less than 
200 bases long that can hybridize to each other giving single-
stranded overhangs of the correct length at both ends. This 
simulates hybridized single-stranded synthetic oligonucleotide 
inputs into a Golden Gate reaction. These pairs will be included 
in the assembly calculation as though they were the product of 
a restriction digest. 

6. In some cases, this can be caused by the user having sequence 
files that represent circular DNAs but that are annotated as 
linear DNAs. This is most often the problem when users prefer 
to annotate all of their DNAs as linear. In this case, the user can 
select the check button “Treat All Sequences as Circular” to 
calculate the assembly as if all of the sequences represent circu-
lar plasmids. 

7. The user can alternatively select the “With Calculator” button. 
This will generate the same new sequence window, and will also 
add all of the input plasmids to the Molar Ratio Reaction tool. 
Here the user can calculate the exact volume ratios of each 
plasmid to be added to a Golden Gate reaction to have the 
optimal molar ratios based on each plasmid molecular weight 
and concentration. 
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