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Abstract

Background: Large serine integrases (LSIs, derived from temperate phages) have been

adapted for use in a multipart DNA assembly process in vitro, called serine integrase

recombinational assembly (SIRA). The versatility, efficiency, and fidelity of SIRA is lim-

ited by lack of a sufficient number of LSIs whose activities have been characterized in

vitro.

Methods and Major Results: In this report, we compared the activities in vitro of 10

orthogonal LSIs to explore their suitability formultiplex SIRA reactions.We found that

Bxb1,ϕR4, andTG1 integraseswere themost active among the setwe studied, but sev-

eral others were also usable. As proof of principle, we demonstrated high-efficiency

one-pot assembly of six DNA fragments (made by PCR) into a 7.5 kb plasmid that

expresses the enzymes of the β-carotenoid pathway in Escherichia coli, using six differ-
ent LSIs. We further showed that a combined approach using a few highly active LSIs,

each acting onmultiple pairs of att siteswith distinct central dinucleotides, can be used

to scale up “poly-part” gene assembly and editing.

Conclusions and Implications:Weconclude that use ofmultiple orthogonal integrases

may be themost predictable, efficient, and programmable approach for SIRA and other

in vitro applications.

KEYWORDS

genomeediting, large serine integrases (LSIs), SIRA, site-specific recombination, synthetic biology

1 INTRODUCTION

Serine integrases are site-specific recombinases used by lysogenic

phages for the integration of their genomicDNA into the bacterial host

genome.[1] The phages also encode a second protein called the recom-

bination directionality factor (RDF) that modifies the properties of the

Abbreviations: LSI, large serine integrase; RDF, recombination directionality factor; SIRA,

serine integrase recombinational assembly.
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the original work is properly cited.
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integrases and activates the excision of the prophage from the host

during the lytic phase (Figure 1A).[1,2]

Serine integrases catalyze recombination between a specific site

in the phage genome (attP) and a corresponding site in the bacterial

genome (attB). The att sites are relatively short sequences of about

40–50 bp; each integrase has its own cognate attP and attB sites.

Recombination of attP and attB DNA results in the formation of new

sites called attR and attL, both of which are inert to recombination

by the integrase alone. The reverse reaction (attL x attR) requires

the interaction of the RDF with the integrase (Figure 1A). Like all
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(A)

(B)

F IGURE 1 Site-specific recombination by LSIs, and outcomes of
recombination events. (A) Phage integration into bacterial host
genome. In their natural context, LSIs recombine an attP site in the
phage DNA and an attB site in the genome of the bacterial host,
resulting in integration of the phage DNA as a prophage. This
unidirectional reaction generates two new recombination sites: attL
(formed from the left end of attB and right end of attP), and attR
(formed the left end of attP and right end of attB). In the reverse
reaction, a second host protein termed the RDF binds to the LSI and
changes its specificity to recombine attR and attL, thereby reforming
attB and attP. Adapted fromOlorunniji et al.[26] (B) Outcomes of
site-specific recombination by LSIs. Intermolecular recombination
between att sites results in integration of a circular DNAmolecule into
a corresponding genomic locus. In the reverse reaction, intramolecular
recombination of compatible att sites arranged in “head to tail” (or
“direct repeat”) orientation results in an excision (resolution) outcome.
In contrast, when sites are in “head to head” (or “inverted repeat”)
orientation, the outcome of the recombination event is inversion, that
is, “flipping” of the DNA segment flanked by the recombining att sites.
Finally, intermolecular recombination involving linear DNAmolecules
generates two different linear recombinant molecules. The functional
annotation of attP (P–P′) and attB (B–B′) sites are shown to illustrate
the site orientations in the recombinant attR (P–B′) and attL (B–P′)
sites, respectively. Adapted fromOlorunniji et al.[3] LSI, large serine
integrase; RDF, recombination directionality factor.

site-specific recombination systems, the outcome of large serine

integrase (LSI)-catalyzed reactions can be determined by the location

and orientation of the recombining att sites (Figure 1B). Specific

arrangements of sites can be used to achieve transgene integration,

gene deletion, inversion of DNA regions flanked by the att sites, and

intermolecular joining of linear DNA fragments.[2,3]

Sets of orthogonal LSIs (whereeach integrasewill act only on its own

att sites) have found increasing use for applications in biotechnology,

both in vivo and in vitro.[4–7] Although they have awide range of poten-

tial applications in biotechnology, few LSIs have been characterized

extensively to identify the most active ones and to establish the opti-

mal conditions for their in vitro reactions. Thorough characterization

of the in vitro reaction properties of LSIs is necessary to standardize

their use in routineDNA assembly protocols and other applications for

which they are used. In this study,wehaveused a simple intramolecular

resolution reaction (Figure 2A,B) and intermolecular joining reaction

(Figure 2C,D) to characterize the activities of purified selected LSIs.

In particular, the sequence specificity of LSIs and the unidirectional

nature of their reactions make them useful tools in DNA assembly

applications.[3,8–10] In one method, serine integrase recombinational

assembly (SIRA) (Figure 3A),[11,12] the DNA fragments are made by

amplifying gene cassettes from their plasmid or genomic sources using

PCR. Appropriate att sites are appended to each fragment by includ-

ing their sequences in the PCRprimers (Figure 3B). Equimolar amounts

of the fragments are mixed together with a plasmid “vector,” also

containing att sites. The appropriate LSIs are then added to promote

recombination, and the correctly assembled construct can be recov-

ered following transformation of Escherichia coli. This strategy has been

applied to achieve rapidmetabolic pathway optimization.[9,11,13]

Earlier SIRA studies used a single LSI, and recombination was

restricted to particular pairs of att sites by varying the 2 bp sequence

at the center of the att sites where DNA strands from the two

parental sites overlap in the recombinant products (the so-called “cen-

tral dinuceotide”). Recombination can be completed only if the two

recombining sites are identical in this sequence, and thus can make

Watson–Crick basepairs in the products. By using DNA fragments

with att sites differing in the central dinucleotide sequence, a spe-

cific assembly could be specified (Figure 3C).[11,13] While the use of

central dinucleotide sequence as the determinant in arranging DNA

fragments in a particular order has been successful, this method of dis-

tinguishing the att sites has some shortcomings. Only six variants of

the central dinucleotide sequence are useful in practice[11] (Figure 3C)

and the variants can havewidely differing reactivity; furthermore, sites

with different central dinucleotides can potentially recombine to some

extent, giving undesired products. A superior alternativemay be to use

att site pairs which are targeted by different, orthogonally acting LSIs,

but to date too few LSIs have been characterized in sufficient detail for

this alternative approach to be practical.

In this study, we have used a simple intramolecular resolution reac-

tion (Figure 2A,B) and intermolecular joining reaction (Figure 2C,D) to

characterize the activities of 10 purified selected LSIs, thus informing

the selection of active LSIs for in vitro applications. We then demon-

strate a significant improvement on the original SIRA method by using

 18607314, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/biot.202200411 by T

est, W
iley O

nline L
ibrary on [01/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ABIOYE ET AL. 3 of 14

F IGURE 2 in vitro activities of attP x attB recombination activities of serine integrases. (A) Scheme illustrating the in vitro intramolecular
recombination assay (substrate plasmid pϕC31PBX for ϕC31 integrase is shown; other integrase substrates are similar). The plasmid substrates
are named after the large serine integrase (LSI) (ϕC31) and the att sites that will recombine (PBX; attP x attB resolution reaction). (B)
Intramolecular recombination of attP x attB plasmid substrates by selected serine integrases (ϕC31, TG1, ϕBT1, Bxb1, ϕRV1, TP901, A118, ϕR4,
ϕK38, and SPBc). Reactions were incubated for 1 or 8 h in the reaction buffer described in Section 2. Reaction products were digested with the
restriction endonuclease NruI prior to 1.2% agarose gel electrophoresis. The final integrase concentrations were 800 nM in all cases. Top panel:
1-h reactions; Bottom panel: 8-h reactions. The bands on the gel are labeled nr (non-recombinant, i.e., substrate), rec (recombination product), clv
(cleavage product). The sizes of the products of the recombination reactions are shown next to each band on the gel image. Themean extent of
recombination and standard deviation (%) from quantitation of triplicate experiments are given below each lane. (C) Scheme illustrating the in
vitro intermolecular recombination assay using linear DNA substrates (ϕC31-PL and ϕC31-BL for ϕC31 integrase is shown; other integrase
substrates are similar). The sizes of the linear DNA substrates and the position of the att sites on them are designed to allow clear separation and
identification of the reaction substrates and products using agarose gel electrophoresis. The sizes of the products of the recombination reactions
are shown next to each band on the gel image. (D) Intermolecular recombination of attP x attB linear substrates by selected serine integrases.
Reactions were incubated for 1 or 8 h in the reaction buffer described in Section 2. Reaction products were separated by 1.2% agarose gel
electrophoresis. The final integrase concentration was 800 nM in all cases. Top panel: 1-h reactions; Bottom panel: 8-h reactions. The bands on the
gel are labeled nr (non-recombinant, i.e., substrate), rec (recombination product), clv (cleavage product). Themean extent of recombination and
standard deviation (%) from quantitation of triplicate experiments are given below each lane.
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F IGURE 3 One-pot orthogonal serine integrase recombinational assembly. (A) Orthogonal serine integrase recombinational assembly. In this
strategy, each serine integrase recombines its cognate pair of attP and attB sites, resulting in highly specific and defined assembly of gene cassettes.
Orthogonal pairs of attP and attB sites are shown using the same color. Recombination of attB-0 and attP-0will result in formation of a circular
product. (B) PCR amplification of gene cassettes used in SIRA reactions. Primers are designedwith either attP (red) or attB (blue) sites added 5′
upstream of homologous sequence on the target template. (C) Use of the att site central dinucleotide as the determinant of SIRA orthogonality. An
LSI recombines its cognate attB and attP sites only if they have identical central dinucleotide sequences. During recombination, the integrase cuts
both strands of the att site near the centers to generate a 2-bp overlap. These two basepairs are referred to as the central dinucleotide. The central
dinucleotides must match in the attP/attB pair for recombination to take place. On the right, the six possible central dinucleotides are shown. LSI,
large serine integrase; SIRA, serine integrase recombinational assembly.

multiple integrases to assemble a plasmid containing the genes for the

β-carotenoid biosynthetic pathway in a one-pot reaction.[11,14–18]

2 EXPERIMENTAL SECTION

2.1 in vitro plasmid substrates for intramolecular
recombination

Substrate plasmids for analysis of intramolecular integrase activ-

ity in vitro were constructed by cloning synthetic double-stranded

oligonucleotides containing the appropriate att sites into pFM122, as

described previously.[19] The sequences of the DNA oligonucleotides

used for cloning each att site are shown in Supplementary Table S1.

In this report, each plasmid was named according to the LSI att sites

inserted in it, as exemplified in Figure 1A. In this example, pϕC31PB
bearedϕC31 attP and attB sites. The att sites were in “head to tail” ori-

entation, an arrangement that results in resolution of the substrate

plasmid into two smaller circles upon recombination (Figure 2A). The

att sites in these substrates were ϕC31 (FM16), TG1 (FM138), ϕBT1
(FM158), Bxb1 (FM97),ϕRV1 (FM16), TP901 (FM134), A118 (FM122),

R4 (FM157), ϕK38 (FM159), and SPBc (FM213). The plasmids were

available upon request. Supercoiled plasmid DNA was prepared from

transformed E. coli DH5 cells using a Qiagen miniprep kit according to

the manufacturer’s instructions. DNA concentrations were estimated

by measuring absorbance at 260 nm, and the quality was verified by

electrophoresis on 1.2% agarose gels.

2.2 Linear substrates for in vitro intermolecular
recombination

Linear substrates used for intermolecular recombination were pre-

pared by amplifying a 2169 bp (attB) and a 1149 bp (attP) fragment
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from the in vitro plasmid substrate of each LSI (Figure 2C). PCR was

performed using high-fidelity Phusion DNA polymerase (New England

Biolabs). Primers forPCRwereobtained fromEurofins-MWGand Inte-

grated DNA Technologies (IDT). Typical reactions (100 μl) contained
1× high fidelity Phusion polymerase buffer supplemented with addi-

tional 0.5 mM MgCl2, 200 μM of each deoxynucleotide triphosphate,

3%dimethyl sulfoxide, 0.5μMofeachprimer, 2 ngof plasmidDNAtem-

plate, and 2 μl Phusion polymerase. The polymerase chain reactions

were started with an initial denaturation step of 98◦C for 1 min, fol-

lowed by 30 cycles of amplification (98◦C, 20 s; 55◦C, 30 s; and 72◦C;

60 s). The process was completed with a final step of 72◦C for 10 min.

PCR products were purified using a commercial kit (QIAGEN) accord-

ing to the manufacturer’s instructions, with an additional 500 μl wash
with buffer PE. To determine the purity and concentration of the PCR

products, 5 μl of the purified sample were mixed with 15 μl TE (1×)

and 5 μl loading buffer (25 mM Tris-HCl [pH 8.2], 20% w/v Ficoll, 0.5%

sodiumdodecyl sulfate [SDS], 1mg/ml protease K, and 0.25mg/ml bro-

mophenol blue). Reaction products were separated by electrophoresis

on 1% agarose gels in Tris-Acetate buffer (40 mM Tris base, 20 mM

acetic acid, 1 mM EDTA) at 125 V for 120 min. The gels were stained

with ethidium bromide or SYBR Safe and gel images were taken with

a Bio-Rad GelDoc scanner. Standard 1 kb ladder was used to esti-

mate fragment sizes. The sequences of primers used for amplifying

att sites from in vitro plasmid substrates are shown in Supplementary

Table S2.

2.3 Design and preparation of DNA cassettes for
SIRA reactions

Amplification of DNA fragments for SIRAwas performed by PCR using

high-fidelity Phusion DNA polymerase (New England Biolabs). Primers

for PCR were obtained from Eurofins-MWG and IDT. PCR reactions

and purification/quantification of the products were essentially as

described above for preparation of linear recombination substrates.

2.4 Serine integrase expression vectors

Plasmids for inducible overexpression of serine integrases in E. coli

were constructed by inserting codon-optimized protein-coding DNA

fragments into pET-28a(+) (Novagen), between the NdeI and XhoI

sites. The source and accession numbers of the LSIs used in this study

are shown in Supplementary Table S3. Synthesized codon-optimized

LSI genes were obtained from Thermo Fisher. The proteins expressed

from these plasmids have an N-terminal hexahistidine tag (MGSSHH-

HHHHSSGLVPRGSHM followed by integrase amino acid 2) to allow

purification via nickel affinity chromatography. For Bxb1 integrase

overexpression, the coding sequence with a C-terminal polyhistidine

tag (TSHHHHHH) was inserted into pSA1101[20] between the NdeI

andAcc65I sites. Eachof theseplasmids carried akanamycin resistance

gene to allow selection in protein expression cultures.

2.5 Overexpression and purification of serine
integrases

All the proteins used in this work were purified using essentially

the same protocol as described in Olorunniji et al.[13] The strain

BL21(DE3)pLysS was transformed with the relevant overexpression

plasmid (Table S3). The expression strain for each LSI was grown in 2×

YT-broth at 37◦C to mid-log phase and induced with 0.5 mM IPTG,

after which the cultures were grown for a further 16 h at 20◦C. The

proteins were purified by nickel affinity chromatography using a His-

Trap FF pre-packed column (GE Healthcare). Fractions containing the

protein of interest were dialyzed against Protein Dilution Buffer (PDB;

25 mM Tris–HCl [pH 7.5], 1 mMDTT, 1 M NaCl, and 50% v/v glycerol),

and stored at−20◦C.

2.6 in vitro recombination of supercoiled plasmid
substrates, and product analysis

Purified integrases were stored at −20◦C and diluted to the appropri-

ate concentrations in a buffer that contains 25 mM Tris–HCl (pH 7.5),

1 mM DTT, 1 M NaCl, and 50% v/v glycerol. For recombination reac-

tions using supercoiled plasmid substrates, integrase (4 μM, 5 μl) was
added to a 40 μl solution containing the appropriate plasmid substrate

(25 μg/ml), 50 mM Tris–HCl (pH 7.5), 100 μg/ml BSA, 5 mM spermi-

dine, and 0.1 mM EDTA. Samples were incubated at 30◦C for 1 or 8 h,

after which the reactions were stopped by heating at 80◦C for 10 min.

The samples were then cooled and treated with restriction enzymes to

facilitate separation and analysis of the reaction products by agarose

gel electrophoresis. This was done by mixing a 30 μl aliquot of the
reaction mixture with 28 μl of B103 buffer (90 mM Tris–HCl pH 7.5,

20 mM MgCl2) prior to addition of 20 units (2 μl) NruI (New England

Biolabs). The restriction digests were carried out at 37◦C for 2 h, then

7.5μl loading buffer (25mMTris–HCl pH8.2, 20%w/vFicoll, 0.5%SDS,

1mg/ml proteaseK, and0.25mg/ml bromophenol blue)was added. The

reaction products were separated by agarose gel electrophoresis, then

stained with SYBR safe and visualized as previously described, using a

BioRad GelDoc apparatus.[21,22] The intensities of DNA bands on the

gel were quantitated with the volume analysis tool of Image Lab soft-

ware (BioRad) using automatic band detection. These were manually

corrected to exclude artifact bands. Themolar proportions of recombi-

nant productswere determined by factoring in the fragment size of the

DNA in each band.

2.7 in vitro recombination of linear substrates,
and product analysis

For intermolecular recombination reactions, the protocols described

above for plasmid substrate recombinationwere followedwith the fol-

lowingdifferences. Equimolar concentrationsof the attPand attB linear

DNA substratesweremixed in the same buffer and reaction conditions
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as described above. Recombination reactions were neither heated nor

treated with restriction enzymes prior to the addition of the loading

buffer. Electrophoresis and visualization were carried out in the same

way as described for supercoiled plasmid reactions.

2.8 Multipart SIRA assembly using serine
integrases

In this report, a nomenclature that identified an SIRA plasmid prod-

uct based on the number of fragments assembled in the SIRA reaction

(F) and the number of LSIs (I) used in the assembly reaction was used.

For example, two fragments-one integrase (2F1I), three fragments-two

integrases (3F2I), and so on. In this project, six different integrases

were selected for assembly of the complete carotenoid pathway using

six DNA fragments in a one-pot reaction (6F6I; Figure 4B). Supplemen-

tary Table S4 shows theDNA templates used for PCR, the sizes of DNA

fragments used for 6F6I assembly, and the att sites appended to the

ends of each fragment. Supplementary Table S5 shows the sequences

of the primers used for the PCR steps.

For assembly of a nine-fragment plasmid with three different inte-

grases (9F3I; Figure 5A), Supplementary Table S6 shows the DNA

templates used for PCR, the sizes of DNA fragments used, and the att

sites appended to the ends of each fragment. The sequences of the

primers used for PCR are shown in Supplementary Table S7.

Typical SIRA reactions were carried out in a total volume of 50 μl
and contained each DNA fragment (10 nM), 25 mM Tris–HCl (pH 7.5),

0.1 mM EDTA (pH 8), 2 mM DTT, 5 mM spermidine, and 0.1 mg/ml

bovine serum albumin (BSA). Recombination reactions were initiated

by the addition of 200 nM (5.5 μl) of each integrase in PDB and incu-

bated at 30◦C for 16 h. The assembled DNAwas recovered by ethanol

precipitation (0.22 volume of 5 M NH4Ac and 2.5 volume of 100%

ethanol). The precipitated DNA was re-dissolved in 20 μl of double-
distilled H2O, and 5 μl of the purified DNAwas used to transform 50 μl
of electrocompetent E. coliDS941 cells.

2.9 Restriction endonuclease digests

Restriction endonuclease digests were used to analyze SIRA reac-

tion products (Figure 2A,B). Master mixes containing 2 μl restriction
enzyme buffer, 13 μl distilled H2O, and 3 μl enzyme were made, allow-

ing for 2 μl (250 μg/ml) of plasmid DNA to be added to 18 μl of Master

Mix in individualmicrocentrifuge tubes. Restriction enzymesPciI,MluI,

and NsiI were added to NEBuffer 3.1 (100 mM NaCl, 50 mM Tris–

HCl [pH 7.9], 10 mM MgCl2, 100 μg/ml BSA); AgeI to NEBuffer 1.1

(10 mM Bis-Tris-Propane-HCl, 10 mM MgCl2, 100 μg/ml BSA, at pH

7.0); BsrGI to NEBuffer 2.1 (50 mM NaCl, 10 mM Tris–HCl [pH 7.9],

10mMMgCl2, 100 μg/ml BSA); and BamHI-HF, SpeI, SalI-HF, and RsrII

toNEBuffer CutSmart (50mMpotassium acetate, 20mMTris-acetate,

10 mM magnesium acetate, 100 μg/ml BSA, at pH 7.9). Restriction

digestswere carried out for 2 h at 37◦C, afterwhich the reactionswere

stopped by the addition of SDS loading buffer. Products of restriction

enzyme digests were analyzed on 1.2% agarose gel electrophoresis as

described above.

3 RESULTS

3.1 in vitro recombination activities of serine
integrases

Several studies have reported the in vitro activities of some LSIs[3,8,9]

and their applications in geneassemblyhavebeendocumented inother

studies.[11,23–25] These reports demonstrate that some LSIs work very

well in vitro, but a definitive comparison of LSI activities under the

same recombination conditions is required as a guide to using them for

multiplex applications such as SIRA.We therefore compared the activ-

ities of 10 LSIs that have been reported in the literature, whichwere all

expressed and purified by the samemethods (Section 2).We also stan-

dardized the recombination reaction conditions, using a simple buffer

which we have used previously and shown to work very well for ϕC31,
Bxb1, and TG1 integrases.[11,19,26]

Reactions were carried out for 1 h (“short” reactions) and for 8 h

(“long” reactions) to assess the relative activities and the nature of

reaction products fromeach LSI on attP x attB supercoiled plasmid sub-

strates (Figure 2A,B) and linear DNA fragments carrying the attP and

attB sites (Figure 2C,D).

First,weassayed theactivities of the integrasesusing circular super-

coiled plasmid substrates in which the attP and attB sites are arranged

in head to tail orientation. This arrangement leads to the deletion of

the DNA segment flanked by the att sites. The reaction products were

treated with restriction enzymes and analyzed by agarose gel elec-

trophoresis, followed by quantification of the bands (Figure 2B). Next,

we assayed the recombination activities of the integrases in inter-

molecular reactions in which the attP and attB sites are located on

separate linear DNA fragments (Figure 2C). These assays give a better

indication of the usefulness of the LSIs in SIRA, or any other application

involving intermolecular DNA reactions. The reaction products were

loaded onto agarose gels without further treatment and separated by

electrophoresis (Figure 2D). The mean recombination activities and

standard deviation (%) from quantitation of triplicate experiments are

shown below each lane.

Unsurprisingly, the different LSIs displayed different levels of activi-

ties in the two types of reactions. Among the 10 LSIs we studied, Bxb1,

ϕR4, and TG1 integrases proved to be the most active after 1 h reac-

tions (both intra- and intermolecular). These three enzymes achieved

close to complete recombination of the plasmid substrate after 8 h

(Figure 2).

The other LSIs display a range of activities, with ϕC31 integrase

approaching the level of intermolecular activities seen with Bxb1, R4,

and TG1 after 1-h reaction. ϕBT1 integrase was efficient in super-

coiled plasmid recombination but showed very limited intermolecular

recombination activity even after 8 h. In contrast, SPBc integrase per-

formed less efficiently in plasmid recombination, but converted most

of the linear substrates into products in the intermolecular reactions.
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ABIOYE ET AL. 7 of 14

F IGURE 4 in vitro high fidelity one-pot serine integrase recombinational assembly of the carotenoid pathway. (A)Metabolic pathway for the
expression of β-carotenoids in E. coli. Host genes in E. coli produce farnesyl pyrophosphate which is converted into carotenoids by heterologous
genes CrtE, CrtB, CrtI, CrtY, and CrtZ, derived from P. ananas. As shown, expression of CrtE, CrtB, and CrtI are required for the expression of lycopene,
giving red-colored E. coli cells on agar plates and in liquid culture. The production of β-carotene (orange color) and zeaxanthin (yellow color)
requires the expression of CrtY and CrtY+ CrtZ, respectively. (B) One-pot assembly of a 7.2 kb plasmid p(SIRA)6F6I for the expression of the
carotenoid pathway in E. coli. Six DNA fragments (all PCR products) were added to the buffered reactionmixture in the presence of ϕC31, Bxb1,
TG1, TP901, ϕR4, and ϕK38 integrases. The reactions were incubated for 8 h at 30◦C. The DNA cassettes are drawn to scale to reflect the sizes of
each gene in the DNA fragment and in the final serine integrase recombinational assembly (SIRA) plasmid product. The unique restriction
endonuclease sites used for the analyses in (D) are shown. (C) Cell pellets from cultures of transformants from the SIRA reactions showing
expression of the carotenoid pathway products. The first panel shows pellets from cells not transformedwith SIRA reaction products; the second
shows cells transformedwith SIRA reaction products as described above. The pellet shown in the third panel is from cells transformedwith a
mixture of all six PCR fragments without the integrases. Further details on growth and selection conditions are provided in the text. (D) Restriction
endonuclease digest analyses of the SIRA reaction product. The plasmid, p(SIRA)6F6I, was treated with different combinations of restriction
endonucleases as described in Section 2. (1) Uncut plasmid, (2) ScaI, cuts in pSBA13 vector and to determine plasmid size, (3) ScaI+NcoI, cuts in
CrtB, [4] ScaI+AgeI, cuts in CrtE, (5) ScaI+NdeI, cuts in CrtI, (6) ScaI+BsrGI, cuts in CrtY, (7) ScaI+HpaI, cuts in CrtZ. Samples were analyzed on a
1.2% agarose gel. The expected sizes of the products of each restriction endonuclease digest are shown in the accompanying table.
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8 of 14 ABIOYE ET AL.

F IGURE 5 One-pot assembly of nine DNA fragments using three orthogonal integrases. (A) One-pot assembly of a 10,906 bp plasmid
p(SIRA)9F3I for the expression of the carotenoid pathway in E. coli. Reactions were designed and carried out as described in Figure 4. Nine DNA
fragments (all PCR products) were added to the buffered reactionmixture in the presence of ϕC31, Bxb1, and TG1 integrases. The reactions were
incubated for 8 h at 30◦C. TheDNA cassettes are drawn to scale to reflect the sizes of each gene in the DNA fragment and in the final SIRA plasmid
product. The unique restriction endonuclease sites used for the analyses in (B) are shown on the right-hand diagram. For each LSI, the three pairs
of attP and attB sites were used. The difference between each pair is the base sequence of the central dinucleotide at the center of the att site (see
also Figure 1C). (B) Restriction endonuclease digest analyses of the SIRA reaction product. The plasmid, p(SIRA)9F3I, was treated with different
combinations of restriction endonucleases as described in Section 2. (1) ScaI, SBA13 vector and to determine plasmid size, (2) ScaI+MluI, cuts in
CrtB, (3) ScaI+AgeI, cuts in CrtE, (4) ScaI+NdeI, cuts in CrtI, (5) ScaI+BsrGI, cuts in CrtY, (6) ScaI+NsiI, cuts in CrtZ, (7) ScaI+ SpeI, cuts in idi, (8)
SalI+NsiI, cuts in dxs, (9) ScaI+ RsrII, cuts in KanR. Samples were analyzed on a 1.2% agarose gel. The expected sizes of the products of each
restriction endonuclease digest are shown in the accompanying table. Incomplete digestion seen in the ScaI+RsrII reaction is most likely due to
RsrII not working optimally. The full-length linear DNA bands seen are likely due to cleavage by ScaI alone since ScaI cuts to completion on its own.
The same pattern is seen in Supplementary Figures S1–S3.

Other LSIs including ϕRV1, ϕK38, and TP901 promoted recombination

inboth typesof assays,with longer (8h) reactions givinghigher levels of

recombination. For example, ϕRV1 integrase achieved 63% formation

of recombinant products from the plasmid substrate in the 1-h reac-

tion, but the products increased to 94% after 8 h. The activity of ϕRV1
integrase in the intermolecular reaction was inefficient, an indication

that it may not be very suitable for SIRA reactions. A118 integrase had

generally low recombination activity, and very limited intermolecular

recombination was seen even after 8 h.

Interestingly, cleaved DNA intermediates were detected in the

intermolecular reactions of some LSIs, and these became more pro-

nounced in the 8-h reaction. The sizes of the cleaved DNA interme-

diates correspond to cleavage at the respective attP and attB sites

(Figure 2). While this may be due to some mechanistic features of the

LSIs involved, it could also be because of disparity between the con-

centrations of functionally available attP and attB sites present in the

reactions.

3.2 One-pot assembly of the carotenoid pathway
genes from six DNA fragments using six LSIs

Based on our analyses of the in vitro activities of the LSIs on linear

DNA substrates, and att site sequence analysis to maximize orthog-

onal interactions, we chose ϕC31, Bxb1, TG1, TP901, ϕR4, and ϕK38
integrases to synthesize a six-fragment plasmid that carries the genes

required for the expression of the carotenoid pathway in E. coli, in a

one-pot assembly reaction (Figure 4A,B). Previously, we used ϕC31
integrase to assemble the carotenoid pathway, using the central din-

ucleotides of the att sites as the basis for arranging the order of gene
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ABIOYE ET AL. 9 of 14

cassettes.[11] In this study, we aimed to improve on the technology

in two ways: (1) to build the plasmid vector entirely from DNA frag-

ments derived from PCR, and (2) to order the assembly using multiple

LSIs and their cognate att sites, rather than variation of the central

dinucleotides, and thereby to suppress the formation of products with

missing or wrongly ordered fragments.

DNA fragments were prepared by PCR as described in Section 2

and purified using a QIAGEN PCR clean-up kit. The PCR products

were quantified by spectrophotometry and stored at−20◦C in 10mM

Tris–HCl buffer until they were used in the SIRA reactions. The DNA

fragments were added together in equimolar concentrations and the

SIRA reactionwas initiated by adding optimal concentrations of the six

LSIs. The reaction was incubated at 30◦C for 16 h. The reaction prod-

ucts were then used to transform E. coli DS941 cells.[20,27] Cells were

cultured to allow recovery for 2 h at 37◦C and spread on L-agar plates

with ampicillin selection. The plates were cultured for further 16 h at

37◦C. The expected plasmid product is referred to as “p(SIRA)6F6I”

indicating six fragments and six integrases are used for its assembly

(Figure 4B).

In one representative experiment, ∼2000 colonies were recovered

with all showing the full yellow color expected when the cells express

the complete carotenoid pathway. In contrast, DS941 cells grownwith-

out transformation did not showany yellow color. In the second control

experiment, a mixture of the SIRA reaction components including the

buffer and DNA fragments but without the integrases was used to

transformDS941 cells. The transformed cellswere cultured for 2 h and

spread on plates with andwithout ampicillin. The cells spread on ampi-

cillin plates did not grow, an indication that no self-replicating plasmid

was formed. As expected, growth was observed on the plate without

antibiotics but no colored colonies were observed. Individual yellow

colonies were picked from the plates and used to inoculate media

with ampicillin selection. The cultures were spun down, and the pellets

(Figure 4C) showed the expected yellow color of cells expressing the

carotenoid pathway genes.

Next, we randomly selected 20 colonies from the SIRA reaction

plate and grew them in L-broth containing ampicillin. PlasmidDNAwas

prepared from the 20 cultures and analyzed by restriction digest to

confirm that all the plasmids were of the right size (data not shown).

Next, 10 of the plasmids were analyzed further to confirm the exact

position of each gene fragment in the plasmid. Figure 4D shows an

example of the restriction site mapping used to ascertain that all six

DNA cassettes are arranged in the plasmid as intended by the posi-

tioning of the att sites. The results show that all six cassettes were

assembled in the correct order in all 10 of the chosen plasmids.

3.3 One-pot assembly of an enhanced carotenoid
pathway from nine-fragments using three
“orthogonal” integrases

To assess the expandability of our multi-LSI strategy by combining it

with differentiation of the att sites by variation of their central dinu-

cleotides, we attempted to assemble nine fragments using three highly

active LSIs (ϕC31, Bxb1, and TG1 integrases). In this approach, we

aimed to assemble more fragments with fewer LSIs. Each integrase

needs to join three pairs of att sites. Hence, att sites with differ-

ent (orthogonal) central dinucleotides were used to impose specificity

on this joining (Figure 5A).[11] We selected ϕC31, Bxb1, and TG1

integrases for this assembly reaction since we know that the iden-

tity of the central dinucleotide does not affect their recombination

activities. Some LSIs have reduced activity when the native central din-

ucleotide sequence of the att sites is replacedwith certain non-cognate

dinucleotides (data not shown).

The assembly included fragments encoding the five genes for

carotenoid biosynthesis derived from Pantoea ananatis (crtE, crtB, crtI,

crtY, and crtZ; see above), and three E. coli endogenous genes (dxs and

idi) that are known to increase the production of precursor metabo-

lites needed for the β-carotenoid pathway,[11,28] along with a plasmid

vector fragment. Hence, the nine DNA fragments consist of the seven

genes that comprise the zeaxanthin biosynthetic pathway,[11,29] a

kanamycin resistance gene (to provide a more stringent selection),

and the pSB1A3 biobrick vector carrying the origin of replication

and β-lactamase gene (ampicillin resistance). All nine DNA fragments

were prepared as PCR products with the desired integrase att sites

appended to their ends (Figure 3B) as described earlier for the con-

struction of the six-fragment plasmid (Figure 4). The expected plasmid

product is referred to as “p(SIRA)9F3I”; its architecture is shown in

Figure 5A.

The DNA fragments were added together in equimolar concentra-

tions and the SIRA reaction was initiatedwith the addition of the three

integrases. The reaction was incubated at 30◦C for 16 h, and the reac-

tion product was used to transform E. coli DS941 cells. Transformants

were selected on plates containing ampicillin and kanamycin. Fromone

transformation experiment, a total of 183 colonies were recovered

from one plate, of which 45 (25%) were brightly yellow-colored (an

indication of a fully functional carotenoid biosynthesis pathway). The

remaining 138 were a mixture of colorless colonies and some colonies

showing red and orange colors. These color variations indicate that

some of the gene cassettes required to produce the bright yellow color

for zeaxanthin production were absent from the assembled plasmid in

the transformed E. coli colonies. Ten of the bright yellow colonies were

picked and grown in liquid media with ampicillin and kanamycin selec-

tion. All the cultures retained their bright yellow color. Plasmid DNA

samples were prepared from the cultures and restriction digest anal-

yses were used to determine the order in which the DNA cassettes

are arranged in the assembled plasmids. The results show that all 10

plasmid clones analyzed were assembled in the correct order, giving

the exact plasmid map predicted (see Figure 5A). Figure 5B shows the

restriction site mapping for one of the 10 plasmid clones analyzed.

We also analyzed some of the colonies which grew on plates

containing ampicillin and kanamycin, but which did not express the

complete carotenoid pathway (as judged by lack of the bright yellow

color due to zeaxanthin production). We hypothesized that fragments

could have been omitted from the assembly due to recombination of

att sites recognized by the same LSI but with non-matching central

dinucleotides, as was previously observed.[11] We selected 20 such
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10 of 14 ABIOYE ET AL.

F IGURE 6 Serine integrase recombinational assembly (SIRA) reactions between att sites with “incompatible” central dinucleotides resulting in
plasmid products withmissing gene fragments. Plasmid DNA samples prepared from colonies that did not show the color characteristic of the full
carotenoid pathwaywere analyzed as described in Figure 5. The results are shown in Supplementary Figures S1–S3 and are summarized
diagrammatically here. (A) Product of ϕC31 integrase recombination between attP-TT and attB-GT, leading to the exclusion of CrtB, CrtE, and CrtI
cassettes from the SIRA product containing the plasmid origin of replication and antibiotic resistancemarker. (B) Product of Bxb1 integrase
recombination between attP-GT and attB-CT, leading to the loss of all components of the carotenoid pathway except CrtB. (C) Product of TG1
integrase recombination between attP-CC and attB-TC, resulting in the omission of CrtI, CrtY, CrtZ, and idi cassettes from the plasmid product. The
product diagrams are not drawn to scale.

colonies, and grew them in L-broth with ampicillin and kanamycin

selection. Plasmid DNA samples were prepared from all 20 cultures

and subjected to restriction site mapping to determine the plas-

mid sizes and the fragments that were present in each construct. In

all cases, some fragments were missing. These omissions could be

explained by joining of attP and attB sites of the same integrase but

with different central dinucleotides, resulting in exclusion of the DNA

cassettes expected to be located between the two recombining sites.

Figure 6 illustrates examples of such non-orthogonal recombination

involving each of the three integrases used. The restriction mapping

data for the three examples shown in Figure 6 are in Supplementary

Figures S1–S3.

In these assembly experiments, no evidence was found of recom-

bination between att sites of two different integrases. Note however

that any product that does not contain the AmpR/ori and KanR cas-

settes would not be detected due to the ampicillin and kanamycin in

the plates used to select transformants.We have in vitro evidence that

TG1 integrase can recombine its own attB-TT and ϕC31 attP-TT (data

not shown), but such products would not be observed because the

KanR gene cassette would be missing. This shows how more stringent
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ABIOYE ET AL. 11 of 14

selection conditions built into SIRA constructs canminimize or prevent

selection of “unwanted” or “partial products.”

4 DISCUSSION

4.1 LSIs display a range of recombination
activities in vitro

Our comparison of LSI activities in vitro provides a guide to which

enzymesareoptimal for in vitro applications. Several studies have iden-

tified Bxb1 integrase as a highly active LSI when compared with a few

other ones that have been studied and have shown that it is highly

effective in mediating recombination in mammalian systems.[30–32]

Chao et al.[33] show that there is a wide variability in the activities of

LSIs in vivo. The authors attempted a formal characterization of LSI

activities inHEK293cells usinga combinationof experimental data and

mathematical models. Jusiak et al.[34] compared the efficiency of Bxb1,

Wβ, and ϕC31 integrases for transgenic integration into CHO cells,

and showed that Bxb1 integrase was the most efficient of these three

systems. In addition, they showed that the Bxb1 att site GA central din-

ucleotidewasmore efficient than thewild typeGC. These studies show

the potential of using LSIs for in vitro applications, but no compara-

tive analysis of many LSI in vitro activities has been done. The work

reported here presents a comprehensive comparison of the activities

in vitro of themost popularly used LSIs.

In most cases, the efficiency of intramolecular activity (observed

using plasmid substrates) and intermolecular recombination (between

two linearDNAmolecules)was correlated, but therewere a fewexcep-

tions. For example, ϕRV1 integrase recombined 94% of the plasmid

substrate after 8 h, but only 19% conversion of the linear substrates

was achieved over the same reaction time. The differences might be

partially due to the fact that the plasmids are supercoiled. DNA super-

coiling might assist synapsis of sites, thereby increasing the rate of

recombination.[35] The LSIs use a highly conserved catalytic domain;

hence, it is less likely that large differences in activities could be

due to inherent variation in the rate of phosphoryl transfer reactions

involved in recombination. The observed differences might be due to

the characteristics of the att site sequences and the different affinities

of the corresponding DNA-recognition domains in each LSI.[36–40] A

better understanding of the determinants of LSI-att site interactions

may help in optimizing LSI activities, either by engineering them for

better interaction with att sites or by redesigning attP/attB sites for

low-activity integrases. It is still unclear to what extent natural attP

and attB sequences are optimal for LSI activity,[39–45] and it is likely

that phages integrate into non-optimal attB sites in some organisms.

Recent studies have suggestedways throughwhich the att sites of LSIs

could be redesigned for improved activities by changing the spacing

between DNA sections of the att site recognized by specific integrase

domains,[41,46,47] but the universality of these ideas is yet to be tested

across a wide range of LSIs. Also, optimization of reaction buffer might

be needed for each LSI.

Some LSI reactions accumulated non-recombined cleavage prod-

ucts,most noticeablywithϕR4,ϕK38,ϕC31, andTG1 integrases.While

this seems to be a characteristic of more active LSIs, no such cleaved

reaction intermediates were seen in the Bxb1 integrase reaction. It is

also more noticeable with the linear substrates, which suggests that

intermolecular recombination could promote accumulation of cleaved

intermediates, and/orDNAsupercoiling leads to better coordinationof

the recombination steps. One possible explanation for the accumula-

tion of cleaved intermediates could be differences in the affinity of the

LSI for the attP and attB sites[40] such that depletion of one substrate

may lead to a build-up of cleaved intermediates of the other.

Taken together, we suggest that Bxb1 integrase is the best LSI for

typical in vitro applications, becauseof its high activity andefficiencyof

recombination product formation. Nevertheless, some other LSIs (TG1

and ϕR4 integrases) also displayed high recombination activity, achiev-

ingmaximumconversion toproducts after 1-h reaction. Their rapid and

complete conversion of the substrate make these LSIs excellent can-

didates for SIRA and other in vitro applications. While several reports

have identified Bxb1 integrase as an efficient LSI, both in vivo and in

vitro,[24,30,31,48] less attentionhas beendrawn to the comparable activ-

ities and efficiency of R4 and TG1 integrases as seen in this study. In

contrast, recombination by ϕC31, ϕBT1, ϕK38, and SPBc integrases

was slower, withmore product after 8 h of reaction than after 1 h.

4.2 Orthogonal LSIs deliver high fidelity SIRA in a
one-pot reaction

We used a 6-LSI SIRA system to assemble a 7.5-kb plasmid from six

PCR products. This demonstrates the powerful potential of using LSIs

for specific and predictable assembly of DNA fragments in vitro. We

have demonstrated that use of multiple orthogonal LSIs, rather than

variation of att site central dinucleotides, provides the most reliable

approach to SIRA, and by projection other in vitro applications where

orthogonality and precision activities are required. Although fewer

colonies were recovered in our experiments compared to systems in

which a single LSI (ϕC31 integrase) was used,[11] analysis of the con-

structs show up to 100% accuracy of the samples analyzed, in contrast

to the previously published results.[11] As highlighted above, the pro-

cess could be optimized by developing amore universal recombination

reaction condition for the LSIs and the most optimal ratio of attB/attP

for each LSI.

Recently, several groups have developed different ways of using

multiple LSIs for DNA manipulation in vivo,[49] for example, using

TG1, SV1, and ϕBT1 integrases to mediate multiplex conjugation and

integration of plasmids from E. coli into Streptomyces. Fayed et al.[50]

used multiple integrases for in vivo assembly of the polyketide syn-

thase genes to synthesize erythromycin in a streptomyces strain.More

recently, Gao et al.[51] used a combination of serine integrase assembly

and In-Fusion cloning to assemble complex pathways expressing sec-

ondary metabolic products in Streptomyces. A key advancement in the

work reported here is that all the starting materials for the plasmid
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12 of 14 ABIOYE ET AL.

assembly are derived from PCR and no additional cloning technology

was used in the one-pot SIRA reaction.

Tomimatsu et al.[52] used Bxb1, ϕR4, and TP901 integrases to medi-

ate multiple cassette exchange on a mouse chromosome. Some in

vivo applications have used central dinucleotides as the basis for spe-

cific DNA assembly. Blanco-Redondo and Langenhan[53] used two

different central dinucleotides to orthogonally direct transgenes into

separate att sites in Drosophila. In another system termed serine inte-

grase recombinational engineering (SIRE), Snoeck et al.[54] combined

the specificity of ϕC31 integrase with recombinase-mediated cassette

exchange (RMCE) to develop a tool for genome editing in bacteria.

Inniss et al.[55] used CRISPR/Cas9 to insert a landing pad for Bxb1

integrase into a CHO cells for the purpose of protein expression

and production. These studies show an increasing appreciation of the

specific advantages of using LSIs for unidirectional transgene insertion.

SIRA involving the use of LSIs is currently limited by the availabil-

ity of highly efficient and orthogonal LSIs, so further characterization

of LSIs in vitro is needed to enhance the toolkit. As we gain better

understanding of how LSIs interact with att sites, we might be able to

re-design the sites for someof the already characterized but less active

LSIs to achievemore efficient recombination.

It is noteworthy that there are other well-known methodologies

for achieving ordered DNA assembly reactions. For example, recom-

bineering exploits homologous recombination systems for in vivo

DNA assembly and has been used for effectively inserting genes into

bacterial genomes,[56–58] and Gibson Assembly utilizes three comple-

mentary enzymatic properties in a one-pot reaction (5′ exonuclease
activity, DNA polymerase 3′ extension activity, and DNA ligase activ-

ity) to achieve DNA assembly in vitro.[59,60] The main advantage of

SIRA over these alternative methodologies is the ease with which

individual DNA cassettes can be removed and replaced easily with-

out the need to rebuild the entire construct. SIRA would be the DNA

assembly of choice in systems where flexibility in editing modular

constructs is desirable. The DNA assemblies made from SIRA can be

modified by the same LSIs using their corresponding RDFs.[2,11,13]

Another advantage of using LSIs is that they deal with assembly of very

large DNA fragments in contrast to cloning methods such as Gibson

assembly.[48,53]

We also show that an SIRA system using 3 LSIs together with att

sites varying in their central dinucleotides leads to successful in vitro

assembly of a 10-kb plasmid from nine PCR product parts. Careful

selection of highly active and “reaction-compatible” LSIs together with

the use of 2 or 3 att site pairs with orthogonal central dinucleotides

couldprovidea solution tobuilding large constructs using just ahandful

of LSIs.

4.3 Central dinucleotide specificity is not a strong
determinant of orthogonality

Analysis of plasmid DNA from clones in our p(SIRA) 9F3I assembly

experiment that did not express the full carotenoid biosynthesis path-

way shows that the LSIs likely recombined attP and attB sites with

different central dinucleotides to give incompletely assembled plas-

mids (Figure 6 and Supplementary Figures S1–S3). In contrast, no

example of “illegitimate” joining of att sites for two different integrase

sites was observed, suggesting that orthogonality among the chosen

LSIs with their cognate att sites is more complete. These findings sug-

gest that more work needs to be done to identify central dinucleotide

pairs that are most suitable for use as determinants of orthogonality.

Such an approach would characterize the central dinucleotide perfor-

mance for each LSI, and the tendency toward non-orthogonality. The

information obtained could inform design when att site central dinu-

cleotides are to be used as the basis of orthogonality in multipart SIRA

reactions.

The findings from this work emphasize the need for a larger pool of

orthogonal LSIs that can be used for in vitro applications. This would

avoid the loss of fidelity and reduced yield that we observed when

central dinucleotides are used as basis for orthogonal assembly. The

availability of a large palette of orthogonal LSIs is becoming more real-

istic as more of these enzymes are being isolated and characterized

using computational genomemining tools.[6,61,62]

5 CONCLUSION

LSIs will continue to gain increasing attention as tools for syn-

thetic biology, and specifically genome editing. In this study, we have

expanded our toolkits of purified LSIs and shown how they can be used

for in vitro applications.We have also demonstrated howmultiple LSIs

that are completely orthogonal to each other allow for streamlined and

highly predictable gene assembly using SIRA, and that combining LSI

orthogonality and central dinucleotide orthogonality can significantly

scale upmulti-part gene assembly. The LSIs described here can further

be developed to achieve better activities in vitro, either by re-designing

their att sites or engineering their DNA recognition domains. Identi-

fication and characterization of more LSI RDFs will also enhance the

flexibility of these systems for use in precision and programmableDNA

rearrangements.[8,9,22,26,61,62]
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