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Abstract

Site-specific recombinases are tremendously valuable tools for basic research and genetic
engineering. By promoting high-fidelity DNA modifications, site-specific recombination systems
have empowered researchers with unprecedented control over diverse biological functions,
enabling countless insights into cellular structure and function. The rigid target specificities of
many sites-specific recombinases, however, have limited their adoption in fields that require
highly flexible recognition abilities. As a result, intense effort has been directed toward altering
the properties of site-specific recombination systems by protein engineering. Here, we review key
developments in the rational design and directed molecular evolution of site-specific
recombinases, highlighting the numerous applications of these enzymes across diverse fields of
study.
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Introduction

Site-specific recombinases are highly specialized enzymes that promote DNA
rearrangements between specific target sites (Grindley et al., 2006; Fig. 1). In nature, these
enzymes control and coordinate a number of diverse eukaryotic and prokaryotic functions,
including the integration and excision of viral genomes, the activation of developmentally
relevant genes and the transposition of mobile genetic elements. Most known site-specific
recombinases exhibit distinct and strict sequence specificities, an evolutionary result of the
tightly regulated role that DNA re-organization plays in key biological pathways. The
elucidation of the minimal nucleotide sequence recognized by several site-specific
recombinases has allowed researchers to take advantage of these systems for genetic
(Branda and Dymecki, 2004) and metabolic (Jantama et al., 2008; Yuan et al., 2006)
engineering, as well as synthetic biology (Cheng and Lu, 2012; Table I). Long-standing
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applications of this technology include site-specific integration (Fukushige and Sauer, 1992;
O'Gorman et al., 1991; Sauer and Henderson, 1990) and excision of transgenic elements and
selectable markers (Dale and Ow, 1991), tissue-specific (Kuhn et al., 1995) and conditional
knockouts (Feil et al., 1996; Logie and Stewart, 1995), and the induction of chromosomal
deletions (Tsien et al., 1996; Wagner et al., 1997) and translocations (Ramirez-Solis et al.,
1995; Smith et al., 1995). These technologies have also enabled investigators to manipulate
chromosome structure across dozens of organisms and achieve previously unattainable
forms of control over numerous biological functions (Branda and Dymecki, 2004).

Virtually all site-specific recombinases can be categorized within one of two structurally and
mechanistically distinct groups: the tyrosine (e.g., Cre, Flp, and the A integrase) (Grainge
and Jayaram, 1999) or serine (e.g., ¢C31 integrase, v resolvase, and Gin invertase)
recombinases (Smith and Thorpe, 2002). Both recombinase families recognize target sites
composed of two inversely repeated binding elements that flank a spacer sequence where
DNA breakage and religation occur. In most cases, sequence identity within this central
crossover region is critical for the recombination reaction. This highly coordinated, co-factor
independent process requires concomitant binding of two recombinase monomers to each
target site: two DNA-bound dimers then join to form a synaptic complex, leading to
crossover and strand exchange. These two classes of enzymes vary in a number of ways,
however, including the reliance on different nucleophilic amino acid residues (i.e., tyrosine
or serine) that attack DNA to form transient covalent protein-DNA linkages. The
recombination mechanisms of these two groups are also distinct. The tyrosine recombinases
break and rejoin pairs of single DNA strands to generate Holliday junction intermediates,
while the serine recombinases cleave all four DNA strands before promoting strand
exchange and religation. The key steps for these processes are illustrated in Figure 2. The
mechanisms of site-specific recombination have also been reviewed at length elsewhere
(Chen and Rice, 2003; Grindley et al., 2006).

While site-specific recombination systems are diverse, the property that makes these
enzymes so enticing—the ability to specifically and autonomously integrate, excise, or
invert defined sequences of DNA—also limits their practical utility. Because site-specific
recombinases have evolved to perform essential biological functions, they demonstrate
remarkably strict specificity toward their natural target. Indeed, application of these enzymes
in mammalian cells requires either the presence of rare pre-existing pseudo-recognition sites
or the pre-introduction of specific target sites within the host genome by homologous
recombination, an inefficient and time-consuming process. Thus, while site-specific
recombinases represent potentially transformative tools for targeted genetic engineering,
their application has been impeded by technical constraints. In order for this technology to
reach its full potential, methods for the evolution and design of custom recombinases
capable of modifying investigator-defined DNA sequences are needed.

Over the past two decades, protein engineering has emerged as a versatile and powerful
approach for tailoring the properties of biomolecules for diverse and complex tasks (Jackel
et al., 2008). Amongst the techniques employed by researchers for altering the properties of
enzymes, two of the most common are directed evolution and rational design. Based on the
principles that guide natural evolution; namely, diversification (e.g., gene mutagenesis,

Biotechnol Bioeng. Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gaj et al.

Page 3

DNA shuffling, etc.), selection (e.g., identifying altered variants by phage, yeast or ribosome
display, or fluorescence-activated cell sorting) and amplification, directed evolution enables
rapid evaluation of large (>107) gene libraries in the absence of prior knowledge of protein
structure (Yuan et al., 2005). Rational or computational design-based methods, which rely
on structural, functional or mechanistic information, offer an alternative approach for
modifying biomolecular properties by enabling the introduction of mutations at defined sites
(Cedrone et al., 2000). Significantly, protein engineering has been employed to alter the
properties of a variety of site-specific recombination systems with great success. Such
features include recognition specificity, enzyme thermostability, and recombination
efficiency. Indeed, these strategies are now poised to provide researchers with a means of
generating novel site-specific recombinases capable of reengineering complex biological
systems. Here, we review the history and recent developments in the directed evolution and
rational design of site-specific recombinases. We examine how these various methods have
been applied to generate site-specific recombinases with new, exceptional properties, and
discuss many of the challenges facing their maturation. We emphasize unique insights into
the evolution of site-specific recombination and highlight applications of these designer
enzymes for genetic and metabolic engineering.

Improving Site-Specific DNA Recombination Systems by Directed

Evolution

A contemporary goal of researchers in protein and genetic engineering has been the
establishment of methods that allow for complete re-programming of site-specific
recombinase specificity. Due primarily to the lack of structural information available,
however, many early efforts within this field instead focused on improving recombinase
activity for biotechnological applications. One such example is the evolution of Flp
recombinase thermostability. Isolated from Saccharomyces cerevisiae, Flp recombinase is a
prototypical tyrosine recombinase that catalyzes intramolecular recombination between two
inverted 599-bp repeats within the yeast 2-uM DNA plasmid (Broach and Hicks, 1980;
Broach et al., 1982; Hartley and Donelson, 1980; Fig. 3). The minimal 34-bp Flp recognition
target (FRT) site consists of two 13-bp inverted repeat binding elements that flank a central
8-bp asymmetric spacer sequence (Andrews et al., 1985), which serves as the crossover site
for Flp-mediated recombination (Table I). To date, the FIp-FRTrecombination system has
been used for gene (i.e., cassette) integration, excision and exchange in numerous cell lines
and organisms, including mice, Drosophila, C. elegans, plants, fungi and bacteria (Branda
and Dymecki, 2004). However, because Flp is derived from S cerevisiae, which has an
optimal growth temperature of 25-30°C, it has not evolved to support high-activity at
human physiological temperatures. Indeed, the reduction in Flp recombinase activity
observed at temperatures above 35°C initially indicated that it might not be an optimal
choice for applications in mammalian cells (Buchholz et al., 1996).

To address this limitation, Buchholz and Stewart utilized random mutagenesis by error-
prone PCR, DNA shuffling, and a lacZ-based blue/white recombination screen to generate
Flp variants with enhanced thermostability (Buchholz et al., 1998). Error-prone PCR relies
on the mis-incorporation of nucleotides by DNA polymerases to generate point mutations
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within a gene sequence (Cadwell and Joyce, 1992; Guo et al., 2010), whereas DNA
shuffling recombines genetic diversity from parental genes to create new genetic variants
(Stemmer, 1994a,b), a process that requires digesting the parental gene variants into random
fragments and reassembling those fragments into full-length genes by PCR. In this
approach, the digested fragments serve as both template and primer, annealing to other
digested fragments based on sequence homology, resulting in full-length, recombined genes.
To select for thermostable Flp variants, Buchholz and Stewart devised a genetic screen that
links the blue/white colony readout to FIp-mediated recombination at elevated temperatures.
In this system, two FRTsites flank the lacZ gene, such that, in the absence of recombination,
[-galactosidase is expressed and blue colonies form, while recombination leads to excision
of the lacZ gene and formation of white colonies. Mutations that support increased activity
were therefore identified by white colony formation. The most improved variant, FLPe
(P2S, L33S, Y108N, and S294P), showed a 4- and 10-fold increase in recombination at
37°C and 40°C, respectively, in comparison to wild-type enzyme in vitro (Buchholz et al.,
1998). FLPe also showed increased recombination efficiency in human embryonic kidney
(HEK) 293 and mouse embryonic stem (ES) cells. Crystallographic studies of the DNA-
bound FLPe tetramer have revealed that all four mutations reside near the surface of the
enzyme and do not influence packing of the protein core (Conway et al., 2003). In particular,
P2S and S294P are located at the N-termini of two separate a-helices, L33S is present
within an a-helical kink, and Y108N lies within a turn connecting the N- and C-terminal
domains. To date, FLPe has proven useful for a wide range of applications, including the
generation of transgenic “deleter” mice (Rodriguez et al., 2000), the large-scale production
of helper-dependent adenoviral particles (Umana et al., 2001), and the cloning of artificial
bacterial chromosomes (Liu et al., 2003). More broadly, the findings by Buchholz and
Stewart indicate that directed evolution is a viable method for enhancing the efficiency of
site-specific recombination.

Understanding the Determinants of DNA Recognition Specificity: Swapping

A and HK022 Integrase Specificity

Although directed evolution is commonly viewed as a means to identify protein variants
with new properties, it also affords the opportunity to study the contribution of individual
amino acids to the function of a protein (Yuen and Liu, 2007). The bacteriophage integrases
catalyze recombination between attachment sites in the phage (attP) and bacterial (attB)
genomes (Groth and Calos, 2004). For the tyrosine integrases, these attachment sites are
typically composed of two inverted binding sites separated by a 6- to 8-bp spacer sequence
where strand exchange occurs. Interestingly, while the integrases (Int) of bacteriophage A
and HK022 share nearly 70% sequence identity and catalyze very similar reactions, they
recognize sites that share only 40% identity (Yagil et al., 1989; Table I). Toward the goal of
understanding A-Int target specificity, Yagil et al. (1995) investigated the possibility of
switching A-Int specificity to that of the Int-HKO022 by shuffling the genes of these two
enzymes to generate a library of chimeric integrases (Table I). By evaluating the activity of
individual chimeras, Weisberg et al. discovered a mutant of A-Int origin, containing 13
substitutions derived from Int-HK022, capable of specifically recognizing the HK022 target
(YYagil et al., 1995). While analysis of individual point mutants revealed that no single
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mutation was capable of shifting A-Int specificity toward the HK022 attachment site, a
detailed examination of the combined effects of these mutations led Weisberg et al. to
discover a network of five substitutions (N99D, S282P, G283K, R287K, and E319R) that
mediate the conversion of A-Int specificity (Yagil et al., 1995). Subsequent mutational
analyses revealed that chimeras harboring only isolated subsets of the original 13 mutations
displayed relaxed specificity, demonstrating activity on both A-Int and Int-HKO022 sites
(Dorgai et al., 1995). These findings suggest the unique possibility that artificially evolved
recombinase specificity may emerge by multi-step changes that first relax and then restrict
target recognition.

Since these studies, the A-Int has also been adapted for molecular cloning, enabling
sophisticated tasks such as the generation of biosynthetic gene clusters in several
Sreptomyces strains (Eustaquio et al., 2005) and the production of minicircle DNA in E.
coli (Kay et al., 2010). However, unlike other prototypical tyrosine recombinases, such as
Cre and Flp, the \-Int naturally performs site-specific recombination with assistance from
accessory factor proteins, which help coordinate the directionality (i.e., integration and
excision) of the recombination reaction (Grindley et al., 2006). In order to overcome this
constraint, accessory-factor independent variants of the A-Int have been identified by
selection in the presence of defective integration host factor activity (Miller et al., 1980) and
reversion analysis (Wu et al., 1997). Drége and colleagues have subsequently shown that
rationally designed A-Int variants based on two mutations identified by these studies, Int-h
(E174K) and Int-h/218 (E174K, E218K), catalyze both integrative and excisive
recombination in human cells (Lorbach et al., 2000). These mutants have also allowed
significant effort to be devoted to characterizing (Christ et al., 2002) and altering (Rutkai et
al., 2003) the recognition specificity of A-Int. More recent studies have revealed that A-Int
can be coaxed to recognize unnatural attachment sites by in vitro compartmentalization
(IVC; Tay et al., 2010), an emulsion-based technology for the generation of cell-like
compartments (Tawfik and Griffiths, 1998) that has enabled the directed evolution of several
types of DNA-modifying and processing enzymes, including DNA methyltransferases
(Cohen et al., 2004) and polymerases (Ghadessy et al., 2001), restriction endonucleases (Doi
et al., 2004) and transcription factors (Fen et al., 2007). While the A-Int variants generated
by these selections showed only modest shifts in specificity, this study nevertheless
demonstrates the potential of in vitro evolution systems for generation of recombinase
variants with unnatural qualities. Additionally, Yagil et al. have demonstrated that Int-
HK022 promotes bi-directional site-specific recombination in mammalian cells (Kolot et al.,
2003), yet variants with altered recognition abilities have not been reported.

The Evolution of FIp Recombinase Variants with Unnatural Target

Specificity

Previously the subject of activity enhancement, FIp recombinase is also a convenient
platform for altering target specificity. As noted above, Flp catalyzes recombination between
FRT sites that contain two 13-bp inverted repeat binding elements that flank a central 8-bp
asymmetric spacer sequence. To test whether directed evolution could be used to alter the
specificity of the Flp recombinase, Voziyanov et al. (2002) developed a dual-reporter screen
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that enabled direct readout of the effects of individual mutations on Flp specificity. In this
system, one reporter contained the lacZ gene flanked by one of several mutant FRT target
sites, while the other contained the red fluorescent protein (RFP) gene flanked by native
FRT target sites, enabling blue/red color-based determination of the recombination
specificity of the Flp variant carried by each colony. Using this approach, Voziyanov et al.
identified Flp variants that tolerated several mutant FRT sites with substitutions at “position
1,” the centermost base within each FRT binding element. Notably, the study revealed that
the residue at Flp position 82 is an important determinant in target specificity, as each of the
most active variants contained one of three different substitutions at this site (K82M, K82H,
and K82Y; Voziyanov et al., 2002). Voziyanov et al. (2003) next showed that Flp could be
progressively adapted to recombine mutant FRT sites that contained individual or combined
mutations within each FRT binding element (Table I1). Similar to the study mentioned
above, random mutagenesis and bacterial screening led to the identification of variants with
relaxed specificity, however, subsequent cycles of DNA shuffling resulted in the generation
of Flp variants with selective DNA binding properties. Impressively, one of the selected
mutants (K82Y, V226A, and N264l) demonstrated a >50-fold shift in specificity toward a
mutant FRT target with substitutions at “position 1” (Voziyanov et al., 2003; Fig. 4).

Mutagenic and crystallographic studies of the Flp recombinase-DNA complex have revealed
that Flp recognition of the central spacer sequence is based on interactions with the
phosphate backbone and is therefore largely nonspecific (Bruckner and Cox, 1986; Chen
and Rice, 2003; Chen et al., 2000). Enzyme specificity is determined almost entirely by a
series of direct side-chain-to-base contacts and indirect water-mediated interactions between
the major groove of the FRT inverted repeat binding elements and the C-terminal domain of
Flp. As a result, increasingly sophisticated stepwise regimens have been used to identify Flp
mutants capable of recognizing unnatural target sites in clinically relevant genes, such as
human interleukin 10 (IL10; Bolusani et al., 2006; Table Il). To achieve this, the proposed
FRT binding elements within the 1L10 gene were compared to the parental FRT inverted
repeats; for each mismatched FRT base pair, the corresponding Flp residue that contacted it
was targeted for random mutagenesis. Selection was performed using a hybrid, asymmetric
target site consisting of one native FRT binding element and one IL10-derived pseudo-FRT
binding element. The most active Flp mutant (FV8: M44V, A55S, M58V, S59N, S130P,
E166K, K285H, and A349T) successfully recombined the IL10 target sequence, but retained
the ability to recombine wild-type FRT (Bolusani et al., 2006). This relaxation in target
specificity could be due to the lack of base symmetry within each pseudo-FRT site used over
the course of the evolutions. Combinatorial selection against symmetrical, hybrid
recombination sites that contain elements from native FRT and mutant target sites may
enable the identification of variants that overcome relaxation effects. These efforts have
inspired the development of computational tools that enable the identification of pseudo-
FRT sites in the human genome as a means to expand the utility of FIp for genome
engineering (Shultz et al., 2011). Similar tools have also been developed for several other
recombinases (Surendranath et al., 2010).
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Random and Targeted Approaches for Altering Cre Specificity

The protein engineering efforts described thus far relied primarily on the manual screening
of individual library clones using colorimetric colony screens. In order improve the
throughput of the selection process and to generate recombinase variants with well-defined
target specificities, Buchholz and Stewart developed a selection method that physically links
individual recombinase variants to their DNA substrate (Buchholz and Stewart, 2001). This
techniqgue—termed Substrate-Linked Protein Evolution (SLiPE)—enables the isolation of
rare recombinase variants in liquid culture, even in high-background settings, by PCR. As
proof-of-principle of SLIiPE, Buchholz and Stewart sought to evolve variants of the Cre
recombinase (Fig. 3), which is widely used throughout molecular biology for conditional
gene inactivation and recombinase-mediated cassette exchange (Nagy, 2000). Cre is derived
from bacteriophage P1 and recognizes a 34-bp DNA sequence termed loxP that consists of
two 13-bp palindromic binding-site elements, which flank a central asymmetric 8-bp spacer
sequence that contains the 6-bp crossover region where recombination occurs (Hoess and
Abremski, 1985; Hoess et al., 1982; Table I). As with FIp and A-Int, Cre is a prototypical
member of the tyrosine recombinases, and as such, nearly two decades of effort has led to a
comprehensive structural and mechanistic understanding of Cre-mediated recombination
(Guo et al., 1997; Van Duyne, 2001). Buchholz and Stewart initiated their studies by using
SLIPE to evolve Cre variants capable of recombining a 34-bp pseudo-loxP site present on
human chromosome 22 (Table II). The selected mutant |oxP site contained three mutations
within each loxP inverted binding element, as well as substitutions at each position within
the central 8-bp spacer sequence. After 35 cycles of SLIPE and 11 rounds of DNA shuffling,
a highly active population of Cre variants was isolated, with an average mutation rate of
~11 amino acid substitutions per variant. Mapping of these amino acid mutations onto the
Cre structure revealed clustering within two regions: the active site and an area of the
enzyme postulated to position the loxP spacer sequence for cleavage in the pre-cleaved
protein-DNA complex (Fig. 5A). Importantly, Buchholz and Stewart found that several Cre
variants displayed activity in mammalian cells, albeit with reduced recombination efficiency
and relaxed specificity compared to wild-type Cre. Nevertheless, these results indicated that
substrate-linked directed evolution represents an innovative and streamlined approach for
selecting recombinase variants. More recently, our laboratory has developed a SLiPE system
based on recombinase-mediated reassembly of the geneencoding TEM-1 p-lactamase that
enables quantitative and high-throughput recovery of rare (<1079) site-specific recombinase
variants (Gersbach et al., 2010).

One potential explanation for the emergence of relaxed Cre variants within pools selected by
SLIPE is that positive selection alone is not sufficient to ensure the dominance of
recombinase variants with strict specificity for a new target. To test this hypothesis, Santoro
and Schultz (2002) attempted to identify Cre recombinase variants that could recognize a
series of minimally mutated loxP sites by developing a fluorescence-activated cell sorting
(FACS) screen that utilizes both positive and negative selection. In this bacterial system, Cre
variants capable of recombining mutant loxP sites drive expression of GFPuv, while Cre
variants that maintain the ability to recognize wild-type loxP drive enhanced yellow
fluorescent protein (EYFP) expression, allowing simple FACS selection of mutants. This
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strategy was used to select Cre variants that could recombine a mutant loxP site with
substitutions at positions 7, 6, and 5 within the inverted loxP binding elements (Table II). To
achieve this, the Cre residues (lle 174, Thr 258, Arg 259, Glu 262, and Glu 266) known to
contact these positions were targeted for randomization. After only five rounds of positive
and negative selection, a fairly conserved population of Cre variants with converted
specificity was identified (Santoro and Schultz, 2002; Fig. 5B). Positive selection alone,
however, led to the selection of Cre mutants with relaxed specificity. Interestingly, when
this approach was attempted with an alternate mutant loxP site that contained substitutions at
positions 3 and 2, only relaxed variants were identified, indicating that no individual Cre
variants within the library satisfied both positive and negative selection requirements and
that indirect factors may contribute to target recognition. In a follow-up study, Baldwin,
Santoro, and Schultz determined the co-crystal structures of two evolved Cre-DNA
complexes and found that recognition specificity was indeed the product of unexpected
macromolecular plasticity and a unique network of water-mediated protein-DNA contacts
(Baldwin et al., 2003), indicating that these enzymes can be artificially evolved to utilize
indirect mechanisms for sequence discrimination.

Chimeric Recombinases With Designer Specificity

Thus far, attempts to alter recombinase specificity have typically required iterative rounds of
mutagenesis and complex selection strategies. However, these approaches have met with
limited success. The use of chimeric recombinases with designer specificity presents an
alternative strategy that could overcome many of the technical limitations associated with
these previously described methods. In particular, the resolvase/invertase family of serine
recombinases (Smith and Thorpe, 2002) may represent an effective platform for such types
of programming (Fig. 6 and Table I). These enzymes are modular in both form and function
(Abdel-Meguid et al., 1984; Sanderson et al., 1990; Yang and Steitz, 1995): a C-terminal
DNA-binding domain directs sequence-specific association with DNA, while an N-terminal
catalytic domain recognizes a central core sequence and promotes sequence-specific
recombination (Fig. 7A). In nature, these recombinases rely on accessory factors or multiple
binding sites for activation and regulation of catalysis (Grindley et al., 2006); however,
mutants of several resolvase/invertase variants have been identified that function without
these additional factors (Arnold et al., 1999; Klippel et al., 1988). Together, these findings
prompted Stark and colleagues to investigate the fusion of a hyperactivated, accessory-factor
independent mutant of the catalytic domain of the Tn3 resolvase to the Zif268 zinc-finger
protein (Akopian et al., 2003). Remarkably, Stark and co-workers found that these
engineered zinc-finger recombinase (ZFR) fusion proteins possessed the anticipated
chimeric target specificity and catalyzed unrestricted recombination in bacterial cells
(Akopian et al., 2003) and subsequently in vitro (Prorocic et al., 2011).

The modular structure of zinc-finger proteins makes them an attractive building block for
the design of custom DNA-binding proteins (Beerli and Barbas, 2002). Indeed, the
versatility of ZFRs arises from the ability to customize the DNA-binding domain to
recognize a wide variety of DNA sequences. To this end, advances in the design and
selection of zinc-finger domains by our laboratory (Beerli et al., 1998; Dreier et al., 2001,
2005; Segal et al., 1999) and others (Doyon et al., 2008; Isalan et al., 2001; Maeder et al.,
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2008; Sander et al., 2011) have enabled the generation of ZFRs with expanded target
specificities (Gordley et al., 2007; Nomura et al., 2012). We have shown that rationally
designed ZFRs utilizing the Gin and Tn3 catalytic domains are capable of catalyzing
targeted integration with exceptional specificity at pre-introduced sites in HEK293 cells
(Gordley et al., 2009) and that ZFRs can be used in tandem with the PiggyBac transposase
for highly efficient, two-step gene transfer in mouse and human cells (Gersbach et al.,
2011). Our laboratory has also employed directed evolution to generate catalytic domains
with expanded specificities by using SLIPE to evolve for “generalist” recombinases that
recognize abroad spectrum of target sites (Gersbach et al., 2010; Gordley et al., 2007; Table
I1). These selected catalytic domains are capable of excising transgenes flanked by their
chimeric ZFR target sites with efficiencies of > 15% in human cells (Gordley et al., 2007).
Similarly, Proudfoot and Stark have evolved a series of catalytic domain variants capable of
recombining a panel of asymmetric core sequences derived from the bovine p-casein gene
(Proudfoot et al., 2011), a locus that could potentially enable high-level expression of
protein into milk from integrated gene sequences (Table I1).

Although “generalist” catalytic domains may allow for recombination between an extended
range of DNA sequences, the relaxed specificity profiles that these enzymes exhibit may not
be desirable for applications that require precise targeting. As such, our laboratory has
sought to develop a comprehensive design platform that enables the generation of ZFRs with
exact investigator-defined specificity. As a first step toward achieving this goal, we have
shown that the target specificities of two distinct serine recombinases—Gin and Tn3—can
be directly interconverted by targeted mutagenesis of the C-terminal arm, a region of the
recombinase that connects the catalytic and DNA-binding domains, as well as contacts
substrate DNA (Gaj et al., 2011; Fig. 7B and Table I). These redesigned catalytic domains
demonstrated a >10,000-fold shift in specificity, and targeted integration into pre-introduced
target sites in the human genome with high specificity. Expanding on this proof-of-principle
work, we have more recently shown that directed evolution also allows for the generation of
a diverse array of Gin catalytic domains that are capable of recombining a broad range of
user-defined DNA targets with high specificity in the context of ZFRs (Gaj et al., 2013b;
Table I1). This customization strategy has led to the design of ZFRs capable of achieving
targeted modification of endogenous genetic elements in human cells. These findings
indicate that ZFRs may be suitable for a number of diverse applications, including targeted
integration of single or multiple transgenes for metabolic pathway engineering. We have
also recently shown that the Gin recombinase catalytic domain can be fused to transcription
activator-like effector (TALE) proteins to generate chimeric TALE recombinases (TALERS;
Mercer et al., 2012). Derived from the plant pathogenic bacterial genus Xanthomonas,
TALESs are naturally occurring proteins that contain programmable DNA-binding domains
(Boch et al., 2009; Moscou and Bogdanove, 2009). A typical TALE DNA-binding domain
consists of a series of 33- to 35-amino acid repeats that each recognizes a single base pair
via two adjacent repeat-variable di-residues (RVDs; Deng et al., 2012; Mak et al., 2012).
Toward developing an efficient TALER architecture, we used a library of incrementally
truncated TALE domains to select for TALER frameworks that promote highly efficient
recombination in bacterial cells (Mercer et al., 2012). We subsequently showed that
TALERs also coordinate site-specific recombination of episomal substrates in mammalian
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cells. While these studies expand the potential targeting capacity of chimeric recombinases,
additional experiments are necessary to determine the versatility and flexibility of this
system, as well as to evaluate whether TALERs are capable of directing site-specific
integration in mammalian cells.

Therapeutic Applications of Evolved Recombinases

Many of the investigations described above relied on selection to help uncover the
mechanisms governing DNA recognition and site-specific recombination. The knowledge
gained from these studies has enabled researchers to apply these systems to tackle clinically
relevant goals, such as using directed evolution to alter Cre specificity for potential
therapeutic applications. By taking a combinatorial approach to SLiPE and combining and
shuffling individual pre-selected Cre recombinase libraries, Sarker and Buchholz showed
that Cre could be evolved to specifically recognize an asymmetric sequence within the
HIV-1 long terminal repeat (LTR; Sarkar et al., 2007; Table I1). Impressively, this enzyme,
called Tre, was shown to excise proviral DNA from the genome of HIV-infected
mammalian cells. However, in order to accumulate the mutations necessary to sufficiently
shift the specificity of Cre toward the HIV-1 LTR, 126 cycles of selection against a series of
six intermediate pseudo-substrates was required. Interestingly, combinatorial addition of
these mutations from different libraries led to apparent synergistic effects and, ultimately,
the selection of recombinase variants that recognized a target sequence more divergent from
loxP than any previously reported. Significantly, much like earlier proof-of-principle efforts,
selected variants first lost and then regained their specificity as the evolution progressed.
This finding supports earlier observations that artificially selected recombinase specificity
may emerge by multistep changes that first relax, and then restrict DNA recognition. In
total, Tre contained 19 amino acid mutations when compared to Cre, many of these in
regions previously not considered essential for catalysis or DNA binding. However, this
evolved recombinase was unable to recombine DNA as efficiently or specifically as wild-
type Cre. To address this limitation and increase the practicality of this approach, Buchholz
and Pisabarro have recently shown that mutational data obtained from early rounds of
evolution can be used to computationally refine Tre specificity (Abi-Ghanem et al., 2013).
Alternatively, in a move to eliminate the requirement of evolution for the selection of new
Cre variants, numerous groups have shown that genome mining is an effective approach for
identifying new, orthogonal site-specific recombination systems that may represent more
effective starting points for evolution (Karimova et al., 2013; Nern et al., 2011; Sauer and
McDermott, 2004; Suzuki and Nakayama, 2011). While the evolution of Tre suggests that
recombinases represent potentially valuable tools for clinical development, several questions
remain regarding whether proviral excision of HIV is a viable therapeutic option. In
particular, this approach may be rendered ineffective by the evolution of HIV escape
variants containing substitutions within the LTR that prevent Tre action. Future recombinase
evolutions may thus focus on targeting invariant regions of the HIV genome or the human
genes that encode for the HIV co-receptors CCR5 (Gaj et al., 2012; Holt et al., 2010; Perez
et al., 2008) and CXCR4 (Yuan et al., 2012).

Another enzyme that has emerged as an attractive tool for site-specific recombination in
mammalian cells is the site-specific integrase from bacteriophage ¢C31 (Groth and Calos,
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2004; Groth et al., 2000). ¢C31 integrase is a member of the large serine recombinase
family of enzymes that catalyzes accessory-factor independent recombination between
attachment sites from the phage (attP) and host (attB) genomes (Thorpe and Smith, 1998;
Fig. 6 and Table I). Notably, because ¢C31-mediated recombination alters the composition
of the central bases within the targeted attachment site, no competing reverse reaction is
possible, indicating that $C31 may be a highly effective tool for therapeutic gene transfer.
Indeed, Calos et al. have shown that ¢C31 can integrate into pseudo-attB sites that have
partial identity to the native site with efficiencies up to 0.3% in human cells and 5% in
mouse cells (Thyagarajan et al., 2001). As such, ¢C31 has been used to deliver molecular
payloads into animals for a variety of uses, including restoration of Factor X levels in
hemophiliac mice (Olivares et al., 2002), site-specific integration of dystrophin for treatment
of muscular dystrophy (Bertoni et al., 2006), genetic correction of Red Foot Disease
(Junctional epidermolysis bullosa; Ortiz-Urda et al., 2003), and treatment of peripheral
vascular disease (Portlock et al., 2006) and rheumatoid arthritis (Keravala et al., 2006) in
mice. The ¢C31 integrase has also been used for genetic correction of dystrophic
epidermolysis bullosa in primary patient cells (Ortiz-Urda et al., 2002), as well as for
reprogramming somatic cells to pluripotency (Thyagarajan et al., 2008; Ye et al., 2010).
More recently, ¢C31 and the related Bxb1 integrase (Ghosh et al., 2003; Kim et al., 2003;
Nkrumabh et al., 2006) have emerged as powerful tools for synthetic biology, enabling
retrievable data storage within bacterial chromosomes (Bonnet et al., 2012; Siuti et al.,
2013) and digital control of gene expression (Bonnet et al., 2013).

However, sequence analysis of nearly 200 independent ¢C31-mediated integration events in
human cells revealed the presence of >100 unique pseudo-recognition sites (Chalberg et al.,
2006), indicating that use of ¢C31 for genome engineering and human gene therapy presents
risks of insertional mutagenesis. To address this problem, Calos and co-workers sought to
improve the integration specificity of ¢C31 by using directed evolution to shift its binding
preference toward a highly favored pseudo-attP site present on chromosome 8 (Sclimenti et
al., 2001; Table II). Relying on a blue/white colony screen to identify active mutants, Calos
and colleagues showed that after only two cycles of DNA shuffling, integrase variants
demonstrating a >6-fold increase in integration specificity could be identified, suggesting
that directed evolution is an effective strategy not only for swapping, but also for improving
recombinase specificity. Calos and colleagues achieved further improvement of ¢C31
through the use of rational design (Keravala et al., 2009). Alanine-scanning mutagenesis led
to the identification of several charge-neutralizing mutations (D40A, D44A, and D52A)
within the N-terminus that enhanced integration efficiency in murine cells. Similarly,
Ehrhardt et al. used alanine-scanning mutagenesis to identify mutations within the DNA-
binding domain that enhanced integration into pseudo-attB sites up to 6-fold in human cells
(Liesner et al., 2010). Together, these studies suggest that rational mutagenesis can be used
to improve site-specific recombination even in the absence of any structural data. Additional
experiments are required to assess whether these mutations improve gene transfer efficiency
in therapeutic applications, however.

Lastly, although site-specific recombinases are potentially powerful tools for a broad range
of therapeutic applications, several questions remain over the safety of these enzymes. In
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particular, Cre and ¢C31-mediated recombination between off-target pseudo-recognition
sites (Chalberg et al., 2006; Thyagarajan et al., 2000) has been shown to lead to deletions
and chromosomal re-arrangements in cultured cells (Ehrhardt et al., 2006; Liu et al., 20086;
Loonstra et al., 2001) and mice (Schmidt et al., 2000). Additionally, DNA damage has been
observed at genomic targets following ¢C31 (Malla et al., 2005) and ZFR-mediated
recombination (Gaj et al., 2013b). These findings suggest that formation of covalent protein-
DNA linkages by these enzymes may activate cellular DNA repair pathways (Wyman and
Kanaar, 2006). It remains unknown whether reducing the cellular concentration of these
enzymes may lead to lower levels of DNA damage. Finally, the specificity of evolved site-
specific recombinases remains an important and unanswered question. Advances in whole-
genome sequencing technology (Shendure and Lieberman Aiden, 2012) should allow
researchers the opportunity to examine the full scope of off-target modifications (Gabriel et
al., 2011). By providing new insight into genome-wide recognition specificity, these
approaches may also guide the design of site-specific recombinases with improved targeting
capabilities.

Conclusions and Future Directions

The development of new tools capable of achieving targeted genetic manipulations is at the
forefront of biotechnology. Although targeted nucleases have emerged as the method of
choice for impacting genomic change [reviewed in (Carroll, 2011; Gaj et al., 2013a)], these
approaches rely on the activation of cellular repair pathways and mutagenic DNA double-
strand breaks to introduce targeted alterations at specific locations. In contrast, site-specific
recombinases function autonomously and direct DNA integration, inversion, and excision in
a variety of cellular environments. As a result, intense efforts have been directed toward
altering the properties of many recombinases by protein engineering. However, numerous
questions remain related to the efficacy of many of these approaches. In particular, how does
mutation rate impact the speed at which recombinase specificity is recovered following
relaxation? The use of selections that enable high-throughput, real-time evaluation of protein
parameters may provide insight into this question (Esvelt et al., 2011; Leconte et al., 2013).
Additionally, can detailed analysis of the substrate specificity profiles (Hartung and Kisters-
Woike, 1998; Whiteson and Rice, 2008) of site-specific recombinases lead to the more
seamless evolution of variants with altered specificity, and can mature recombinase variants
be generated combinatorially against user-defined targets using broad, pre-selected variant
populations? Further, what advances in methods for designing recombinase specificity are
needed in order for site-specific recombinases to achieve a level of user-friendly
accessibility that allows them to reach their potential for genome engineering? Do post-
translational modification sites (e.g., FIp sumoylation; Chen et al., 2005; Xiong et al., 2009)
impact the stability and efficiency of these enzymes in human cells? Finally, numerous
questions remain regarding the therapeutic potential of these enzymes. In particular, can
evolved recombinases demonstrate the requisite specificity to avoid inducing potentially
toxic off-target effects, and what are the optimal methods for delivering these enzymes into
relevant cell types (Jo et al., 2001; Peitz et al., 2002; Pfeifer et al., 2001; Wang et al., 1996)?
Ultimately, these questions will only be answered through continued exploration and
analysis of these unique and powerful molecular tools.
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Figure 1.
Possible outcomes of site-specific recombination. Red triangles indicate recombination sites.
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Figure 2.
Mechanisms of site-specific recombination. A: Cartoon of tyrosine recombinase-mediated

DNA recombination. Two DNA duplexes are bound by four recombinases assembled in a
head-to-tail orientation. Nucleophilic attack of the scissile phosphate bonds by two
catalytically active monomers (blue circles) leads to the formation of a covalent 3’
phosphotyrosine intermediate. Attack of the opposite phosphotyrosine linkage by the 5
hydroxyl leads to the generation of a Holliday junction intermediate. Isomerization of the
complex activates the second set of recombinase monomers and leads to an additional round
of DNA cleavage and strand exchange, and ultimately, release of the recombined DNA
product. Sequence identity between the central crossover regions is required for strand
exchange. B: Cartoon of serine recombinase-catalyzed DNA recombination. The
recombinase binds its cognate target site cooperatively as a head-to-head dimer (orange and
blue circles). Two DNA-bound recombinase dimers then assemble to form a tetrameric
synaptic complex, enabling nucleophilic attack and covalent attachment of each
recombinase subunit to the 5’ phosphate at the cleavage site. This allows for exchange
between two recombinase subunits and their covalently attached DNA, followed by reversal
of the serine-phosphodiester linkage and ligation of the cleaved DNA. Proper base pairing
between the central core dinucleotide residues is necessary for recombination.
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Figure 3.
Overview of the tyrosine recombinases. Top: Structures of the Cre, Flp, and A-Int tetramers

complexed with their respective DNA targets. Pairs of recombinase dimers are colored red
and blue. DNA depicted as gray cartoon. PDB IDs are Cre: 1CRX (Guo et al., 1997), Flp:
1FLO (Chen et al., 2000), and A-Int: 1Z1G (Biswas et al., 2005). Bottom: Sequence
alignment of Cre, Flp, and A-Int C-terminal domains. Secondary structural elements for each
enzyme are indicated above alignment. Cylinders and arrows indicate a-helix and 3-sheet
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secondary structures, respectively. Red asterisks indicate conserved amino acid residues
critical for catalysis.
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Figure4.
Distribution of mutations that contribute to evolved Flp specificity. L eft: Surface illustration

of the FIp monomer bound to FRT DNA target. Mutations that contribute to the interactions
between evolved Flp variants and unnatural FRT targets (Voziyanov et al., 2003) are
highlighted red. DNA depicted as a gray cartoon. FIp N-terminal domain colored blue, C-
terminal domain colored purple. Not visible are the substitutions V266A and N2641. PDB
ID is 1FLO (Chen et al., 2000). Right upper: The interactions between Arg 281 of wild-
type Flp and Gua 7 of wild-type FRT, and Lys 82 and Gua 1 are shown. Gua 7 and Gua 1
were among five positions substituted in the mutant FRT site by Voziyanov et al. (Right
lower) FRT target. Positions substituted for evolution studies highlighted red. Black arrows
indicate the location of the scissile phosphates.
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Figureb5.
Evolution of Cre specificity. A: loxP target. Base positions altered for selection with

randomly mutated Cre variants highlighted orange (Buchholz and Stewart, 2001), those
positions altered for selection with Cre variants that contain targeted substitutions
highlighted red (Santoro and Schultz, 2002). Black arrows indicate the location of the
scissile phosphates (B). Top and bottom: Cre monomer (light orange cartoon) in complex
with loxP (blue and purple surface). Mutations identified by (top) substrate-linked protein
evolution (SLIPE) and (bottom) those positions targeted for randomization for FACS
selection shown as red sticks. Top and bottom: Substituted positions within each loxP target
denoted purple. PDB ID is 1CRX (Guo et al., 1997).
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Transposases
(15607 v5 TDGEMGKMVVTILSAVAQAERQRILERTNEGRQEAMAKGVVFGRKRKI - - -~~~ -~ -146
DED Catalytic domain Gin TSSPMGRFFFHVMGALAEMERELITERTMAGLAAARNKGRIGGRPPKL - - = = - - - - -143
Sin LDKFMKDLIIQILAMVSEQERNENKRRQAQGIQVAKEKGVYKGHPLLYSTNAKDPQ - 160
Integrases
($C31 and Bbv1) yd ---DRDAVLNMWQQGLGASHISKTMNIARSTVYKVINESN -183
Catalytic domain AD 20 Gin TKAEWEQAGRLLAQGIPRKQVALIYDVALSTLYKKHPAKRAHIENDDRIN -193
I main SR - Sin KRITYHRVVEMLEEGQAISKIAKEVNITRQTVYRIKHDKGLS -202
Figure6.

Overview of the serine recombinases. L eft: Domain organization of the serine
recombinases. a/f RD and ZD indicate C-terminal a/p recombinase and zinc-nucleated
integrase domains, respectively (Rutherford et al., 2013). Gray indicates domains of
unknown function. Right: Comparison of representative members of the resolvase/invertase
family of serine recombinases. Conserved residues are shaded pink. Secondary structural
elements within the v8 resolvase are indicated above alignment. Cylinders and arrows
indicate a-helix and B-sheet structures, respectively. Asterisk indicates the conserved serine
residue critical for catalysis.
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Figure7.
DNA recognition by the resolvase/invertase family of serine recombinases. A: The y8

resolvase dimer (purple and yellow) in complex with target DNA (gray). PDB ID: 1GDT
(Yang and Steitz, 1995). DBD indicates DNA-binding domain. B: Specific recognition of
DNA (gray) by the serine recombinase arm region (sticks). Residues that confer catalytic
domain specificity and have been subject to reprogramming are highlighted purple (Gaj et
al., 2011, 2013b).
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Table |

Site-specific DNA recombination systems used for genome engineering in mammalian cells.

Recombinase Origin Classification Target site Target sequence

Flp S cerevisiae Tyrosine FRT 5-GAAGTTCCTATTCTCTAGAAAGTATAGGAACTTC-3

KD K. drosophilarum Tyrosine KDRT 5-AAACGATATCAGACATTTGTCTGATAATGCTTCATTATCAGACAAATGTCTGATATCGTTT

B2 Z. bailii Tyrosine B2RT 5-GAGTTTCATTAAGGAATAACTAATTCCCTAATGAAACTC-3

B3 Z. bisporus Tyrosine B3RT 5-GGTTGCTTAAGAATAAGTAATTCTTAAGCAACC-3

R Z. rouxii Tyrosine RSRT 5-TTGATGAAAGAATAACGTATTCTTTCATCAA-3

Cre Phage P1 Tyrosine loxP 5-ATAACTTCGTATAGCATACATTATACGAAGTTAT-3

VCre Vibriosp. Tyrosine VloxP 5-TCAATTTCTGAGAACTGTCATTCTCGGAAATTGA-3

SCre Shewanellasp. Tyrosine SoxP 5-CTCGTGTCCGATAACTGTAATTATCGGACATGAT-3

Vika V. coralliilyticus Tyrosine VOX 5-AATAGGTCTGAGAACGCCCATTCTCAGACGTATT-3

Dre Bacteriophage D6 Tyrosine rox 5-TAACTTTAAATAATGCCAATTATTTAAAGTTA-3

A-Int Phage A Tyrosine attP 5-CAGCTTTITTATACTAAGTTG-3
attB 5-CTGCTTTITTATACTAACTTG-3

HKO022 Phage HK022 Tyrosine attP 5-ATCCTTTAGGTGAATAAGTTG-3
attB 5-GCACTTTAGGTGAAAAAGGTT-3

¢C31 Phage ¢C31 Serine attP 5-CCCCAACTGGGGTAACCTITGAGTTCTCTCAGTTGGGG-3’
attB 5-GTGCCAGGGCGTGCCCITGGGCTCCCCGGGCGCG-3’

Bxbl Phage Bxb1l Serine attP 5-GGTTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACGGTACAAACC-3
attB 5-GGCTTGTCGACGACGGCGGTCTCCGTCGTCAGGATCAT-3

Gin Phage Mu Serine gix 5-TTATCCAAAACCTCGGTTTACAGGAA-3

Tn3 E. coli Serine ressitel 5-CGTTCGAAATATTATAAATTATCAGACA-3

For the prototypical site-specific recombinases Cre, Flp, A-Int, $C31, Gin and Tn3, crossover regions are underlined.
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