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Figure 6. Comparative recombination activity of Vika in mammalian cells. (A) Scheme of the GFP-based recombination reporter assay. The
non-recombined reporter plasmid constitutively expresses the neomycin resistance gene (NeoR). On recombination, NeoR is removed, resulting in
expression of the GFP driven from the cytomegalovirus promoter (CMV prom). Triangles depict /ox sites. (B) Recombination assay of Cre, VCre
and Vika in HeLa cells. Images show cells stained with Hoechst 33342 (blue) and imaged for EGFP expression (green), 24 h after co-transfection with
indicated recombinase expression and reporter plasmids. (C) Quantification of EGFP-positive cells for indicated recombinase expression and reporter
plasmids from B, n = 3. Error bars indicate standard deviation of the mean value.

Vika efficiently and specifically recombines vox in
mammalian cells

For the applied use in genome engineering, the recombin-
ase needs to work in heterologous organisms. To investi-
gate whether Vika can be used in organisms other then the
natural host and E. coli, we tested the recombinase
in human cells. HeLa cells were co-transfected with GFP
reporter plasmids and recombinase expression plasmids
(Figure 6A). Twenty-four hours post-transfection,
the cells were monitored for GFP expression. Many
GFP-positive cells were observed, when the Vika expres-
sion plasmid was co-transfected with the vox reporter
(Figure 6B), signifying that Vika efficiently functions in
mammalian cells. In contrast, no green cells were
observed with the reporters for /JoxP and VioxP
(Figure 6B), demonstrating Vika’s specificity also in mam-
malian cells. Corresponding results were seen with Cre
and VCre, where these enzymes showed activity only on
their target sites without recombining the target sites of
the other recombinases (Figure 6B). Hence, these enzymes
can be used in combination without cross-activities. To
compare the activities of the different recombinases also
in mammalian cells, we quantified the number of GFP-
positive cells from the co-transfection experiments. Similar
to the activity differences measured in E. coli, we also

observed a difference in activity in HeLa cells. In this
host, Cre showed the highest activity followed by Vika
that exhibited about half of the activity of Cre. As in
E. coli, the number of GFP-positive cells for VCre was
markedly lower (~10%), indicating that this recombinase
also possesses less activity in mammalian cells (Figure 6C).

Vika expression does not cause cytopathic effects in
human and mouse cells

The successful use of recombinases in heterologous hosts
rests on their restricted activity on the introduced target
sites. Important concerns are cryptic (pseudo) recombin-
ation sites in the genome, which could potentially have
cytopathic consequences. Active pseudo-loxP sites have
indeed been described in human and mouse (47). As a
consequence, expression of Cre in human and mouse
cells can cause cytotoxicity (43,48-51).

To investigate potential site effects of Vika, we searched
for pseudo-vox sites in the mouse and human genome
using the SeLOX algorithm (30). In both species, lower
overall numbers of pseudo-vox sites were uncovered than
pseudo-loxP sites (Supplementary Figure S3). We then
tested pseudo-vox sites that most closely resembled vox
sites  (Supplementary Figure S4) experimentally. In
contrast to Cre, which showed prominent activity on
pseudo-loxP sites, Vika did not display measurable
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Figure 7. Evaluation of genotoxicity and cytotoxicity of Vika. (A) Recombination specificity of Vika and Cre on the respective cryptic human
and mouse chromosomal target sites. The — and + indicates absence or presence of L(+)-arabinose (100pg/ml) in the growth medium.
Non-recombined and recombined plasmids are denoted as two triangles and one triangle, respectively. M, marker; 2-log DNA ladder, NEB.
(B) Evaluation of DNA damage induction by y-H2AX assay 72h after infection with indicated recombinase-expressing virus, n = 3.
(C) Quantification of the y-H2AX-positive cells either infected with virus for respective recombinase expression or treated with campthothecin for
2 h. Statistically significant increase of y-H2AX signals is indicated by asterisks. Error bars indicate standard deviation of the mean value (** indicate
P = 0.01). (D) Proliferation effects on expression of indicated recombinases in mouse NIH3T3 cells. Cells were infected with bicistronic retroviruses
expressing respective recombinase linked to GFP. Every 72h, cells were analyzed by flow cytometry. Error bars indicate standard deviation of the
mean value, n = 2.
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activity on pseudo-vox sites in these assays (Figure 7A).
To examine the influence of prolonged expression of Vika
in primary cells, we generated mouse embryonic stem (ES)
cells stably expressing Vika. No effect on cell growth and
morphology was observed, indicating that Vika is active
when selected for stable expression in mouse ES cells and
is well tolerated (Supplementary Figure S5). Next, we
investigated the potential impact of recombinase expres-
sion on DNA damage. NIH3T3 cells were infected with
GFP-bicistronic retroviral particles encoding Cre, Vika or
controls. Three days post-infection, y-H2AX signals were
investigated in fixed cells. Cre expression caused a marked
increase in y-H2AX signals signifying induction of DNA
damage. In contrast, Vika had no influence on the amount
of y-H2AX counted (Figure 7B and C), indicating that
Vika expression does not lead to increased DNA
damage in these cells. Finally, we monitored the percent-
age of GFP-positive cells over time in the populations as
an indicator for cytotoxicity. As published previously (43),
Cre expression led to a rapid decline of GFP-positive cells
in the population (Figure 7D and Supplementary Figure
S6), whereas no decline in GFP-positive cells was observed
in Vika-expressing cells. These experiments indicate that
high levels of Cre are cytotoxic, whereas Vika expression is
well tolerated in the same setting.

We conclude that Vika is an active and specific SSR that
should be useful for genome engineering purposes in
mammalian cells.

DISCUSSION

In this study, we describe the discovery of Vika/vox, a new
tyrosine family site-specific recombination system. Vika
was identified based on sequence alignments and protein
fold predictions from sequences and structures of known
SSRs. Based on known structures of SSRs, we generated a
structural model, which predicted that Vika has Cre-like
structural properties. We then implemented a rational
approach for the search of Vika’s target site and identified
its native recombination site, vox. We demonstrate
that Vika/vox does not cross-recombine with either the
Cre, VCre or Dre recombinase systems in bacteria
or in human cultured cells. Therefore, these SSR systems
can be combined for advanced genome engineering
approaches.

To optimally use the different SSR systems, it is essen-
tial to characterize their applied properties. The determin-
ation of the in vivo recombinase reactivity and maximum
reachable recombination rate may be crucial for planning
an experiment. Sophisticated genetic schemes that include
simultaneous modifications (e.g. double knockouts) will
require recombinases of comparable activity, whereas for
sequential DNA rearrangements (e.g. recombinase-
mediated cassette exchange), it may be more important
to design the experiment in a manner that intermediate
recombination events could be selected for. We
compared recombination efficiencies of the new recombin-
ase Vika with Cre and another recently reported Cre-like
recombinase VCre. Although VCre was described to
display efficient recombination rates (26), our results
indicate that VCre recombines its target V/oxP at
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considerably lower rate when directly compared with
Cre/loxP and Vika/vox. In our work, we used assays
that detect various recombination stages based on induc-
tion levels. We observed a consistent trend for differences
between the tested recombinases. Cre and Vika were con-
sistently more active then VCre. The comparison of Vika
with Cre and VCre should be useful for considerations
when planning experiments with several independent re-
combinases. For instance, in development of a double
conditional strategy, described recombinases can be
combined in efficiency correlated ways, e.g. Cre+ FLPe
and Vika+ VCre, where Cre and Vika are dedicated to
conditional knockouts, whereas FLPe and VCre are
reserved for excision of selection marker cassettes.
Alternatively, molecular evolution strategies could be
used to enhance the activity of recombinases, as has
been shown for the FLP recombinase (17), if a multitude
of highly efficient recombinases is required.

To integrate Vika recombinase for the applied use in
higher organisms, we have addressed the question of cyto-
toxicity. Vika, as other SSRs, acts on DNA, and therefore,
undesired binding to non-target sequences may cause un-
desired events. With the full genome sequences available
for many organisms, it is possible to analyze beforehand
whether there are potential binding sites for DNA-binding
proteins. We have analyzed and tested pseudo-voux sites for
human and mouse in this study and did not observe re-
combination on these sites. Similar analyses can be carried
out for other sequenced species to evaluate the suitability
of Vika in a particular organism. We have also compared
high-level expression of Vika and Cre in mouse cells via
retroviral gene delivery and observed that cells expressing
Vika recombinase, unlike Cre, did not exhibit growth in-
hibition. In addition, in contrast to Cre, Vika did not
cause DNA damage when expressed from the retroviral
constructs. Therefore, Vika might become an additional
tool or even a valuable substitute for experimental settings
where Cre is not applicable.

To expand the utility of SSRs, enzymes with novel
properties have been developed using directed molecula
evolution. Several studies have reported alteration of sub-
strate specificity for both Cre and FLP (52-56) Molecular
evolution approaches provide new perspectives for poten-
tial therapeutic applications, as these approaches offer
design of customized recombinases. Indeed, eradication
of a Human immunodeficiency virus provirus from
infected human cells has already been demonstrated with
the evolved Cre-like recombinase Tre, which recombines a
defined sequence within the Human immunodeficiency
virus-1 long terminal repeat (54). However, the develop-
ment of such recombinases remains tedious and time
consuming. The discovery of novel SSR systems should
be helpful in two ways to accelerate the development of
therapeutically relevant enzymes. First, the detailed inves-
tigation of DNA binding should lead to a better under-
standing of how these enzymes specifically recognize their
targets. With this knowledge, rational design of enzymes
with novel specificities might become possible. Second,
different naturally occurring recombinases could be
useful to accelerate the directed evolution process. It has
been demonstrated that shuffling of related genes can
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speed up the evolution process (57). Hence, new recom-
binases with desired properties might become available in
shorter time through family shuffling.

Up to date, several enzymatic systems have been suc-
cessfully developed for genome engineering purposes
(58,59). However, the rapid growth and scale of genetic
studies impose the need for a broad spectrum of genetic
instruments. Nature is a rich source for discovering DNA-
modifying enzymes with desired properties. Large-scale
sequencing projects, in particular of environmental
samples, provide a rich source for such discoveries (60).
With the identification of the Vika/vox system and the
proposed recombinase systems in Supplementary Table
S2, we demonstrate the utility of these resources if appro-
priate bioinformatics tools are available. We predict that
many more useful genome engineering tools, including
additional SSRs with unique specificities, will be dis-
covered using similar approaches in the future.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online:

Supplementary  Tables 1-4 and  Supplementary
Figures 1-6.
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