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Figure 4. The PolB HEase of H. volcanii can cleave a target sequence from the human gene PolD1. (a) A PCR is preformed on H. volcanii individual
colonies transformed with a plasmid bearing a vacant PolB allele coding either the native target of the PolB HEase or a homologous sequence from
the human PolD1 gene. The PCR reaction (white arrows denote primers) can amplify either a short product in the absence of homing or a long
product if homing has taken place. (b) Nucleotide and amino acid alignments of the target sequence from the H. volcanii PolB gene and the
homologous human sequence from the PolD1 gene. (¢) Representative results of the PCR assay in cells carrying a plasmid with the human target
sequence. A long PCR product indicates that homing has occurred. (d) The relative homing efficiency of the PolB HEase to the plasmid-borne vacant
homolog carrying either native (archaeal) or human targets, or no target (n = 30). Error bars represent 95% confidence intervals based on Monte

Carlo simulations.

results using the homologous target sequence from the
mouse PRPF8 gene].

Botrytis cinerea is a fungus, as is the budding yeast.
However, the yeast assay can demonstrate the activity of
HEases from diverse phyla. We applied this assay
to cyanobacteria to demonstrate this ability. The
ribonucleotide reductase (RNR) of Nostoc species
PCC7120 encodes an intein with characteristic HEase
motifs. We used the yeast assay to evaluate the Nostoc
HEase activity on its predicted target. In spite of the
large phylogenetic distance between S. cerevisiae and
Nostoc, the cyanobacterial enzyme cleaved its predicted
target in yeast with extremely high efficiency (Figure 5d
and e). We note that cyanobacteria biotechnology is an
exponentially growing field with implications in biofuel
production (49) and bioremediation (50,51). Many
Nostoc strains and species of related cyanobacteria
encode vacant RNR genes, lacking the intein and there-
fore possess an intact HEase target. While the nucleotide
sequences diverge between different species, the transla-
tion is highly conserved (Figure 5d). We found that the

cleavage efficiency of the HEase from Nostoc species
PCC7120 of targets from related species of proven bio-
technological value, such as N. punctiforme (52) and
Synechoccus (49) is as high or higher than its activity on
the endogenous target (Figure 5e). The Nostoc RNR
HEase exemplifies how the HomeBase paradigm could
and should be extended far beyond the scope of gene
therapy alone. Finally, we emphasize that both the
B. cinerea PRP8 HEase and the Nostoc RNR HEase
showed no significant toxicity to the budding yeast
(Supplementary Figure S3) while being nearly as potent
as the I-Scel golden standard (Supplementary Figure S4).
This result demonstrates the exquisite specificity of these
enzymes, because even a single un-repaired DSB is strictly
lethal in S. cerevisiae (53).

DISCUSSION

Attempts to engineer HEases for gene targeting have so
far focused on a small group of enzymes (54), while the
plethora and diversity of native HEases have been
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Figure 5. A yeast assay demonstrating the activity of different HEases on their native targets as well as on targets of therapeutic or biotechnological
uses. (a) The yeast assay for HEase activity [Following Chames et al. (48)]. An HEase target site is inserted between truncated Ura3 repeats and
between truncated Lys2 repeats. Upon HEase cleavage a recombination event reconstitutes the respective metabolic markers. (b and ¢) The B. cinerea
PRP8 HEase can cleave the human PRPFS gene. (b) Nucleotide alignment of the B. cinerea PRP8 HEase-target and the homologous sequence from
the human PRPF8 gene. The asterisk indicates that the adenine (green A) in the human sequence is the last nucleotide of an intron. The cDNA of
human PRPFS has a thymidine at this position (and is part of a tryptophan codon—W). The target used in our assay has adenine to show cleavage
of the genomic sequence. (c) Relative activity of the B. cinerea PRP8 HEase on its native target and on its human target from the PRPF8 gene (log
scale). Relative activity is the ratio between the growth rates of strains with or without the HEase-expressing plasmid. (d and e) The Nostoc RNR
HEase can cleave its predicted target as well as targets in related cyanobacteria of biotechnological use. (d) Nucleotide alignment of the Nostoc
species PCC7120 RNR HEase-target and the homologous sequence from the RNR genes of N. punctiforme and Synechococcus. (¢) Relative activity
of the Nostoc species PCC7120 RNR HEase on its native target and on sequences from the RNR genes of N. punctiforme and Synechococcus (log
scale). Error bars represent 95% confidence intervals based on Monte Carlo simulations. N. punctiforome, Nostoc punctiforome.
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overlooked. Our HomeBase platform lists for the first time
approximately a thousand different HEases alongside
their predicted targets. The computational pipeline de-
veloped here is a set of tailor-made methods for HEase
discovery and characterization that rely on their unique
biological and evolutionary properties: the presence of
vacant homologs, their setting within introns/inteins,
and their predictable tolerance for silent mutations in
their target sequences.

Enzyme engineering can now begin by choosing a
scaffold HEase whose target is most similar to the
sequence at the target locus of choice. We have also
developed methods for preliminary validation of HEase
activity in a eukaryotic setting. Candidate screening in
yeast can help in the detection of degenerated HEases
that are naturally common (13,55,56). Notably, evolution-
ary considerations may sometime only help to approxi-
mate the intricacies of enzyme specificity, as can be
revealed, for example, by yeast surface display (57) or by
cleavage assays with large randomized target libraries (23).
When suboptimal specificity is revealed, the yeast selection
system can be used for directed evolution of selected
HEases (58). However, we have shown here that native
HEases could sometimes themselves be used for the gene
targeting of disease-associated genes and genes of biotech-
nological relevance. HEases possess exquisite specificity
that has evolved through billions of years. The long
target sequences of HEases allow the recognition of
unique sites while considerations of sequence conservation
allow an approximation of the plasticity in target recog-
nition. In particular, for those HEases that reside in
protein-coding genes, we have established that a translated
BLAST could be used to find cleavable targets in the
human and other genomes. Even when an HEase has
more than a single target in a genome of choice, the
off-target effect may be confined and predictable based
on evolutionary considerations. This predictability is
however limited as some tolerance of non-synonymous
substitutions can be expected (21,23).

We believe that the safety concerns regarding the use of
site-specific endonucleases in gene therapy are well
addressed by native HEases. This is all the more true for
a subgroup of HEases whose predicted human targets are
found in homologs of the microbial HEase-hosting gene.
These enzymes are shown to cleave the same locus in
humans and in any animal model of choice (Figure 2c
and d), thus facilitating pre-clinical efficacy and safety
assessments. The Nostoc RNR exemplifies how such
enzymes could also be used in the biotechnology
industry. In this study we focused on members of the
LAGLIADG HEase family, comprising ~80% of all
HEases. Future studies should test the applicability of
our conclusions to all HEases as may be implied by
previous reports (28,29). Finally, the genes for native
HEases are readily available and can be incorporated
in therapeutic and other vectors with relative ease and
low costs compared to the engineered alternative.
We therefore believe that the under-recognized diver-
sity and plasticity of native HEases should become a
valuable tool in the fields of gene therapy and genetic
engineering.

Nucleic Acids Research, 2011, Vol. 39, No. 15 6657

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Prof. Annika Bokor for providing us the
B. cinerea strain B05.10 and Prof. Sammy Boussiba for
providing us with Nostoc (Anabaena) sp. PCC 7120 and
members of the Kupiec, Gophna and Pupko lab for
discussions and encouragement.

FUNDING

The Israel Science Foundation (to M.K.); the
German-Israeli Science Fund (to M.K.); the Israel
Cancer Research Fund (to M.K.); the Israel Science
Foundation (to T.P.); the National Evolutionary
Synthesis  Center (NESCent)  National  Science
Foundation #EF-0905606t (to T.P.); the Binational
Science Foundation (to U.G.); the McDonnell Research
Foundation (to U.G.); fellowship of the Edmond J. Safra
Bioinformatics Program (to E.P.); fellowship of the
Converging Technologies Program of the Israeli Council
for Higher Education (to D.B.). Funding for open access
charge: the Israel Cancer Research Fund.

Conflict of interest statement. None declared.

REFERENCES

1. Cavazzana-Calvo,M., Carlier,F., Le Deist,F., Morillon,E.,
Taupin,P., Gautier,D., Radford-Weiss,I., Caillat-Zucman,S.,
Neven,B., Blanche,S. et al. (2007) Long-term T-cell reconstitution
after hematopoietic stem-cell transplantation in primary
T-cell-immunodeficient patients is associated with myeloid
chimerism and possibly the primary disease phenotype. Blood,
109, 4575-4581.

2. Durai,S., Mani,M., Kandavelou,K., Wu,J., Porteus, M.H. and
Chandrasegaran,S. (2005) Zinc finger nucleases: custom-designed
molecular scissors for genome engineering of plant and
mammalian cells. Nucleic Acids Res., 33, 5978-5990.

3. Perez,E.E., Wang,J., Miller,J.C., Jouvenot,Y., Kim,K.A., Liu,0O.,
Wang,N., Lee,G., Bartsevich,V.V., Lee,Y.L. et al. (2008)
Establishment of HIV-1 resistance in CD4+ T cells by genome
editing using zinc-finger nucleases. Nat. Biotechnol., 26, 808-816.

4. Arnould,S., Perez,C., Cabaniols,J.P., Smith,J., Gouble,A.,
Grizot,S., Epinat,J.C., Duclert,A., Duchateau,P. and Paques.,F.
(2007) Engineered I-Crel derivatives cleaving sequences from the
human XPC gene can induce highly efficient gene correction in
mammalian cells. J. Mol. Biol., 371, 49-65.

5. Grizot,S., Smith,J., Daboussi,F., Prieto,J., Redondo.P.,
Merino,N., Villate,M., Thomas,S., Lemaire,L., Montoya,G. et al.
(2009) Efficient targeting of a SCID gene by an engineered
single-chain homing endonuclease. Nucleic Acids Res., 37,
5405-5419.

6. Shukla,V.K., Doyon,Y., Miller,J.C., DeKelver,R.C., Mochle,E.A.,
Worden,S.E., MitchellJ.C., Arnold,N.L., Gopalan,S., Meng,X.
et al. (2009) Precise genome modification in the crop species Zea
mays using zinc-finger nucleases. Nature, 459, 437-441.

7. Santiago,Y., Chan,E., Liu,P.Q., Orlando,S., Zhang,L.,
Urnov,F.D., Holmes,M.C., Guschin,D., Waite,A., Miller,J.C.
et al. (2008) Targeted gene knockout in mammalian cells by using
engineered zinc-finger nucleases. Proc. Natl Acad. Sci. USA, 105,
5809-5814.

8. Cabaniols,J.P. and Paques,F. (2008) Robust cell line development
using meganucleases. Methods Mol. Biol., 435, 31-45.

1T0Z ‘€2 1SnBNny U0 Juswabeue $'0S [BI00S 10§ 1qI| SSOW Japuaig AISISAIUN AINY |81 Te B10°s[euInolpiojxo Jeu woly papeojumoq


http://nar.oxfordjournals.org/cgi/content/full/gkr242/DC1
http://nar.oxfordjournals.org/

6658

N=J

1

—_

12.

13.

14.

15.

16

17.

18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Nucleic Acids Research, 2011, Vol. 39, No. 15

. Mashimo,T., Takizawa,A., Voigt,B., Yoshimi,K., Hiai,H.,

Kuramoto,T. and Serikawa,T. (2010) Generation of knockout rats
with X-linked severe combined immunodeficiency (X-SCID) using
zinc-finger nucleases. PLoS One, 5, ¢8870.

. Hockemeyer,D., Soldner,F., Beard,C., Gao,Q., Mitalipova,M.,

DeKelver,R.C., Katibah,G.E., Amora,R., Boydston,E.A.,
Zeitler,B. et al. (2009) Efficient targeting of expressed and silent
genes in human ESCs and iPSCs using zinc-finger nucleases. Nat.
Biotechnol., 27, 851-857.

. Cathomen,T. and Schambach,A. (2009) Zinc-finger nucleases meet

iPS cells: zinc positive: tailored genome engineering meets
reprogramming. Gene Ther., 17, 1-3.

Szczepek,M., Brondani,V., Buchel,J., Serrano,L., Segal,D.J. and
Cathomen,T. (2007) Structure-based redesign of the dimerization
interface reduces the toxicity of zinc-finger nucleases. Nat.
Biotechnol., 25, 786-793.

Burt,A. and Koufopanou,V. (2004) Homing endonuclease genes:
the rise and fall and rise again of a selfish element. Curr. Opin.
Genet. Dev., 14, 609-615.

Stoddard,B.L. (2005) Homing endonuclease structure and
function. Q. Rev. Biophys., 38, 49-95.

Mills,K.V. and Perler,F.B. (2005) The mechanism of
intein-mediated protein splicing: variations on a theme. Protein
Pept. Lett., 12, 751-755.

. Mansour,W.Y., Schumacher,S., Rosskopf,R., Rhein,T., Schmidt-

Petersen,F., Gatzemeier,F., Haag,F., Borgmann,K., Willers,H. and
Dahm-Daphi,J. (2008) Hierarchy of nonhomologous end-joining,
single-strand annealing and gene conversion at site-directed DNA
double-strand breaks. Nucleic Acids Res., 36, 4088—4098.
Chen,Z.Y., He,C.Y. and Kay,M.A. (2005) Improved production
and purification of minicircle DNA vector free of plasmid
bacterial sequences and capable of persistent transgene expression
in vivo. Hum. Gene Ther., 16, 126-131.

. Gouble,A., Smith,J., Bruneau,S., Perez,C., Guyot,V.,

Cabaniols,J.P., Leduc,S., Fiette,L., Ave,P., Micheau,B. et al.
(2006) Efficient in toto targeted recombination in mouse liver by
meganuclease-induced double-strand break. J. Gene Med., 8,
616-622.

Cornu,T.I. and Cathomen,T. (2007) Targeted genome
modifications using integrase-deficient lentiviral vectors. Mol.
Ther., 15, 2107-2113.

Smith,J., Grizot,S., Arnould,S., Duclert,A., Epinat,J.C.,
Chames,P., Prieto,J., Redondo,P., Blanco,F.J., Bravo,J. er al.
(2006) A combinatorial approach to create artificial homing
endonucleases cleaving chosen sequences. Nucleic Acids Res., 34,
el49.

Gimble,F.S. and Wang,J. (1996) Substrate recognition and
induced DNA distortion by the PI-Scel endonuclease, an enzyme
generated by protein splicing. J. Mol. Biol., 263, 163-180.
Kurokawa,S., Bessho,Y., Higashijima,K., Shirouzu,M.,
Yokoyama,S., Watanabe,K.I. and Ohama,T. (2005) Adaptation of
intronic homing endonuclease for successful horizontal
transmission. FEBS J., 272, 2487-2496.

Scalley-Kim,M., McConnell-Smith,A. and Stoddard,B.L. (2007)
Coevolution of a homing endonuclease and its host target
sequence. J. Mol. Biol., 372, 1305-1319.

Chevalier,B., TurmelLM., Lemieux,C., Monnat,R.J. Jr and
Stoddard,B.L. (2003) Flexible DNA target site recognition by
divergent homing endonuclease isoschizomers I-Crel and I-Msol.
J. Mol. Biol., 329, 253-269.

Lucas,P., Otis,C., Mercier,J.P., Turmel,M. and Lemieux,C. (2001)
Rapid evolution of the DNA-binding site in LAGLIDADG
homing endonucleases. Nucleic Acids Res., 29, 960-969.
Edgell,D.R. and Shub,D.A. (2001) Related homing endonucleases
I-Bmol and I-Tevl use different strategies to cleave homologous
recognition sites. Proc. Natl Acad. Sci. USA, 98, 7898-7903.
Swithers,K.S., Senejani,A.G., Fournier,G.P. and Gogarten,J.P.
(2009) Conservation of intron and intein insertion sites:
implications for life histories of parasitic genetic elements.

BMC Evol. Biol., 9, 303.

Edgell,D.R., Stanger,M.J. and Belfort,M. (2004) Coincidence of
cleavage sites of intron endonuclease I-Tevl and critical sequences
of the host thymidylate synthase gene. J. Mol. Biol., 343,
1231-1241.

29.

30.

3

—

33.

34.

35.

36.

37.

38.

39.

40.

4

—_

42.

43.

44.

4s.

46.

47.

48.

Brok-Volchanskaya,V.S., Kadyrov,F.A., Sivogrivov,D.E.,
Kolosov,P.M., Sokolov,A.S., Shlyapnikov,M.G., Kryukov,V.M.
and Granovsky,l.E. (2008) Phage T4 SegB protein is a homing
endonuclease required for the preferred inheritance of T4 tRNA
gene region occurring in co-infection with a related phage.
Nucleic Acids Res., 36, 2094-2105.

Sikorski,R.S. and Hieter,P. (1989) A system of shuttle vectors
and yeast host strains designed for efficient manipulation of DNA
in Saccharomyces cerevisiae. Genetics, 122, 19-27.

. Allers,T. and Mevarech,M. (2005) Archaeal genetics - the third

way. Nat. Rev. Genet., 6, 58-73.

. Allers,T., Ngo,H.P., Mevarech,M. and Lloyd,R.G. (2004)

Development of additional selectable markers for the halophilic
archaecon Haloferax volcanii based on the leuB and trpA genes.
Appl. Environ. Microbiol., 70, 943-953.

Naor,A., Lazary,R., BarzelLA., Papke,R.T. and Gophna,U. (2011)
In vivo characterization of the homing endonuclease within the
polB gene in the halophilic archacon haloferax volcanii. PLoS
One, 6, ¢15833.

Tha,H. and Tsurugi,K. (1998) Shuttle-vector system for
Saccharomyces cerevisiae designed to produce
C-terminal-Myc-tagged fusion proteins. Biotechniques, 25,
936-938.

Bokor,A.A., van Kan,J.A. and Poulter,R.T. (2010) Sexual mating
of Botrytis cinerea illustrates PRP8 intein HEG activity. Fungal
Genet. Biol., 47, 392-398.

Lluisma,A.O., Karmacharya,N., Zarka,A., Ben-Dov,E.,
Zaritsky,A. and Boussiba,S. (2001) Suitability of Anabaena
PCC7120 expressing mosquitocidal toxin genes from Bacillus
thuringiensis subsp. israelensis for biotechnological application.
Appl. Microbiol. Biotechnol., 57, 161-166.

Zhou,Y., Lu,C., Wu,Q.J., Wang,Y., Sun,Z.T., Deng,J.C. and
Zhang,Y. (2008) GISSD: Group I intron sequence and structure
database. Nucleic Acids Res., 36, D31-D37.

Perler,F.B. (2002) InBase: the intein database. Nucleic Acids Res.,
30, 383-384.

Yuan,F.L., Li,X., Lu,W.G., Li,C.W., Li,J.P. and Wang,Y. (2010)
The vacuolar ATPase in bone cells: a potential therapeutic target
in osteoporosis. Mol. Biol. Rep., 37, 3561-3566.

Niikura,K., Nakajima,S., Takano,M. and Yamazaki,H. (2007)
FR177995, a novel vacuolar ATPase inhibitor, exerts not

only an inhibitory effect on bone destruction but also anti-
immunoinflammatory effects in adjuvant-induced arthritic rats.
Bone, 40, 8388-894.

. Poulter,R.T., Goodwin,T.J. and Butler,M.I. (2007) The

nuclear-encoded inteins of fungi. Fungal Genet. Biol., 44, 153-179.
Goddard,M.R. and Burt,A. (1999) Recurrent invasion and
extinction of a selfish gene. Proc. Natl Acad. Sci. USA, 96,
13880-13885.

Roberts,R.J., Vincze,T., Posfai,J. and Macelis,D. (2007)
REBASE-enzymes and genes for DNA restriction and
modification. Nucleic Acids Res., 35, D269-D270.

Barzel,A., Naor,A., Privman,E., Kupiec,M. and Gophna,U.
(2011) Homing endonucleases residing within inteins: evolutionary
puzzles awaiting genetic solutions. Biochem. Soc. Trans., 39,
169-173.

Flohr,T., Dai,J.C., Buttner,J., Popanda,O., Hagmuller,E. and
Thielmann,H.W. (1999) Detection of mutations in the DNA
polymerase delta gene of human sporadic colorectal cancers and
colon cancer cell lines. Int. J. Cancer, 80, 919-929.

Prieto,J., Epinat,J.C., Redondo,P., Ramos,E., Padro,D.,
Cedrone,F., Montoya,G., Paques,F. and Blanco,F.J. (2008)
Generation and analysis of mesophilic variants of the
thermostable archaeal I-Dmol homing endonuclease. J. Biol.
Chem., 283, 4364-4374.

Chames,P., Epinat,J.C., Guillier,S., Patin,A., Lacroix,E. and
Paques,F. (2005) In vivo selection of engineered homing
endonucleases using double-strand break induced homologous
recombination. Nucleic Acids Res., 33, el78.
Martinez-Gimeno,M., Gamundi,M.J., Hernan,I., Maseras,M.,
Milla,E., Ayuso,C., Garcia-Sandoval,B., Beneyto,M., Vilela,C.,
Baiget,M. et al. (2003) Mutations in the pre-mRNA
splicing-factor genes PRPF3, PRPFS, and PRPF31 in Spanish

1T0Z ‘€2 1SnBNny U0 Juswabeue $'0S [BI00S 10§ 1qI| SSOW Japuaig AISISAIUN AINY |81 Te B10°s[euInolpiojxo Jeu woly papeojumoq


http://nar.oxfordjournals.org/

49.

50.

SL.

52.

53.

families with autosomal dominant retinitis pigmentosa. Invest.
Ophthalmol. Vis. Sci., 44, 2171-2177.

Atsumi,S., Higashide,W. and Liao,J.C. (2009) Direct
photosynthetic recycling of carbon dioxide to isobutyraldehyde.
Nat. Biotechnol., 27, 1177-1180.

Pandi,M., Shashirekha,V. and Swamy,M. (2009) Bioabsorption of
chromium from retan chrome liquor by cyanobacteria. Microbiol.
Res., 164, 420-428.

Demirel,S., Ustun,B., Aslim,B. and Suludere,Z. (2009) Toxicity
and uptake of iron ions by Synechocystis sp. E35 isolated from

Kucukcekmece Lagoon, Istanbul. J. Hazard Mater., 171, 710-716.

Lindberg,P., Lindblad,P. and Cournac,L. (2004) Gas exchange in
the filamentous cyanobacterium Nostoc punctiforme strain ATCC
29133 and Its hydrogenase-deficient mutant strain NHMS. Appl.
Environ. Microbiol., 70, 2137-2145.

Aylon,Y., Liefshitz,B., Bitan-Banin,G. and Kupiec,M. (2003)
Molecular dissection of mitotic recombination in the yeast
Saccharomyces cerevisiae. Mol. Cell Biol., 23, 1403-1417.

54.

55.

56.

57.

58.

Nucleic Acids Research, 2011, Vol. 39, No. 15 6659

Paques.F. and Duchateau,P. (2007) Meganucleases and DNA
double-strand break-induced recombination: perspectives for gene
therapy. Curr. Gene Ther., 7, 49-66.

Koufopanou,V. and Burt,A. (2005) Degeneration and
domestication of a selfish gene in yeast: molecular evolution
versus site-directed mutagenesis. Mol. Biol. Evol., 22, 1535-1538.
Okuda,Y., Sasaki,D., Nogami,S., Kaneko,Y., Ohya,Y. and
Anraku,Y. (2003) Occurrence, horizontal transfer and
degeneration of VDE intein family in Saccharomycete yeasts.
Yeast, 20, 563-573.

Jarjour,J., West-Foyle,H., Certo,M.T., Hubert,C.G., Doyle,L.,
Getz,M.M., Stoddard,B.L. and Scharenberg,A.M. (2009)
High-resolution profiling of homing endonuclease binding and
catalytic specificity using yeast surface display. Nucleic Acids Res.,
37, 6871-6880.

Chen,Z. and Zhao,H. (2005) A highly sensitive selection method
for directed evolution of homing endonucleases. Nucleic Acids
Res., 33, el54.

1T0Z ‘€2 1SnBNny U0 Juswabeue $'0S [BI00S 10§ 1qI| SSOW Japuaig AISISAIUN AINY |81 Te B10°s[euInolpiojxo Jeu woly papeojumoq


http://nar.oxfordjournals.org/

