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1. PROJECT EXECUTION

The genome sequence programmes have contributegeaamount of information, and opened even
more possibilities. An exhaustive catalogue of gaeenow available for many organisms, but the real
meaning of this information remains to be deciptiefeor example, most identified genes have no
known function. Sometimes, homologies with othegniified genes might give insight into the
function, although this exercise can prove reldiyerilous. In fact, a large amount of experiménta
work will be necessary to address the complexitjunttional genomics, and the classical approaches
might prove vain. Two kinds of large scale appreschave been envisioned so far. On one hand
DNA chips have provided temporal information abting expression of all genes in an organism. On
the other hand, knock-out and RNAI knock-down ekpents provide information on the effect of
loss-of-function of a particular gene. Ideally, om#l like to have other possibilities like modifyg,
adding or subtracting genetic material in a cofgtblmanner and target not only protein-coding
sequences but any kind of DNA sequence like reguatgions, introns etc... The way to achieve
this is through meganuclease-induced recombinatoriechnology that allows for very highly
efficient homologous gene targeting. To work prbpethis approach requires enzymes that can
target and cleave genes at precise locations witleinchromosomes of selected cells. Very specific
endonucleases should be used that ideally wouletanly one nucleotide stretch in a whole genome.
The aim of the MEGATOOL project was to develop agéanumber of new sequence-specific
endonucleases to recognize and target almost asgigd® DNA sequence in any living cell or
organism, as well as to optimize homologous recaoation, to provide scientists with a powerful tool
to do functional genomics. In this programme, w&eh&ocused on rodent genomes, and more
specifically on the mouse genome.

The MEGATOOL consortium is a partnership of acadeamnd industrial units which provide all
the necessary expertise in biochemistry, molecusructural-, cell-, and computational-biology to
achieve its ambitious goal.

In conclusion, in a research area that remaindesigihg and has numerous implications not only
for basic research but for human health, MEGATOQIu8ed at developing new tools, significantly
advancing our knowledge in homologous recombinatieyond current state-of-the-art, and feeding
back immediately its discoveries into the commurgtying it strong leverage with an enabling
breakthrough, in ways that should be scientificalig economically relevant.

Since meganuclease-induced recombination represemtextremely powerful tool for gene
alteration, we focused on the generation of fondgiof results:

(1) A large collection of novel meganucleases. Thi¢ectibn of novel proteins should greatly
enhance the repertoire of natural meganucleasdgshas, allow for the targeting of a large numbter o
genes in organisms whose genome has been sequetittea strong focus on rodent genomes.

(i) The means to exponentially increase this collecfidre collection of novel meganucleases
should provide a unique database of characterizdd Dinders. Structural and statistical studies
should reveal the laws governing these interacti@msl these data could in turn be used in a
predictive way, for the design of novel meganuasas

(i)  The methods, procedures and quality standards ke thase meganucleases widely usable
as research tools.

(iv) A refined method to use these meganucleases is. ddie focus as on mouse cells for
functional genomics, providing a direct validation.

During the 36 month of the project major progreas been made towards achieving its ambitious
goals:
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3D-structural information for two I-Crel based heimeric meganucleases and for I-
Dmol in complex with their respective DNA targetsash been obtained by
crystallography and provides a rational basis andkevelopment of gene replacement
tools.

FOLD-X, a computer algorithm for the structure-lmhgeediction of the stability of
proteins and protein complexes has been improvedht® quantitative prediction of
protein-nucleic acid interactions.

New locally altered I-Crel derivates has been gateel, thus the theoretical targetable
DNA sequences has been expanded and the combahatte of success increased.
I-Crel based meganucleases have been improved blislahg the unwanted
homodimers subspecies formation.

New engineered meganucleases derived from the dlcinrlenoCre meganuclease
have been produced.

Highly specific engineered Meganucleases have hg@educed against targets in
ROSA26 and GLUTAMATE SYNTHETASE (GS), Hypoxanthinbosyl transferase
(HPRT) mouse genes.

Using a new approach, new meganucleases targetingw6 mouse genes (figure
below) could be produced in few months.

Extrachromosomal assay (CHO-K1)
I-Scel

— mParpl
— mCD40
—— mSfb1l
mMrps1
— mSmarl
mElaC1

Arbitrary unit

0 5 10 15 20 25 30 Nng

Figure : Cleavage activity in mammalian cells of tB meganucleases targeting mouse genes. Activitidsddferent
meganucleases were tested inour SSA extra-chromosigmassay in CHO-K1 cells. genes targeted by the
meganucleases are indicated.

New methods standard procedures were developedmiton meganucleases activity
at the endogenous locus.

Tools to monitor the potential toxicity of the engered meganucleases were
developed to ensure the safety of the meganucleasdacted

Meganuclease targeting the HPRT gene was sucdgssfsid in gene targeting

experiments. Expression of the gene inserted inrHiART locus appears to be stable
over time.
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Figure: targeted insertion at the HPRT locus allowsstable expression The LacZ gene wasinserted in thHéPRT
locus by targeted insertion and ernzymatic activiges were quantified at each cell passage. Cells wendtured with
or without selection pressure.

* The meganuclease targeting the HPRT gene is nowopar product commercialized
by CELLECTIS SA.

== Figure: Meganucleases can be engineered to chandmeit recognition
; - site sequence. This breakthrough in protein enginemg alleviates the
need to pre-engineer cell lines with a natural megaiclease
recognition site. Engineered meganucleases achievéargeted
integration on “wild type” cell lines.

» targeted gene integration in your lab’s cell line
e guaranteed gene expression

e sustained protein production

» clone homogeneity

» fast & effortless

N ew w038 CHO-K1 SYSTEM cGPS® and cGPS$Custom are the unique ways to stably express a

protein from your cell line!

* The tremendous amount of knowledge produced duhisgproject are protected by 5
patents

e 11articles have been published in international jgakibn journal

Crystallization and preliminary X-ray diffraction a nalysis on the homing endonuclease I-Dmo-I
in complex with its DNA target.

P. Redondo, J. Prieto, E.Ramos, F. Blanco & G. elya{(2007) Acta Cryst F Struct. Biol. 63(Pt
12):1017-20.

Generation and analysis of mesophilic variants dhe thermostable I-Dmol homing
endonuclease

J. Prieto, J-C Epinat, P. Redondo, E. Ramos, DxéP&dG. Montoya, F. Paques and F. Blanco. J.
Biol. Chem. (2008) Feb 15;283(7):4364-74.
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Computer design of obligate heterodimer meganucleas allows efficient cutting of custom DNA
sequences.

Fajardo-Sanchez E, Stricher F, Paques F, Isala®ekano L.

Nucleic Acids Res. 2008 Apr;36(7):2163-73.

Molecular basis of recognition and cleavage of theuman Xeroderma pigmentosum group C
gene by engineered homing endonuclease heterodimers

P. Redondo , J. Prieto, I. Mufioz , A. Alibés Skichter , L. Serrano, S. Arnould , C. Perez , J.P
Cabaniols , P. Duchateau, F. Paques , F. Blanco Mdatoya. (2008) Nature Nov 6;456(7218):107-
11

Crystal structure of I-Dmol in complex with its tar get DNA provides new insights into
meganuclease engineering.

P. Redondo, M. Marcaida, J. Prieto, E. Ramos, oG P. Duchateau, F. Paques, F. Blanco & G.
Montoya (2008) Proc Natl Acad Sci U S A. 2008 Noi0%5(44):16888-93.

Efficient targeting of a SCID gene by an engineeredingle-chain homing endonucleasésrizot S,
Smith J, Daboussi F, Prieto J, Redondo P, Meringilgte M, Thomas S, Lemaire L, Montoya G,
Blanco FJ, Paques F, Duchateau P. Nucleic Acids &9 Sep;37(16):5405-19

Generation of redesigned homing endonucleases conging DNA-binding domains derived
from two different scaffolds

Sylvestre Grizot, Jean-Charles Epinat, Séverinemid®) Sandra Rolland, Frédéric Paques, Philippe
Duchateau. Nucleic Acids Res. 2009 (accepted fbligation)

Structure-based DNA binding prediction and designAlibés, A., Serrano, L., Nadra, A.D. Zinc
Finger Proteins: Methods and Protocols. HumanasPEs. Joel Mackay and David Sedalpress

Structure-based prediction of Protein-DNA binding pecificities Alibés, A., Nadra, A.D., De Masi,
F., Bulyk, M.L., Stricher, F., Serrano, LSubmitted

Homing endonucleases: from basics to therapeutic gpcations (2009) Maria J. Marcaida, Ines G.
Mufioz Francisco J. Blanco * Jesus Prieto Guilkeiontoya. Cellular and Molecular Life Sciences
In press

Molecular basis of SCID DNA recognition by engineexd heterodimers and single chain
meganucleaseq2009) Ines G. Muioz, S. Subramanian, J. ColonekaNe Merino, Maider Villate
Frédéric Paques, sylvestre Grizot, Philippe Duchatérancisco J. Blanco, Jesus Prieto, Guillermo
Montoya. Submitted.

Project objectives and major achievements

The specific objectives of the project are:

A) To combine state-of-the-art technologies in hemistry, 3D structure analysis and modeling, and
protein engineering in order to develop target-spemeganucleases.

B) To explore the development of meganuclease®thos suitable for genome engineering in mouse

cells.
Contract no. 037226 (STREP) 5
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Our major achievements are:

A) Improvement of a technology platform to provi@dglor-made meganucleases for the purpose of
precise “genome surgery”

B) Crystallization and structure resolution of seweneganucleases in complex with their cognate
target

C) Improvement of the computer algorithm FOLD-X fguantitative prediction of protein-DNA
interactions.

D) Implementation of the MEGATOOLBASE

E) Production of custom-made meganucleases taggetine ROSA26, GLUTAMATE
SYNTHETASE (GS), Hamster's Hypoxanthine ribosyhsterase (HPRT) mouse genes.

F) Establishment of standard procedure for genamgyeneering

G) Commercialization of the first meganucleaseedagenome engineering tools

Workpackage 1 structure determination
Lead Partner: CNIO (Guillermo Montoya)
Partner: CRG

People involved Jesus Prieto

Pilar Redondo
Francisco Blanco
Guillermo Montoya
Inés Mufioz

Maria Marcaida

Workpackage objectives and starting point of work & beginning of reporting period

The project started with the production of crystaighe variants that targeted mutations on
XPC and SCID. During these 3 years we obtainectixstals, data were collected and the structures
solved and refined. At the moment we are finishingvrite some articles about the new variants
V2V3 directed against the RAG target generated &eClis

Workpackage progress

In this period we have succeeded to isolate arstaltize some of heterodimeric
meganucleases based on the I-Crel scaffold. We ¢iategned crystals of the Amel3-4 and Ini3.-4
derivatives in complex with the Xeroderma pigmentogroup C target DNA (Figure 1.1). The
crystals contain cleaved and bound DNA becausehbeg been grown in the presence of Mand
Ccd" respectively.

Contract no. 037226 (STREP) 6
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Figure 1.1- Crystal structures of the Ini3-4 heterodimenf&te models of the Ini3-4 structure; the differem@nomers
are shown in blue (Amel4 and Ini4) and orange (Aaid Ini3). The DNA is colored according to theding regions of
each monomer (violet for Amel4 and Ini4, greenAonel3 and Ini3, and red for the region correspogdmthe cohesive
ends of the DNA after cleavage). Mutations are nedpgn the protein surface in yellow and blue fonomers 3 and 4,
respectively. 2Fo-Fc omit maps, with a contour l@fel.25 | of the Md*-bound Ini3-4 structure in the region of the
Q38R and the R70S mutations. Superimposition@htterodimer structures with I-Crel (green), simythe local
differences produced by the mutations in the DNAdbig area. WT structures correspond to pdb enttigdy and 1g9z).

We have also solve the structure of heterodimear@ants in complex with the DNA of their
RAG gene target (Figl.2). Mutations on the RAG ggererate the disease called severe combined
immunodeficiency (SCID). In addition we have retgsblved the structure of the single chain
variants that target the DNA sequence of the RAGede its locus in presence of Mg 2+ and Ca2+ to
deepen our understanding on the molecular basigee€ variants (Figl.3).

Contract no. 037226 (STREP) 7
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Figure 1.2.-Crystal structure of the V2V3 heterodimAr. Surface model of the V2V3 structure in complewvRAG1
DNA. Mutations are mapped on the protein surfaceagenta and yellow for each monomBr.Detail of the I77R and
Q44A mutations involved in protein DNA interactioc@mpared to I-CrelC. Detailed view of the G19S mutation in the
V2K7E(G19S) / V3EBK heterodimeric protein. The RABNA target is depicted below with the 5SNNN andNININ
base regions in bold (stand B correspond to thengaostrand)

Contract no. 037226 (STREP)
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Figure 1.3.-Crystal structure of the single chain engineeredanuclease the loop that joins the heterodirsafepicted

with a line of magenta points

Furthermore we have solved the structure of a negamuclease (I-Dmol) in complex with its

target DNA (see figure 1.4). The enzyme has beared with the bound and cleaved target and

suggesting the possibility of a sequential DNA eégge mechanism.

Contract no. 037226 (STREP)
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Figure 1.4.-Crystal structure of I-Dmol in complex with itgga@t DNA.a) The protein moiety is colored
according to its secondary structurelfelices in bluel -strands in orange and loops in grey), the comjslex
shown in two different orientations. The calcium is shown as a red sphere. Whereas domain A osrttao
loops that contact the DNA (L1a and L2a), the denfabnly has one loop (L2b) engaged in contacth thie
nucleic acid. L2a and L2b are primarily associatétl the central bases of the target site, anditla
associated with bases outside that region —refig¢he asymmetry of the target recognition by I-Driide
crystallization oligonucleotide construct is sholalowb). Throughout the text the individual bases are rthme
with a subindex strandA (coding strand) or straii@h-coding strand) indicating the DNA strand whibey
are located. The protein-DNA contacts are showénscheme. The cleavage sites are indicated bythe
phosphates and each cleavage product is colotddendomain A) and orange (domain B) accordinth&o
protein domain that binds. Contacts colored in lalne red are associated with polar contacts andlean
Waals interactions respectively. Blue dots represater molecules involved in the interaction. Amacids
depicted on a yellow or violet background repregseractions with the bases or the DNA skeletdroge or
phosphates) respectively.

Deviations from the project workprogram
none

Status of Deliverables and Milestones

Status of the deliverables for the period and fasetor the other deliverables of the WP.
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Del. no. DeliverableOriginal Revised Status (***) | Nature
name delivery delivery
dates (**) dates (**)
D1.1 Expression & Month 12 Month 12 finished R
purification
D1.2 Biophysical Month 12 Month 12 finished R
characterization
D1.3 Enzyme-DNA Month 24 Month 24 finished R
characterization
D1.4 Crystal structure|  Month 36 Month 36 finished R

Status of the milestones for the period and fortdfcashe other milestones of the WP.

Milest. Description Original target Revised targe|Status
no. date (**) date (**) (***)
M1.1 |Purification & biophysical Month12 Month12 finished
characterization
M1.2 |EnzymebNA characterizatio. Month24 Month24 finished
method
M1.3 |Protein coordinates Month36 Month36 Finished

(**) Dates are expressed in project month (1 t9.36
(***) Status = Not started — In process — Finished
R=report, P= prototype, D= demonstrator, O= Other

Publications

Crystallization and preliminary X-ray diffractiomalysis on the homing endonuclease I-Dmo-I in
complex with its DNA target. P. Redondo, J. Priédramos, F. Blanco & G. Montoya007)Acta
Cryst F Struct. Biol. 63(Pt 12):1017-20. Epub 2007 Nov 21.

Generation and analysis of mesophilic varianthefthermostable I-Dmol homing endonuclease. J.
Prieto, J-C Epinat, P. Redondo, E. Ramos, D. Pa&d®. Montoya, F. Paques and F. BlandoBiol.
Chem. (2008) Feb 15;283(7):4364-74. Epub 2007 Nov 12

Molecular basis of recognition and cleavage oftthman Xeroderma pigmentosum group C gene by
engineered homing endonuclease heterodimers. Bnded J. Prieto , . Mufioz , A. Alibés , F.
Strichter , L. Serrano, S. Arnould , C. Perez , C&baniols , P. Duchateau, F. Paques , F. Blanco &
G. Montoya (2008) Nature Nov 6;456(7218):107-11.

Crystal structure of the homing endonuclease I-Dimocomplex with DNA reveals the target

cleavage and recognition mechanisms. P. RedondWdytaida, J. Prieto, E. Ramos, S. Arnould, F.
Paques, F. Blanco & G. Montoya (200®&)pc Natl Acad Sci U S ANov 4;105(44):16888-93
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Efficient targeting of a SCID gene by an engineasiedle-chain homing endonuclease (2009)
Sylvestre Grizot, Julianne Smith, Fayza Dabougsiyis Prieto, Pilar Redondo, Nekane Merino,
Maider Villate, Séverine Thomas, Laetitia LemaliBeiillermo Montoya, Francisco J. Blanco,
Frédéric Paques and Philippe Duchat&tucleic Acids Res37, 5405-54109.

Homing endonucleases: from basics to therapeugiicapions (2009) Maria J. Marcaida, Ines G.
Mufioz Francisco J. Blanco * Jesus Prieto Guilkeiontoya.Cellular and Molecular Life
Sciencedn press

Molecular basis of SCID DNA recognition by engiregtheterodimers and single chain
meganucleases. (2009) Ines G. Mufioz, S. Subramahi@oloma. Nekane Merino, Maider Villate
Frédéric Paques and Philippe Duchateau Francidladco, Jesus Prieto, Guillermo Montoya.
Submitted.

Workpackage 2: Design of new specificities

Lead Partner: CRG (Luis Serrano)
People involved Luis Serrano
Alejandro Nadra
Andreu Alibés
Francois Stricher
Michela Bertero (Management)

Workpackage objectives and starting point of work & beqginning of reporting period

The workpackage objectives are: a) the improvenoénEoldX software (software developed by
Partner3) in order to make it a tool that reliaptgdicts quantitative data on protein-DNA bindiby;
generation of libraries of meganucleases so any BiE@uence can be targeted ; andncyitro
validation of some of thim silico predictions.

Progress towards objectives

New FoldX version

To improve the integration of DNA inside FoldX, Ber 3 first changed the partial charges of all
atoms forming the bases aromatic ring to homogetiize electrostatic field and prevent extra
interactions on the edges. At the same time, VaMdaals clashes were increased for heavy atoms of
equivalent partial charges to mimic dipole-dipaeulsion (which is normally not taken into account
on FoldX). To be able to correctly assign to eathAlbase its pairing partner, all inter-chain cotgac
of DNA strands were analyzed in all high resolutstructures (less than 2.1 A) from the PDB
database. This gave a set of parameters defingajsety the geometry of pairing bases, independent
of the global “backbone” conformation of the strand

DNA mutation is a combinatorial problem involvingha dihedral angles moves and several angles
distortion per base. To simplify, and as FoldX does enable backbone movement yet, Partner 3
decided to take into account only one dihedral @ragld one angle distortion, defining the base
position. In order to achieve this, we first supgyose the new base on the old one and we then move
it slightly around, based on constraints derivemrfrthe whole pdb analysis previously done. Each

Contract no. 037226 (STREP) 12
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one of this movement is made in combination witle thairing base and we iteratively move
neighboring bases and residues to adapt to theeneinonment.

A test set of 99 protein mutants binding DNA wereated (including 46 conservative mutations)
taken from the ProNIT database. For each of thagants, the changes in affinity for the nucleidaci
were experimentally determined and the comparisith the FoldX predictions is shown in Figure
2.1.

Conservative + non-conservative mutations

ddG FoldX

ddG exn

Conservative mutations

ddG FoldX

ddG exp
Figure 2.1 FoldX vs experimental data, validation set.

Meganucleases' libraries

We have created mutant libraries for I-Dmol (basadthe crystal structure solved by the CNIO
group) and E-Drel (based on the structure with pellOW). For each of the two meganucleases, and
using the last version of FoldX, we have searcloedhose that could interact specifically with DNA
bases. We have followed two methods for creatiedititaries. The first one is simply mutating each
of those residues to all other amino acids and awenthis with each of the 64 possibilities of the
neighboring DNA triplet. The second method was dogefirst mutating all residues around the
residue contacting DNA to Alanine, to give moreefiiem to the mutants, and then proceeded the
same way as the first method.

The results are a series of matrices describingffieet (in difference of interaction energy versus

the WT structure) for each mutation and each DNpldt. A graphical example is shown in Figure
2.2.

Contract no. 037226 (STREP) 13
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GA74-matrix.out

Figure 2.1: Matrix graphically describing the changes in iatgion energy in E-Drel due tautations in the residue G74.

Improvement of DmoCre

In order to improve the stability of DmoCre repadrtey Cellectis, Partner 3 analyzed its structure
by mean of FoldX. Starting with E-Drel (PDB:1MOW)rystal structure as template, the
corresponding residues were mutated to constreddthoCre protein. Each residue was then mutated
to the remaining 19, excluding those participaiimghe active site or located at the DNA interface.
As a result, Partner 3 proposes fourteen mutaiG®N, 110V, W19E, L47W, F51Y, I52M, R55H
,I98F ,R105M ,A108S ,1113L ,E158K ,N193M and F194that should improve dimer interface up to
~7 kcal / mol (compared to E-Drel) without affecfithe folding stability significantly. We should
keep in mind that maximizing the interaction eneigyot necessarily good for the activity. The list
of mutations for the engineered DmoCre has beehteedellectis for experimental characterization
and show a good cleavage activity. An experimewddidation of the increase in stability is under
way.

Specificity of I-Crel and their mutants

In collaboration with the group of Dr. Montoya a@ellectis we have analyzed the specificity of I-
Crel and the two mutants solved by the CNIO grdoi8{4 and Amel3-4) as shown in Figure 2.3. A
structural characterization of the differences leetwthe three structures has been done. Thissamaly
is part of a join paper by the three institutioRedondo et al., 2008).

An in silico analysis with FoldX of the sequencristure relationship of the DNA from I-Crel,
Ini3-4/XPC and Amel3-4/XPC structures in the abgeotthe protein moieties have been performed
by modeling the WT sequence onto the XPC strucamc vice versa. The calculated differences in

Contract no. 037226 (STREP) 14
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overall energy showed that the WT sequence is etieadly more compatible with the XPC DNA
structure than the XPC sequence with the WT DNAicsirre. These results suggest that some
sequences may force the DNA to adopt a conformatimergetically unfavorable for binding to a
given I-Crel structure corresponding to another Disigyet.

These results suggest that the use of computestedgrotein design to generate meganucleases
with customized specificity for very different DNgequences would require the support of different
protein-DNA structures to manage the conformatialnagrsity of protein and DNA.

. WT
15 -
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Figure2.2 Specificity logos for the WT and the two proposedtants.
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DNA position 11 in I-Crel

Libraries constructed by Cellectis appear to regpyrimidines at position eleven. With the aim of
designing mutants more permissive at this positae, evaluated mutations for four different
scaffolds (Wt, Ini3, Ini4, Amel3 and Amel4). By natiing one or two residues we were able to target
any base at position 11 for all the templates witbrgies ranging from -4.2 to 0.3 kcal / mol, being
most of them favorable. Amel4 scaffold seems tdhieebest one for allowing any of the bases at this
position since single mutants for serine 32 gawergias around -3 kcal / mol for any of the bases,
having a lot of fabourable variants for tuning disgnation. In WT, Ini4 and Amel4 one residue
appears to be responsible for the discriminatigroattion 11: Y33. When mutated to Serine (Ini3 and
Amel3) it allows and prefers a T. Mutations prefegra base at position 11 appear to be only sightl
affected by the identity of base 10, except vasdat. Y33 which makes specific contacts with that
base.

Mutation landscape of existing I-Crel structures

20 I-Crel mutants were provided by Cellectis togetwith the DNA sequence they are known to
bind. As a test to know how much can be achievel thie available structures of I-Crel and a protein
design algorithm, we have modeled these 20 complesing the wild type, amel3-4, ini3-4 and
RAG1 structures. We considered that binding waglipred when the interaction energy for the
mutated structure was within 2 kcal/mol of the ratdion energy of the original crystal structurel an
no single residue had large intraclashes (largar thkcal/mol). We found that their binding couks b
predicted for 9 out of the 20 sequences.

The reason why we fail to predict binding for tlemaining 11 complexes is that we find with
FoldX an important loss of interaction energy afsb @hat large intraclashes are predicted that make
the resulting structure not reliable for prediction

These results suggests that more structures adecd@® order to use protein design tools to predict
binding to new sequences with a high success rats@me of these mutants are now being solved by
the CNIO partner.

Using thel-Crel scaffold to design mutants for spatic DNA sequences

Cellectis provided 3 different DNA sequences folickhwe tried to design the best I-Crel variants
with the three structures available at that tinme: Wwild type one, amel3-4 and ini3-4. Our protocol
includes the following steps:

e Find in the template residues that could be grougmethey interact with neighboring
bases. Six spots were defined (Figure 2.4), mad2 of 3 residues, only in one of the
monomers, as the binding sequences are palindromic.

e Mutate the interacting residues to Alanine

e Mutate the DNA seq in the crystal to the chosen DNA

e Do an exhaustive library for each of the 6 spotgatTmeans 2%)(400) or 28 (8,000)
were generated

e Sorting the results for each spot according tintisraction energyAAG), we selected
the first candidate taking for each spot the bexstdy predicted

e That candidate was then optimized by choosing vesidhat could improve specificity,
wherever it was appropriate.
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Figure2.3: Mutated residues in orange

The designed I-Crel variants were sent to Celleatid failed to cleave the DNA for which they
were designed. Testing is underway to see if thay s predicted. Also, Cellectis is performing
random mutagenesis on them to see if they findsecvariant that might cleave.
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D2.1 New FoldX version Month 12 Finished RP
First list of mutants

D2.2 with Predicted] Month 12 |[Month 18 Finished RP
specificity
First In vitro -

D2.3 validation Month 24 Finished RP
Second list of

D2.4 mutants with|  Month 24 Finished RP
Predicted specificity

D2.5 second - In - Vilrol - naonih 36 Finished RP

) validation

First structurally- -

D2.6 constrained library Month 12 Month 18 Finished RP
Second structurally- .

D2.7 constrained library Month 24 Finished RP

Status of the milestones for the period and forecast for the other milestones of the WP.

Milest. Description Original target Revised target |Status
no. date (**) date (**) (***)
M2.1 [List of designed| Month 12 Month 18 Finished
meganucleases
M2.2 |Experimental analysis Month 24 Finished

Workpackage 3:

Lead Partner:
People involved

screening of meganuclease libraries

CELLECTIS (Fréderic Pagues)

Jean Charles Epinat, Anne-Sophie Petit, MarigéAarrico, Virginie
Gerbault, Diane Leclerre, Catherine Mikoniog &bemie Pinard
participated to the High throughput screenmgeast and CHO
(CELLECTIS).

The protein engineering study was conducted®b¥ippe Duchateau,
Sylvain Arnould, and Sylvestre Grizot (CELLEG]I

Workpackage objectives and starting point of work & beginning of reporting period

The aim of workpackage 3 is: (i) to create novepareicleases to enrich the collection of I-Crel
derivatives in order (ii) to increase the rate wéeess of the combinatorial approach used to genera
artificial meganucleases. Also, we will apply tfene methodology to 3 other scaffolds. At the kick-
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off meeting held on Novembel’@006, the partners decided to put the emphasssafiolds I-Msol,
I-Scel and DmoCre (Figure 3.1).

Drel (similar to DmoCre)

Figure 3.1: 3D-structure of the 3 chosen meganucleases (gre&A-binding domains)

Progress towards objectives

A/ 1-Msol

I-Msol is an I-Crel isoschizomer, therefore theirentollection of I-Crel targets owned by
Cellectis can be used. We have analysed the 3tstauof the protein and we were able to define 2
sub-domains interacting with distinct sequencehetarget (Figure 3.2).

I-Msol

Qi
< R72==D¥1
D34 —o o —543
O Il
CAGAACG'II‘CGTGA'GACAGTTCC
GTCTTGCA\(I?I:-CACTCTGTCAAGG

Al
R77

/RT"Z’

c O DLL e Clivage site

Figure 3.2 DNA targets and proteins sub-domains of megamselg I-Msol

The cleavage profile of I-Msol was first determinead the 64 10NNN_P and 64 5NNN_P
palindromic targets derived from the I-Crel C123adget. The I-Msol protein is able to cleave 20 out
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of the 64 10NNN_P targets (Figure 3.3) while onheaarget (5GTC) is cleaved amount the 64
SNNN DNA sequences.

On one hand, a first set of libraries mutated aitpms 32, 41, or 32, 43 were generated and
screened in yeast against the 10NNN_P targets. p@4@ive clones able to cleave at least one
10NNN_P target were isolated, resulting, after seging, in 96 unique meganucleases. Altogether
the I-Msol derivate proteins are able to cleave@of the 64 10NNN_P targets (Figure 10A).

On other hand, two other libraries mutated at posst75, 77 or 47, 72, 75 were generated and
screened in yeast against the SNNN_P targets. Mo autter could be identified with the library
concerning the 5SNNN targets. A close examinatiothefl-Msol structure revealed the presence of 2
aspartates at positions 77 and 81 that would habe imutated in order to decrease energetic tension
caused by the replacement of the basic residuesaRIR75 in the library that satisfy the hydrogen-
acceptor potential of the buried D77 and D81 inltMsol structure.

A/ B/

GG%EE% GG;I; GG% Aﬁ-gAG%- AGI AG{I: GG(|3 GGAl GGT G_G(I) AG(IE AGAI AG'_[.AGC
GA? GA'% GAI GA? AA? AA% AAT. ARG GA(i? GAA1 GAT GA(; AA? AA% AAT AAC

GTG GT4, GT] GTC ATG ATA ATT ATC  ~rn GTA GTT GTC ATG ATA ATT ATC

QOGS GOT Sy ACGACAACT ACC. nna GCA GCT GCC ACG ACA ACT ACC

TGG TG4 TGT TGC BEARCER CGL C6€ 166 Tea TCT TGCCGT cGe
TAG TAA TAT TAG CAG CAA CAT CAC
TTG TTA TTT TTC CTG CTA CTT CTC

TAG TAA TAT TAC CAG CA% CAT CAC

'I'I'q TTA TIT TTC CTG CTA CTT CTC

TCG TCA TCT TCC CCG CCQ CCT C€G  r1oq TCA TCT TCC £CG CCA CCT CCC

Figure 3.3 hitmap against the 64 10NNN_P targets. A, Mliiidrdry; B, I-Msol profiling. The number below each
cleaved target is the number of I-Msol mutants wlifferent sequences cleaving this target. For ¢aidet, the grey level
is proportional to the mean of cleavage

So far, the homing endonuclease I-Msol is still aotive in CHO-K1 cells. Therefore, in
parallel to the precedent study and in order teegele a molecule with high activity in CHO cellss w
have performed a random mutagenesis on the molendescreen the library for endonuclease
activity in vivo in CHO cells against the C1221get. This first experiment allowed us to identifyeo
mutant with weak cleavage activity.

In order to achieve high cleavage activity withstlscaffold, a second run of random
mutagenesis is now in progress. However, it didyneld to an I-Msol mutant active in CHO cells.
For that reason, the I-Msol scaffold was definiyvput on stand-by during the end of the present
program.

B/I-Scel

We have analysed the 3D-structure of the mononpotein I-Scel and we have defined 2
potentially independent sub-domains of the protetaracting with distinct sequences of the target
(Figure 3.4). The respective 64 and 16 degenemtgets have been designed and cloned in the
appropriate vector.
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I-Scel

Nis2
K193

ACGCTAGG\G&LTAA'CAGGGTAATAC
TGCGATICICWCeTIATTGTCCCATTATG
L
O NL92
w140 Y151

Figure 3.4 DNA targets and proteins sub-domains of megaaselg I-Scel

Two sets of degenerated targets concerning theigusi7Z/NN and 4NNN were cloned in the
appropriate vector for yeast screening.
A first library mutated at positions 150 and 158 dot give any new cutter when screened against the
16 degenerate 7NN I-Scel targets. As a consequenesv library, regarding positions 150, 151, and
152 has been constructed but not tested yet.

An [-Scel library mutated at positions 193 and 133 been generated and has been screened
in yeast against the 64 4NNN_P targets. No neveuttould be identified.

The disappointed results obtained with the I-Scaffsld prompted us to lower the priority on this
scaffold and put the emphasis on the DmoCre ancel-§taffolds and to begin a study on a brand
new scaffold: the I-Chul protein.

C/I-Chul

[-Chul is a brand new scaffold. The protein isaflaft®m C. humicolais a single chain homing
endonuclease with two LAGLIDADG elements like I-Etsat cleaves the following DNA sequence:
5-GGTTTGGCACCTCGATGTCGGCTCA-3'. Before undertakirapy protein engineering study,
we would like to solve the structure of the prot@ncomplex with its DNA target in order to
determine the protein-DNA interaction map. Howewengn we first checked the protein for activity
using a yeast screening assay, we found the protaotive. We performed therefore an optimization
step by random mutagenesis that allowed us totesdile positive clones that all carry at least the
Q142R mutation (Figure 3.5). As none of the posgidisplayed a strong cleavage activity, a second
optimization step was done taking the I-Chul Q142&ant as template that yielded several mutants
with a strong cleavage activity in yeast. Threeh®m were subcloned in a mammalian expression
vector and probed for activity using an extrachreamal SSA assay in CHO cells. Figure 3.5 shows
that they are active even not reaching the I|-Scotivity level. These three mutants have been
transferred to Partner 1 for expression assays.
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Figure 3.5Scheme of the activity optimization process fa& HChul protein

D/DmoCre
DmoCre is a hybrid protein for which the N-termi@main of I-Dmol has been fused to one
I-Crel monomer. The resulting protein cleaves tharid D2-C1 hybrid target (figure 3.6).

(a)

S15-10 -9 -8 -7 <€ -5 -4 -2 -3 -1 WL -2 43 4% 45 46 7 43 4] +10 11

ICrel (C1C1) claaalacleTcls T%AClGA cleTTT Tl
I-Dmol(D2D1) CGCCGGAACTTACCCGGCAAGG G

D2-C1 ‘_CGCCGGAACTT._ACGACGTTTTG

Figure 3.6 (a) Representation of DmoCre with the N-termidamain of I-Dmol (cyan) is fused to one I-Crel morey
(brown). (b) The 22bp DNA targets for the I-CrelDinol and DmoCre proteins are depicted. The I-Q@&NNN and
5NNN regions are boxed.

We analysed the I-Dmol part of the artificial DmeQurotein. Based on the published 3D-
structure of E-Drel (similar to DmoCre), we haventified 3 sub-domains of the protein interacting
with the DNA target (figure 3.7).
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DmoCre
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Figure 3.7 DNA targets and proteins sub-domains of megaasele DmoCre

Recently, partner 1 was able to resolve the 30csira of the homing endonuclease I-Dmol bound to
its cognate DNA target. This structure revealed ghetein domains interacting with the DNA. It
appears that these domains of interaction werdivela conserved in the “Dmo part” of the Hybrid
molecule DmoCre, and are in agreement with the 2dbhkhding domains previously identified based
on E-Drel structure (a similar hybrid molecule).

D1/Generation of DmoCre mutant libraries

The cleavage profile of DmoCre was determined en6éh D(10NNN)-C1, D(7NNN)-C1 and
D(4NNN)-C1 targets derived from the D2C1 targete moCre protein is able to cleave 16 out of
the 64 D(10NNN)-C1 targets, 10 D(7NNN)-C1 targetd anly 6 D(4NNN)-C1 (Figure 3.8).

D2 C1

+1 +2 43 +4 +5 +6 +7 +B 40 +10 +11

ACGACGTTTTG

-1 -10 -% -8 -7 -6 -5 -4 -3 -2 -1

CGCClGGAACTT

D(10NNN)-C1

GGG GGA GGT GGC AGG AGA AGT AGC
GAG GAA GAT AAG AAA AAT AAC
4TG GTA GTT GTC ATG ATA ATT ATC
s A < Y - I
TGG TGA TGT TGC CGG CGA CGT CGC

TAG TAA TAT TAC CAG CAA CAT CAC

TTG TTA TIC CTG CTA CTT CTC

TCG TCA TCT CCG CCA CCT

D(7NNN)-C1

D(4NNN)-C1

GGG GGA GGT GGC leld AGA m. AGC
GAG VBN GAC AAG LTTE AAT AAC
GTG GTA GTT GTC ATG ATA ATT ATC
GCG GCA GCT GCC ACG ACA ACT ACC
TGG TGA TGT TGC CGG CGA CGT CGC

TAG TAA TAT TAC CAG CAA CAT CAC

TTG TTA TTC C€TG CTA CTT CTC

TCG TCA TCT TCC CCG CCA CCT CCC

GGG GGA GGT GGC AGG AGA AGT AGC|
GAG GAA GAT GAC AAG AAA AAT AAC
GTG GTA GTT GTC ATG ATA ATC|
GCG GCA GCT GCC ACA

TGG TGA TGT TGC GGG CGA CGT GGG
TAG TAA TAT TAC CAG CAA CAT CAC|

TG TTA TTC CTG CTA C CTC

TCG TCA TE€T TCC CCG CCA CCT CCC

Figure 3.8 Cleavage profile of DmoCre against the three gsoaf degenerated targets

We tried to locally alter the DNA specificity oféH-Dmol moiety of the molecule.

In order to create a DmoCre library targeting tiheugp of D(10NNN)-C1 targets, the residues
Tyr29, Arg33 and Glu35 of the protein were randadiZ2232 clones, representing 28% of the library
diversity, were screened against the 64 D(10NNN)t&bets. 387 active mutants with unique
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sequences were thereby identified. Figure 3 a slibatsthe DmoCre protein is able to cleave 16 out
of the 64 targets, five of which were very fainttleaved, while the whole collection of newly
produced DmoCre variants allowed cleavage in 50 adué4 D(10NNN)-C1 targets (Figure 16).
Moreover, with an average of 6 targets cleavedvpaant, these engineered meganucleases appeared
to retain a specificity equivalent, if not highaah, the DmoCre protein.

Using the same strategy, the residues Asp75, Tand6Arg77 of the protein were randomized
in order to generate a DmoCire library targeting A triplet at positions -4, -3 and -2 of D2-C1
(D(4ANNN)-C1). The screening of the library (2232rets) against the 64 D(4NNN)-C1 DNA targets
yielded 570 active mutants with unique sequences.D#ANNN)-C1 targets were cleaved by the
initial DmoCreV5 protein while 23 out of the 64 INMIN)-C1 DNA triplets were recognized by the
new DmoCre variants (Figure 3.9). Furthermore thesgants appear highly specific since the
average number of tolerated targets is 3 targetsppmein. We noticed that the D(4ANN)-C1
sequences were preferentially targeted by therlibidigure 16). As an example of this engineering
step, a mutant called S1 specific for the D(4AGT)-target and carrying the D75R and R77V
mutations was chosen and cloned into a mammaligresgion vector for further characterizations.
Analysis of the E-Drel and I-Dmol structures in qaex with their DNA targets show that the residue
Thr41 makes a Van der Waals contact with the meghglip of the complementary strand containing
a thymidine at position -4. Therefore, we generaedew library randomized at residues Thr41l,
Asp75 and Arg77, while keeping the Thr76 fixed tmil the diversity of the library. Screening
against the D(4NNN)-C1 targets allowed the isofatmf 221 unique mutants which cleaved an
average of 2 targets. In addition to the 35 D(4NNIN)sequences recognized by at least one mutant,
the randomization of the residue Thr41 alloweddleavage of new D(4GNN)-C1 and D(4TNN)-C1
targets. Still, almost no cleavage for the D(4CNIN)targets could be detected.

(Tyr29, Arg33, Glu35)

GGG GGA GGT GGC AGG AGA AGT AGC
15 1 4 ET} 2 13

GAG GAA GAT GAC AAG AAA AAT AAC
58 1 El 3 »
G'TG G'TA GTT G’I’C ATG ATA ATT ATL;!
GCG GCA GC’T GCC ACG ACA ACT
D(10NNN)-C1 |58 b
TGG TGA TGT TGC CGG QGA CGT CGC.

TAG TAA TAT TAC CAG GCAA CAT CAG
4 1 £l "’ ]

TTG TTA TIT TIC CTG CTA CTT CTC
[ i [ 14 » i

TCG TCA TCT TCC CCG CCA CCT -l
] 1 n e W

(Asp75, Thr76, Arg77) (Thr41, Asp75, Arg77)

GGG GGT GGC AGG AGA AGC
s n 2. i

m w GGT GGG AGG AGA !"“,J:,'

GAG GAA GAT GAC MG AAA MT AAC GAGI GAA’ GAT GAC M(; MAI M;l; AAC

GTG GTA G"I'I' GTC ATB-A T ATG (Zi‘Tﬁz (Zi‘Tih1 G‘TL GTC .ﬁTﬁl ﬂTA;z A'I"I" ﬂTC:2
1

GCG GCA GCT GCC |ACG ACA ADC GCG GCA GCT GCC [ACG ACA Aec

£ 53 x 53| 1 L ? 55 "

D(4NNN)-C1

TGG Tﬂ% TG'; TGC CGG CGAI CGT CGC TG(}I T-GA‘ TG"L TGC CGG CGA CG‘II' CGC
TAG TAA TAT TAC CAG CAA CAT CAC TAG TAA TA'l; TAC CA‘E CAA CAT CAC

TIG TTA TIT TTC CTG CTA CTT CTC TG TTA 1'I'I; TTIC CTG CTA CTT CTC

TCGE TCA TCT TCC CCG CCA CCT CCC TCG TCA TCT TCC €CG €CA CCT CCC
2 1 1

Figure 3.9 Hitmaps of three DmoCre mutant libraries thatevecreened in yeast

The analysis of the E-Drel and I-Dmol structuresveh that Arg37 and Arg8l interact
extensively with the nucleotides at positions &and -5 of the D2-C1 target and appear resistant t
engineering since mutations in any of the arginiedseither to an inactive protein or to a proteith
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much reduced activity (data not shown). Howevee, thiginal DmoCre meganuclease is able to
cleave 10 out of the 64 D(7NNN)-C1 DNA targets ur geast assay (Figure 3.8)

D2/ Combinatorial approach applied to Intra-domain: tBeno part of DmoCre

Hundreds of DmoCre mutants recognizing the D(10NH@N)or D(4NNN)-C1 targets have
been obtained. We have previously described fot-@w| protein, how to combine two mutation sets
by a combinatorial approach to generate engineketa@l mutants. We then decided to apply this
approach to the I-Dmol sub-domain of DmoCre. The sgts of mutations Tyr29, Arg33, Glu35 on
one hand, and Asp75, Thr76, Arg77 on the other heodstitute two distinct groups of mutations,
which could therefore be combined into the same Oraocoding sequence. Four D(1I0NNN)-C1
targets were selected (D(10CAG)-C1, D(10CCA)-C11axCG)-C1, D(10GCG)-C1), together with
24 corresponding DmoCre variants for each targhe $ame procedure was performed for three
D(4NNN)-C1 targets where 3 sets of 24 DmoCre mstaatognizing respectively, D(4AGA)-C1,
D(4AGT)-C1 and D(4ATA)-C1 DNA sequences, were clmodéanally, the two groups of mutations
were combined byn vivo cloning in yeast. Eight mutant libraries were te€an such a manner and
screened against their corresponding combined t&ar$done of the libraries enabled us to detect
active proteins (suggesting a low intra-domain niadiy within the I-Dmol moiety of the molecule.
This result prompted us to adopt an alternativer@ggh in which the two mutation sets would be
introduced sequentially. Thus, a pool of eight DmeCariants cleaving the D(4AGT)-C1 target was
selected as a template to generate a mutant libeengomized at residues Tyr29 and Arg33. The
residue Glu35 was ignored in order to maintain dhesrsity of the library. The library was then
screened against four combined targets (D(10GCGAHATT D(10CCG4AGT)-C1 and
D(10CAG4AGT)-C1, D(10CCA4AGT)-C1). No active pratecleaving the first three targets could
be detected, but 13 unique proteins were abledavel the D(10CCA4AGT)-C1 target, albeit with a
low efficiency. Four mutants were further selecésdtemplates in an error-prone PCR experiment in
order to improve the cleavage activity. Althougithendonuclease activities could be improved,
these mutants did not reach the level of I-SceViégin yeast, and no activity could be detectathg
our extrachromosomal assay in CHO-K1 cells (datsshown). Altogether, this data demonstrates the
modularity of the I-Dmol domain of the DmoCre megelease, even though extensive engineering
appears difficult.

D3/ Combinatorial approach applied to Inter-domain: émson of I-Crel mutants into the
DmoCre scaffold

In addition to its monomeric architecture, the Dm@G&caffold offers the possibility to use I-

Crel derived mutants that have already been olitaamel characterized. We have already shown in
previous reports that it was possible to introdix€&el mutants targeting the 10GTT-5CAG (Ca
target) and 10TGG-5GAG (Cb target) DNA sequencdkiwihe DmoCre protein. Here we repeated
this process using I-Crel mutants with differenedpcity and tested the activity of the resulting
DmoCre variants against the adequate target usingemst screening assay. As shown in table 3.1,
this process of inserting I-Crel mutants into thedZre scaffold works with a good efficiency and
success rate.
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, Number of positive DmoCre
target’s specificity

Number and strength mutants and maximal cleavage
of the I-Crel mutants .
(CX) of the I-Crel mutants activity
on D2-Cx target
16 16
STTG 0.11 < AU < 0.30 AU a = 0.56
36 32
SGAG 0.2<AU< 1.0 AU pax = 0.92
14 12
10CCA 0.15< AU < 0.70 AU max = 0.92
26 19
10TGG-5GCT 0.61 < AU < 0.94 AU max = 0.89
: 33 8
Ca10GTT-SCAG g 4<au<10 AU mg: = 0.40; (0.91)*
. 35 6
Cb:10TGG-5GAG 55 AU <0.74 AU max = 0.48; (0.97)*

*: cleavage activity after protein optimization Abkbitrary unit
Table 3.1:Cleavage activity of DmoCre variant with altere@aficity within the I-Crel moiety.

We tried also to optimize the D2-Ca and D2-Cb catie order to increase their cleavage
activities on their respective target. For eaclyagra corresponding pool of three active DmoCre
mutants was used as a template in error-prone B&Ryring the entire length of the molecule. Two
thousand two hundred and thirty two clones gendrhyan vivo cloning in yeast were then screened
against the target of interest. For both D2-Ca RBeCb targets, highly active proteins could thus be
obtained (Figure 17).

Two improved meganucleases, Va and Vb, specifib2eCa and D2-Cb respectively, were
selected for further activity analyses in mammabtails. The ORF’s were further sub-cloned into a
mammalian expression vector and their activity dermined in our extrachromosomal SSA assay
in CHO-K1 cells. Figure 3.10 shows the activitytbé original DmoCre meganuclease and the two
selected DmoCre variants tested against all theegets (D2-C1, D2-Ca, and D2-Cb). Each
meganuclease showed specific cleavage of its cedaajet.

(a) - I .-

-
TTTTG
D2Ca CGCCGGAACTTACCTIGAGARAACG
D2Cb CGECCGGAACTTIACCTCAGCECAG

D2-Catarget D2-Chb target

FRUGHBPLRIER PFUESrERIBUCLR
%zg”::?r?:gﬁ :ﬁé::ﬁ::ﬁﬁ:? Figure 3.10Q (a) Cleavage activity improvement against the @@
HESNENGEESES SERESRRERRRR and D2-Cb targets. The dots corresponding to theaw@d Vb
(b) variants are circled. (b) Extrchromosomal SSA asdahie Va, Vb
. and DmoCre proteins against the D2-Ca, D2-Cb andCD2
' targets.

L - T : T T
va Vb DmoCre maock
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D4/ Combination of mutation sets present in both I-Danad I-Crel sub-domains

To confirm the modular architecture of the DmoCreleoule, we assembled mutations
affecting the specificity of both the I-Dmol andCtel moieties. The improved meganucleases Va and
Vb, specific to D2-Ca and D2-Cb were selected aseduas templates to generate I-Dmol libraries
randomized at residues Tyr29, Arg33, Glu35, or, Zsprhr76, Arg77. The four resulting libraries
were then screened in yeast against 18 randomlgechbybrid targets. Table 3.2 summarizes the
results, confirming that the modularity between l#iEmol and I-Crel sub-domains as active DmoCre
variants could be obtained against 13 out of thee&&d targets.

Maximal cleavage

Library randomized activity observed
Eggl?slsgceiﬁdty) positons ~ Targettested in yeast (AU
value)

D@AGT)-Cb  0.91
D(4ATA)-Cb  0.57
D(4AGA)-Cb  0.66
Vb D(4AGG)-Cb  0.50
D(10CTC)-Cb  0.19
D(10TAG)-Cb 0
29,33,35 D(10GCG)-Cb 0.64
D(10ACG)-Cb 0.64
D(10CCA)-Cb  0.41

D(4AGT)-Ca  0.87
D(4ATA)-Ca O
D(4AGA)-Ca 0.34
Va D(4AGG)-Ca  0.37
D(10CTC)-Ca O
D(10TAG)-Ca O
29,33,35 D(10GCG)-Ca 0.43
D(10ACG)-Ca O
D(10CCA)-Ca 0.2

75,76, 77

(D2-Cb)

75,76, 77

(D2-Ca)

Table 3.2:Cleavage activity in yeast of DmoCre variants veiliered specificity within both I-Dmol and I-Crelaieties.

DmoCre variants, able to cleave the D(4AGT)-Cb [B&A)-C(1L0TGG5GAG)] and D4AGT-
Ca [D(4AGT)-C(10GTT5CAG)] targets, were furtheresgbd forin vivo activity characterization.
For each target, a pool of three mutants, M1 to &n8 P1 to P3, showing good activity on their
respective targets in yeast, were selected and tmdivities further improved. Upon random
mutagenesis, three new optimized variants, OM1MB8Qand OP1 to OP3, displaying high cleavage
activities against D4(AGT)-Ca or D(4AGT)-Cb, respeely, were chosen and cloned into a
mammalian expression vector in order to perforn@@machromosomal recombination assay in CHO-
K1 cells. Figure 3.11 shows that all the DmoCreiards tested were active in CHO-K1
cells.However, the engineering step that shiftspfaéein specificity from the D2-Ca or D2-Cb target
to D(4AGT)-Ca or D(4AGT)-Cb, respectively, also uedd, to a certain extent, the mutant cleavage
activity which could be partially recovered afteurooptimization step. Importantly, the newly
obtained DmoCre mutants are specific for their@tgds they display no cleavage activity towards
the D2-Ca or D2-Cb targets. Analysis of mutant seges confirmed that activity improvements
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resulted mainly in the addition of mutations inidegs located in the I-Crel moiety of the DmoCre
molecule or in the region linking the two sub-donsajresidues 93 to 108).

(@)

Arbitrary unit

D(4AGT)-Ca
Figure 3.11 Extrachromosmal SSA assay of different mutants
3.09 against the D2-CA and D(4AGT)-Ca targets (a), dedD2-Cb
25 O b2 and D(4AGT)-Cb targets (b).
-Ca

2.0 B D(4AGT)-Ca

Optimized proteins

D(4AGT)-Cb

3.0

25 ] p2Cb
= Il D4AGT)-Cb
£ 2.0
=1
2
£ 15+
z
< 1.0
0.5 J
0 Vb T""opr1 " orP2 ' oP3
mock

Optimized proteins

Finally, a set of DmoCre variants representativeath engineering step (Va, Vb, S1, OM3
and OP3) (Figure 3.12) were tested in a dose-regpstudy (from 0.5 to 25 ng of meganuclease
coding vectors) using an extrachromosomal ass@H@®-K1. We compared the cleavage activities of

several engineered DmoCre variants specific to b2-02Ca, D(4AGT)-C1, D(4AGT)-Ca and

D(4AGT)-Cb respectively, as well as the parentabridy DmoCre molecule and the natural

meganuclease I-Scel against their cognate targepste 19 shows that all of the mutants are achive

mammalian cells, however, the DmoCre variants sles& activity, compared to the initial DmoCre

protein.
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0 5 10 15 20 25
Amount of transfected DNA (ng)

Figure 3.12 Extrachromosomal SSA assay in CHO cells of DmoGi®cel and different engineered DmoCre based
meganucleases.

D5/ The engineered DmoCre mutants display a minimatitgx

The specificity/toxicity ratio is a crucial pararaein DSB-induced recombination technology.
To evaluate the potential toxicity of engineeredgamicleases we have developed cell survival assay
in CHO-K1 cells. Briefly, cells are co-transfectadth increasing amounts of the meganculease
expression vector and a fixed amount of GFP codiagtor. Six days after transfection, the
percentage of cells still expressing GFP is measarel compared to the same percentage for cells
transfected with an empty vector. Thus, the fiveresentative engineered meganucleases described
above (Va, Vb, S1, OM3 and OP3), along with thecéiSand DmoCre meganucleases, were
evaluated for their potential toxicity. Two megalaases derived from I-Crel were added as control.
The V2(G19S) / V3 (G19S) heterodimer is an inactha&ganuclease while MegaX is a meganuclease
with relaxed specificity. Figure 3.13 shows that five engineered DmoCre mutants, as well as the
initial DmoCre protein, do not display any visilitexicity and present the same profile as I-Scel. As
expected, the inactive meganuclease shows a f&rpawhile expression of the non-specific MegaX
induces signinficant toxicity.

——DmoCre
—+81
—-Va
—-Vb
—-—OM3
140+ -—0P3

——V2 (G198)/ V3 (G19S)
B —+-Mega X
120 & —I-Scel
g 100 ey
.S 804
z
3
2 60|
o} +,
o
40 \ +
\_Jr\
204 n
0

T ) T 1
0 500 1000 1500 2000
Amount of transfected plasmid (ng)

Figure 3.13 Evaluation of the toxicity of the different engiered DmoCre meganucleases
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Toxicity might be related to the specificity prefibf the endonuclease, which may generate
off-site cleavage events. The characterizatiorhef@éngineered DmoCre mutants was completed by
monitoring they-H2AX foci content in CHO-K1 cells, expressing tbadonucleases, since tle
H2AX focus formation is one the first responsestité# cell to DNA DSBs. CHO-K1 cells were
transfected with 1 pg of the expression vectortter different meganucleases carrying a C-terminal
HA epitope. At this high dose, no toxicity was rakexl by the cell survival assay. Expression of
DmoCre, as well as the five representative engateddmoCre mutants, induces on average,
approximately two to threq-H2AX foci per transfected cells, similar to theckground level
(expression of the inactive V2 (G19S) / V3 (G19%ganuclease) and to the number of foci induced
by I-Scel (Figure 3.14).In contrast, the expres®bthe non-specific MegaX that displayed toxicity
in the cell survival assay induces an average nurabd?2 y-H2AX foci per transfected cell. All
together, this data indicates that the modificatbbthe protein specificity has not been achievetthe

expense of toxicity.
20 »
18 1
16 Ao
14 1
12 +
10 1
8 +

m B unmanln

N RO

Average number of foci
per transfected cell { n 2 60)

o

DmoCre OP3 V2(G19S5)/ Mega X |-Scel
V3(G19S)
V2 (G198)/ |-Scel Mega X
DmoCre V3 (G198)

Figure 3.14 The potential genotoxicity of the engineered Dmo@eganucleases was monitored by visualizing the
formation ofy-H2AX foci at DNA double-strand break. Green, HAdding; red y-H2AX foci; and blue, DAPI staining

E/ I-Crel

1IN || ZONNN || 7NN || SNNN || 2NNNN |[ 5SNNN || 7NN || ZONNN || 11N

}

Difficult to handle in
a combinatorial approach

Only C or T are tolerated.
Whgt about 11G and 11A? No protein — DNA contacts (62 x 64)/(64 x 64)

in this region with 70% success

Figure 3.15 constraints and limitations of the I-Crel target
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The combinatorial process using I-Crel protein wihally altered specificity involves the
combination of 2 half of the I-Crel meganucleasedbig respectively the 10NNN and the 5SNNN
nucleotide of the C1221 DNA target. Even thougts thpproach has proven to be fast and very
effective to produce meganucleases with tailoregtifipity, it has some constrains and limitations
illustrated in Figure 3.15.

The database of locally altered I-Crel proteinstams protein mutants based on wild type I-
Crel (D75) and I-Crel D75N. However the combinataD75N protein binding the 5NNN targets,
with a D75 wild type protein, binding the 10NNN dat, involves the introduction of the mutation
D75N; and therefore can lead to a change in theagd specificity. Overall, this results in a dese
of the success rate of our combinatorial assemiayggss.

We have then produced I-Crel libraries mutated @gitpn 44, 68, and 70 without the
substitution D75N. The library was screened agdaimst64 SNNN_P I-Crel palindromic targets. 153
clones were identified as positives in the D75-Habkrary called Ulib2D75. These clones cut
collectively 39 targets out of the 64.

These cutters have been integrated into the lishodlules available for the combinatorial
process and have been used up to now into 26 caiobia libraries. However, since many of these
libraries are still in process, we have not bede &b draw conclusions about the efficiency of thes
mutants compared to the mutants from the otherr dilof@ries.

Another direction was to try to extend the I-Craiget space to targets not limited to C or T at
positions -11/+11. In the WT I-Crel, Serine at piosi 32 interacts with positions -11/+11 through a
water molecule and might thus be responsible tontheecognition of A or G at positions -11/+11.
Therefore we screened libraries resulted from remgation at 2 positions including position 32.
These libraries were screened against 11GNNN_P14AdNNN_P target collections. Also, new
libraries were designed in which positions 32, 38,and either 38 or 40 were randomized, with a
limited subset at some positions to avoid too memmplexity. Overall, 304 unique sequences were
found cutting 11GNNN_P or 11ANNN_P targets, with @4 of the 64 11GNNN_P targets cut and
47 out of the 64 for the 11ANNN_P targets. Thesg meodules were integrated into the target search
which now can lead to hits with A or G at positidrl/+11. This lead to a 90% increase of the hit
frequency along genomes. The real success ratesé tnew 11A/G targets remains to be monitored
as they will be used in the next months.

In previous works, we found that it was difficutt produce locally altered I-Crel proteins able
to cleave the 5ANN_P and 5NNA_P targets with a hagdficiency. A close analysis of the 3D
structure of the I-Crel meganuclease shows thaathi@o acid at position 24 could be responsible for
the constraint on the 5SANN_P targets. Moreoverahalysis of the I-Crel mutants available in our
database, revealed that the highly active mutagamst at least one of the 5ANN_P targets appears t
have a Valine at position 24 while the wild typeiamnacid is a isoleucine. To verify this hypothesis
we have chosen a potential target carrying a 5ANMNuence and produced the 2 collections of
meganucleases differing only by the amino acidagitipn 24. The comparison of the 2 collections
shows that Valine at position 24 increases the rmurabcutters available against the 5SANN targets: 2
libraries targeting a palindromic targeT TCCTATC GTACGATAGGAAA (“10TTC5ATC_P"). 35
mutants (with or without the mutation V24) targgtisATC were combined with 37 mutants targeting
10TTC. 2232 clones were tested in each cases. Pnlgak cutters could be identified when the
mutation V24 was not present although 39 clonegipes appears positives when containing V24.

5NNA_P targets are particularly difficult to reablecause of an unfavourable steric clash
between the thymidine on the other strand and tinecat position 46. To abolish the steric clash we
performed mutagenesis on the residue at positionf4be I-Cre protein. However, Thr46 interacts
with the amino acid at position 73 therefore attentp change position 46 were successful only when
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coupled to a change at position 73. Finally wedetetwo I-Crel derivates mutated at positions 46
and 73 (A46M73 or G46M73).

Three libraries based on either A46M73 or G46M78&ffetds were generated by mutated
positions 44, 68, 70 or 44, 68, 75 and 77 and wereened against the 5NNA_P targets. 97 unique
mutants were identified (16 and 81 respectively)ede new modules were added in the standard
target search on sequences. The outcome of thed@esawill be examined in a few months.

The figure 3.15 shows how the I-Crel target wasdsubfled into different regions. In orange
are depicted the regions for which we alter theci$jpety of I-Crel and in green the regions for whi
we rely on the natural I-Crel degeneracy. Using ourrent combinatorial process to engineer
meganucleases, we estimate that we can target NAesBquence every 300 bp in the human genome
As the central 2NNNN region is very difficult toctde because there is no DNA-protein contact in
this region, to expand our meganucleases reperwweeried to find I-Crel mutants with an altered
specificity toward the 7NN region. For that purpose built a mutant library of 2232 clones in yeast
by randomizing residues at positions 26, 28 an@m@® screened it against the 16 palindromic 7NN
targets. The screening yielded 250 mutants witquansequences that cleave overall the 16 targets.

In a second step, like we usually do for the 10Naid S5SNNN mutants, we tried to combine
these 7NN cutters with mutants specific for the BNMgion. Taking mutants specific respectively
for the 7TA, 7TT and 7GA targets (three targets Hra not cleaved by I-Crel) and mutants cleaving
respectively the 5TAC, 5CTC targets, we built thokerent combinatorial mutant libraries and
screened them respectively against the 7TATAC, 7TT@nd 7GACTC combined targets. Figure
3.16 shows that the screening yielded strong msitgeinst the three combined targets.
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Figure 3.16 Primary screening of the three 7NNx5NNN combinatamutant libraries against respectively the 7B,
7TTCTC and 7GACTC targets.

The last step of the meganuclease engineering ggdbat consists in the introduction of the
mutations responsible for the 10NNN specificity ancombined 7NNx5NNN [-Crel mutant is
currently under evaluation.

Another important aspect of the meganuclease eaginte is the level of activity of the
engineered meganuclease at the end of the prod@sse — response studies with our
extrachromosomal SSA assay have shown that thetypkl I-Crel protein is a better cutter than the
N75 mutant. We would therefore try to keep constidugt D75 during the engineering process.
Analysis of the I-Crel structure shows that D7%ermatts with R70, which itself interacts with the
nucleaotide at position 3. Keeping D75 constanplies therefore to look for R70-D75 I-Crel
mutants that cleave targets with a cytosine attiposB. For that purpose, we built a mutant libcdy
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2232 clones in yeast randomized at position 4408874 and screened it against the 16 5SNNC targets.
The screening yielded 577 clones with a unique esecg) the 16 targets being cleaved.

However, if we limit the target search to DNA segees that have a cytosine at position £3,
the hit frequency will increase by a 16 fold fact®his impact can be compensated by introducing the
change in the specificity of the 7NN region. Intfdey combining the two aspects that have been
developed above (7NN specificity and R70-D75 meghases), we built a mutant library of 4464
clones in yeast by randomizing the six residues28642, 44, 68 and 77 and screened it against the
256 7(N)C targets. This vast screening allows to spare7tiBIXSNNN combinatorial step. The
primary screening yielded 428 mutants that cleaxerall 150 7(N)C targets. Mutations responsible
for the 10NNN specificity will now be introduced hese mutants.

F/ Improving the I-Crel scaffold

When using the I-Crel scaffold to generate new magieases with tailored specificity, we
usually co-express 2 proteins in order to obtaberdoelimerization of the monomers. However, we can
not avoid the formation of the 2 respective homaasn The presence in the cell of these 2
homodimers decreases the overall specificity ofciiigom made meganuclease and could sometime
reveal to be toxic for cells. Therefore avoiding thomodimers formation could be a tremendous
advantage. 2 approaches can be considered: weusanttie 2 monomers to form a single chain
molecule, and we have shown previously that it wassible without affecting the endonuclease
activity of the protein; or we can mutate the piro{grotein interface of the meganuclease to inhibit
the formation of homodimers and to obtain an olbdiga heterodimer. These 2 approaches are
currently under investigation in collaboration WiRG.

The obligate heterodimers
In previous work, we have produced a meganucle#g8l1Rable to cleave a DNA sequence in the
human RAGL1 gene. The meganuclease RAG1 was usethadel.

Lyg/A""'k(\SIUB G
Glusk( /Ly Y Ly:?:l

Figure 3.17 protein-protein interactions considered for thdigate heterodimer
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The analysis of the 3D structure of I-Crel alloweslto identify 2 workable protein-protein
interactions (Figure 3.17). These interactions eomdhe interaction between Lys7 and Glu8, and
Glu6l and Lys96. The 4 possible double mutants1(78661, 7-96, and 8-96) were produced. Their
activity was tested in our extrachromosomic assgyst the RAG1.10 target.

RAG1.10.1 Target

2,2

1,8

1,4

oMm3 7,61
1.2 OM3 8,61

1] |M37,96
OM3 8,96

0,8 1

0,6
0,4 _‘
0,2

T T T
M2 7,61 M2 8,61 M2 7,96 M2 8,96

Figure 3.18 extrachromosomic assay of the obligate heterodiragainst RAG1.10 DNA target

As illustrated in figure 3.18, the obligate hetamoer appears to be active only when the
compensatory mutations are present in the 2 morsorkerrthermore, the activity of the respective
homodimers is entirely abolished.

Single chain Molecule:

The meganuclease cleaving the RAG1.10 DNA targeinie again our model. 9 differents
linkers’ peptides were used in order to fuse 2 moers. Their activities were tested in yeast and in
our mammalian extrachromosomic assay in CHO cElis.best candidate was chosen and its activity
improved by introduction of the G19S mutation (po&sly shown to increase cleavage activity).

This final molecule appears to be highly active an homodimeric activity could be detected
in extrachromosomic assy in CHO (Figure 3.19)

3,5

2,5

B RAG1.10.1
0ORAG1.10.2

Creoi10s Figure 3.19 extrachromosomic assay in
L CHO cells. Cleavage activity was tested
against the human target Ragl. 10.1 and its 2
palindromic derivates sequences

1,5

0,5
04 ﬂ . . . S —

M2/ M3 M2 G19S / M3 pCLS1900 pCLS1934 Background

heterodimer Single chain molecule

- G19S +G19S - G19S +G19S background

Contract no. 037226 (STREP) 34



M E G A-l-O 0 |_S Final activity Report (Months 1- Period covered:
36)
1.10.2006 - 30.09.2009

FOR FUNCTIONAL GENOMICS

We also evaluated the potential toxicity of thessvrRAG meganucleases using the cell
survival assay and the measuremenyHti?AX foci that have been described above for theoDne
protein.
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Figure 3.2Q Toxicity of the different RAG meganucleases easdadl in a cell survival assay

Y% of surviving GFP expressing cells

Cell survival (%)

Figure 3.20 shows the toxicity profile of the difet RAG meganucleases in CHO-K1 cells.
At the active dose (corresponding to the maximéligg in the gene targeting experiment), none of
the meganucleases presents a significant toxivityle at ten times the active dose the obligate
heterodimer and the single chain, molecules arehniess toxic than the RAG heterodimer. This
characteristic was confirmed by measuring the cuntdé yH2AX foci in cells transfected by the
meganuclease expression vector (Figure 3.21)

1X ACTIVE DOSE 10X ACTIVE DOSE
100
100
90 90 7
80 1
~—~ 80 —
R 10 & 70
60 60 1
2 5 B 50
N DL 40 1
40
&) 30 O 39 -
20 20 1
10 10 1
0 - 0
No foci 1t015 16to25 »2 No foci 1to15 16 to 25 > 2!
yH2AX Foci cells content yH2AX Foci cells content
Ragiv1l mRag1v2 Rag1 OHv1 Rag1SCwv1 B Rag1 SCv2 m |-Scel
No foci 11015 16 to 25 >25

Figure 3.21 The potential genotoxicity of the different RAGeganucleases was monitored by visualizing the fioma
of y-H2AX foci at DNA double-strand break. Red, HA l&hg; greeny-H2AX foci; and blue, DAPI staining
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Again, at ten times the active dose, the obligaerdodimer and single chain molecule appear less
toxic than the initial heterodimer.

As the single chain molecule facilitates the trang8bn issues by alleviating the need to co-

transfect two monomers and presents a low toxtigern, it has become the scaffold of choice for
undertaking genome engineering studies.

Deviations from the project workprogram

The original molecule DmoCre was active at 37°@eanst and its activity in mammalian cells
was limited. In order to generate a molecule withhactivity in CHO cells, we have performed a
random mutagenesis on the molecule and screendibitiey for highly active DmoCre. One variant
was chosen for its activity in yeast and CHO cells.

Status of Deliverables and Milestones

Status of the deliverables for the period and fasetor the other deliverables of the WP.

Del. no. DeliverableOriginal Revised Status (***) | Nature

name delivery delivery
date (**) date (**)

D3.1 First set o Month 12 finished RP
libraries

D3.2 Second  set Month 28 finished RP
libraries

D3.3 I set of novd Month 16 finished RP

non
combinatorial
meganucleases

D3.4 2" set of novg Month 32 finished RP
non

combinatorial
meganucleases

D3.5 1* set of novd Month 20 finished RP
combinatorial

meganucleases

D3.6 2" set of novg Month 36 finished RP

combinatorial
meganucleases

D3.7 MEGATOOLBA | Month 36 finished R
SE

available
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Status of the milestones for the period and fortdcashe other milestones of the WP.

Milest. Description Original target Revised targe|Status
no. date (**) date (**) (***)
M3.1 |[Success of libraries designed Month16 Finished
M3.2 |[Success of combinatorial Month20 Finished
M3.3 |Approach validated by Month36 finished
MEGATOOLBASE

Workpackage 4: Characterization and standartization of newly isoléed meganucleases

Lead Partner: Fermentas (Arvydas Lubys)
People involved Arvydas Lubys

Julius Gagilas

Jolanta Vitkug

Nomeda Lauginierg

Lelija Trink@inait

Artinas Leipus

Workpackage objectives and starting point of work & beqginning of reporting period

The workpackage objectives are: a) identificatibnandidates for protein isolation; b)
purification of selected meganucleases; c) invatitg of enzymatic properties of purified enzymes;
d) investigation of meganucleases stability in foedi preparations.

Progress towards objectives

The goal of the workpackage 4 is to purify selestemjanucleases using conventional protein
purification approaches and to investigate thezyematic properties as well as stabilities during
prolonged storage. At first meganucleases Rosaw#Rl Rosav3, Rosav4, I-Crel and I-Crel N75
have been purified near to homogeneity and thenp$es in different storage buffers were kept for
stability testing. Later several plasmids codingrfew variants of meganucleases were received from
Cellectis. Four RAG1-specific mutants: single chiB-M2G19S (encoded by pCLS 2050), single
chain M3--M2+G19S (pCLS 2216), heterodimer M2G193/MpCLS 2080), heterodimer
M2+G19S/M3- (pCLS 1947) and four GS-specific musartieterodimer GS3/GS4 (pCLS 2148),
heterodimer GS4/GS3 (pCLS 2149), mutant GS3 (pCLS0R mutant GS4 (pCLS 2151) were
selected as candidates for purification and ingasttn of enzymatic properties.

Contract no. 037226 (STREP) 37



‘-:,- M E G A-l-O 0 |_S Final activity Report (Months 1- Period covered:
36)
A 1.10.2006 - 30.09.2009

FOR FUNCTIONAL GENOMICS

Activity of Rosav3 and Rosav4 enzymes was invetggjaising either linearized (Figure4.1,

A) or supercoiled (Figure 4.1, B) DNA substrates] applying increasing amounts of purified
proteins.

RosaVS-Rosavu Rosav3 =* Rosavé * =207 + Rosavds
-
Linearized s = -
substrate DNA —— w““ﬂ:’w-— Nt et et e —
= - - — - f—
: : Products
— — of the
- E s _____E' & reaction
DNA without enzyme _ -
control 3
( ) pUC19T _ori puUC19TD 1 puUC19TD_2 pUC19T ori A
* RosavS-Rosav4E+ Rosav3 + Rosav4 + “osav + Rosavd
- E‘-’ N ' | & S——
- - - - WD -
Supercoiled .u__, e wewewewlewwoe o
DNA Nt «f— Star activity
—

Cennnd
CERLTIENT b

pUC19T ori puUC19TD_1 pUC19TD 2

pUC19T ori B

Figure 4.1. Activity comparison of heterodimeric meganucled&esav3-Rosav4, homodimeric meganucleases Rosav3
and Rosav4 and equimolar mixture of Rosav3 and WRogaosav3 + Rosav4) using linearized (A) or supided (B)
DNA substrates. Abbreviations of plasmids used tf@ assay are indicated below the electrophoregtaoneasing
amounts of enzymes were used. Reactions were itedibar 1 hour at 3T in buffer: 33mM Tris-acetate (pH 7.9 at
37°C) 10mM Mg-acetate, 66mM K-acetate, 0.1mg/ml BSA.

Figure 4.1 shows that the activity of Rosav3 ig/dew on both substrates. In contrast, Rosav4
cleaved linearized DNA completely (at highest enaigmconcentration), while cleavage of
supercoiled DNA substrate was partial. Unexpectetty equimolar mixture of Rosav3 and Rosav4
(Rosav3 + Rosav4) digested DNA of plasmid pUCT1Bwdrich carries the recognition target of
heterodimeric meganuclease Rosav3-Rosav4 neardffiagently as the latter one. In addition, the
mixture showed star activity on supercoiled DNA &udite like heterodimeric meganuclease.
Nonspecific cleavage was evaluated by incubatiormefjanucleases for 16 hours at@G7Awith
plasmid DNA which contains no recognition sequen@SPS3 and pUC19) and with pUC19
derivatives possessing one recognition target (EigL2) .

Figure 4.2 shows that:

1. Rosav3 cleaves DNA in case only if it containsreognition sequence (pUC19TD_1 DNA).
However, the cleavage of substrate DNA was not ¢etmgven after 16 h of incubation.

2. Rosav4 cleaves its own substrate (pUC19TD_2) viithdame efficiency as the substrate of
Rosav3-Rosav4 pUC19T ori. It should be noted tivat DNA fragments of similar size are
generated in both cases, whereas only pUC19TD_fheamique target for Rosav4.

3. Heterodimeric meganuclease Rosav3-Rosav4 shows gty star activity on all DNA
substrates tested. Similar level of star activitg aearly identical pattern of generated DNA
fragments is observed using the equimolar mixtdr®a@sav3 and Rosav4 enzymes. These
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data (and also data shown in Figure 4.1) suggestdining reaction heterodimeric enzyme
may be formed by dimerization of monomers of Rosav® Rosav4 enzymes.

S¥yS -y ¥ YL S—V= V-V Vv - v
- == u ~—— — — 7 § : S N - - ~
= . —-——-— = - ~ e o - L
g = | =~ o - — — - S ~ A - -
— ~ — E ~— - ~r — L o~
: : — -~ o S’ - -
==t -
pGPS3 puC19 - — pUC19T ori pUC19TD_1 pUC19TD._2
+ Rosav3-Rosav4 * Rosav4 + Rosav3 + Rosav4 DNA without enzyme

(control)

Figure 4. 2.Nonspecific activity of meganucleases on diffeleA substrates

Heterodimers GS3/GS4 and GS4/GS3 were purified meanogeneity using successive
chromatography steps on IMAC Sepharose™ StRepTactin® SP, Phosphocellulose P11 and ANX
sepharose columns, mutants GS3 and GS4 - usingnaetwgraphy on IMAC Sepharose™ HP and
Phosphocellulose P11. Single chain meganucleaseB2@&19S and M3--M2+G19S were partially
purified from inclusion bodies - dissolving in urledlowed by fast dilution for renaturation was dse
We observed that partially purified preparations tbése meganucleases completely lost their
activities after one week storage at +40C in buffghout DTT, but not in the presence of DTT.
Necessity of DTT as stabilizing agent excluded pbesibility to purify single chain meganucleases
using their His6 affinity tags. Therefore, five i@mxchange chromatography steps were used for
purification of aforementioned enzymes to nearlynbgeneity. Similarly, the activity of obligatory
heterodimer M2+G19S/M3- was also lost during paoafion in case if DTT wasn’'t used, and this
again excluded the possibility to use affinity anatography on IMAC Sepharose™ HP. In this case
four chromatography steps were required to pumfynéar homogeneity, but very low yield was
observed — (0.01 mg per g of biomass). The yieldtbér purified meganucleases was in the range
between 0.5 and 1.5 mg per g of biomass. Puritgllotnzymes exceeded 97% according to SDS-
PAGE data. Samples of each enzyme were kept inraeddferent storage buffers in order to
investigate their long term stability.

To improve the specificity of RAG1-specific mutan@ellectis have developed two protein
engineering strategies: the obligatory heterodidesign and the single chain molecule. Comparison
of activities of obligatory heterodimeric meganade M2+G19S/M3-, heterodimer M2G19S/M3
with activities of corresponding single chain megaeases M3--M2+G19S and M3-M2G19S, all
cleaving the same target, are shown in figure 4.3.
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Figure 4.3 Comparison of activities of obligatory heterodimeneganuclease M2+G19S/M3-, heterodimer M2G19S/M3
with activities of corresponding single chain megelaases M3--M2+G19S and M3-M2G19S. Different comadions of
tested meganucleases were used for 1 h incubatidi’@ in buffer: 10mM TRIS-HCI (pH 8.0, 25°C), 10mM MbC
50mM NaCl. Target (Pdml linearized substrate DNé)@entration was 2nM in 28 final volume.

Figure 4.3 shows that considerably higher conceatrs of heterodimeric meganucleases
were needed for complete digestion of linearizelossate DNA compared to corresponding single
chain meganucleases.

We found that activities of RAG1-specific meganaskes were considerably higher in case
when DTT was added either to the reaction mixture dhe storage buffer. For instance, single chain
M3-M2G19S meganuclease prepared from soluble tnaatompletely lost the activity after 1 month
of storage, but addition of DTT partially restoré activity of this meganuclease (see figure 4.4).
This observation suggests that inactivation oféheszymes during storage may be reversible.

Concentration of meganuclease 2050, nM
7560 40321612 10 8 6 4 2 08 0 <—> 0 _756040321612108 6 4 2 0.8

R e s

Linearized
substrate DNA E{

1mM DTT in storage buffer
10mM DTT in reaction buffer

e i s e - AN - = —
3 - -
DNA fragment -
after digestion - - L

10mM DTT in storage buffer
10mM DTT in reaction buffer

e

—in i =
10mM DTT in storage buffer 2

Figure 4.4 Reactivation of inactive single chain heterodind8-M2G19S by DTT.Different concentrations of
meganuclease were used for 1 h incubation & 37 buffer: 10mM TRIS-HCI (pH 8.0, 25°C), 10mM MgC50mM
NaCl. Target (Pdml linearized substrate DNA) coti@ion was 2nM in 24l final volume.

Of note, the activity of remaining meganucleasamisinfluenced by DTT.
In order to compare enzymatic properties of megaases, their concentrations (nM)
sufficient for complete cleavage of 2nM of subsr&NA during either 1h or 16h reaction were
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determined. We found that an excess of some testegines digested DNA at noncognate targets, i.e.
showed so called “star” activity. The comparison spgecific and nonspecific activities of
homodimeric, heterodimeric and single chain megl@ases is presented in table 4.1.

Meganuclease r('::nn(':lh zcl\)llm‘:lﬁ h Remarks
DNA cleavage was impaired at ten-fold or higher excess of
I-Crel 4 4 enzyme.
No star activity (up to 100 nM conc. of meganuclease/16h)
I-CrelN75 4 2 No star activity (up to 110 nM conc. of meganuclease/16h)
Rosav3-Rosavd 2 0.8 Star activity at 12 nM conc. of meganuclease (1h)
Mutant GS4 (2151) 4 1 No star activity (up to 100 nM conc. of meganuclease/16h)
Mutant GS3 (2150) 2 4 Star activity at 4 nM conc. of meganuclease (1h)
Heterodimer GS3/GS4 (2148) 4 2 Star activity at 3.?::3;‘::30?;:ng {16h) conc. of
Heterodimf“rgl\:?;-G1QSIM3- 13 6.5 No star activity (up to 26 nM conc. of meganuclease/16h)
Single Chairz'lzl\fll?é; AUBESEEs 4 2 No star activity (up to 160 nM conc. of meganuclease/16h)
Heterodir?g‘;al\g)ZG1QS/M3 32 16 No star activity (up to 94 nM conc. of meganuclease/16h)
Single Ch(azigsl\g;’»-MZG1QS 2 2 No star activity (up to 120 nM conc. of meganuclease/16h)

Table 4.1. Concentration of meganucleases sufficient for ceteptleavage of substrate DNA (2nM) after inculgatin
either 1 or 16h at 370C in buffer: 10mM TRIS-HCH(B.0, 25°C), 10mM MgCI2, 50mM NaCl.

Mutant GS4 and single chain meganucleases M3-M2G@G1h@SVI3--M2+G19S showed higher
specific activity and no star activity comparedtber tested meganucleases.

The stabilities of meganucleases during storag€@€ in different storage buffers (with 50
% glycerol) were determined. The results of testimgstability of purified meganucleases in sekécte
buffers are presented in table 4.2.

Meganuclease DRIz S, Remarks
buffer months
Storage buffer A
I-Crel A 9 25mM Tris-HCI pH 8.0
20mM NacCl
I-CrelN75 A 13 0.2 % TX-100
. 1mM DTT
Heterodimer A 19 0.1mM EDTA
Rosav3-Rosav4 50 % glycerol
Rosav4 A 17
Storage buffer B
Heterodimer GS3/GS4 (2148) @ 16 25mM Tris-HCI pH 8,0
100mM NaCl
Mutant GS4 (2151) B 10 0.2 % TX-100
i 1mM DTT
Heterodimer M2G19S/M3 c 3 DTT up to 10 mM was added 0.1mM EDTA
(2080) 50 % glycerol
Sl Cha2|35ng3-M2G198 B 4 DTT up to 10 mM was added Storage buffer C
(2050} 25mM Tris-HCI pH 8,0
200mM Nacl
Single Chain M3- -M2+G19S 5 ) Tf;:"; :1’01“2&“’;3":72;?3:‘1 0.2 % TX-100
(2216) e ot ¥ 1mM DTT
0,1mM EDTA
Heterodimer M2+G19S/M3- B DTT up to 5 mM was added 50 % glycerol
(1947) was not stable after 1 month

Table 4.2.Stability of tested meganucleases.
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Homodimeric meganucleases Rosav4, I-Crel, |-Cre|N@&54, heterodimers GS3/GS4,
M2G19S/M3, Rosav3-Rosav4 and single chain megaasel®13-M2G19S were stable in purified

preparations in selected storage buffers duringugtoat -26C.

Deviations from the project workprogram
No corrective actions during this period

Status of Deliverables and Milestones

Table 1: Deliverables List

List all deliverables, giving date of submissiordamy proposed revision to plans.

Del. No. Deliverable Original Re\_/ised Status Nature
name delivery date | delivery date
Meganucleases

D4.1 for purification| ;o 20 finished R
experiments
identified

D4.2 Meganucleases ;. 20 finished RP
purified
Properties  of

D4.2 meganucleases Month 36 finished R
determined
Stability of

D4.3 meganucleases Month 36 finished R
determined

Table 2: Milestones List

List all milestones, giving date of achievement angt proposed revision to plans.

r'\1/| c;Iestone Milestone name X\(/)orkpackage

Date due

Actual/Forecast

delivery date status

Decision
regarding the first
mutant to  bsg
purified

M4.1 WP4 Month 16

Month 13 finished

Decision

regarding thq
second mutant tp
be purified

M4.2 WP4 Month 20

Month 20 finished
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Workpackage 5: In vivo testing of specific DSBR induced recombirtion in mouse
cell
Lead Partner: CELLECTIS (Fréderic Paques)

People involved P Duchateau, A Gouble, C Jacgmarcq, V Guyot, Acléxt, IM  Filhol, E
Gamelas Magalhaes, S Leduc, J Mikolajczak, S Ts(@G&LLECTIS)

Workpackage objectives and starting point of work & beqginning of reporting period

The aim of this workpackage is to validate the Megls database. For this purpose, we
useduse the novel proteins issue from the Megafolgram to produce custom-made meganucleases
specially designed to engineer rodent genome.idnoald have to be identified.

During this reporting period, we have performedjédas search and identified potential targets
on the mouse loci ROSA26 and glutamate synthetasewell as on the CHO locus HPRT.
Heterodimeric meganucleases were engineered. Tt icleavage activity of the meganucleases
targeting was improved and tested for cleavage ammalian cells, using a previously described
assay based on transient transfection in CHO cells.

In parallel, using a meganuclease targeting theamugene RAG1 as a model, we developed
several tools and methods for monitoring gene targeefficiency. Eventhough meganucleases are
known to be highly specific; monitoring potentiakicity is a major issue for some applications. We
then developed assays to quantify any potentiat@@veffects of the meganuclease into the cells.

Progress towards objectives

During this period a major effort has been devdtedevelop tools to monitor gene targeting
events and potential toxicity of the meganucleasgsessed in to cells.
We use our well characterized meganuclease engihéetarget the human gene Rag as a model.
1/ We developed rapid assays to monitor the agtofithe meganuclease at the endogenous site.

Targeted insertion:

First, in order to test a high number of transféatells, we developed a robust PCR-screen
strategy allowing identifying cells where recomliioa events took place. We showed that
meganucleases can induce high frequency of targetedrtion making selection strategies
dispensable (Figure 5.1).

In human cells, meganuclease can induce recombimatients at frequencies up to 3 to 6%.
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Figure 5.1. Targeted integration at the endogen®4sG1 locus, driven by a single-chain meganuclease. fixeatal
outline and diagram of the gene targeting strateggd at the endogenoBAG1 locus. TheRAG1target sequence is
located just upstream of exon 2 coding for the Rpgitein. Exon 2 is boxed, with the open readirggmie in white.
Human 293 cells transfected with meganuclease ssjome plasmids and a repair substrate were cultithdut selection
for 72 hours and were then dispensed into 96-watiep at a concentration of 1, 10 or 100 cellsiwgleavage of the
nativeRAG1gene by the meganuclease yields a substrate foolbgous recombination, which may use the repatrima
containing 1.7 kb of exogenous DNA flanked by homgyl arms as a repair matrix. Targeted integragieents can be
detected by PCR amplification, using a primer dieéor the integrated exogenous DNA sequence apdmaer present
in the RAG1gene but outside the region of homology used endbnor matrix (arrows). Example of PCR screens for
targeted integration events. PCR analysis of 1lfemift samples (1-14), each derived from 10 ce#isasfected with
meganuclease expression plasmid and repair maRiindicates positive control (a recombinant plamand N is the
negative control (no DNA). Analysis of thegenomicuis was then perfomed bySouthern blot analysisioé& DNA
preparations were digested withindlll and Southern blotting was performed with agfreent of theRAG1gene lying
outside the right homology arm. The locus mapscau@i the restriction pattern of the wild-type lo¢6s3 kb) and the
targeted locus (3.4 kb). The probe is indicatedabgolid black box. Five clones (1-5) samples aeatifrom single
transfected cells are analyzed, together with DkoAfnon transfected cells (293).In three samples,af the alleles has
been targeted. H{indlll site.

Induced-mutagenesis:

We also developed a rapid strategy to test the mexdgase activity at the endogenous site. 2
DNA repair pathways can be involved after DNA DSBe most predominant being the non-
homologous end joining. Usually, NHEJ leads to @drflunction of the 2 broken ends of DNA.
However, minor events as insertions or deletion®NA fragments can be observed at the DSB.
Thus we developed a rapid sequencing strategy @lipthe detection of such events. In human cells,
the transfection of the meganuclease targetindRt(n€ 1 locus could induce up to 6% of mutagenesis
at the endogenous site.
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2/ Toxicity is a major issue in Double-strand bré&adtuced gene targeting as it could be related to
specificity and off-site cleavages. We then depetb several assays in order to monitor potential
toxicity of expressed meganucleases into cells.

We first developed a survival assay in CHO-K1 caltsl were able to show that, at the active
dose (minimal dose to induce maximal activity inke cells), none of the meganucleases tested
affected the survival rate of the transfected ceallsowing the high degree of specificity of these
proteins. At higher dose, the single-chain desigpears to improve the safety of the meganucleases
as they can compare to I-Scel, the gold standattueifield. (figure 5.2).

Same conclusions could be obtained with the queatibn of theyH2AX foci formation,
either by classical quantification of foci numbeithin the nucleus or by quantification by FACS of
theyH2AX expression

120

100

= O V2(G19S)/V3(G19S)
S 804 O I-scel
©
; " [ ] sc V3--V2*(G19S) i ) . ..
> 7 A scv3v2(G19S) Figure 5.2: evaluation of the potential toxicity of the
3 w0 A varve meganucleases:
B V2(G195)/V3 3 different assays were developed. Top: cell satviv
20 ¢ v2ivs assay. Various amounts of meganuclease expression
o vector and a constant amount of plasmid encoding GF
o 200 400 600 80 1000 were used to cotransfect CHO-K1 cells. Cell suviva
Amount of transfected plasmid (ng) expressed as the percentage of cells expressing GFP
E V2AGIISIVE(G195) six days after transfection. Dashed box, meganseka
0 vanvs active dose . The totally inactive V2(G19S)/V3(G19S
100 IXACTIVEDOSE I v2(G19S)V3 . . L .
e W Vs heterodimer is shown as a control for non toxicity.
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3 w formation of H2AX foci at DNA double-strand breaks,
P H“ I and nuclear foci content was detremined.
K o Sn A __ca Representative images of cells treated with 10 gime
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1H2AX Foci cells content the active dose of meganuclease. Bottom: cells were

transfected with various meganucleases aH@AX
expression was monitor by FACS.
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Finally, we were able to induce gene targeting evémo cells after profection of purified
meganuclease. The use of purified protein wouldeimse the safety of this technology as random
integration of the plasmid expressing meganucleasavoided (Figure5.3). 99% of the clones
obtained after profection of the I-Crel protein ddsto a cell penetrating peptide, showed perfect
integration events.

400

Médian of fluorescence (H2AX+)
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Figure5.3 : Profection of meganuclease induces recombinai@mts in a chromosomal reportrer system. CHO-#lk ¢
carrying one chromosomal copy of the LACZ genermiged by a I-Crel site were either transfectethva I-Crel

expressing plasmid (I-Crel/DNA), or profected witlCrel protein fused to a cell penetrated pepti@€R/I-Crel). Cells
were stained with X-Gal 3 days after the experim&ibnes obtained after profection were picked andlyzed by

Sourthern blotting.

In vivotesting of meganucleases targeting rodent genes:

1/ mouse ROSA26 gene

13 139 bp
D b e e >
cible rosal.1l
Locus ROSA26 : 5,6kb l
- —————— > D
I — Ex2 {4
I R
Matrice de Kl : el el . e
.- 2kb HG RES - 2kbHD _ ~.
<+ >
B C

Figure 5.4: Rosa 26 gene organisation or genome engineersiggy..

The engineered meganuclease recognizes and cladY®#\ sequence located in exon2 (fig 5.1). The Diatrix used
during the meganuclease induced Recombination Ewpets contains an expression cassette of the hygioe
resistance (hygf gene preceded by a ribosome Binding site seqUERES).
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During the previous reporting period, we showed gene insertion events could be detected
in occurred in about 1 out of 1000 transfected mdusells.

During the course of this project, we showed th@rdl based single-chain meganuclease
improved the safety of the meganuclease. Thug)geschain version of the meganuclease targeting
the ROSA26 gene was designed and new gene targetpeyiments were performed in NIH3T3
cells. After co-transfection of the meganuclease e DNA repair matrix, depicted in figure 5.4,
genomic DNA issue from Hygromycin resistant clomesre subject to southern blot analysis. 4/30
clones showed targeted integration. However, tkgsats were accompanied by random insertion of
the repair matrix.

New set of experiments were carried out withouea@n. No integration events could be
detected. Chromatin conformation can impact theieficy of the process as the recognition site can
be poorly accessible by the meganuclease. The niRQRA26 is a valuable locus as the gene is
ubiquitously expressed and therefore could reptesergood target for transgenic or protein
production studies. Thus, we are pursuing our efforcreate new research tools for functional
genomics in mouse, and decided to produce new mefgases targeting different sites in the same
locus. 4 sites have been identified and the medeases are now in the production process.

2/ mouse GS gene

During the last period, using the Cellectis platefowe were able to produce heterodimeric
proteins able to cleave a target located in exah the mouse GS gene. Activity of the engineered
meganucleases has been optimized. Finally, higttiyeasingle chain meganucleases in mammalian
cells could be produced.

This gene is of potential interest as in absencgldhmine, GS is essential for cell survival
(fig 5.5). Thus, it can be used as selectable matkés notice that the DNA target sequence also
present in the Chinese Hamster ovary cells gendilnes a unique meganuclease has the potential
application in 2 rodent’s species.

Glutamine 2-oxoglutarate
COCH
¢H,
CH
&0
__ COOH  NAD(PJH
AS) e a8
Glutamate Synthase gene (GS) EBEn Farradontn
is responsible for the &H
biosynthesis of glutamine using oyl
ammonia and glutamate as c';sz\m
substrates c':OOH2
ATP Glutamate Glutamate

The Glutamate Synthase Cycle Leaetal (1992

Figure 5.5: glutamate Synthase cycle. In the absence of glo&asS is essential for the survival of the delicells that
express little or no GS (example: mouse myelomia)¢¢he GS gene can be used as a selectable marker
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During the previous period, we were able to produeganuclease presenting the high activity
in mammalian cells. We have then designed actimglesichain molecules carrying engineered
protein-protein interface. As shown in figure l6is new design improves the safety as activitfes o
the homodimers, resulting of co-expression of mtmomers, are abolished.

Extrachromoomal assay in CHO-K1 (SSA)

3,00 4

. Single chain Single chain / OH hetertzdimer

2,00 1 [] GsCHO1.1

[l GSCHO1.3

150 | [] GSCHO1.4

Arbitrary unit

1,00 ~

0,50

0,00 ~

3,12 | 6,25 | 12,5 3,12 | 6,25 | 12,5 15 312 | 6,25 | 125| 25 50 Ragl Empty ng

SC

Figure 5.6. Cleavage activity in mammalian cells of the magdeases targeting GS gene. Activities of differen
meganuclease designs tested with our SSA extraredsomic assay in CHO-K1 cells. Meganucleases vested
against the non palindromic target found in theagee (GSCHO1.1), as well as against the 2 depatiddromic
targets (GSCHO1.3, GSCHO1.4). Single chain megaasel targeting the ragl locus is used as a cdiRegl
sc). OH: mutation affecting the protein interface

Moreover, 2 single-chain meganucleases have bs&dtéor their potential toxicity using cell
survival assay (figure 5.7). In dose-response éxg#it, none of these meganucleases showed
adverse effect.

140

120
S 100 3 Figure 5.7: cell survival assay. 2 single-chain
% 80 \\A\.\‘\‘ meganucleases targeting the GS locus were trapdfétt
= CHO-LK1 cells (yellow and red). Cell survival was
g 60 guantified 6 days after transfection. Wild type reC
o 40 (purple) and I-Scel (dark blue) were used as cantro
Q20
O

0

0 10 20 30 40 50
® GS1 GS2

The best meganucleases are now tested
in NIH3T3 cells. The frequency of mutagenesis iretliby the meganuclease at the endogenous locus
is evaluated.
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3/ Chinese hamster HPRT gene

We have screened the Hamster's Hypoxanthine rilicmytsferase gene for potential target.
This gene is of interest as it is the main actothim purine biosynthesis in absence of active DHFR.
Thus in CHO-K1 which is DHFR negative, the insartmf any DNA sequences in this locus would
disrupt the HPRT-based metabolic pathway: the waluld become sensitive to 6-thioguanine
(fig5.8). Therefore a meganuclease targeting th& HBene in CHO-K1 could represent a powerful
tool.

Hypoxanthine ribosyl transferase (HPRT)

| > Purine
M Biosynthesis

thi . R )

6-thioguanine 6-TGMP

(6-TG) Salvage pathway !

A ~
Hypoxanthine @ DHFR = Dihydrofolate reductase

Figure 5.8: Involvement of the HPRT gene in the purine biokgsts. In absence of DHFR (Dihydrofolate reductase)
HPRT is the only metabolic pathway to produce Rurirhe 6-thioguanine molecule can be used as etiselagent as its
incorporation by HPRT will lead to cell death

During the previous period, we have identified deptial target in exon 3 of the hamster
HPRT gene (Hypoxanthine ribosyl transferase), andineered heterodimeric proteins showing
cleavage activity in yeast.

During this period, activity in mammalian cell heeen improved, and active single-chain
proteins have been produced and targeted gendéiamsexperiments have been carried out.
Figure 5.9 depicts the HPRT locus in CHO cells @nadrepair matrix used for the experiment.

Cells were co-transfected with plasmid expressingls-chain meganuclease and the repair
matrix. Following double selection (hygromycin a@€drG), cellular clones were screened for Kl
events. A frequency of Kl events of 1.2 x 10-4 cbloé achieved in CHO-K1 cells.

HPRT site

Introns

Figure 5.9 Frequency of HygroR/6-TG+ clones after HPRT-
mediated targeting in CHO-K1 cells.

A; genomic organization of the HPRT locus and DNAvaie
Matrix design. GOI: gene of intered®®; Table summarizing the
1 gene targeting experiments with heterodimeric (HebD)single-
chain meganucleases (SC).

HygroR PA pCMV GOl PpA

HygroR 6-TGR
Gor*

pHPRT Exon3-HygrokR pA pCMV GOl PA
fusion

B Frequency of Hygro R/6-TG* clones

o b oros bmars Moreover, southern blot analysis showed that 99% of
the clones contain only targeted insertion.
Finally, we showed that the expression of the tesker
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gene over time was a high stable (figure 5.10).

108 CHO-K1 (LacZ-HPRT) clone
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E] A A | <« .
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< ]
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1 ‘ ‘ ‘ ‘ ‘
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Cell passage (cell spiltting)

Figure 5.10Q targeted insertion at the HPRT locus allows st@xpression The LacZ gene wasinserted in the HBE&US
by targeted insertion and ernzymatic activitiesevguantified at each cell passage. Cells were redtwith or without

selection pressure

4/ New targets: During the course of the projecheav approach was implemented to produce
meganucleases. Our proprietary Omegabase contéiogsands protein resulting from our
combinatorial process. These “half meganucleasegpotentially, by co-expression within the cells,
form active heterodimeric meganucleases. This @gbravould considerably decrease the time of
delivery of our meganucleases. we search the mgeseme for sequences compatible with a
combination of 2 *half meganucleases” already amd in our database. Even though, the
MEGATOOLS project is now completed, we are purswnug effort to create new research tools for
functional genomics in mouse. Targets were selettediffrents mouse genes and meganucleases
were directly tested in our mammalian cells assagufe 5.11). New meganucleases with cleavage
activity similar to I-Scel are now available.

Extrachromosomal assay (CHO-K1)
I-Scel

— mParpl
—— mCD40
—— mSfb1l
mMrps1
— mSmarl
mElaC1

Arbitrary unit

o 5 10 15 20 25 30 Nng

Figure 5.11 Cleavage activity in mammalian cells of the magd@ases targeting mouse genes. Activities of wdiffe
meganucleases were tested inour SSA extra-chromosmssay in CHO-K1 cells. genes targeted by theamaegeases

are indicated
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Deviations from the project workprogram

The meganuclease targeting the ROSA26 locus shadgappointing result in gene insertion
experiments, probably due to the chromatine stractiiat could make inaccessible the recognition
site.

Status of Deliverables and Milestones

Del. no. Deliverable|Original Revised Status (***)| Nature

name delivery delivery
date (**) date (**)

D5.1 Repair matrix fo,  Month 20 Finished R
target 1 & 2

D5.2 Repair matrix fo,  Month 28 Finished R
target 3 & 4

D5.3 KO of targets Month 28 Finished R
& 2 in mousg
cells

D5.4 KO of targets | Month 36 partial R
& 4 in mousg
cells

D5.5 Establishment ¢ Month 36 Finished R
standard
procedure

Status of the milestones for the period and forectfor the other milestones of the WP5.

Milest. Description Original target Revised targe|Status
no. date (**) date (**) (***)
M5.1 [First cloning of repair matrix| Month 20 Finished
M5.2 |First KO Month 28 Finished
M5.3 |Full validation of the approach Month 36 Finished
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2. DISSEMINATION AND USE
A WWW site (http://www.cellectis.com/megatools/gshbeen constructed at the coordinator’'s server
for the dissemination of project results and exgeanf information between partners.

Sectionl - Exploitable knowledge and its Use

Overview table

Exploitable Exploitable Sector(s)of Timetable for Owner & Other
Knowledge product(s) or aoplication commercial | Patents or othey Partner(s)
(description) measure(s) PP use IPR protection involved
1.meganuclease | Plasmid 1. Industrial | 2010 Patented CELLECTISSA
targeting the expressing the| INspection (sept 2008)
glutamate meganuclease
synthetase mouspand its use 2.Research
gene thereof tools
2_meganuc|ease Plasm|d 1.|ndustrial Patented CELLECTI S SIA
targeting the expressing the| inspection | 2009 (Nov 2006)
Hypoxanthine meganuclease
ribosyltransferase and its use 2.Research
mouse & hamstef thereof tools
genes
Patented (oct
2008)
3_meganuc|ease Plasm|d 1 |ndustl‘ia| 2011 Patented CELLECTI S SIA
targeting the expressing the| inspection (June 2007)
ROSA26nouse | meganuclease
gene anditsuse | 2-Research
thereof tools
4 engineering Of Meganuclease 1 |ndu'S'[ria| 2010 Patented CELLECTI S SIA
the chimeric with locally | Inspection (dec 2007)
DmoCre altered
meganuclease | specificity and | 2-Research
Methodsto | tools
combine them
5. engineering of| Meganuclease| 1. Industrial | 2010 (patent is CELLECTISSA
new domains of | with locally | Inspection planned for
I-Crel altered 2010)
meganuclease | specificity and
Methods to
combine them
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Meganuclease targeting the glutamate synthetasesengene

This gene is of interest as GS is responsiblehehiosynthesis of glutamine using ammonia
and glutamate as substrates. Thus, In absenceatahghe | n the medium, GS is essential for cell
survival and can therefore be used as selectableema

The ability to destroy GS activity in any mouseHamster cells is highly attractive in the
protein production industry.

Interestingly, this target sequence is also presetiie Chinese Hamster ovary cells genome.

Meganuclease targeting tlitypoxanthine ribosyltransferasgsouse & hamster genes

This gene is of interest as it is the main actdh@purine biosynthesis in absence of active
DHFR Thus in CHO-K1 which is DHFR negative, theari®n of any DNA sequences in this locus
would disrupt the HPRT-based metabolic pathwayctiewould become sensitive to 6-thioguanine.
Therefore a meganuclease targeting the HPRT geGeld-K1 represents a powerful tool for the
production of cell lines expressing any gene dariet.

Meganuclease targeting tiROSA26nouse gene

This gene is of interest as ROSA26 gene is ubigsijfoexpressed in mice. The ability to
insert gene expression cassette at the locus viarttendous help the production of transgeneis mice
for the research community.

Unfortunately, the recognition site that has beslected in our first attempt appears to be not
accessible, probably because of chromatin structanstrains. Thus, 4 new recognition sites have
been selected and engineered meganucleases atsdewproduction

Engineering of the chimeric DmoCre meganuclease

Homing endonucleases have become valuable toolgeimome engineering. Their sequence
recognition repertoires can be expanded by modjfytimeir specificities or by creating chimeric
proteins through domain swapping between two subailes of different homing endonucleases.
However, these two approaches can be combinede@mtecrengineered meganucleases with new
specificities.

The ability to engineered new scaffold has a tredtnas potential to expand the number of
DNA sequences targetable by meganucleases.

Engineering of new domains of I-Crel meganuclease.

Expanding the target space that can be reachegastiaular meganuclease is under highly invedstigat
around the world. The ability to engineered I-Gvated meganucleases with new locally altered spiegif
and to be able to combine them will improved thedpiction process of meganucleases. First, it niiease
the number of DNA target that we can reach with pgrbtein scaffold. Second, the overall specifioityghe
enginnered I-Crel beased variant will be improvedhe safety of this technoglogy.
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Section2 — Dissemination of knowledge

The dissemination activities below include thos#ing in the first reporting period and those
definitely planned.

Overview table

Planned Size of| Partner

/actual | Type Type of audience| Countries | audienc | responsible

Dates addressed| e /involved

Jan 07 Project web-site General public | All NA

Jul 07 | Conference Research all 500 CELLECTIS

May 07 | Poster Research France 300 CELLECTIS

May 07 | Poster Research all 2000 CELLECTIS

July 07 | Poster Research all 500 CELLECTIS

Dec 07 | Conference Industry Germany | 100 CELLECTIS

2007 Publication Research All NA CNIO, CRG,
CELLECTIS

Apr 08 | Publication Research All NA CRG,
CELLECTIS

May 08 research all 2000 CELLECTIS,
CNIO

Sept 08 | Posters research Spain 2000 CNIO,
CELLECTIS

2008 Publication Research All NA CRG,
CELLECTIS

2008 Publication Research All NA CNIO, CRG,
CELLECTIS

2008 Publication Research All NA CNIO,
CELLECTIS

2009 Publication Research All NA CNIO,
CELLECTIS

2009 Publication Research All NA CELLECTIS

2009 Publication pending Research All NA CRG

2009 Publication pending Research All NA CRG

2009 Publication Research All NA CNIO

2009 Publication pending Research All NA CNIO, CRG,
CELLECTIS

2009 Conference Research Spain 300 CNIO

2009 Conference Research Europe 150 CNIO

2009 Conference Research All 600 CNIO

2009 Conference Research All CRG

The project has a dedicated website (http://wwwectt.com/megatools) the majority of which is
open to the public. A project fact sheet about Megja can be found on the webpage.
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Publications:

1) Crystallization and preliminary X-ray diffractio n analysis on the homing endonuclease I-
Dmo-I in complex with its DNA target.

P. Redondo, J. Prieto, E.Ramos, F. Blanco & G. elyga{(2007) Acta Cryst F Struct. Biol. 63(Pt
12):1017-20.

2) Generation and analysis of mesophilic variantsf the thermostable I-Dmol homing
endonuclease

J. Prieto, J-C Epinat, P. Redondo, E. Ramos, DxdP&dG. Montoya, F. Paques and F. Blanco. J.
Biol. Chem. (2008) Feb 15;283(7):4364-74.

3) Computer design of obligate heterodimer meganueases allows efficient cutting of custom
DNA sequences.

Fajardo-Sanchez E, Stricher F, Paques F, Isalaekano L.

Nucleic Acids Res. 2008 Apr;36(7):2163-73.

4) Molecular basis of recognition and cleavage ohé human Xeroderma pigmentosum group C
gene by engineered homing endonuclease heterodimers

P. Redondo , J. Prieto, I. Mufioz , A. Alibés Skichter , L. Serrano, S. Arnould , C. Perez , J.P
Cabaniols , P. Duchateau, F. Paques , F. Blanco Mdatoya. (2008) Nature Nov 6;456(7218):107-
11

5) Crystal structure of I-Dmol in complex with its target DNA provides new insights into
meganuclease engineering

P. Redondo, M. Marcaida, J. Prieto, E. Ramos, BoGP. Duchateau, F. Paques, F. Blanco & G.
Montoya (2008) Proc Natl Acad Sci U S A. 2008 Noi0%5(44):16888-93.

6) Efficient targeting of a SCID gene by an engineed single-chain homing endonucleasé&rizot
S, Smith J, Daboussi F, Prieto J, Redondo P, Méfindillate M, Thomas S, Lemaire L, Montoya G,
Blanco FJ, Paques F, Duchateau P. Nucleic Acids R&9 Sep;37(16):5405-19

7) Generation of redesigned homing endonucleasesngarising DNA-binding domains derived
from two different scaffolds

Sylvestre Grizot, Jean-Charles Epinat, Séverinemid®) Sandra Rolland, Frédéric Paques, Philippe
Duchateau. Nucleic Acids Res. 2009 (accepted fbligation)

8) Structure-based DNA binding prediction and desig Alibés, A., Serrano, L., Nadra, A.D. Zinc
Finger Proteins: Methods and Protocols. HumanasPEsds. Joel Mackay and David Segjalpress

9) Structure-based prediction of Protein-DNA bindirg specificitiesAlibés, A., Nadra, A.D., De
Masi, F., Bulyk, M.L., Stricher, F., Serrano, [Stbmitted

10) Homing endonucleases: from basics to therapeatapplications(2009) Maria J. Marcaida,
Ines G. Muiioz Francisco J. Blanco ¢ Jesus Pri&dlermo Montoya. Cellular and Molecular Life
Sciences In press

11) Molecular basis of SCID DNA recognition by engieered heterodimers and single chain
meganucleaseq2009) Ines G. Muioz, S. Subramanian, J. Colone&aNe Merino, Maider Villate
Frédéric Paques, sylvestre Grizot, Philippe Duchatérancisco J. Blanco, Jesus Prieto, Guillermo
Montoya. Submitted.
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Meeting:

Meganucleases with tailored specificities for genoanengineering purposes
Frédéric Paques. Enzymes engineering meeting 200y, China

Induction de la recombinaison homologue par des mégucléases artificielles
Julie Smith, Jean Pierre Cabaniols, Laetitia Leeydiaurence Guianvarch, Sophie Leduc, Fredeéric
paques et Philippe Duchateafi™colloque des 3R, May 2007, France

Gene targeting induced by engineered endonucleasdsrived from the I-Crel meganucleases
Jean-Pierre Cabaniols, Sophie Leduc, Cécile Jaagméhristophe Perez, Sylvestre Grizot, Sylvain
Arnould, Philippe Duchateau and Frédéric Paque Arhual meeting of American Society of Gene
Therapy, May 2007, USA

Meganucleases with tailored cleavage specificitiesan induce efficient homologous gene
targeting

Smith J, Cabinols J-P, Gouble A, Grizot S, PereD@;hateau P and Paques F. Faseb SRC, genetic
recombination of genome rearrangement, July 20GA U

Use of engineered meganucleases to trigger efficiddSB-induced homologous gene targeting.
A. Gouble, J. Smith, J.P. Cabinols, S. Grizot, €eR, P. Duchateau and F. Paques . DNA repair,
damage signaling, and carcinogenesis. First Geffnanch Meeting, September 2007, France

Improvement of meganuclease specificity for genonengineering

Sylvestre Grizot, Séverine Thomas, Jean-Pierre ialsa Christophe Perez, Sophie Leduc,
Guillermo Montoya, Francisco J. Blanco, Jesus &rigtédéric Paques and Philippe Duchateall. 11
Annual meeting of American Society of Gene Therdpgy 2008, USA

Generation and analysis of mesophilic variants ofiie thermostable I-Dmol homing endonuclease
J. Prieto, J-C Epinat, P. Redondo, E. Ramos, DxéP&l Montoya, F. Paques and F. J. Blanco. SEBBM
(Spanish society for biochemistry and moleculaldgyg). september 2008. Spain

Sructural biology of homing endonucleases and thepossible therapeutic applications
Guillermo Montoya SEBBM septemeber 2009 Oviedo

Sructural biology of homing endonucleases and thepossible therapeutic applications
University of Santander, Spain, 2009

Sructural biology of homing endonucleases and thepossible therapeutic applications
International gene theraphy congres2009, Granada Spain.

THE DNA-PROTEOME: Recent advances towards establishg the protein-DNA interaction
space.Barcelona, Spain. 20-22 APRIL, 2009
-Structure-based DNA binding prediction and desAjejandro D. Nadra, Andreu Alibés, Francois

Stricher, Luis Serrano.
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-Structure-based prediction of protein-DNA bindspecificities. Andreu Alibés, Alejandro D. Nadra,
Francois Stricher, Luis Serrano.

Section 3 - Publishable results

Meganucleases can be engineered to change theignidon site sequence. This breakthrough in
protein engineering alleviates the need to preraegi cell lines with a natural meganuclease
recognition site. Engineered meganucleases achaegeted integration on “wild type” cell lines.

The first ever engineered meganuclease for the teaigsnome targets the natural HPRT
(Hypoxanthine-guanine PhosphoRibosylTransferaseisloHPRT is involved in purine metabolism
and converts 6-thioguanine (6-TG) to its monophagpform (6-TGMP). 6-TGMP interferes
subsequently with de novo synthesis of purines.

CHO-K1 HPRT+ cells are naturally sensitive to 6'TlGon expression of the engineered
meganuclease targeting HPRT following cell transfec a DNA double-strand break is made which
triggers repair through homologous recombinatidre fransfected integration matrix is used for
repair and contains upstream and downstream homoéggons of the HPRT locus, a hygromycin
resistance gene, and promoter and terminator segsi@h the Gene Of Interest (GOI) coding
sequence. Upon repair, the GOl is integrated aHfPRT meganuclease recognition site, and the cells
become hygromycin and 6-TG resistant (HPRT deftgien

NE‘WMDJE CHO-K1 SYSTEM

targeted gene integration in your lab’s cell line
guaranteed gene expression

sustained protein production

clone homogeneity

fast & effortless

cGPS and cGP&Custom are the unique ways to stably express aiprisom your cell line!

Publications:

1) Crystallization and preliminary X-ray diffractio n analysis on the homing endonuclease I-
Dmo-I in complex with its DNA target.
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P. Redondo, J. Prieto, E.Ramos, F. Blanco & G. lgga{2007) Acta Cryst F Struct. Biol. 63(Pt
12):1017-20.

2) Generation and analysis of mesophilic variantsf the thermostable I-Dmol homing
endonuclease

J. Prieto, J-C Epinat, P. Redondo, E. Ramos, DxéP&dG. Montoya, F. Paques and F. Blanco. J.
Biol. Chem. (2008) Feb 15;283(7):4364-74.

3) Computer design of obligate heterodimer meganueases allows efficient cutting of custom
DNA sequences.

Fajardo-Sanchez E, Stricher F, Paques F, Isala®ekano L.

Nucleic Acids Res. 2008 Apr;36(7):2163-73.

4) Molecular basis of recognition and cleavage ohé human Xeroderma pigmentosum group C
gene by engineered homing endonuclease heterodimers

P. Redondo, J. Prieto, I. Mufioz , A. Alibés Skichter , L. Serrano, S. Arnould , C. Perez , J.P
Cabaniols , P. Duchateau, F. Paques , F. Blanco Mdatoya. (2008) Nature Nov 6;456(7218):107-
11

5) Crystal structure of I-Dmol in complex with its target DNA provides new insights into
meganuclease engineering

P. Redondo, M. Marcaida, J. Prieto, E. Ramos, 8oGP. Duchateau, F. Paques, F. Blanco & G.
Montoya (2008) Proc Natl Acad Sci U S A. 2008 Noi0%5(44):16888-93.

6) Efficient targeting of a SCID gene by an engineed single-chain homing endonucleasé&rizot
S, Smith J, Daboussi F, Prieto J, Redondo P, Méfindillate M, Thomas S, Lemaire L, Montoya G,
Blanco FJ, Paques F, Duchateau P. Nucleic Acids R&9 Sep;37(16):5405-19

7) Generation of redesigned homing endonucleasesngarising DNA-binding domains derived
from two different scaffolds

Sylvestre Grizot, Jean-Charles Epinat, Séverinemid®) Sandra Rolland, Frédéric Paques, Philippe
Duchateau. Nucleic Acids Res. 2009 (accepted fbligation)

8) Structure-based DNA binding prediction and desig Alibés, A., Serrano, L., Nadra, A.D. Zinc
Finger Proteins: Methods and Protocols. HumanasPEds. Joel Mackay and David Sedgjalpress

9) Structure-based prediction of Protein-DNA bindirg specificitiesAlibés, A., Nadra, A.D., De
Masi, F., Bulyk, M.L., Stricher, F., Serrano, [Stubmitted

10) Homing endonucleases: from basics to therapeatapplications(2009) Maria J. Marcaida,
Ines G. Muiioz Francisco J. Blanco ¢ Jesus Pri&dlermo Montoya. Cellular and Molecular Life
Sciences In press

11) Molecular basis of SCID DNA recognition by engieered heterodimers and single chain
meganucleaseq2009) Ines G. Muioz, S. Subramanian, J. Colone&aNe Merino, Maider Villate
Frédéric Paques, sylvestre Grizot, Philippe Duchatérancisco J. Blanco, Jesus Prieto, Guillermo
Montoya. Submitted.

Patent:

8 sept 2008 - PCT/IB2008/003109 (non publiée 2ud MEGANUCLEASE VARIANTS CLEAVING A
DNA TARGET SEQUENCE FROM THE GLUTAMINE SYNTHETASE ENE AND USES THEREOF"

- HPRT 14 nov 2006 - PCT/IB2007/004281 (publieessie n° WO 2008059382) "MEGANUCLEASE
VARIANTS CLEAVING A DNA TARGET SEQUENCE FROM A HPRTGENE AND USE THEREOF"
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12 dec 2007 - PCT/IB2007004418 (publiée sous M/6°W0O2009074873 ) "IMPROVED CHIMERIC

MEGANUCLEASE ENZYMES AND USES THEREOF"

6 juin 2007 - PCT/IB2007/002830 (publiee sous°l&02008152523) "MEGANUCLEASE VARIANTS

CLEAVING A DNA TARGET SEQUENCE FROM THE MOUSE ROSA2.OCUS AND USES

THEREOF"
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