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ABSTRACT

In this study we investigated the role of several
parameters governing the efficiency of gene targeting
mediated by homologous recombination in the
protozoan parasite Leishmania. We evaluated the
relative targeting frequencies of different replacement
vectors designed to target several sequences within
the parasite genome. We found that a decrease in the
length of homologous sequences <1 kb on one arm of
the vector linearly influences the targeting frequency.
No homologous recombination was detected,
however, when the flanking homologous regions were
<180 bp. A requirement for a very high degree of
homology between donor and target sequences was
found necessary for efficient gene targeting in
Leishmania , as targeted recombination was strongly
affected by base pair mismatches. Targeting frequency
increased proportionally with copy number of the
target only when the target was part of a linear
amplicon, but remained unchanged when it was
present on circles. Different chromosomal locations
were found to be targeted with significantly variable
levels of efficiency. Fin  ally, different strains of the same
species showed differences in gene targeting
frequency. Overall, gene targeting mediated by homo-
logous recombinationin  Leishmania shares similarities
to both the yeast and the mammalian recombination
systems.

INTRODUCTION

plastidaeTrypanosomaand Leishmania as in yeast cells3],
nearly all integration events proceed by homologous recombi-
nation @-8). Recently, genetic manipulations in protozoan
parasites have become possible by introducing exogenous DNA
by electroporation, yielding stably transfected parasite lines. In
Leishmaniathe transfected DNA can either remain episomal or
can integrate into the genome by homologous recombination
(9-13). Nothing is yet known on the parameters that may
influence the efficiency of gene targeting in protozoan parasites
however. Given the importance of gene targeting technology in
studying parasite structure and pathogenesis and in developing
tools for new and effective therapeutic approaches against
protozoan parasites, we initiated studies to evaluate the role of
different parameters on gene targeting efficiendyeishmania

In this report we describe the effect of the length and degree of
homology between the target sequences and the targeting vector,
the copy number of the target, the locus to be targeted and finally
the type of strain on the frequency of homologous recombination
in Leishmania We have analyzed the frequencies of genomic
integration by gene targeting with a series of vectors designed to
target several single or multiple copy parasite sequences located
at distinct positions within the genome. Generally, two types of
vector, insertion and replacement, have been used for gene
targeting studies in yeast and mammalian cells (for a review see
14). Although the issue is still controversidl5(16), sequence
replacement and insertion vectors behaved equivalently with
respect to targeting efficiency. For these studies we have
exclusively used replacement vectors that contain a linear array
of the sequences to be targeted on both sides of the selectable
marker. In Leishmaniafrequencies of DNA integration by
homologous recombination could be measured gquantitatively
because of the ability of these parasites to form colonies on solid

The ability to alter genes in different organisms constitutes media.

powerful genetic tool. Such manipulations in mammalian and The data presented here constitute a first attempt to study the
yeast cells have been made possible by the generation of efficieffect of several important parameters on gene targeting
methods of gene targeting using homologous recombination. Tirequency in a protozoan parasite. Our results indicate that the rate
frequency of homologous recombination between an introduced gene targeting is modulated by the same parameters that
vector and chromosomal DNA sequences is influenced by maimyfluence homologous recombination frequencies in yeast or in
factors, including, among others, the amount and nature afammalian cells. Overall, the factors that affect the efficiency
homologous sequences, the genetic locus, the copy number of éimel fidelity of gene targeting ireishmaniaact, for the most, in
target and design of the vector. a similar fashion as in the yeast system, although for some

Generally, targeted recombination in mammalian cells is leggrameters the recombination frequency resembles the situation
frequent than non-homologous integrati@r?). In the Kineto- observed in mammalian cells.
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Figure 1.Maps of the sequence replacement vectors used for gene targeting and integrati@oekiiression cassette into different locations withih.éighmania
genome.A) ptrl targeting constructs with double-stranded breaks within the target homologgddassette was introduced into BearH| site of thel.tarentolae
ptrl gene. Following digestion with several restriction enzymes, fragments of variable sizes were generated and trank@stedantecells by electroporation.
The same molar concentration was used for all the constBEfEy§Areplacement vectors with variable regions of homology flankingebeselectable marker
inserted into th@&glll site of thepgpAgene. Some of the above constructs were also made with the hygromycin expressionptelsseti@gpAare part of the
820 kb H locus-containing chromosonte) (ntegration of th@eoexpression cassette into the trypanothione reductaseTg®@naésent on a 520 kb chromosome.
(D) Integration of th@eocassette into thegpEgene located on a 1750 kb chromosdreéshmania tarentolattal DNA was digested with eithihd (A), Hindlll

(B), EcaRI (C) orBanHl (D), transferred to a nylon membrane and hybridizguirth nbs, TR pgpEandneoprobes as indicated. BanHl; Bg, Bglll; Bg*, Bgll;

Bl, Ball; C, Clal; RI, EcaRl; H, Hindlll; He, Hincll; M, Msd; N, Narl; S, Sma; Sa,Sadl; Sc, Scd; Sl, Sal; X, Xhd; Xm, Xcrr; Xn, Xmri.

MATERIALS AND METHODS

Targeting constructs

Cell lines, culture and transfections

The L.tarentolaeTarll and TarVla strains have been described
previously (9). The unselected TarVla wild-type strain contains
free H circles 19). The methotrexate (MTX)-resistant mutants

All targeting constructs used for these studies were of thgarll MTX1000.4 and Tarll MTX1000.1 contain a linear and a
replacement type and were made with isogenic DNA. Theircular amplicon respectively, both derived from the H region as
neomycin phosphotransferaseq and the hygromycin phospho- described%0,21). Tarll 1000.4pgpA/neds transfected with the
transferasenyg) expression cassettes used for construction of tHdTX1000.4 linear amplicon in which thpgpA gene was
targeting vectors were derived from pSPYneo and pSPYhydjsrupted with aneo cassette ZA1). Tarll Hirt-ptrl/neo is

respectively 17). The ptrl-neq ptrl-hyg pgpA-neo and

transfected with an H circle isolated from MTX1000 where the

pgpA-hyg targeting constructs have been described previousptrl gene was disrupted with tmeo expression cassetté?).

(12,13; see also FiglA and B). For generation gftrl-neo

Tarll 40.8 contains Aeishmaniaexpression vector carrying the

vectors frorrL.majorandL.donovantheneoexpression cassette ptrl gene (10 kb)43). Leishmaniacells were grown at 2€ in

was inserted as 8ma—EcdRV restriction fragment int&al
(treated with Klenow fragment to generate blunt ends)isal
sites ofptrl respectively. Thé.donovaniandL.major TR-neo
replacement vectors were made as reported previ@iiglyThe
L.tarentolaeTR-neovector was constructed by inserting tie®
expression cassette aSma—EcaRV fragment into th8all site

SDM-79 medium %4) supplemented with 10% fetal bovine
serum (FBS) (Multicell; Wisent Inc.) andig/ml hemin. For all
transfectiond 2 pg linearized targeting vector DNA sequences
purified from LMP agarose (Gibco BRL) were consistently used.
The linearized DNA fragments were purified twice to avoid
contamination with vector sequences or partially digested DNA.

of theTR gene (see Fid.C). The targeting construct to generateThe TR-neotargeting constructs were amplified by PCR using
a L.tarentolae single pgpE knockout strain was made by primers as indicated1{). The DNA concentration for each

introducing theneocassette asBanH|-Bglll fragment into the

targeting vector was adjusted so that the number of DNA

Bglll site of a 7 kilBanHI-BanHI genomic fragment containing molecules per cell during electroporation was kept constant. For

the pgpE gene (8; Fig. 1D). The sizes of the'5and 3

each transfection 8 1 cells (0.5 ml) were usetleishmania

homologous sequences flanking the selectable markers for eawdtls were electroporated as described elsewh&se The

targeting construct are shown in Figare

efficiency of DNA transfection intb.tarentolaewas calculated
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for each separate experiment as the ratio of the number of coloni&ble 1.Effect of the length of homologous sequences on gene targeting

grown in the presence of a selectable marker versus those grofigfuency irLeishmania

without selection. The procedure used to calculate gene targeting

frequency in our experiments is as follows. After electroporationTargeta

Leishmaniacells were grown in 5 ml liquid medium for 48 h at

29°C. Then dilutions at Foand 16 cells were plated onto SDM

agar without selection to calculate the total number of parasites e

surviving after electroporation for each experiment. The e
.. . . . ptrl locus

remaining cells were pelleted by centrifugation, resuspended i

Homology (kb) No. of G418R Targetingb

——neo. transfectants frequency

200 ul fresh medium and spreaded onto freshly prepared SDMindlll-Hindllt  3/10 94 67 80 L4x104
drug-containing plates. In parallel, 30@®f the same 48 h culture ~ Hindlll-Clal 313 280 230 250 2.0x104
were transferred systematically to a liquid SDM medium with theXhel-Xhol L1711 430 32 4T 2.3x104
appropriate drug selection to look at the result of genomicYért-Smal 0-35/0.48 474l 56 0.4x10-4
integrations on a total population of cells. Transfectants werd™*541 0.48/0.16 o 0 0 -

selected with 40ug/ml G-418 (Geneticin; Gibco BRL) 0Or  pgpa locus
80pg/ml hygromycin B (HygB) (CalBiochem). Colonies

. . . Xcml-HindIIL 3/3.25 167 118 175 0.9x10-4
appeared on average 8-12 days following incubation&€®.29 , .. = L96/1.7 54 164 182 L25x10-4
The targeting frequencies reported here are expressed as an ¢.. 0.9/0.22 97 a1 21 0.07x10-4
absolute number calculated from the number of G418-resistan;, .sca 0.18/0.22 o o o -

(G41&) or HygB-resistant (HygB) colonies divided by the total
number of colonies grown without selection. Each experiment

(E) in Tabled—-5 represents compilation of data from three to fouragoth the target and the vector sequences arelfrarentolaestrain Tarll.
independent transfections done in triplicate. bTargeting frequency is expressed as the absolute number oR Gdlb8ies
divided by the total number of colonies obtained without drug selection, as
indicated in Materials and Methods.

CE1-E3 represent three independent transfections conducted in triplicate. The
values presented here are the average mean of experiments E1-E3. No
Total genomic DNA front.tarentolaewas prepared as described signifi_cant variation_s in the targeting frequencies were observed from
(25), digested witfEcaRI, Hindlll, Xhd andBartHI, resolved on ~ SXPeriment to experiment,

0.7% acarose aels and transferred to nvion membran 9The restriction enzymes used to linearize the targeting vector DNA before
170 -ag g y ?r%nsfecting it intoLeishmania The DNA concentration of the targeting

(Hyb.ond'l,\l; AmerSham)' S(_)umem b|(_)'§S, radl()labe“ng of prObeSconstructs used for these transfections was adjusted to obtain a similar number
hybridizations and washing conditions followed standardy pna molecules per transfected cell

procedures 46). The probes used here were PCR fragments

generated fronTR, hyg, neo and ptrl coding sequences. The . . . .
probe containing the nucleotide binding site (nbs) of th{ the protozoaheishmaniacould be influenced by the length of

Leishmania P-alvcoorotein genes and recoanizing fi omology flanking the selectable marker we have examined gene
sequenceswag zl/esgribed prgevimﬂiy.(l'he cop?/ num%er?)??he targeting frequencies under conditions in which the length of
ptrl and pgpA targets was determined by a Beckman DU_Séwomologous sequences was varied. We have used two replace-

: ) ent vectors for these studies. Both containedaexpression
spectrophotometer using a gel-scan computer module ggssette inserted into thrl andpgpAgenes, part of the H locus

described before2{). Three experimental tests were used tg %1), respectively (Figl). The vectors were cut within the target

analyze the recombination events in our transfectants. First, thomolo sequence at several restriction sites leaving homo-
genomic DNA from a minimum of 12 randomly isolated G218 9y seq 9

. : f 0.16—-10 kb (see Bignd electroporated
or HygBR colonies (when the number of clones was higher thak?gous sequences o )
12) was prepared, digested and hybridized to the appmpridpélc;rlﬁgzrggmil?rﬁggllii'tesﬁajttigﬁrgf kgtlncéoa;rgzlzgase (i)rflt(t)hti GrEl118
probes to identify clonal recombination events. The remainin Aloci T tiv ? FiolA and B and not sh Wnpt
colonies were pooled and genomic DNA prepared and also tes PgpAloci respectively (FiglA a a ot shown).
by hybridization. Finally, the genomic DNA from a total he relative targeting frequencies with respect to different

population ofLeishmaniaransfectants grown in the presence oilern%?:'te%f irr:omgtl)c;g‘y _Ip_)rr]eesehr;t r:gsth?arregﬁcewg nltje\;eccto\r;as ©
a selectable marker in liquid medium was prepared and analyz%ﬁe ) 9 geting Treq y

o ; tained when the region of homology with the target DNA in

by hybridization. An excellent correlation was observed betweeb
; oth arms of the vector wad kb for both theptrl andpgpA

the resuilts obtained from the three approaches used. constructs. The efficiency of gene targeting remained relatively

stable even when homologous sequences in one or both arms of
RESULTS the vector were increased in size by 2- to 10-fold. This contrasts
Effect of the length of homology with the s_ituation observed_in mammalian celi®) (Indeed, we

have noticed that recombination frequency decreases slightly
Previous investigations in mammalian cells have suggested aen large regions of homology (>10 kb) were used (see Table
exponential relationship between target lengtharfiology and and unpublished data). The frequency of recombination was
targeting frequency with insertion and replacement vectomdecreased significantly, however, when the homologous
(2,15,28,29). A linear dependence on substrate length andequences were <1 kb. Thus, usingatiné Narl-Sma targeting
efficiency of targeting has been reported in yeast how&@r (  construct with homologous sequences of 0.35 and 0.48 kb on each
To determine whether the fidelity of homologous recombinatioside of the vector (FiglA), the frequency of targeting was

DNA manipulations and molecular analysis of targeted
colonies
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Table 2. Effect of isogenic and non-isogenic DNA on the fidelity of homologous recombinatigishmania

Donor/Recipient strain Target? Sequence identity® Homology (kb)© No. of G418R  Targeting
% —neo transfectants frequency
L. tarentolae/L. tarentolae ptrl! 100 0.35/0.48 Narl-Smal 47 0.4x10-4d
pgpAl 100 1.96/1.7 Msel-Msel 689 3.6x104
TR 0.85/0.4 PCR fragment 9 0.02x10-4¢
L. tarentolae/L. major ptril? 86 0.35/0.48 -g <0.01x104
pgpAl 1.96/1.7 - <0.01x104
TR 0.85/0.4 - <0.01x10-4
L. tarentolae/L. donovani ptrll2? 87 0.35/0.48 - <0.01x10-4
TR? 0.85/0.4 - <0.01x104
L. major/L. major purl! 100 0.49/0.33 Narl-Small 68 0.5x10-4
TR 0.85/0.4 6 0.03x10-4
L. major/L. tarentolae ptril? 86 0.49/0.33 - <0.01x10-4
TR 0.85/0.4 - <0.01x104
L. donovani/L. tarentolae ptril2 87 0.54/0.28 Narl-Smal - <0.01x104
TR! 0.85/0.4 - <0.01x10-4

aThe nucleotide sequence of the targets accompanied by the number 1 is known only in the donor strain. Number 2 indgettes the ta

for which the sequence is known only in the recipient strain. 1,2 indicates that the nucleotide sequences are knowndartmth the
and the recipient strains.

bThese values correspond to the percentage of identity at the amino acid level of the tested sequences.

Cn all cases intragenic fragments were used for the targeting experiments, isolated either by digestion with restrict®pranzyme
PCR as indicated in Figure 1 and Materials and Methods.

dThe frequency of targeting obtained here usingttievector is lower than the one obtained in Tables 1, 4 and 5. This can be explained
by the smaller length of homologous sequences flanking both the armsebtimarker in this targeting vector.

€The low frequency of targeting obtained with TR construct is explained in Results.

fTheneoexpression cassette was inserted int@ttegenes of .majorandL.donovaniat different restriction sites within the coding
sequences as indicated in Materials and Methods.

9The absence of colonies in solid G418-containing medium was also accompanied by a failure to obtain any growth in liquid medium

diminished by 5.5-fold compared with a vector in which thdevel of nucleotide sequence. Our attempts to target.thajor
homologous sequences were twice as big (see Tiabdhe case or theL.donovaniptrl homologs when using therl construct

of thepgpAScd—Scd replacement vector, where only 220 bp offrom L.tarentolaewere unsuccessful, whereas isogenic trans-
homologous sequences were present at'thad targeting was fection consistently yielded transfectants (Tabl&Similarly, the
decreased by a factor of 18 compared with Ned—Msd L.major or L.donovani ptrl homologs transfected into
construct, carrying a 7-fold larger region of homology (Taple L.tarentolaedid not yield any colonies (Tab®.

Vectors with homologous sequences <200 bp at one or at botHor the replacement vectors for which only the nucleotide
ends did not yield any resistant colonies (Taplsuggesting that sequence of one of the three gene homologs was available, we
the minimum size required for efficient gene targeting irhave evaluated the extent of the sequence divergence between the

Leishmaniaat least under our conditions[i50—200 bp. different homologs by restriction digestion patterns. We have
looked for the presence of the recognition sequences of 16
Effect of extent of homology different enzymes, part of the coding sequences of the

o o . L.tarentolaepgpA gene and thé.donovaniTR gene, in their
Base pair mismatches affect the efficiency of genetic recombyiyymologs from other species. The restriction digestion profiles of
nation in bacteria33) and in mammalian cell<§,34). Recently  the thregpgpAandTRgene homologs were identical for 9-14 out
Blundellet al (35) reported that targeting of exogenous DNAintonf the 16 enzymes tested depending on the target gene (data no
Trypanosoma brucerequired a high degree of homology shown), suggesting a significant sequence conservation among
between donor and target DNA. To determine the degree fe various genes tested. Our results, summarized in Zable
homology necessary for efficient gene targetingéishmania  syggest that the efficiency of gene targeting is strongly affected

we used_a series of isogenic_and non—isogenic constructs carrymthe presence of DNA mismatches and that isogenic DNA is
intragenic sequences from different species (T3blehe length  required for efficient homologous recombination.@ishmania
of homology present on both isogenic and non-isogenic targeting

constructs used was the same for most cases ([@aée first

concentrated our studies on targeting constructs for which thEeﬁ ect of copy number of the target

nucleotide sequences of the genes to be targeted were known. Thenammalian cells targeting does not depend on the number of
ptrl gene homologs frorh.tarentolae(23), L.major (36) and  target copies37), whereas in yeast there is a linear correlation
L.donovani(unpublished) share from 86 to 89% identity at thebetween copy number and frequency of targesy {To test to
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A B copy number of the target Intarentolaewild-type strains into
123 45678 91W 1234 56 78 910 which the same linear and circular amplicons were introduced by
transfection?1,22). The results we obtained using these transfect-
s> - @ - @9 - @ - @29 ants were in line with our previous observations (Téak)le
r Targeting frequency was indeed proportional to copy number of
23— B .‘. the ptrl target only in strain Tarll 1000@gpA/neo whereptrl
was amplified as part of a linear element, and almost no differences
pirl lyg were detected between the Tarll wild-type and the Tarll
Hirt-ptrl/neostrain containing a circular amplicon (TaB)e The
efficiency of homologous recombination was estimated at 11- to
18.5-fold higher in linear targets versus circles for the same copy
12— i -® number of the target (Tab®. These differences in efficiency of
10— .‘.: hyg gene integration were also observed at the level of Southern
blot hybridization, where variable intensities of the targeted 3.5 kb
Xhd restriction fragment were detected (see Bg.
Moreover, we have investigated whether the size of circular
amplicons may be responsible for the low efficiency of targeting
b hya in Tarll MTX1000.1 and Tarll Hirptrl/neostrains. We have
therefore targeted thptrl gene to a smaller episomgtrl
Figure 2. Integration of théyg expression cassette irteishmaniatargets of expression vector prese.nt in the Tarll 4_0'8 Stl%@t (s shown
variable copy numbet.eishmania tarentolagotal DNA was digested with  IN Table3 and also in Figur@A and B, integration of thayg
Xhd, gel electrophoresed, transferred to a nylon membrane and hybridljzed ( cassette into thptrl copies of this vector was very low despite
to aptrl probe andg) to ahygspecific probe. Lane 1, Tarll wild-type (wt); lane  the high copy number of the target sequence. Indeed, if we take

2, Tarllptrl/hyg a transfectant with tHeygexpression cassette integrated into ; ; i A
ptrl by homologous recombination; lane 3, Tarll MTX1000.4, containing a into account the difference in copy number between this circular

linear amplicon carryingtrd; lane 4, Tarll MTX1000.4tr1/hyg,a transfectant am_plico_n VErsus th_e linear targets, the frequency of rec_ombi'
with the hyg gene targeted at timtrl locus; lane 5, Tarll MTX1000.1 with a  nation is 49-fold higher when the target is part of a linear
ptrl-containing circular amplicon; lane 6, Tarll MTX100@tt1/hygwith the amplicon. Overall, these data imply that lieishmaniathe
ngt%fng?rﬁ%atfﬁegﬁrggf 1;;2”'840%:lrf‘rz‘fé‘j&c:‘i/c’h‘)’l”gh;ixgef;‘r’l'I‘ recombination machinery seems to recognize homologous
1000.4pgpA/nedransfected with the Iin’ear amplicon from MTX1060.4; lane Se_q_uences preferent|ally Whe_n they are present_ in_linear
10, Tarll 1000.45gpAineo-ptrl/hyca transfectant with theyggene targetedto ~ Minichromosomes rather than in extrachromosomal circles.

the ptrl locus. C) Southern blot of total DNA digested wittindlll and
hybridized to a nbs artd/g probe respectively.ane 1, Tarll wild-type; lane 2,
Tarll Hirt-ptrl/neq a wild-type strain transfected with the circular amplicon .
from Tarll MTX1000 (see Materials and Methods); lane 3, FaiA/hyg lane Effect of genomic locus to be targeted
4, Tarll ptrl/neo-pgpA/hygThe differences obtained in the intensity of the
hybridization signal at the level of the 3.5 kb targeted fra ; i i ; ;
d%ferem strains%re due to the variable Ievelg/gfntggration ingtg] ;r:attrtzleltc\)lzﬁgn To compare targeting frequencies at different geno_rmc locations
(from 10 to 70%), since similar amounts of DNA were layered in each lane. W€ have C,OnStrUCted four replacem_ent vect(_)rs carrying sequences
from distinct chromosomal locations (Fid). The vector
sequences corresponding to il andpgpAgenes are part of
the same genomic locus, the H regidf){ present on a 820 kb
what extent copy number of the target sequence could influenceromosome. Th&R vector sequences are located on a 520 kb
targeting frequencies ireishmaniawe have conducted experi- chromosome 1(1) and thepgpE sequences on a 1750 kb
ments in isogenic strains in which the target was present eithera@somosomel(8). All these genes are single copy in the genome.
a single copy or as multiple copies. Titel gene was used as The isogenic replacement vectors were successfully integrated
target sequence for these studmsl is present at two copies in following transfection into their respective chromosomal
the L.tarentolaeTar Il wild-type strain and at variable multiple locations, as shown by the Southern blot hybridization in
copies, as part of linear and circular amplicons, in the TarFigurel. Table4 summarizes the results we have obtained from
MTX1000.4 and Tarll MTX1000.1 strains respectivelp,1).  four independent experiments made in triplicate for each target
Transfection of th&Xhd—Xhd ptrl-hygreplacement vector into locus. The 820 kb H locus-containing chromosome carrying the
these strains and appropriate selection with HygB alloweptrl and pgpA genes was targeted 500-fold more efficiently
successful integration of thwg gene into thetrl locus for all compared with the 175@gpEcontaining chromosome and
three strains, as indicated in the Southern blot hybridization t44-fold compared with tHERlocus-containing 520 kb chromo-
Figure2A and B. A linear correlation between copy number osome (Table4). These differences cannot be attributed to
ptrl and frequency of targeting was found for the Tarllvariations either in copy number of the target or length of
MTX1000.4 strain, where the extmrl copies were part of a homologous sequences or to the degree of homology with the
linear amplicon (Tabled). Surprisingly, however, no marked target loci. Indeed, all vectors used for these studies carried
increase in targeting frequency was observed in Tarlsogenic DNAs that were single copy in the genome with lengths
MTX1000.1, whergtrl was present on a circle. of homologous sequences that in principal should not
To exclude the possibility that the differences we have observeifnificantly influence targeting efficiency (see Tallemnd4).
in recombination frequencies between linear and circular targets@ur data demonstrate that very large variations in gene targeting
MTX-resistant strains were due to mutation(s) occurring durinfrequencies can be obtained depending on the genomic region of
drug selection in one of these strains we re-evaluated the effecttioé parasite to be targeted.

C

12 3 4 123 4

- - - -
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Table 3. Effect of copy number of the target on gene targeting frequerigishmania

Strain Target? No. of target No. of Hygro BR transfectants Ratio® Normalized
ratiod copies (Targeting frequency)b amplified/single copy
linear/circular
El E2 E3 E4
prl
L. tarentolae Tarll genomic 2 99 160 89 119
(0.6x100%) e  (1.0x10%) (1.2x10°%) (1.1x10%) 1.0
Tarll MTX1000.4 linear amplicon 6-8 724 1648 2439 960
(4.8x10°%) (7.8x10°%) (10.1x10%) (9.6x10%) 8.2
Tarll MTX1000.1 circular amplicon ~ 18-21 500 357 442 423
(1.4x10°%) (1.8x10°%) (2.1x10°%) (2.1x10%) 1.9 11
Tarll 40.8 episomal vector 166 623 704 777 977
(2.7x10°%) (3.2x10%) (3.2x10%) (3.5x10%) 3.4 49
L. tarentolae Tarll genomic 2 70 58 119 63
(1.8x10°%) (1.2x104) (1.2x10%) (0.8x10°%) 1.0
Tarl 1000.4- linear amplicon ~ 18-20 908 587 2096 1768
papAineo (30.3x10°%) (19.7x1074) (20.5x10-%) (11.9x10%) 17
pgpA
L. tarentolae Tarll genomic 2 68 66 59 89
(0.2x104) (0.2x10°%) (0.22x10°%) (0.22x10°4) 1.0
Tarll Hirt-ptrl/neo circular amplicon  35-40 89 210 69 97
(0.35x10%) (0.6x10%) (0.43x10°%) (0.24x107%) 2.0 18.5

aThe region of homology of the targeting vectors used for these experiments isgd tbenstruct 1.1/1.1 kb and for thgpAvector 2.5/1.2 kb (see Fig. 1).
bTargeting frequency is calculated as indicated in Materials and Methods.

CThis ratio corresponds to the average mean of the targeting frequencies (E1-E4) for the strain containing the amplifexlitatiget obtained with the single
copy target-containing strain.

dTo calculate the normalized ratio of the targeting frequency between the linear and circular amplicons, the copy nurtdrgetfitas included.

€This value corresponds to the average mean of three independent transfections within each experiment. Slightly lowes fsétargetiiey were observed
in the experiments conducted with HygB selection compared with those obtained with G418 (see Tables 1, 4 and 5).

Effect of type of strain DISCUSSION

In this study we have evaluated the effect of a number of
To test the effect of the strain on recombination frequencies véxperimental parameters on gene targeting frequency in the
have used twa.tarentolaestrains, Tarll and TarVia. We have protozoan parasitd_eishmania Gene targeting is mediated
choserl.tarentolaefor these studies because it can grow muclexclusively by homologous recombination in Kinetoplastidae
more rapidly on plates than othesishmanigpathogenic species (4-8) and, as in other systen8(39), it occurs primarily if the
(unpublished data). TarVla is similar to strain Tarll but containgonstruct has free homologous ends, rather than being circular. For
free H circles {9). For these studies we targeted two differenpur studies we have used replacement vectors, the most commonly
genomic lociptrl andTR(Fig. 1A and C and data not shown), used targeting vectors. Replacement vectors with a double-strand
for which other parameters have already been investigated (dsreak outside the region of homology may recombine with the host
Tables1-4). Integration events by homologous recombinatiorchromosomal sequences by double reciprocal recombination or by
into the same genomic locus between the two strains showgdne conversion. Given the numerous observations in yeast
differences as high as 7- to 9-fold (TabjeThe 7-fold increase (40,41) and in mammalian cell2842) that gene targeting is
in targeting efficiency in strain TarVla was not due to the higheconsistent with double-strand break repair models of recombi-
copy number of thptrl target in that strain (10 versus 2), as wenation, it seems unlikely that the pathways for gene targeting are
have shown that targeting frequency was not altered when thendamentally different in protozoan parasites, however, the details
target is present on circles (see Tab)leDifferent Leishmania of these events are not known.
species have demonstrated significant differences in trans-The most critical parameters for efficient homologous recombi-
formation efficiency by electroporation that could influencenation in many systems tested so far are the degree of homology
targeting efficiency. The results we have obtained here, howevegtween the vector and the genomic target and the length of
were generated from two strains of the same species which hawx@mologous sequences. DNA sequence mismatches represent &
similar transformation efficiencies (data not shown). considerable barrier to homologous recombination in a wide
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Table 4.Effect of target location on gene targeting frequendyeishmania

Targetd Locus Homology (kb)b No. of G418R transfectants Ratio®
(kb) —neo (Targeting frequency )
E1d E2 E3 E4 820/820
pirl 820 1.1/1.1 650 1026 1096 790

(4.6x10%)  (6.5x10%)  (7.3x10%)  (7.5x10%)

pgpA 820 2.5/1.2 999 1320 1013 ° 876
(4.8x104)  (5.5x10%)  (5.8x10%)  (5x10°%) 12
82071750
pgpE 1750 2.1/1.1 3 4 5 4
(0.01x104)  (0.015x10%) (0.013x10-%) (0.01x10-%) 500
(6.5x104/0.013x10-4)8
820/520
TR 520 0.85/0.4 8 9 12 8

(0.04x10°4)  (0.04x10-%) (0.05x10-%) (0.05x10-4) 144
(6.5x1074/0.045x10-4)

aBoth target and vector sequences are fraiarentolaestrain Tarll. The targets are all single copy genes.

bEor the homologous sequences flankingrteemarker in the targeting constructs see Figure 1.

CThis ratio was calculated by dividing the average mean of the targeting frequencies obtaingdirfoloities by the frequencies obtained for vector
integration into another genomic locus.

dFor each experiment (E1-E4) the value of the targeting frequency, indicated in brackets, corresponds to the averageemaatepétitent
transfections.

€The targeting frequencies given here in brackets correspond to the average mean of the data obtained from experiments E1-E4.

variety of systems, ranging from bacteriB,{344) to yeast the order Kinetoplastidae should possess a mismatch repair
(45-48) and to mammalslg,34,49). Even in mammalian cells, system capable of suppressing recombination between divergent
where homologous recombination is by far not the most frequeBINA sequences. Bacteria, yeast and mammalian cells possess a
route of genomic rearrangement, vectors prepared from isogemiismatch repair system highly conserved in evolutits) o

DNA were found to target 5- to 20-fold more efficiently thanpreserve the integrity of their genetic material and to ensure both
vectors composed of non-isogenic DNI&,34). Recently it has chromosome replication and genetic recombination.

been reported that a very high homology was needed for efficientThe length of homology between the vector and target
targeting to occur in the protozo@arucei(35). Our studies with  sequences is also critical for efficient gene targeting in both lower
the protozoarieishmaniahave demonstrated that the use ofand higher eukaryotes. The exact length of homologous DNA that
isogenic DNA is a very critical parameter, if not essential, t@gives a maximum recombination rate in embryonic stem cells is
ensure a high frequency of homologous recombination. Indeechntroversial, but may be as high as 14k)32). The need for

a coding sequence from oheishmaniaspecies sharing at least so long a stretch of DNA to saturate the recombination machinery
86% identity with its gene homolog in another species did not lead higher eukaryotes might be necessary to disfavor exchange
to any detectable homologous integration when used as a vedietween short DNA sequences, such as repetitive elements,
to target a non-isogenic DNA (Talitg If we consider that the present in high copy number in these organisms that could lead
average targeting frequencies for a single copy target in ot genome instability. An increase in the length of homology by
experiments were from 2 to6L04and that the lower frequency 2- to 7-fold augments the targeting frequency in embryonic stem
for which an integration event was observed was®1@4 we  cells by 10- to 200-fold2(32). The exponential dependence of
can expect a 200- to 600-fold decrease in targeting frequency witlrgeting frequency on length of homology between vector and
14% base pair mismatch and this could possibly explain thtarget sequences observed in mammalian cells is much stronger
results we obtained when using non-isogenic constructs @able than that found in bacterid%50) or in yeast§0), where, for the

Our data indicate that sequence divergence between donor andst part, a linear dependency has been reported. We have showr
recipient target DNA drastically reduces the efficiency of genéhat in Leishmaniathe length of homology influences the
targeting inLeishmania(Table 2). At this stage, however, we frequency of recombination only when it is <1 kb. Indeed, the
could not determine the need for a minimal stretch of DNA witlirequency of recombination decreases significantly when the
perfect homology to the target locus. Based on our observationemology is <1 kb and this even if only on one side of the vector
and those of Blundedit al (35), we hypothesize that parasites of (Table 1). In Leishmania the decrease in homologous
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Table 5. Comparison of gene targeting frequencies betvietanentolaestrains Tarll and TarVia

Strain Target? No. of G418R transfectants Ratio of
(Targeting frequency) TarVIa/TarII
El E2 E3
Tarll ptrl (2) 650 472 518

(3.4x10%) (4.4x104) (2.8x104)

TarVIa ptrl (10) 3500 3200 4014 6.8¢
(21x104) (29x104) (21x104) (24x10-4/3.5x104)
Tarll 1R (2) 6 9 8

(0.02x10-4) (0.03x10;4) 0.02x104)

TarVla TR (2) 97 151 60 9.2
(0.17x104)  (0.3x10-4) (0.25x104) (0.24x10-4/0.026x10-4)

aThe length of homology in th@rl andTRreplacement vectors is as indicated in Table 4. In parentheses is the copy
number of the targets.

bThe ratio TarVla/Tarll is calculated by dividing the average of targeting frequencies obtainédavithtolae
strain TarVla by that obtained with strain Tarll.

CThis value corresponds to the ratio of the mean targeting frequencies from experiments E1-E3 for TarVla versus
the frequencies for strain Tarll, indicated in brackets.

recombination frequency seems to be relatively linear witlor tandemly linked 38,56,57). In Leishmaniawe have evidence
respect to the length of homology of the target sequence, ashat targeting frequency increases proportionally to copy number of
reduction of 2.5- to 7-fold at the level of the homologoughe target only when the target is part of a linear amplicon (Fable
sequences resulted in a 5.5- to 18-fold decrease in targetiigwever, frequency of homologous recombination does not
efficiency (Tablel). Regions of homology >1 kb on both arms ofincrease when extra copies of the targets are present on circular
the vector had little if any effect on targeting frequency (Table elements (see Tabk. The lack of recombinogenicity of targets
Moreover, the use of larger sequence homology, for example pifesent on circles is novel. It is possible that linear amplicons,
10 kb, at one or at both sides of the replacement vector colddcause of their structural similarity to chromosomes, could be
decrease the efficiency of targeting (Talblend unpublished recognized more efficiently by the replication and recombination
data). The recombination systenigishmanisseems to plateau machinery of the parasite than circles. Very little is known on how
at 1-2 kb of homologous sequences, in contrast to the situatiorr@plication occurs iheishmaniabut it is clear that circular vectors
mammalian cells, where 10-fold higher homology is requiredio not require any specific parasite sequence for replication (
(16,32). Additional experiments are needed, however, to explain the
The minimal size for efficient homologous recombination indecreased efficiency of targeting in circles. We have shown that
Leishmaniawvas established at 150—200 bp based on our inabilithese differences were not due to a mutation in the recombination
to detect colonies when a region of homology <180 bp was usegstem occurring possibly during drug selection (see Bahkd
(Tablel). Similar results have been reported in other systems. Fig. 2) and that genes present on linear and circular elements were
mammalian §1,52) and in yeast systems8() the minimal transcribed similarly (not shown).
efficient processing fragment (MEPF) appears to be in the regionlt has been reported that different DNA sequences or their
of 250 bp, although recombination can still occur with up to 30 bpnmediate chromosomal environment could influence the
of homology in yeast, but with much lower frequen&g)( relative efficiencies of different gene targeting pathways and this
Recently Gaudet al (54) demonstrated that homologous is what we have observed also using distinct genomic loci from
integration inT.bruceiwas accomplished using flanking sequences$ eishmanigTable4). Transcription has been shown to stimulate
of 40 bp. Overall, our data suggest that the MEPEd@hmania homologous recombination in yeast and in mammalian cells
is relatively similar to that found in higher eukaryotes. (58-62). We have therefore tested whether differences at the
In mammalian cells gene targeting frequency does not depend RNA expression level for the four genes used to target the
copy number of targetS8T,55), whereas in yeast cells there is adifferent homologous loci could explain the high variability in the
linear dependence of targeting efficiency on the number of targiequency of targeting. Northern blot hybridization demonstrated
copies and this whether or not the copies are dispersed in the gendinag expression of thetrl andpgpAgenes, which showed the
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highest targeting frequency, was lower than that offRR@and

23

Papadopoulou,B., Roy,G. and Ouellette,M. (1¥MBO J, 11,

pgpE genes (data not shown). Probably, other factors than 3601-3608.

transcriptional activation might be responsible for the remarkab

4

Brun,R. and Schdnenberger,M. (19&8)a Trop, 36, 289-292.

. Bernards,A., van der Ploeg,L.H.T., Frasch,A.C.C., Borst,P.,

differences in targeting frequencies observed between these 10Ci goothroyd,J.C., Coleman,S. and Cross,G.A2881)Cell, 27, 497-505.
(see Tabldl). The presence of hot spots of recombination withireé Sambrook,J., Fritsch,E.F. and Maniatis, T. (1988)ecular Cloning A

the target locus, the nucleotide sequence of the target and Laboratory ManualCold Spring Harbor Laboratory Press, Cold Spring
differences in chromatin structure adjacent to the target sequengce Harbor, NY.

may constitute some of these other fact@36¢). Although
unlikely, we cannot exclude the possibility that some of theg
locus-to-locus variations we have observed were due to

differences imeoexpression at these loci.

29

Gene targeting technologies mediated by homologoug%
recombination can be useful to study gene funcfi@nl(3) or to

generate attenuated lines for vaccination purpddgsg]. In

31

Grondin,K., Papadopoulou,B. and Ouellette,M. (198B)leic Acids Res
21, 1895-1901.

Hasty,P., Rivera-Pérez,J. and Bradley,A. (1984) Cell. Biol, 12,
2464-2474.

Thomas,K.R., Deng,C. and Capecchi,M.R. (198@) Cell. Biol, 12,
2919-2923.

Jinks-Robertson,S., Michelitch,M. and Ramcharan,S. (29eB)Cell.
Biol., 13, 3937-3950.

Ouellette,M. and Papadopoulou,B. (19P3jasitol. Today9, 150-153.

addition, gene targeting can be used to explore several aspects2ofHasty,P., Rivera-Pérez,J. and Bradley,A. (198d)) Cell. Biol, 11,
parasite chromosome structure and function. The manipulation of 5586-5591.

parasite genomes requires efficient gene transfection and genje
integration events and the studies presented here should permit
the use of optimal transfection vectors for these purposes.
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