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ABSTRACT

Two approaches were used to discern critical amino
acid residues for the function of the I- Ceul homing
endonuclease: sequence comparison of subfamilies

of homologous proteins and genetic selection. The
first approach revealed residues potentially involved

in catalysis and DNA recognition. Because |- Ceul is
lethal in Escherichia coli, enzyme variants not perturb-
ing cell viability were readily selected from an express-

ion library. A collection of 49 variants with single amino
acid substitutions at 37 positions was assembled.
Most of these positions are clustered within or around

the LAGLI-DADG dodecapeptide and the TQH
sequence, two motifs found in all protein subfamilies
examined. The K, and k4 values of the wild-type and
nine variant enzymes synthesized in vitro were deter-
mined. Three variants, including one showing a
substitution of the glutamine residue in the TQH maotif,
revealed no detectable endonuclease activity; five
others showed reduced activity compared to the
wild-type enzyme; whereas the remaining variant
cleaved the top strand about three times more
efficiently than the wild-type. Our results not only
confirm recent reports indicating that amino acids in
the LAGLI-DADG dodecapeptide are functionally
critical, but they also suggest that some residues
outside this motif directly participate in catalysis.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos'

amino acid motifs: variations of LAGLI-DADG (a dodecapep-
tide), GIY-YIG, H-N-H and the His-Cys box (reviewed3h

Most of the homing endonucleases that have been identified thus
far belong to the family of LAGLI-DADG proteins. Included
within this family are proteins associated with functions other
than double-strand DNA cleavage (e.g. RNA maturation and
protein processing).

Like bacterial restriction endonucleases of type | and I,
homing endonucleases require Mgs a co-factor, but they
clearly differ from these bacterial enzymes in recognizing
asymmetric and long DNA sequenc&g). The target sites of
homing endonucleases range from 15 bp fypdito 37 bp for
I-Teu. All of these enzymes introduce a staggered cut into a
double-stranded DNA, with the exception of two enzymes
(I-Hmu and I-Hmul) which nick only one DNA strand}j. The
LAGLI-DADG endonucleases as well a@pd (His-Cys box)
generate 4 nucleotide (nt}y@H overhangs at or near the intron
insertion site, whereas the bacteriophage T4 endonuclegesks I-
(GIY-YIG), I-Teul (unknown motif) and [Feull (H-N-H) leave
2 nt 3-OH overhangs or 2 nt-®H overhangs at a distance from
the point of intron insertion. A number of LAGLI-DADG
endonucleases (e, 5; I-Scé, 6; I-Chd, 7; I-Scell, 8; and
I-Cpal, 9) preferentially cleave one of the two DNA strands (top
or bottom strand) of the target sequence; as demonstrated for
I-Tep (10) and ITeul (12), cleavage of one strand is most
probably required for cleavage of the other strand.

The distinctive properties of the homing endonucleases raise
considerable interest in understanding how these enzymes work.
Our group is particularly interested in identifying the functional
domains of the Eed endonuclease. This protein of 218 amino
acids is encoded by the fifth group | intron (CeLSU-5, subclass

Homing endonucleases confer mobility to the DNA sequencéB4) in the chloroplast large subunit (LSU) rRNA gene of the
that encode them by producing double-stranded breaks in thgieen algaChlamydomonasugameto$12,13). It features only
target sites (reviewed ih2). The coding sequences of homingone of the two dodecapeptides generally found in LAGLI-DADG
endonucleases usually interrupt genes and consist either of opesteins and it displays good sequence similarity over most its
reading frames (ORFs) in introns or of inframe spacers iength with a small number of proteins from this family which are
protein-coding sequences (also designated as intein codiegcoded by introns inserted within different sites of the LSU
sequences), and their target sites are the cognate intronlessRIMA gene or within other gene$X14). I-Ced recognizes a
spacerless alleles. Despite their low degree of sequence similariggenerate sequence of 17-19 bp to produce a staggered cut 5 b,
the majority of homing endonucleases can be divided into fodiownstream from the CeLSU-5 intron insertion sité5). Its

major structural families based on the presence of the followingrget DNA sequence is highly conserved, being found in the LSU
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rRNA gene of a wide spectrum of organismSeld cleaves the GGTGACACGCTAA) (#621) and d(ATTACGCCTTTCGTGC-
DNA of enteric bacteria arBacillussubtiliswithin each of the AGGCC) (#56); for the CmoLSU-1 ORF, d(TAATACGACT-
LSU rRNA genes of thern operons 16,17). Because of this CACTATAGGGAGATAGGGCAATCAGCAGGAAAT) (#622)
great specificity and the high conservation of the rRNA gene lo@and d(AGAGTAACGTGTAGTCTCTGA) (#788); for the CpalL-
this homing endonuclease has proved very useful for the mappiy-1 ORF, d(TAATACGACTCACTATAGGGAGATAGGGCA-
of bacterial genomed §,18 and refs thereiri,9-22). ATCAGCAGGAAAT) (#622) and d(TGCTTGAACTCCGTTC-
The present study was undertaken in order to discern the am@GGCG) (#623); and for the SobLSU-1 ORF, d(TAATACGACT-
acid residues critical for the function offeu. Comparative CACTATAGGGAGAAAGACCAATCAGCAGGAAAC) (#787)
sequence analysis of subfamilies of intron-encoded proteiagad d(TATAAAACGTGTAGTCTCTGA) (#786). The DNA
homologous to EEed, including the subfamily of endonucleasessubstrate was generated by PCR fra@hlamydomonasioewusii
that cleave the same DNA substrate as this enzyme, revealed({i€EX 97) cpDNA-enriched preparation (100 ng) with the
evolutionarily conserved residues that are potentially involved #2P-labeled primers d(ACAGGTCTCCGCAAAGTCGTA) (#53)
catalysis and DNA recognition. On the other hand, a genetimd d(AGTCCGCATCTTCACGGGACA) (#517).
approach taking advantage of the lethality 6El in Escheri-
chia coli (13,15, this study) allowed us to identify substitution |solation of E.coli clones expressing variant Ceu enzymes

sites in variant enzymes with reduced cleavage activity. Our "
results not only confirm recent reports indicating that residues #{'€ I<Céu gene was PCR-amplified fronCaeugametof TEX

the LAGLI-DADG dodecapeptide are functionally important,%) CPDNA-enriched preparation (100 ng) using the primers
but also suggest that some residues outside this motif direcl{CCAAATAACCCATGGCAAACTTTA) (#149) and d(GTC-

participate in catalysis. TGAGGATCCI'ACTTTATAC)_ (#835), and cloned into the
T7 promoter expression plasmid pET-30a(+) (Novagen). These
primers introducetlcd andBarHlI restriction sites (underlined)
at the ends of theCeu gene coding sequence in order to clone
MATERIALS AND METHODS the latter sequence into the respective sites of pET-30a(+), thus
Identification and sequence analysis of LSU rDNA fusing the ICeu gene in-frame with the sequences coding for the
introns and their encoded proteins His-tag and S-tag on the plasmid. This strategy resulted in a
change of codon at the second position £3in the I-Ceu gene.
The regions spanning the CeLSU-5 intron insertion site within tighe amplification reaction was carried out for 25 cycles (1 min
chloroplast LSU rRNA genes of various green algae (their sourge94’C, 1 min at 50C, and 2 min at 7Z) followed by a 25 min
is indicated in Figl) were amplified by PCR. The strains wereincubation at 72C in 100pl of buffer consisting of 10 mM
grown in modified Volvox mediun?@) or medium K24). The  Tris—HCI (pH 8.3), 50 mM KCI, 200 mM of each dNTP, 2.5 mM
PCR amplifications were performed using the primersigCl,, and 2.5 U of AmpliTag DNA polymerase (Perkin-
d(ACAGGTCTCCGCAAAGTCGTA) (#53) and d(TGAC- Elmer). TheE.coli strain NovaBlue (DE3) (Novagen) was
CGAGTCTCTCTCCGAGAC) (#850) and total cellular DNA or transformed with the ligation mixtures and plated on LB medium
chloroplast DNA (cpDNA)-enriched preparations which wereontaining 3ug/ml kanamycin. Plasmid DNA was isolated from
obtained as outlined in re5 and 26, respectively. The PCR individual transformants, and the presence of inserts was tested
products were sequenced using the dsDNA cycle sequencifyg restriction analysis wittNcd and BarHI. Inserts were
system from Life Technologies Inc./BRL (Canadé&p-labeled  sequenced using the dsDNA cycle sequencing system of Life
primers that are complementary to highly conserved LSU rRN#echnologies Inc./BRL (Canada) and the following primers:
gene regions as well as intron-specific oligonucleotides we@ TAGCACTAAAAAGCTCGCTAC) (#113), d(TGCCTTCA-
employed to initiate the sequencing reactions. Sequence analySISTCTCCAG) (#156) and d(AACCCCATTGACATGTTGA-
was mainly carried out with the Genetics Computer GrougTC) (#998).
software £7). The programs PILEUP, PROFILEMAKE, PRO-
FILESEARCH and PROFILESEGMENTS in this package wergyetermination of the kinetic parameters of variant
employed to search proteins in databases which show a sequanegj enzymes
profile similar to a group of related intron-encoded proteins. The o )
multiple protein alignments shown in Figur2sand 4 were  To test the activity of variant-Ceu enzymes, these were
generated using CLUSTALW2®); analyses of these alignments Synthesizedh vitro as follows. Prior to thia vitro transcription
were performed with the computer program AMAS)(and the ~and trar_lslation reactions, th€e_u gene ching region in each
outputs were represented using ALSCRIB).( recombinant pET-30a expression plasmid was transferred as a

Ncd-BanHI fragment into the pCITE-3a(+) plasmid (Novagen).
This T7 promoter-containing plasmid features a CAP-indepen-
dent translation enhancer that allows the optimal production of
Intron-encoded proteins were synthesireditro and assayed for proteinsin vitro. The segment of each resulting recombinant
endonuclease activity as outlined previoust (ith the following  plasmid, which is comprised between the position —43 relative to
modifications. Regions encompassing the intron ORFs wetke T7 promoter and the position +150 relative to the stop codon
amplified by PCR from total cellular or coDNA-enriched preparaef the I-Ced gene coding region, was PCR-amplified from the
tions using the following primers: for the CecLSU-2, CelLSU-1jjgation mixture using the primers d(GTTTTCCCAGTCAC-
CmuLSU-1, CluLSU-1 and AstLSU-1 ORFs, d(TAATACGACT-GACGTTGT) (#956) and d(CCTTTCGGGCTTTGTTAGCAG)
CACTATAGGGAGATAGGGCAATCAGCAGGAAAC) (#762) (#1001). After purification, the amplified DNA fragment (250
and d(AGGATGACGTATAGTCTCTGA) (#766); for the CeulL- ng) was transcribed and the resulting RNA was translated using
SU-5 ORF, d(TAATACGACTCACTATAGGGAGACCGAGTA- the Single Tube Protein System 2 of Novagen. The wild-type

Assays of endonuclease activity
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100 Chlamydomonas paflidostigmatica (SAG 9.83)
Chlamydomonas frankii (SAG 19.72)
Chilamydomonas gigantea (UTEX LB 848)
Chlamydomonas peterfii (SAG 70.72)
Chlamydomonas mexicana (SAG 11-60a)

100y Chlamydomonas starrii (SAG 3.73)
z Chlamydomonas iyengarii (SAG 25.72)
Chilamydomonas komma (SAG 26.72)
Chlamydomonas zebra (SAG 10.83)

Chlamydomonas gelatinosa (SAG 69.72)
Chlamydomonas callosa (SAG 9.72) N
Chlamydomonas humicola (SAG 11(9) and 11-36a)
Chlorogonium elongatum (UTEX 11)
Chlamydomonas agloéformis (UTEX 231)
Stephanosphaera pluvialis (SAG 78-1a)
Dunaliella parva (SAG 19(1))
Haematococcus lacustris (SAG 34-1b)
Chlorococcum echinozygotum (SAG 213-5)

Chlamydomonas pitschmannii (SAG 14.73)
Chlamydomonas pseudopertusa (SAG 42.72)
Chiamydomonas geitleri (SAG 6.73)
Chiamydomonas species (SAG 66.72)
Chlamydomonas monadina (SAG 55.72)
Chlamydomonas mutabilis (SAG 34.72)

Chlamydomonas eugametos (UTEX 9 and SAG 11(11))

55

Chlamydomonas radiata (UTEX 966)

1 Chlamydomonas nivalis (UTEX LB 1969)
100 Carteria radiosa (UTEX LB 835)
gél—r——_c.aneria lunzensis (SAG 8(3)) o
98 100~ Cartenia crucifera (UTEX 432)
L— Carteria olivieri (UTEX LB 1032)
L os—— Ankistrodesmus stipitatus (SAG 202-5) o
23 Scenedesmus obliquus (UTEX 393) ®

——— Uronema belkae (UTEX 1179)
Pedinomonas minor (UTEX LB 1350)
Chlorella ellipsoidea

Trebouxia aggregata (SAG 219-1d)
Pleurastrum terrestre (UTEX 333)

T

Nicotiana tabacum
Oryza sativa
Marchantia polymorpha
Palmaria palmata

100 ———— Euglena gracilis

Pedinomonas minutissima (CCMP VA3)

Imis carteriiformis (CCMP UW439)
Prototheca wickerhamii (SAG 263-11)
Chlorella vulgaris (UTEX 259)

Nephroselmis olivacea (NIES 484)

Astasia longa

Pylaiella littoralis
Anacystis nidulans

.10

Figure 1. Distribution of chloroplast group | introns at site 1923 of the LSU rRNA gene in a variety of photosynthetic eukagytatea featuring introns are denoted

by circles. The phylogeny was inferred from chloroplast LSU rRNA gene sequences with fastDNAmI (31), dsiagytenidulansLSU rRNA gene sequence

as an outgroup (14). The percentage of bootstrap resamplings (100 replicates) that support the topological elements is shown to the left of each grouping. Th
bar indicates 10 changes/100 nt. The LSU rRNA genes of the taxa whose origins are indicated in parentheses were sequenced in our laboratories as desc
‘Materials and Methods’. CCMP, Center for the Culture of Marine Phytoflagellates at the Bigelow Laboratory for Ocean Sciences; NIES, National Institute 1
Environmental Studies at Tsukuba; SAG, Sammlung von Algenkulturen at Géttingen; UTEX, Culture Collection of Algae at the University of Texas.

I-Ced endonuclease was also synthesiredtro as aforemen-

end-labeled using/33P]ATP (25 mCi, 6000 Ci/mmol) and T4

tioned, except that the recombinant pCITE3a(+) construct waslynucleotide kinase, and these labeled primers were added to
obtained by ligating a PCR product that was generated fromttae reaction mixture along with 350 ng of each of the unlabeled
C.eugametospDNA-enriched preparation with the primers #14%rimers. Cleavage reactions were initiated by the additioplof 4

and #835. The relative concentrationsirofvitro-synthesized

of the translation mixture. Following incubation periods of 10 and

proteins were determined using the S-Tag Assay Kit of Novage®0 min, a 2Qul aliquot was removed from each reaction mixture
This is a spectrophotometric assay based on the interaction of #mel added to a tube containinglbf 0.5 M EDTA and 1.25%ll

15 amino acid S-Tag peptide with the ribonuclease S-proteiof 10% SDS. All reaction samples were incubated aE50r 5
these two components form an active ribonuclease whose activityn, then 1.75u H,O and 1yl of 5 pg/ul proteinase K were

is measured using poly(C) as substrate. The relative concentaglded, and incubation was continued &tG@or 1 h. After

tions of S-Tag fusion Ged proteins were confirmed by
measuring the incorporation GP§]methionine.

The endonuclease activity of eaclvitro-synthesized protein
was assayed at 3C in a 40pl reaction mixture containing 20
mM Tris—HCI (pH 8.5), 2.5 mM MgG|1 mM dithiothreitol and
various amounts (0.25-100 fmd) of a 33P-labeled, PCR-
amplified fragment that was generated fromCanoewusii

ethanol precipitation in the presence of ammonium acetate and
glycogen (2Qug), DNA was dissolved in fil sterile BHO, and

then 2.5ul of loading buffer [95% (v/v) formamide, 20 mM
NaEDTA, 0.05% (w/v) bromophenol blue, 0.02% (w/v) xylene
cyanol FF] was added. Approximately equal amounts of all DNA
samples were electrophoresed in 5% acrylamide—9 M urea gels.
The fraction of total DNA represented by each DNA product was

cpDNA-enriched preparation with the primers #53 and #517. Fguantified with the Fujix BAS 1000 Bio Imaging Analyzer (Fuiji)

this PCR reaction, 50 ng of each of the primers wére

bising the MacBAS image analysis software.
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Figure 2. Sequence alignment of the predicted proteins encoded by chloroplast group | introns at site 1923 of the LSU rRNA gene. Identical residues are shown on a
background, while conserved sets of amino acids sharing eight of the 10 features in the property matrix intra.pt of the AMAS program (29) are shown on a grey backg
Horizontal lines below the alignment denote the regions containing the conserved LAGLI-DADG dodecapeptide and the TQH and SNAT motifs. The proteins all pos
endonuclease activity (see Fig. 3) and are thus designated according to the nomenclature proposed dly(BRjjoDatabase accession numbers for the sequences are:
I-Cel, Z17234; ICed, L44123; ICmd, L49149; ICel, L42860; ICpdll, L43503; I-Cmu, L42859; I-Clul, L42986; ISob, L43360; and Ast, L42984.

RESULTS proteins ranges from 39.5% (59%) to 62% (76.5%). All of the
nine proteins can be aligned over their entire length, except for the
Amino acid residues conserved among homing amino acid residues at the N- and C-termini, and only four gaps

endonucleases that cleave the same DNA substrate &eld of one to three amino acids are observed in the alignment. Forty
positions show strictly conserved residues and 80 show similar
Seqguence comparison of subfamilies of homologous proteiasnino acids. The highest densities of strictly conserved residues
which differ in substrate specificity is a powerful method tcare found in the LAGLI-DADG dodecapeptide and two other
predict the amino acid residues involved in biological functiomegions designated the TQH and the SNAT motifs (see€?Jig.
and substrate specificity. In the case of thell endonuclease, Each of these three regions displays at least three consecutive
use of this approach required the identification of homologuesrictly conserved positions. The dodecapeptide motif is the most
that cleave the same substrate as this enzyme. As such hogmaserved region, with five positions that are absolutely con-
logues were likely to be encoded by LSU rDNA introns found agerved and three that show similar amino acids.
the same position as the CeLSU-5 intron, we searched for codingo determine whether each of the eight newly identified
sequences in introns located at this position, i.e., at position 1988-1923 introns encodes a double-strand DNA endonuclease
relative to thée.coli 23S rRNA. Our search was carried out in thethat is specific for the DNA substrate aEéu, we undertook the
course of a more global study of the chloroplast LSU rRNA geneynthesis of these intron-encoded proteingro and tested their
which aimed to elucidate the phylogenetic relationships amomgndonuclease activity in cleavage assays. Proteins of appropriate
green algae by comparative analysis of the rRNA-encodirgizes were produced vitro by T7 RNA polymerase-mediated
sequences, and also to probe the evolution of group | intronstianscription of PCR-amplified fragments carrying the various
this gene. The complete sequences of the chloroplast LSU rRN#ron ORFs and subsequent translation of the resulting RNAs in
genes of 48 green algae are available at present. All of theabbit reticulocyte lysates. Each of the translation products was
sequences except one (that @hlorella ellipsoided were tested in a cleavage assay witiR:labeled 258 bp PCR product
determined in our laboratories (M.T. and C.L.). Only thelerived from a segment of ti@moewusiichloroplast LSU
sequences of the rRNA-encoding regions and of some introrlRNA gene which corresponds to positions 1789-2041 in the
from 17Chlamydomonaspecies have been described thus far iit.coli 23S rRNA. This intronless DNA segment shows perfect
the literature {,12,14,26). We report below the distribution and sequence identity with the exon sequences immediately adjacent
features of the proteins encoded by the introns at site 1923. to the site-1923 introns in the chloroplast LSU rRNA genes of
As shown in Figurel, aside fromC.eugametgseight green C.eugametqs Chlorococcum echinozygotum Chlorogonium
algae from the class Chlorophyceae were found to harbourebbngatumand Chlamydomonasutabilis The equivalent se-
group | intron at site 1923 of the chloroplast LSU rRNA genguence in the vicinity of each of the five other site-1923 introns
(Fig. 1). All of the eight newly identified introns share not onlydisplays one to three substitutions (data not shown).
a core structure that is remarkably similar to that of CeLSU-5 The proteins encoded by all eight newly identified intron ORFs,
(data not shown), but also an ORF of more than 210 codons wéRcept that originating fron€hlamydomonasnonadina (or
a sequence similar to the CeLSU-5 ORF (seeZFid\s in the I-Cmd), were found to cleave specifically the DNA substrate at
CeLSU-5 intron, the ORFs of all the introns reside in the looihe same position asded (i.e. 5 bp downstream of the site at
extending P6. An alignment of their predicted amino acigvhich the intron is inserted in the intron-plus allele), yielding
sequences with that of th€ku endonuclease is shown in Figure fragments of 144 and 118 bp (FB). The 144 bp fragment
2. In pairwise sequence comparisons, the level of identity (ambrresponding to the top strand was more abundant than the 118
similarity) displayed by the nine site-1923 intron-encodedp fragment corresponding to the other strand 8rigndicating
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SwissProt and PIR databases using a profile of the subfamily of
16068857 site-1923 intron-encoded proteins. This analysis revealed several
m — 258 proteins that were not included in a previously published
alignment containing the Ged sequence 1(2); our greatest
surprise was to find two proteins encoded by group | LSU rDNA
introns inserted at site 2593, th€rel endonuclease from the
Chlamydomonareinhardtii chloroplast 83) and its homologue
in Acanthamoebaastellinii mitochondria 84), as well as the
protein encoded by thecastelliniigroup | intron inserted at site
1951 in the mitochondrial LSU rRNA gen&]. The updated,
multiple alignment shown in Figuecontains four subfamilies
of proteins encoded by LSU rDNA introns and a group of proteins
encoded by introns found in various mitochondrial genes. Aside
from I-Crel, I-Ced and the eight endonucleases identified in the
.,r.... 144 course of this study,Gpd from the Chlamydomonapallidos-
tigmaticachloroplast is the only protein in the alignment which
has been shown to possess endonuclease actiity (

The endonuclease residues playing a role in catalysis atd Mg
binding are predicted to be completely or almost completely
conserved among the intron-encoded proteins compared in
Figure4. In addition to the residue$& F62, G55 and E6in the
LAGLI-DADG motif of I-Ced, the residues, Q%3 and G1!
are candidates for such a role. On the other hand, the residues
Figure 3. Enzymatic activities of the endonucleases encoded by chloroplasParticipating in the recognition and binding of the DNA substrate
group | introns inserted at site 1923 of the LSU rRNA gene. An unprogrammedn & given endonuclease are predicted to be characteristic of the
rabbit reticulocyte lysate (S+L) and rabbit reticulocytes containirro- protein subfamily to which this endonuclease belongs. Such
synthesized RNAs from the intron ORFs were incubated"& &t 1.5hin  ragidues are relatively numeroli®(@) in I-Ceu and tend to be
50l of a reaction mixture containing 20 mM Tris—HCI (pH 8.0), 2.5 mM . . ‘ .

MgCl,, 1 mM dithiothreitol, and &2P-labeled intronless DNA substrate _CIUSterec_j in the se_cond half OT the protein (RjgOf partlcu_lar
(258 bp) derived from th€.moewusiichloroplast LSU rRNA gene. The interest is the motif SNAT which corresponds to a gap in most

reaction products were electrophoresed in 5% polyacrylamide/urea gelproteins from other subfamilies.
alongside the corresponding DNA substrate (S).

-T"-'— +~ 118

Analysis of mutations among ICeu gene sequences
that, as previously reported forCeu (5), the top strand is expressed irE.coli
preferentially cleaved. The much weaker intensities of the
cleavage products generated by #nkistrodesmustipitatus We have previously encountered major problems in recovering
endonuclease @si) are undoubtedly due to the low yield of stable clones oE.coli producing large amounts of theCéd
protein produced during thie vitro translation reaction; the endonuclease from expression plasmids. This endonuclease provec
incorporation of $°SJmethionine measured during this reactiorhighly toxic toE.coli when we expressed th€éu gene using the
revealed a reduction @flO-fold in the amount of theAst  trc promoter expression vectors pKK233-2 and pTRC-9B\ds
protein compared to the other intron-encoded proteins. Theell as other expression plasmitiS)( high frequency of frameshift
cleavage assay with ti@monadingrotein (ICmd) yielded a mutants were observed, extremely low levels of expression were
few fragments in addition to the expected 144 and 118 hypbtained, and growth &.coliwas found to be greatly affectéds
products (Fig3). While some of these fragments could be théhe I-Ced endonuclease has been shown to cleaveEibeli
result of 3 exonuclease activity, the 145 and 146 bp fragmenthromosomal DNA specifically within the rRNA operofs)( the
cannot be degradation products and must originate from thexicity of I-Ced is very likely to be a consequence of such
cleavage of the top strand at 6 and 7 bp downstream from tbleavage. Assuming that this hypothesis is valid, it should be
intron insertion site. Cleavage assays using two differepiossible to easily isolate mutants in tlgeld gene by searching for
concentrations of Mggl(2.5 and 5 mM) in the presence or clones whose growth is not impaired by the expression of this gene.
absence of NaCl (25 mM) did not alter the cleavage pattern.  With the goal of isolating such mutants, we undertook the

construction of a library d.coli clones expressing th€keu gene.
Sequence comparison of the Geu subfamily of This_ gene was amplified by PCR using conditions that are expected
homing endonucleases with related subfamilies of to yield a frequency of mutations of 0.25-0.436)(and it was
LAGLI-DADG proteins cloned into tthcd andBanHlI sites of the T7 gxpreSS|on.pIasm|d

pET-30a(+) in order to fuse theCku gene in-frame with the
To discriminate between amino acid residues that may Isequences coding for the His- and S-tags. The recombinant plasmids
involved in catalysis and those that may be involved imvere then introduced into thE.coli strain NovaBlue (DE3)
recognition of the DNA substrate, we have compared theontaining a chromosomal copy of the T7 RNA polymerase gene
sequences ofGed and of its homologues encoded by site-1923inder the control of thecUV5 promoter and transformants were
introns with those of related LAGLI-DADG proteins showingselected in the absence of IPTG. Even under these conditions in
similarity over a long segment outside of the dodecapeptide motvhich transcription from both thecUV5 and T7 promoters is
(see Fig4). The latter proteins were identified by searching thénhibited, the I€eU endonuclease was produced in amounts that are
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, 510840; PaND4L-1, s09134; PaND4L-2, S09141; NcND5-1, s1
Ced gene occurred from cryptic promoters

s5382&r#, a23091; AcLSU-3, s53827; NcATP6-2, X01075; PaCOlI-5, f48327; SpCOI-2,
transcription of the

; PaND4-1, s05653; NcNDAL -1

-letter code, was used to @bkignatemonamexicanaAll protein sequences are partial; in each
AcLSU-1,
PaND3-1, s05654
and all 133 recombindmt RNA polymerase gene with our plasmid construct, it is likely that

L49148;

PaND1-4, s06059;
s09143; SsSSU-1, U07553; the remainder are given in the legend of Figure 1.

the segment preceding the single or the second copy of the dodecapeptide was deleted. All of the LSU rDNA intron-encoded proteins as well
, L36830; CmeLSU-1,

PaND4-1-encoded protein contain a single copy of the dodecapeptide, whereas the remaining ones contain two copies of this sequence. Database accession |

1931, 1951 and 2593 in the LSU rRNA gene and also by mitochondrial introns found in other genes. Identical residues are shown on a black background,
for the sequences:Qpd

Figure 4. Sequence alignment of all known group | intron-encoded proteins that are rela@edltdhe compared proteins are encoded by introns inserted at sites

1923,
conserved sets of amino acids sharing eight of the 10 features in the property matrix intra.pt of the AMAS program (29) are shown on a grey background. Not

in the calculation of conservation values up to 8% of atypical residues at any position of each group of sequences were ignored. The coordinat&€etkfer to the |
protein. The letters above the alignment indicate the single amino acid substitutions that are describedlihdabiteins known to display endonuclease activity

are designated according to Duftnal (32); the introns encoding the other proteins are abbreviated according to Michel and Westhof (35), except that OXI wa:

replaced by COI and that a three-letter code, instead of a two

P22190; NiND1-1, s06367;

PaND5-2,

sequence
lethal forE.coli cells. The efficiency of transformation was severathe I-Ced gene by transforming a NovaBlHecoli strain lacking the

orders of magnitude lower than expected,
sequence. Because we also failed to recover the wild-type formprésent on the pET30(a+) plasmid.

clones analyzed were found to display mutations in tstligene
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Table 1.Nature and sites of the mutations responsible for the single amino acid chan@eslindriants

Codon Codon position Base change Type of mutatioA Amino acid change Independent clones
58 1 TTT-CTT Ts F-L 1
59 2 TTA-TCA Ts L-S 1
61 1 GGT- AGT Ts G-S 1
61 2 GGT- GAT Ts G-D 1
62 2 TTT-TCT Ts F-S 4
64 1 GAA- AAA Ts E-K 3
64 2 GAA- GGA Ts E-G 1
64 2 GAA- GCA Tv E-G 1
64 2 GAA-GTA Tv E-V 1
66 1 GAA- AAA Ts E-K 1
66 2 GAA-GTA Tv E-V 2
66 2 GAA- GGA Ts E-G 1
67 1 GCT-ACT Ts A-T 1
68 2 TCT-TIT Ts S-F 1
70 1 AAT - GAT Ts N-D 1
72 2 AGC-AAC Ts S-N 1
74 2 AAA - AGA Ts K-R 1
80 1 AAA - GAA Ts K-E 1
86 1 GAT- AAT Ts D-N 1
88 1 GAA- AAA Ts E-K 1
89 1 TTC-CTC Ts F-L 1
90 1 AAT - TAT Tv N-Y 1
91 2 GTG- GGG Tv V-G 1
92 1 ACT-GCT Ts T-A 1
93 2 CAA-CGA Ts Q-R 3
94 1 CAT- TAT Ts H-Y 1
94 2 CAT-CGT Ts H-R 2
96 1 AAT - GAT Ts N-D 1
97 1 GGG-AGG Ts G-R 1

108 2 TTT-TCT Ts F-S 1

111 1 GGG-AGG Ts G-R 1

111 2 GGG-GAG Ts G-E 1

112 1 CGT-IGT Ts R-C 1

113 2 ATT-AAT Tv I-N 1

116 1 AAA- GAA Ts K-E 1

116 1 AAA- CAA Tv K-Q 1

121 2 GCA-GTA Ts A-V 1

122 1 ACT-GCT Ts T-A 1

141 1 TAT- AAT Tv Y >N 1

152 1 GAA- CAA Tv E-Q 1

152 1 GAA- AAA Ts E-K 1

153 1 AAA- GAA Ts K-E 1

186 1 TGG-CGG Ts W-R 4

186 2 TGG-TIG Tv WL 1

189 2 ATG-AAG Tv M- K 1

190 1 CGT-TIGT Ts R-S 1

192 2 CAA- CGA Ts Q-R 3

200 2 TTT-TCT Ts F-S 1

200 3 TTIT-TTA Tv F-L 1

aTs, transition; Tv, transversion.
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Sixty eight percent of the recombinant clones (90/133) reveal&@riants H94R and W186R feature the lowegtvalue, while
single- or double-point mutations in thE&u gene, whereas the variant F62S, with &, of 25 nM, deviates the most from the
others displayed frameshift mutations. A total of 66 clones (avild-type regarding this parameter.

50%) harboured single-point mutations: 58 of these mutations are

responsible for amino acid changes at 35 positions, while thgpe 2. Relative kinetic parameters of nin€eu variant enzymes
remaining ones account for the creation or deletion of stop codofjsthesizedn vitro

at distinct sites. Considering the five double mutants exhibiting

one synonymous and one non-synonymous mutation, a total of 4&eu enzyme  keat Kim KeafKm

variant enzymes showing distinct, single amino acid changes V@ih-typea 1 1 1

37 positions were recovered (Tablend Fig4). All but four of

these positions (positions 59, 80, 88 and 152) coincide with sitd$2S 0.5 28 0.02
that are evolutionarily conserved within théCéd protein E64V 0.5 7 0.07
subfamily (see Fig8 and4). Most of the amino acid changes <001 ND <001
(37/49) are found in the portion of the protein occupied by the first ' '
123 amino acids and they are clustered in the regions containiri¢f=R <0.01 ND <0.01
the dodecapeptide, TQH motif and& At the gene level, the  Ho4R 0.1 2 0.05
great majority of the substitutions occurred at first and secong, ;¢ <0.01 ND <0.01
codon positions, and transitions were found to be more frequent

(3.1 times more numerous) than transversions (Tjbfssum- ~ T122A 1 1 1
ing that all mutations were caused by transitions, two amino acid/186R 0.2 2 0.10
substitutions would be typically predicted at each altered-oqoq_ 0.4 6 0.07

position. Saturation in the number of transition events was
observed at only five of the 37 positions that revealed amino acithe |.ceu wild-type values for th&, andkegare 0.% 0.3 nM and 3.% 105
changes. To reduce the bias in the ratio of transitions aegd, respectively.

transversions, we tried to amplify th€éu gene in the presence

of 0.5 mM MnC}; however, these conditions which are known

to yield an equal ratio of transitions and transversions and redUg>CUSSION

the fidelity of DNA synthesis3g) did not allow us to diversify
our collection of mutants with single substitutions since th
frequency of mutants with multiple mutations rose sharply.

Using comparative sequence analysis and genetic selection, we
flave discerned a number of amino acid residues that are
potentially important for the catalytic activity and DNA sequence
specificity of the I€eu family of intron-encoded endonucleases.
Kinetic properties of I-Ceu variant endonucleases Genetic selection allowed us to constitute a collection of 49
[-Ced variants at 37 distinct positions, the majority of which
Each of the ICed variant enzymes is predicted to be altered ircorrespond to evolutionarily conserved sites. Our preliminary
its kinetic properties relative to the wild-type form. To verify thischaracterization of nine of the variants indicates that all of them
prediction and hence confirm that dticoli expression library behave differently from the wild-type enzyme with respect to the
can provide valuable information on the structure/functiokinetics of the cleavage reaction. Three variants, each differing
relationships of Eed, we have determined tHey; andKy,  from the wild-type form by its charge, show undetectable
values of nine randomly selected variants showing single amieadonuclease activity; five others feature reduced activity relative
acid changes at distinct positions (TaBleThese enzymes as to the wild-type; whereas the remaining variant, located in the
well as the wild-type form were synthesizadvitro in rabbit SNAT motif specific to the Ced subfamily, differs from the
reticulocytes lysates and assayed &€C3in the presence of 2.5 wild-type in cleaving the top strand about three times more
mM MgCl, and various concentrations oP#-labeled DNA efficiently than the bottom strand. Taken together, our data
substrate. This substrate is the 258 bp PCR product that was usetvide a solid framework for future investigations on the
to determine whether the site-1923 intron-encoded proteins ateucture/function relationships offled and of closely related
endowed with endonuclease activity. The reaction products wdreming endonucleases.
identified and quantified using a phosphorimager. Kjjeand At this time, we cannot describe precisely the specific residues
kcat Of the wild-type enzyme were found to be @3 nM and that are directly involved in the function ofCed (catalysis,
3.7 x 105 s respectively. This extremely lokey value recognition of DNA substrate, binding site for Mgbecause
indicates that Eed resembles the endonucleaseScé and  several of the amino acid changes observed in the variants may
PI-Sce (an intein-derived enzyme) in turning over very slowlyhave resulted in significant modification of the protein conforma-
(6,37). Table2 shows that all nine variants, except T122Ation, thus leading to changes in the enzyme activity. To
displaykea{Km values that are at least 10 times lower than that @emonstrate without any ambiguity which residues are function-
the wild-type. Although the T122A mutant does not differ fromally critical, analyses of enzyme kinetics and protein/DNA
the wild-type in the kinetic parameters measured, its cleavageeraction using purified Ged variants will be required in
pattern is distinct. It shows a greater preference for the top strandnjunction with site-directed mutagenesis experiments. Al-
with the relative amount of the reaction product corresponding tbough such results are not available, a recent study on the yeast
this strand being three times more abundant than that observeddbScé endonuclease by Gimble and Stephe3y 6trongly
the wild-type enzyme (data not shown). Three variants (E66lsuggests that the lack o€ked activity in our E66K variant is due
Q93R and K116Q) failed to reveal any detectable cleavage the catalytic requirement of an acidic residue at the ninth
activity even in the presence of a large excess of substrapesition of the LAGLI-DADG dodecapeptide. Gimble and
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Stephens3g) have substituted the glutamic acid residue at thianalogy betweenCrel and |-Scél, the same authors noted that
position in each of the two dodecapeptide motifs @ddwith  the dodecapeptide ofQrel is likely to correspond to the first
asparagine and alanine and found that both acidic residues doelecapeptide of $cél and that this enzyme has no maturase
essential for catalysis. In future studies wil@ed, it will be  activity, a function associated with the second dodecapeptide in
interesting to test whether the evolutionarily conserved glutamiheScél. The multiple protein alignment shown in Figude
residue in the TQH motif participates in catalysis. No cleavagsgtrongly suggests that the second dodecapeptide of some
activity was detected in the variant showing a substitution withAGLI-DADG intron-encoded endonucleases could be essential
arginine at this highly conserved position among the variodsr endonuclease function. All of the proteins containing a single
subfamilies of homologous proteins examined. The th@du-  dodecapeptide (includingQrel, I-Ced and ICpd) can be
variant we found to display no detectable cleavage activiynambiguously aligned with the second half of their counterparts
(K116Q) exhibits a mutation in a residue specific to the subfamilyontaining two copies of the dodecapeptide.
of site-1923 endonucleases; we suspect that this residue is critic@everal of the evolutionarily conserved positions in Figure
for substrate recognition. in particular the positions specific to theéu subfamily, are not

The homing endonucleases containing a single copy of thepresented in our collection o€k variants. Because the sites
LAGLI-DADG dodecapeptide may differ from Bleé in the  of amino acid substitutions are clearly not randomly distributed
structure of the active site. The results of Gimble and Stepheasd also because two or more amino acid substitutions are
(38) support the idea that Blee uses a single catalytic center to observed at nine sites of the protein, we believe that our failure to
cleave both DNA strands of the substrate and that the consenmehntify amino acid changes at numerous specific positions
aspartic acid at the ninth position in each dodecapeptide is parcahnot be entirely attributed to an insufficient number of the
the catalytic center. The role of these two acidic residues msutant clones selected for analysis of tilU gene sequence.
thought to be similar to the function of the conserved acidilt is possible that single substitutions of a number of residues
residues that are found in the four restriction endonucleasesolved in DNA recognition are not sufficient to yield an enzyme
whose structures are knowecERI, EcoRV, BarHI andPvul).  without any toxic effect ork.coli. Some of the amino acid
In these proteins, the acidic residues as well as a conserved lysesdues that are specific to th€ét subfamily may also be
show almost identical positions with respect to the scissiienportant for a function other than endonucleolytic which is not
phosphodiester bond (reviewed3i®). One model predicts that selected against ik.coli. One such possibility is that of a
the acidic residues bind to the faat the active site which is maturase function, particularly given the inability of the CeLSU-5
believed to help stabilize the negative charges on the pentavaliemton to splicein vitro (43), the remarkable stability of the
transition state following nucleophilic attack by an activate@ndonuclease gene within the site-1923 LSU rDNA introns, and
water molecule. A two-metal mechanism has also been propogkd larger number of conserved residues in the protein subfamily
for EcARV andBanH| in which each conserved acidic residuecontaining I€ed compared to those containingCpd and
coordinates a M ion (39,40). The present data provide no cluesl-Crel.
as to how I€ed and the homologous endonucleases containing TheE.coli cells carrying the five characterize@éu variants
a single dodecapeptide effect cleavage of their substrate. Thith reduced cleavage activity can be propagated probably
alignment of IC€ed and its homologues reveal no evolutionarilybecause the endonuclease activity is reduced to a level such tha
conserved acidic amino acid outside of the dodecapeptide whitte target sites on the rDNA operons cannot be efficiently
could replace the acidic amino acid in the second dodecapeptidieaved. We believe that the variant having the $grendkca;
Assuming that two acidic amino acids are required to form thealues as the wild-type enzyme (T122A) is not lethd.twli
active site, then the second acidic residue might not Hmecause it more frequently cleaves the top strand. The single-
positionally conserved among the different protein subfamilies strand breaks preferentially introduced by this variant can be
each endonuclease might bind to the substrate as a dinrefigated readily by theE.coli repair system, whereas the
allowing the formation of an active site comprising an aspartidouble-strand breaks predominantly generated by the wild-type
acid from each dodecapeptide. Given thf@elt has been shown enzyme cannot.
to be a monomer in solutiod 1), the latter possibility would  Our inability to express the wild-typeled enzyme irk.coli
imply the initial formation of a protein/DNA complex comprising contrasts with a previous report indicating that this enzyme was
one bound molecule of protein followed by the binding of groduced irk.coli(41). Another discrepancy between the results
second molecule of protein. Alternatively, the active site off this study and ours concerns Kyg of the wild-type enzyme.
endonucleases possessing a single dodecapeptide may show Tittle value reported here for threvitro-synthesized enzyme is
similarity with that of restriction enzymes and contains only on&00-fold lower than the value reported for the recombinant
acidic amino acid. The conserved glutamine residue at position 83zyme produced ifE.coli. In an attempt to resolve these
whose replacement with an arginine abolish€eud- endo-  discrepancies, we have sequenced the insertion of the expressior
nuclease activity could be part of such a site. plasmid which served to produce the recombinant enzyme and

Because a recent study indicated that only one of the tiound a single mutation that causes the replacement of the
dodecapeptides in3edl (a dimer) is important for endonuclease arginine residue at position 156 (a residue specific to @ell-
function, it has been suggested that there might be fundamergabfamily) with a histidine. This mutation is probably responsible
differences between intron-encoded endonucleases and tHeirthe aforementioned discrepancies although we cannot elimin-
homologues derived from inteing2j. The authors of this study ate the possibility that part of the reduced activity is due to the
found that substitutions of the conserved glycines at the fourtfifferent kinds of substrate used. In addition, the presence of the
and tenth positions of the first dodecapeptide to aspartic aditis- and S-tags on the wild-type and variant enzymes studied here
block cleavage activity, whereas the equivalent substitutions imay alter the enzymatic properties of the endonuclease; however,
the second dodecapeptide inhibit maturase function. Drawing aach an effect proved to be negligible in recent assays with a



purified variant enzyme (N.Drouin, L.D.Eltis and C.Lemieux,16
unpublished results). Production of the wild-tyfigeld enzyme ;
in E.coli would require a plasmid vector completely devoid ot}8
cryptic promoters or the expression of an inactive fusion enzyme

which can be cleaved with a protease to recover the active form.
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