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ABSTRACT

I-Crel is a member of the LAGLI-DADG family of
homing nucleases; however, unlike most members of
this family it contains only a single copy of this signature

motif. |- Crel was over-expressed in  Escherichia coli , and
a simple purification protocol developed that gave
reasonably pure protein in high yield. Size-exclusion
chromatography and chemical cross-linking indicated

that the protein is a dimer in solution. DNA cleavage by
I-Crel was absolutely dependenton Mg 2* (or Mn 2%), and
was inhibited by monovalent cations. I-  Crel displayed
a surprisingly high temperature optimum (>50  °C), with
full activity occurring even at 70 °C. Interestingly, SDS
was needed for efficient release of the cleavage
products from the protein, indicating formation of very
stable DNA—protein complexes. In contrast to these
robust characteristics, purified I- Crel was unstable;
however, it could be stabilized by the addition of either
target or non-target DNA. Mobility shift assays revealed
that |- Crel binds to DNA in the absence of Mg 2+,
Hydroxyl radical footprinting showed that I- Crel
strongly protected the backbone of a continuous
stretch of at least 12 nt on each strand that were
shifted, relative to each other, by 2 bp in the 3
direction. Methylation protection and interference
analyses were also performed, and together with the
hydroxyl radical footprinting, indicate that I- Crel binds
in both the major and minor grooves of its target DNA.

r

INTRODUCTION

to promote the integration of their DNA into cognate sites via
homologous recombinatioh)(

The group | intron-encoded endonucleases typically cleave
intron-lacking DNA near the site of intron insertion (i.e. the
exon—exon jurtion) creating a staggered double-strand break
which facilitates intron invasiori(2). This type of gene conversion,
which is also known as ‘intron homing’, can be very efficient, and
has been demonstrated in mitochondria, chloroplasts and the nucleus
of eucaryotic cells, as well as with bacterioph&eThe model
suggested to explain this recombination process is based on the
double strand break-repair mechanism suggested for yegst (
although more than one recombination pathway may be operating
in different systems5(7). Because of their association with intron
(and other DNA) homing, these site-specific endonucleases have
sometimes been called ‘homing endonucleases’{g.g.

I-Crel is an intron-encoded endonuclea8@®) that promotes
homing of the chloroplast 23S rRNA introiGr.LSU, of
Chlamydomonas reinhardf(it,8). It is a member of the family of
homing endonucleases known as LAGLI-DADG enzymes, so
named because they contain the LAGLI-DADG motif, a
semi-conserved peptide first noted among mitochondrial intron
ORFs (L0). This motif typically occurs twice in each polypeptide,
with the two non-identical copies (called P1 and P2, respectively;
10) being separated by 90—-120 amino aciisThe importance
of these motifs has been demonstrated by mutagenesis; P1 was
shown to be critical for the endonuclease activity 8E# (11),

PI-Tlil (12) and PIScé (13). However, while P2 was also
required for activity by the Pbcé endonucleasel@), it was
found to be dispensable for the endonuclease activitysodll-

(11). Interestingly, however, P2 was needed for the maturase
activity of I-Scel, which is a bifunctional proteiriLi(). Thus, these
data indicate that$cdl and PIScé are quite different enzymes.

Based on the above, it seems likely that the LAGLI-DADG

Group | introns from a variety of organisms have been found family of proteins will prove to be a diverse group of endonucleases
contain long open reading frames (ORFs) that encode site-specifiat may have evolved more than one way to specifically interact
DNA endonucleased{3). Related ORFs in archael introd§ ( with and cleave DNA. Along this line,Qxel differs from the

and in-frame spacers in certain proteins (inteins) have also beaforementioned enzymes in that it contains only one copy of the
shown to encode site-specific DNA endonucleases (reviewed iAGLI-DADG motif (5). It is also correspondingly smaller than
5). The natural recognition sequences for these endonucleasesthestwo-motif enzymes, raising the possibility that it may have
typically long, asymmetric, and unique for each enzyme. Thevolved from a two-motif enzyme by losing one of its domains.
principal function of these highly specific enzymes seems to b&lternatively, the two-motif enzymes could have evolved from a
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one-motif protein like IErel via a duplication event. The for PCR were as follows: thédligo, d(3-CGGAATTCTGTAG-
recognition sequence forQrel is also atypical, because it TAGGTCCGAAGGGTT-3), annealed to nt 47-66 upstream of
contains partial dyad symmetr§)( Finally, it is interesting to the intron insertion site, while thédigo, d(3-CGGGATCCTT-
note that the only other single-LAGLI-DADG endonuclease knownf CAGGTCCTCTCGTACTA-3, was complementary to nt 60—79
I-Ced, is also found in &Chlamydomonaghloroplast rRNA  downstream of the intron insertion site. The plasmid pPGEM23S.E
intron, although it is from a different species, nan@tlamydomo- (9) was used as the template. The PCR product was cleaved with
nas eugametod 4). EcaRl andBanHl, and the 151 bp product was gel-purified [4%
We are interested in understanding ho@rét recognizes and Nusieve GTG (LMP) agarose], and subcloned into the vector
cleaves its target DNA. Previously, using enzyme produced by pGEM3zf(+) digested with the same enzymes. The host strain
vitro translation, it was shown that cleavage bgrét is  wasE.coli DH50F (GIBCO/BRL Inc.), and the recombinant
staggered, occurring 5 nt downstream of the intron insertion sigasmid was called pGEM23S.E151 (3329 bp).
on the top strand, but only 1 nt downstream on the bottom strand
(9,15). Hence, ICrel generates termini with &xtensions of 4 nt - Expression and purification of I-Crel
(9,15), similar to other LAGLI-DADG endonucleases).(In o o
addition, cleavage of sequence ladders indicated that the recognitiesfherichia colistrain BL21(DE3)pLysS1(9) was used for the
sequence of Grel spans the cleavage site and is 19-24 bp iRurification of ICrel. Clones transformed with the el
length ©,15). pIasr_m_d_were grown in 250 ml of Luria Broth containing le_)nl
In order to carry out detailed biochemical studies ©fdk, it ~ ampicillin and 25.1g/ml chloramphenicol at 3T with shaking.
was necessary to produce the protefsicherichia colisince it~ When the culture reached an gy@of 0.7-1.0, expression was
occurs at a very low level i€.reinhardtii (8). Fortunately, induced by adding IPTG to a final concentration of 1 mM, and
chloroplasts use the universal genetic code, so ORFs suchasr 2.5 h, the cells were harvested by centrifugation.
I-Crel do not have to be altered to efficiently produce the protein The following procedures were performed a4inless stated
in E.coli. The results presented here show thard- can ptherWise. The ha-rvested cells were re.Suspended in 20 ml of
accumulate to high levelsihcoli. A simple purification protocol  ice-cold lysis solution, and then broken in a pre-cooled French
was also developed, and the purified protein was characterizBgessure Cell (SLM Aminco, Urbana, IL) with a single passage
with respect to its quaternary structure, activity amdiitro ~ at 20 000 p.s.i. The lysate was centrifuged at 3000 15 min,
stability. Also, the binding of Grel to its natural target DNAwas the supernatant recovered, and then subjected to ultracentrifugation

assessed using footprinting and interference analyses. at 100 00Q for 50 min. This supernatant, which contained 90%
of the protein, was called the ‘soluble’ fraction. To this fraction,

MATERIALS AND METHODS solid ammonium sulfate was slowly added (with stirring) to 40%
saturation, and the mixture left on ice for 1 h before centrifugation

Solutions at 20 000g for 20 min. The supernatant was recovered and

) ) ) additional ammonium sulfate was added to give a final saturation
Lysis solution {6): 20 mM Tris—HCI (pH 7.5), 0.5 M NaCl, 10% qf 809, After incubation on ice for 1 h, the mixture was centrifuged
(v/v) glycerol, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride 55 pefore. The pellet was resuspended in 4 ml of solution A, and
(PMSF), 5 mg/ml leupeptin, 1% (w/v) aprotinin and 0.1% (V/V}inen dialyzed against 4 | of solution A overnighite dialyzed
NP-40; solution A: 20 mM Tris—HCI pH 8.0, 5% glycerol; storagefraction was applied to a 1 ml Mono S FPLC column (Pharmacia
solution: 20 mM Tris—HCI pH 7.5, 10% glycerol;, standardgjoTech, Uppsala, Sweden) at a flow rate of 1 mi/min (Pharmacia
reaction solution: 20 mM Tris—HCI (pH 9.0), 10 mM MgCl Fp|C apparatus). After washing the column with 10 ml of
standard stop solution (4 0.1 M Tris—HCI pH 7.5, 0.25 M gojytion A, bound proteins were eluted with a 0-0.3 M linear NaCl

EDTA, 5% (w/v) SDS, 0.5 mg/ml proteinase K. gradient made up in solution A. Forty 2 ml fractions were
collected, and the amounts of protéifi)(and I-Crel activity (see
Plasmids below) were determined. The column fractions were also

A . | id . dt d@relwithout analyzed by SDS—-PAGE. The fractions containing most of the
N EXpression piasmid was engineered to pro WItNOUL | _crel activity were pooled, dialyzed against 4 | of storage
extraneous amino acids. Briefly, a 622 bp fragment containing ti%

ORF sequencel (), and flanked byNdd andBanHI restriction dlution overnight, and stored in aliquots at=c0

sites was prepared using the polymerase chain reaction (PCR); él&ga . .

oligos were d(5GCAGCCATATGAATACAAAATATAAT-3 ), S—polyacrylamide gel electrophoresis

which contained the start codon, and' @f&GGATCCAGGA-  spS—polyacrylamide gel electrophoresis (SDS-PAGE) was
GTCGGCGTA-FFAT':';), which annealed to nt 98-113 downstreanberformed as described by Laemrﬁﬂ_X using 15% acry|amide

of the ORF (7). TagDNA polymerase was used according to theyels, or with the 10-20% gradient polyacrylamide gel system
manufacturer’s  (Promega) suggestions, and the plasmidscribed by Herriat al (22). Gels were stained with coomassie

PGEM23S.1 (8) was used as template. The PCR product wagrilliant blue, or with silver as previously describéd)(
cleaved wittBanH| andNdd, purified by gel electrophoresis and

cloned intdNdd—BanHI-digested vector, pAll17 (obtained from S

W.Jack, New England BioLabs), using the Novablue (Novagen

Inc.) strain as host. The new expression plasmid was 6809 bp, &ide-exclusion chromatography was performed on an analytical

was called plcrel. 7.8x 300 mm BioSep-SEC-S3000 column (Phenomenex, Torrance,
For DNA footprinting, a 161 bp PCR product that spanned th€A). The column was equilibrated with 50 mMJREP Oy pH 7.5,

I-Crel cleavage site (in the fused exons), and contaleaai®l and 100 mM NaCl, and calibrated with the following molecular mass

BanHlI linkers was generated and subcloned. The oligonucleotidstandards (Bio-Rad): thyroglobulin (670 kDa), gamma globulin

ize-exclusion chromatography
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(158 kDa), ovalbumin (44 kDa), myoglobulin (17 kDa) andthus giving the plasmid a total size of 10 kb (A.Thompson,
vitamin By, (1.35 kDa). An aliquot of 100l of purified I-Crel, unpublished results).

at a concentration of f™M monomer (0.125 mg/ml), was loaded

onto the column, which was eluted at a flow rate of 0.5 ml/min (af1obility shift assay

room temperature), and monitored by UV absorbance. Fifté50 ng (L5 pmol) of the 161 bp PCR product, or insert from
Pt ’

GEM23S.151 (see above), was incubated with different
- amounts of purified protein in 20 mM Tris—HCI pH 9.0 at room
Cross-linking temperature for 20 min. After addition of native dye solution (i.e.
Purified |-Crel was treated with dimethylsuberimidate-Hc| 9lycerol + xylene cyanol), the protein-DNA complexes were
(Pierce, Rockford, IL) in 50 mM borate buffer pH 9.5; theanalyzed by electropho_re5|s at room temperature (90 V) for 40 min
elevated pH favors the amidination of the protein over hydrolysi§ & 2% agarose/ethidium bromide gél (

of the imidoester43). The reactions were carried out at different

protein concentrations, and the cross-linker was added to a firdydroxyl radical protection and interference analysis
concentration of 18 mMV2Q). After incubation at 37C for 1 h,
equal volumes of each reaction were analyzed by SDS—PAG

fractions of 0.25 ml were collected, and analyzed by SDS-PAG

o prepare target DNA with only one strand end-labeled, plasmid
GEM23S.E151 was digested wieadRIl or BanHl, followed
by dephosphorylation with alkaline phosphatase, and end-labeling
I-Crel endonuclease activity assays with T4 polynucleotide kinase ang$2P]ATP (>4500 Ci/mmol).
. . ._The end-labeled DNA was then subjected to a second restriction
Plasmid pGEM23S.E (3.9 kb), which was constrycted prewous%ith BanHI or EccRI, respectively), and the 151 bp singly-end-
(9), was used for the cleavage assays. It contains fusear3S |jheled DNA was purified by electrophoresis on a 2% agarose

exon sequences, and was isolated by banding in a CsCl gradigjyc nc.) gel as above. Care was taken to avoid damaging the
or with the Wizar@ Maxipreps DNA Purification System pna with UV light.

(Rromega, M.adison,WI). For most experiments, it was linearized Hydroxyl radical footprinting was performed according to
with Scd prior to the assay. StandardCtel assays were yjiiys and DombroskiZ4). 120 pmol of ICrel was incubated
performed at 37C in the standard reaction solution (see above),iih 5 pmol of the end-labeled target DNA in B0of 25 mM
stopped with 0.1 vol of 0standard stop solution, and the 1vis 1| pH 9.0 in a total volume of @ for 20 min at room
products separated by electrophoresis in 0.8% agarose/eth|d|%perature_ To effect cleavage, the mixture was adjusted to
bromide gels at room temperatu®. (The fluorescence was .gntain 0.1 mM (NH),Fe(SQ)2-6H0, 0.2 mM EDTA, 10 mM
photographed with Polaroid film. (type 667) uging a transilluminatog o §ium ascorbate and O. 15%3. After 1 min, the reaction was
(Foto-Prep |, Fotodyne). Quantitative analysis of fluorescent bandsenched with excess thiourea, and the bound and unbound DNA
was performed with the aid of a Fluorimager and ImageQuaN{,ctions were separated by electrophoresis on a 2% agarose gel
software (Molecular Dynamics, Inc., Sunnyvale, CA). One unit ohs gescribed above, except the time of electrophoresis was
endonuclease activity (U) was defined as the amounGedll-  increased to 70 min. The fluorescent bands were recovered from
necessary to cleave 100 ng of target DNA in 20 min €37 ha gel using centrifugal filters (Millipore), and then analyzed by

Optimal conditions for DNA cleavage byOrel were deter-  genaturing electrophoresis on an 8% polyacrylamide gel. Hydroxyl
mined using 1250 ng of substrate DNA in a total reaction volumg,yical cleavage of the target DNA in the absence@éllwas
of 100ul (5 r_1M). Aliquots (ZCpI) were remove_d at differenttimes 5,50 performed as a control.
(up to 60 min), and the reactions were terminated and analyzed agyy qroxy radical interference analysis was performed as for the
described above. The various changes to the reaction Cond't'?ﬂ%tection footprinting, except that the end-labeled DNA was
(salt, pH, temperature, etc.) are described in the figure legendsiQlateq with the scission reagents first (for 45 s), ethanol
in the text. . g recipitated, redissolved in water, and then incubated \@tal |-

The effect of different conditions on the release of the DN’Lgs above. The bound and unbound DNA bands were gel-purified,
products from the protein was assessed by carrying out stand%qu then analyzed by denaturing PAGE (8% poyacrylamide).
cleavage assays, and then varying either the composition of they \jaxam—Gilbert G+A reaction of the end-labeled DNA was

10 stop solution, or the post-reaction temperature, as describggditormed to provide a marker for PAGE, and it was carried out
in the figure legend. The DNAs were then analyzed by agarose cording to the modifications of Benctial (25).

electrophoresis as described above.
Methylation protection and interference analysis

Stability of I- Crel

The target DNA (5 pmol), end-labeled on only one strand (see
Purified I-Crel was diluted with 20 mM Tris—HCI pH 9.0, and above), was incubated with 120 pmol o€rel in 20 mM
pre-incubated at 3T for up to 70 min in the presence or absencdris—HCI, pH 9.0, in a volume of 60 at room temperature for
of 10 mM MgCh), or in the presence of various DNAs. Aliquots 20 min. An aliquot of 2ul of freshly made 10% dimethylsulfate
were removed at selected times, and the pre-incubated protéidMS) was added, and after 1 min at room temperature the
was used in standard activity assays. The DNAs usedimiii®  reaction was quenched withuBof 1 M B-mercaptoethanol and
stability tests were: (i) the substrate, (ii) the plasmid vectommediately loaded on a 2% agarose gel. After electrophoresis
pGEM3zf(+) (Promega BioTech) and (jii) plasmid pSR1. Plasmidor 40 min at room temperature (90 V) and ethidium bromide
pSR1 contains a 7 KBanH| fragment of chloroplast DNA that staining, bound DNA was recovered from the gel, and the strand-
maps 5to theBanHI fragment that contains tt@r.LSUintron  scission reaction performed as descril&&). (After two precipita-
(e.9.9). The vector used for construction of pSR1 was pGEM3zf(+}jons with butanol, the DNA was dissolved in 90% formamide and
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analyzed on an 8% denaturing polyacrylamide gel. The methylation A

reaction was also performed on the target DNA in the absence of .

I-Crel, for comparison. =l
The methylation interference analysis was performed similarly = E== —

to the protection analysis, except that the DNA was methylated Eiii

first, then incubated with Grel. After native gel electrophoresis, =& =

the bound and unbound DNAs were recovered from the gel, ko =% -

cleaved and analyzed on an 8% denaturinggel. =T sss -

vy}

Denaturing polyacrylamide gel electrophoresis (PAGE) and
autoradiography

Denaturing polyacrylamide gel electrophoresis (PAGE) of DNA
was performed as described previough) (1sing 8% acrylamide
gels run at 50C. The gels were dried, and then exposed to X-ray
film (Kodak XAR) with or without intensifying screens. The
relevant portions of the autoradiograms of the methylation
reactions were scanned with a densitometer (Model 1312, ISCO) O
connected to a UA-5 detector/recorder (ISCO). The recorder o 10 20 30 4
outputs were imaged using a RealTech scanner and Adobe Fraction Number
Photoshop (v3.0) on a PowerMac 6100 computer (Apple).

02

Relative amount

01

Figure 1. Purification of ICrel. (A) SDS—PAGE analysis &:.coli whole cell
proteins and various fractions containingrel. The polypeptides were

RESULTS separated on a 15% acrylamide gel, which was stained with coomassie blue.
Lane 1, uninduced cells transformed with the pAll17 vector; lane 2, uninduced

Expression and purification of I-Crel cells transformed with the fiivel plasmid; lane 3, induced cells transformed
with the pAll17 vector; lane 4, induced cells transformed with th€rgll-

Preliminary data indicated thatQrel was toxic to E.coli plasmid; lane 5, soluble fraction from induced cells transformed withgbj-

(unpublished resuls), so the T7 expression systinih a__ 12,5 -50% soronh e o iy e - poole e 2
mOdme.d PET (2) vector was used. Several dlffergnt host Stf"%"”ss, bO\}ine serhm albumin, ovalbumin, car(bonic anhydrgse, soyil))eanptry:)ysin
were tried, and BL21(DE3)pLysS gave the best yield. Conditionghibitor and cytochrome). The sizes of the standards are given in kDa; the
for induction and accumulation ofQrel were optimized by  arrow points to iErel. (B) Mono S FPLC column elution profile. Each fraction
varying cell density, IPTG concentration and the time ofwas assayed for@rel activity and protein content; the dashed line indicates the
treatment with IPTG (up to 4 h). The level of induction Wassallt (Na7CI)fgLad|enIt._ Frzctlons 25-30 were pooled, and an aliquot was applied
estimated using activity assays and SDS—PAGE (mono@ret |- tolane 7 of the gel in (4).

is 18 kDa;9). Under optimized conditions,Grel accumulated to

5-10% of the total protein, and >90% was recovered in the

soluble fractionZ7). Ammonium sulfate fractionation and cation 20% recovery. The preparations specifically cleaved the substrate
exchange chromatography were used to purird-in high  DNA, and without non-specific degradation of the substrate (see
yield from the soluble fraction. Figuié\ shows an SDS-PAGE below).

analysis of whole cell proteins from control and induced cells, as

weII_ as frac_tions enriched for the _protein. FiglBshows the  gjze of native ICrel

elution profile for the Mono S cation-exchange colum@ydt

eluted as a single peak at 0.15-0.2 M NaCl (fractions 25-30Jhe molecular weight of Grel in solution was estimated by
Pooled fractions were >90% homogeneous for the 18 kDsize-exclusion chromatography of the purified protein. The
polypeptide (Figl1A, lane 7). SDS—PAGE analysis of all fractionsresults of the sizing column are summarized in Fi@éreThe

also showed that the 18 kDa band correlated well with DNAolumn fractions were analyzed by SDS—PAGE, and the 18 kDa
cleavage activity (data not shown). The strategy used fdrand eluted primarily in fractions 37 and 38, which corresponded
purifying I-Crel from the crude soluble fraction is summarized into a molecular mass of 36 kDa. Thus, this analysis indicated that
Tablel. The protocol gave a 10-fold purification o€rel with I-Crel is a dimer.

Table 1. Purification of ICrel

Fraction Volume Protein Activity Specific activity ~ Fold purification  Yield
(ml) (mg) (Ux 1079 (Uimgx 1079) (%)
Soluble 18 63.1 2898 46 1 100
40-80% (NH)2SOy 4 38.8 2020 52 1.13 69.7
Mono S 12 1.3 600 462 10 20.1

A unit of activity (U) was defined as the amount of enzyme needed to cleave 100 ng of pGEM23S.E DNA in 20 t@n at 37
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Figure 2. Size of native IErel determined by size-exclusion chromatography
and chemical cross-linkingA}] Size-exclusion chromatography ofCtel.
Purified I-Crel (filled circle) was eluted from a BioSep-SEC-S3000 column,
which was calibrated with thyroglobulin (670 kDa), gamma globulin
(158 kDa), ovalbumin (44 kDa), myoglobulin (17 kDa) and vitamij» B
(1.35 kDa); the markers are indicated as open circles. The arrow indicates the
position of ICrel, which was determined by SDS—-PAGE analysis of column
fractions. B) SDS—PAGE analysis of @rel treated with the cross-linker
dimethylsuberimidate at different protein concentrations. Equal volumes of the

reactions were analyzed by SDS—PAGE on a 15% acrylamide gel, which was_ ) - -
stained with silver nitrate. Lane 1, molecular mass standards (same as Fig. 1A§Flgure 3. I-Crel activity assay and Mif dependenceA) Organization of

lane 2, untreatedCrel; lanes 3-6, IErel treated with cross-linker at protein plasmid pGEM23S.E, \.Nh'Ch was used "_"S. the s_ubstrate. _Construcnon of
(monomer) concentrations of M (0.018 mg/ml), 0.5:M (0.009 mg/ml) pGEM23S.E was described prewous__ly (_9), it contains a portion of the fused
0.250M (0.0045 mg/ml) and 0.128M (0.0023 mg’/ml) respectively; Ianey7 exons of the 238n gene ofC.reinhardtii (thickened area) in the pGEM3zf(+)

molecular mass standards. The arrows indicate the position of monomericplasmld vector. The position of theCtel cleavage site is indicated. The

. ) i . PGEM23S.E DNA was linearized witBcd prior to digestion with Erel,
lhcerﬂzglfe:?gz’eagri‘\?etrl;ufontqr?éorrigcr:?isr? lI(lgI;ed producti88 kDa. The sizes of which produced DNA fragments of 2.1 and 1.8 kb, respecti&)\Cleavage

of the substrate DNA using the standard reaction solutioR* kligpendence.

500 ng of substrate was incubated with purifi€tdtin the standard reaction
solution at 37C for 1 h (lane 2), or in the same solution minugMgane 3).

The reactions were terminated with standard stop solution prior to analysis by
The native size of Crel was also assessed using chemicalagarose gel electrophoresis. Lane 1 contained untreated substrate DNA. The

cross-linking with dimethylsuberimidate, which cross-links poly- sizes (in kb) and positions of molecular mass markers, which hiied#l-
peptides covalently via lysine residué$)( I-Crel was treated digestedh DNAI alre_m(?mateéi to tr?e I_efrt] of the gel. The substrate and product
with dimethylsuberimidate, separated by SDS-PAGE, and theRIVAs are similarly indicated to the right.

stained with silver. FigureB shows that the major protein in the

treated samples migrated as a diffuse band with a relative molecular

mass of 38 kDa; no band was observed remaining at the position

of the monomer. Figur@B (lanes 3-6) also shows that the At |east four factors are known to affect the activity of homing
cross-linking pattern did not change when the concentration ghgonucleases; temperature, pH, divalent cations and monovalent
I-Crel in the reaction was decreased fropiM, in a 2-fold series,  cations £9,30). In order to determine the optimal conditions for
t0 0.125uM (0.0023 mg/ml). The cross-linking pattern was alsopNA cleavage by Erel, these parameters were varied systemati-
not affected by the addition of Mg(data not shown). Thus, these cally, and the effects on cleavage assessed.

data also indicate thatGrel is a dimer in solution. The minor Mg2* (or Mr?*) was found to be essential for DNA cleavage
band of 15 kDa in lane 2 is a polypeptide that contaminated SOIB@ |-Crel: in the absence of Md, no cleavage was detected
I-Crel preparations, and was only visible with silver staining. "(Fig. 3B, lane 3). As shown in Figud#\, maximum activity was
does not seem to be associated willek, since its presence was gpserved at 5-10 mM of Mg&land higher concentrations of
variable. As to its fate in the presence of dimethylsuberimidatmgn were somewhat inhibitory (e.g. 50 mM MgQ@roduced

a faint band migrating at 16 kDa in the treated samples (Onfhly 509 relative cleavage). Other divalent cations were tested
visible in lane 3 as lanes 4-6 have too little protein) may be @y their ability to support cleavage. In the presence of 5-50 mM
modified form of this polypeptide; modificatiomith dimethyl- MnCl,, the substrate was cleaved b@rel; however, no activity
suberimidate is known to reduce slightly the mobility of poly-yas observed in the presence ofQar Zr?* (data not shown).

peptides in SDS-PAGE). The effect of varying temperature over the range of 05
I-Crel activity is shown in Figure4B. Cleavage was more
I-Crel endonuclease assays: optimization of activity efficient at the higher temperatures, with complete cleavage of the

substrate DNA occurring even atf@ At 50-70 C, most of the
The plasmid pGEM23S.E, which contains th@érél cleavage substrate was cleaved within the first 5 min, but &C37t took
site (Fig.3A), was used as the substrate; the plasmid is 3.9 kBO min for 100% of the substrate to be cleaved (data not shown).
Although |I-Crel cuts supercoiled pGEM23S.E, the substratdnterestingly, only 40% cleavage was observed at the physiological
DNA was linearized wittscd (Fig. 3B, lane 1), so that cleavage temperature range of 20-30, and at 0—1TC, no cleavage was
with I-Crel would generate two bands of 2.1 and 1.8 kb, respectivelgletected even after 1 h.
Figure3B (lane 2) shows the results of a typical cleavage assay;To examine the effect of pH, cleavage assays were performed
the figure also shows that no cleavage occurred whéi Was  under standard conditions, except for varying the pH from 6 to 10.5.
omitted (lane 3). Figure 4C shows that Erel exhibited a broad pH optimum,
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MgCly (mM) Temperature (°C) Figure 5.Efficient release of DNA products after digestion witbrel requires
-~ C D SDS. A standard cleavage assay with purifiedrek was performed as
S described in Materials and Methods, except that at the end of the incubation
gm 100 period, equal volume aliquots were removed, and the reaction terminated with
g 80 80 the different stop solutions described below (lanes 2-5). Lane 1, untreated
3 0 substrate DNA,; lane 2, the reaction was terminated with standard stop solution
g 0 % minus proteinase K (room temperature); lane 3, the reaction was terminated
% 20 » with standard stop solution minus proteinase K and SDS (room temperature);
ko lane 4, the reaction was terminated with standard stop solution minus proteinase
0% e 0 "o s ooz K and SDS, but heated to @ for 10 min; lane 5, the reaction was terminated
pH NaCl (mM) with standard stop solution minus SDS, and then incubated for 10 min at room
temperature. The samples were frozen immediately after the post-reaction
) L £ onti . ¢ | treatments, subsequently thawed on ice, and then electrophoresed at room
Figure 4. Determination of optimum conditions for DNA cleavage Ifyré!. temperature. Sizes (in kb) of the substrate and products are indicated to the right
The graphs show the effects &)(MgCl, concentration, B) temperature, of the gel.

(C) pH and D) NaCl concentration on DNA cleavage by purifie@rél. The

other conditions were as described in Materials and Methods, except that

diethanolamine was substituted for Tris to buffer the pH 9.5, 10 and 10.5

reactions in (C). In (A), (B) and (D), the ordinate values (% relative cleavage)shown), and a molar excess @@tel was needed to cleave all of

were the same as the % substrate cleaved; in (C), however, the data wige substrate DNA under standard conditions.
normalized using the reaction with the greatest fraction of substrate cleaved
(which was >80%) set to 100% relative cleavage. -

Stability of I- Crel

The stability of purified I€rel was examined by pre-incubating
ranging from 7 to 9. The pH-activity profile also shows that théne protein under various conditions, followed by standard
DNA-cleavage activity was reduced substantially above pH 9.%jeavage assays to estimate the fraction of activity remaining.

The effect of monovalent salts orCtel activity was also  Figure6 shows that incubation of the protein in reaction buffer
examined. FigurdD shows that cleavage was not stimulated by Tris—HCI, pH 9.0) at the standard reaction temperature @ 37
NaCl, and in fact was inhibited above 25 mM NacCl; similar resultgesulted in a fairly rapid loss ofGrel activity, with only 20%
were obtained with KCI (data not shown). When the chloride Sa|t‘§maining after 40 min. Adding Mgto the pre-incubation buffer
were replaced with NaOAc and KOAc, inhibition occurred withincreased slightly the rate of loss, such that only 10% of the
concentrations >40 and 80 mM, respectively (data not shown). activity remained after 40 min. When pGEM23S.E (i.e. substrate)

Finally, the reducing agent, dithiothreitol, had no effect orDNA was added (instead of M), 90% of the starting activity

I-Crel activity. remained even after 70 min of pre-incubation. Since the protein
was in molar excess of the substrate, it is likely that most of the
Release of products following cleavage byGrel protection involved non-specific interactions. To test this, the

protein was pre-incubated with plasmid DNAs that are not
The standard stop solution used to termina@el-reactions substrates for Grel. Figure 6 shows that both pSR1 and
contained SDS and proteinase K, in addition to EDTA to chela{gGEM3zf(+) effectively stabilized the activity; plasmid pSR1 was
the Mg?* (Materials and Methods and F8). However, as shown  slightly more effective than either pPGEM3zf(+) or pGEM23S.E,
in Figure5 (lane 3), when SDS and proteinase K were omittedithough the reason for this is not clear. In conclusion, these data
from the stop solution, the majority of the DNA migrated likeshow that purified Erel is unstable in the absence of DNA, but
uncleaved DNA (lane 1). This result indicates that most of thean be stabilized by the addition of non-target DNA. Finally, it
cleavage products are not released from the protein under #isould be noted that the purified protein was unstable even at
standard reaction conditions (the mobility of the DNA-protein-70°C (in the absence of DNA and presence of 10% glycerol),
complex is not shifted compared to naked DNA, because it§sing activity at the rate 6i50% per year.
expected size is only 1.5% larger). Since DNA cut witlidi-can
be re-ligated with T4 ligased), the protein does not become r;. ;i ) ; +
covalently attached to the DNA ends. Moreover, Figuflane 2) Binding of I-Crel to target DNA in the absence of M
shows that SDS alone was effective in promoting product releagemobility shift assay was used to determine@frél would bind
but that proteinase K alone (lane 5) was relatively ineffective, &b its target DNA in the absence of kgFigure7 shows that the
least under the conditions used here. Finally & fibst-reaction DNA shifts to a form with slower electrophoretic mobility in the
heat-treatment (lane 4) was almost as effective as SDS in promotpgsence of Crel. The figure also shows that at the molar ratio
release of the DNA products. With product release being gaf 4:1 (I-Crel:DNA) essentially all of the 161 bp target DNA was
inefficient, one might expect that cleavage of DNA @réd  shifted. Subsequent addition of a 15-fold excess of a 400 bp
would be predominantly stoichiometric, at least under the standacdmpetitor DNA fragment (i.e. containing the same target site)
reaction conditions. Indeed, the amount of substrate cleaved wdid not displace the 161 bp DNA (data not shown), further
directly proportional to the amount of enzyme added (data natdicating that the binding in the absence of¥gas tight.
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Figure 6. Stabilization of I€rel by DNA. Purified I-Crel (10 pmol) was
pre-incubated at 3T in 100l of the solutions indicated below. At selected
intervals, 10ul aliquots were removed, and the fraction of activity remaining

TRL W W OBIEL WU
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pre-incubation mixtures contained the standard buffer (Tris—HCI pH 9.0), plus +7 A
one of the following: no further additiona}, 10 mM MgC} (@ ), 0.1 pmol A g
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Figure 7. Mobility shift assay for IErel binding to target DNA in the absence ‘: . R -
of Mg2*. 150 ng (1.5 pmol) of the 161 bp PCR product containing @rell- -

cleavage site was incubated with different amountsaséllin the absence of

Mg_2+_, and then analyzed by electrophoresis in a 2% agarose gel containing:igure 8. Hydroxyl radical protection and interference analysis Gfel-

ethidium bromide. Lane 1, noQrel was added; lane 2, with 108 ng (3 pmol)  inding to target DNA. The reactions were carried out as described in Materials

of I-Crel; lane 3, with 216 ng (6 pmol) oftrel; lane 4, with 324 ng (9 pmol) and Methods using singly-end-labeled target DNA, and the products analyzed

of I-Crel. The arrow indicates the position of naked target DNA. on an 8% denaturing gel followed by autoradiography. Where appropriate, the
bound and unbound DNA fractions were recovered from a native gel prior to
their analysis on the denaturing gel. The strandedness (top or bottom) is
indicated above the lan€Fop strand: lane 1, untreated DNA; lane 2, G+A

; ; ; i reaction (as a marker); lane 3, reaction in the absence of protein; lane 4,
Hydroxyl radical protection and interference analySIS protection reaction, bound DNA,; lane 5, protection reaction, unbound DNA;

Hydroxyl radical cleavage2f) was used for high resolution !ane 6, interference reaction, bound DNA; lane 7, interference reaction,

o . . L . unbound DNABottom strand: lane 8, protection reaction, bound DNA; lane 9,
footprinting and interference analysis dtiel binding. Figure protection reaction, unbound DNA; lane 10, interference reaction, bound DNA;

(Iangs 3-5 and 8,9) shows thalrel strongly protected a single, |ane 11, interference reaction, unbound DNA; lane 12, reaction in the absence
continuous, 12 nt stretch of DNA backbone on each strand. There protein; lane 13, G+A reaction (marker); lane 14, untreated DNA. The

was also evidence of partial protection, or ‘shadowifig), (of affected regions and their sequence are indicated; they are numbered from the
one to three additional residues flanking the strongly protectegfer of the cleavage site.

regions. The strongly protected regions spanned the cleavage

sites asymmetrically, and were slightly out of register, with a 2 nt . . .

shift towards the 'Iirection (Fig.10). Figure8 also shows the Was strong protection of guanines at positions -5, +1, +3 and +7,
results of hydroxyl radical interference analysis; the same DNANd Weak protection at —2. There was also weak protection of
diminished in the protein-bound fraction, and enriched in thehhanced. On the bottom strand, the guanines at -6, -3 and +5

unbound fraction (lanes 6,7 and 10,11). This result confirms t&ere strongly protected, while the adenine at -4 was weakly
importance of these residues for binding. protected. Modification of the adenine at +9 was also strongly

enhanced. These results are also summarized in HiQure
Methylation interference analysis was performed to assess the
relative importance of the protected guanines and adenines
Methylation with DMS was used to examine the interaction ofand/or others) for binding byQrel; the results are shown in
I-Crel with the major and/or minor grooves of DNA. DMS Figure 9B. On the top strand, the guanines at +1 and +3 were
methylates guanine at the N-7 position in the major groove, arstifongly required for binding, whereas those at -5 and -2 were
adenine at the N-3 position in the minor groo¥®);(however, required to some extent. Interestingly, the N-7 of the guanine at
bound protein can protect these sites against methylation. 8fgure +7 was apparently not critical for binding, although it was
shows the results of protection analysis. On the top strand, thesteongly protected from methylation (Fig8 and10). Whether

Methylation protection and interference analysis
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Figure 10. Summary of the hydroxyl radical and methylation protection
analysis. The recognition sequence @frél is given, and the nucleotides are
numbered from the center of the cleavage skeL{near representation. The
over- and underlined regions were protected from hydroxyl radical cleavage.
The filled triangles indicate bases strongly protected from methylation, while
the open triangles were weakly protected from methylation. The black dots
indicate methylation enhancement. The vertical lines indicate the cleavage
sites. B) Helical representation. The bases on the top strand are in capital letters,
and on the bottom strand in lower case letters. The regions of the backbone
protected from hydroxyl radical cleavage are filled. The arrows indicate the
cleavage sites, and the other designations are as in (A).

the adenines in the top strand were required for binding was
difficult to assess because of low reactivity; however, the adenine
at +4 may be at least partially necessary for binding. On the
bottom strand, the guanines at —6 and —3 were strongly required,
but the guanine at +5 was only weakly required for binding. The
adenines at —4 and —1 on the bottom strand also appear to play a
role in binding.

DISCUSSION

Intron-encoded endonucleases, such @sell- are critical for
efficient intron homing, and therefore have played an important
role in the distribution of intronsl{3). Homing endonucleases
are also of interest because they recognize long stretches of DNA
like transcription factors, yet they cut DNA like the well-known
Type |l restriction enzymeg&8§). Thus, they have the potential to
teach us new things about DNA—protein interactioi@el; the
subject of this study, is somewhat unusual among the LAGLI-
DADG family of homing endonucleases, because it contains only
a single copy of the signhature motif, and its recognition site shows
partial dyad symmetryby.

target DNA. The methylation reactions using singly-end-labeled (either top or 10 Obtain more information onGrel, we over-expressed the
bottom strand) target DNA were carried out as described in Materials angorotein inE.coli using the inducible, stringently controlled T7
Methods. In some cases, bound and unbound DNA fractions were separat@xpression systenlg)_ |I-Crel accumulated to 5—10% of the total

electrophoretically and recovered from a native gel prior to their cleavage ang.g||uylar protein, and did not form an inclusion body, remaining in

analysis on a denaturing gel. After autoradiography, the films were scanned, a . . e o
the affected regions are shown. The DNA sequence is provided below each s e soluble fraction. A simple, two step purification procedure

of scans, and the positions of most (but not all) of the bases (Gs or As) that wel¥as developed that gav€rel preparations of >90% purity with
either protected from methylation, or whose methylation interfered with 20% recovery.

binding, are indicated.A) Methylation protection analysis. The lanes The molecular mass ofG+el in solution was examined using
containing ‘bound’ DNA fractions for each strand were scanne@gt); and AL ; ; linki
compared to the corresponding region of the DNA methylated in the absencgIze eXCIUSI(.)n chro_matography and .Chemlcal Cross I|nk|ng. The
of protein (—protein). §) Methylation interference analysis. The lanes resylts obtained with the two techn_lques were congruent, and
containing bound (Bound) and unbound (Unbound) DNA fractions were indicated that the protein is a homodimer. Previous work showed

scanned and presented for comparison. that I1-Scdl is also a homodime2Q), but that IScé and PIScé
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are monomers3Q,31). Mutagenesis of these two-motif enzymesindicates that the enzyme forms very stable complexes with the
also showed that the LAGLI-DADG peptide is required forDNA products. Two other LAGLI-DADG enzymes, Bté and
endonuclease activity; however, exactly how many copies of thisScé, have been shown to bind very tightly to thex®n product
motif are needed is not clear. While only P1 (i.e. motif #1) wagl3,32); however, I€rel seems to hold on tightly to both
needed by Bcel for endonuclease activity (), both P1 and P2 products, suggesting that the interaction Gfat with its target
(motif #2) were required by FBeé (13). Since I1Scél is adimer s different from the yeast enzymes. This suggestion is supported
(29), however, the P2 mutants presumably still had two copies bfy the footprinting data (discussed below). Not surprisingly, the
the wild-type P1 motif. Thus, those data suggest that two copi&NA cleaving activity of ICrel is inefficient, in terms of enzyme
of LAGLI-DADG are needed for endonuclease activity (althoughurnover, as is the case fo6&e (32). In vivo, however, a poor
not just any two copies will do, since arS¢él chimera turnover rate for IErel may not be much of a problem, since the
containing two P2 motifs was inactivé]l). Our finding that amount of the putative substrate, intronless 23S DNA, should be
I-Crel is a dimer is consistent with that suggestion. In apparenery small. Moreover, it is possible thiatyivo, the formation of
contradiction, however, standsCel, the only other single- a stable complex ofGrel with its DNA products could facilitate
LAGLI-DADG enzyme known besidesG+el (5). I-Ced is  the subsequent recombination everif8)(
apparently a monomer in solutiot¥j. It would be interestingto ~ The mobility shift assay demonstrated th&ré binds to its
know if I-Ceu remains monomeric throughout its DNA binding/ target DNA in the absence of Ky This allowed us to study
reaction cycle. DNA binding in the absence of cleavage. Hydroxyl radical
The requirements and conditions for optim&rél activity  protection analysis indicated thaCtel binds strongly to the
were also investigated. Like other LAGLI-DADG endonuclease®NA backbone for a continuous stretch of 12 nt on each strand,
(4,14,29-31), Mg?* (or Mr2*) was absolutely required for DNA centered slightly asymmetrically (1 bp shift) around the cleavage
cleavage. Monovalent salts were not required, and in fact wesie. Hydroxyl radical interference analysis confirmed that the
mildly inhibitory, a characteristic shared by sorm&30,32), but  strongly protected regions are required for binding. These
not all, LAGLI-DADG endonucleases,1). I-Crel activity was  stretches of DNA on each strand are also out of register with each
optimal at alkaline pH, which is also the case for otheother, with a 2 nt shift in the' 3lirection; a result which is
LAGLI-DADG enzymes 4,14,29-31). Unlike 1-Ceu (14), characteristic of minor groove interactio®S); Thus, it can be
I-Sce (30) and IIDmd (4), however, the efficiency of cleavage stated that the overall span of target DNA required for tight
by I-Crel decreased significantly above pH 9.5. Finallgrél binding by ICrel is at least 14 bp. This number is smaller by
exhibited a high temperature optimum (502@} retaining full  several nucleotides than the recognition sequence determined by
activity even at 70C. This was an unexpected result for a DNAdigesting sequence ladders of the tar§gts). This difference
endonuclease that does not originate from a thermophilimight be due in part to ‘end effects’ on the cleavage activity of
organism. Only Bmd, which comes from the hyperthermo- I-Crel, since the sequence ladder approach involves digesting a
philic archaeonDesulfurococcus mobilisyas been shown to be population of nested molecules, including those with the
fully active at 70C (4). Interestingly, I€eU was reported to be recognition sequence at the very end of the DNA. Finally, we note
more active at 50C than at lower temperatures, although highethat these footprinting data are consistent with the observation
temperatures were apparently not testdll The adaptive value, that I-Crel holds on tightly to both DNA products.
if any, of the high temperature optima faCtel and I-Ced is not The pattern of hydroxyl radical protection obtained wigrd
clear. However, based on these analyses, we can conclude thauite different from the hydroxyl radical protection pattern of
I-Crel produced byE.coli would be active under the conditions PI-Sce, which binds strongly mainly to thé 8xon (3). PI-Scé
typically found inC.reinhardtiichloroplasts, although its activity is the only other LAGLI-DADG endonuclease for which there are
might not be optimal. To what extent the enzyme produced inigh-resolution, hydroxyl radical protection patterns. However,
C.reinhardtii chloroplasts might differ (due to chloroplast-specificDNase | footprinting of Bmd has been performed, and the
post-translational modifications) from the enzyme produced iresults indicated strong binding to both exdd.(
E.coliis not known, since only the latter has been characterized.The methylation protection analysis demonstrated tkaéll-
Given some of the aforementioned characteristicsQyéll-it ~ protected guanines throughout the region of DNA defined by
was surprising that the purified enzyme proved to be unstableydroxyl radical footprinting (FigL0). This result indicates that
even at —70C. The rate of loss of Grel activity at the standard 1-Crel binds strongly in the major groove, and for more than one
reaction temperature (3Z) was in the order of 50% in 18 min. turn of the helix. Hypermethylation of certain adenines in and
Although this contrasts with the extreme instability 8k (30),  near the right half of the protected region was also observed,
which lost 50% of its activity in 1 min at 3, the instability of  suggesting that some distortion of the DNA structure accompanies
I-Crel is much greater thanTeu, which required 3 h to lose 50% |-Crel binding.
of its activity (L4). We also observed thatGrel could be The methylation interference analysis revealed that only some
stabilized by adding DNA, and that non-substrate DNAs were ad the protected purines were strongly required for binding4Big.
effective as the substrate. Interestinglgck was also found to  suggesting thatGrel might tolerate, at the least, some single-site
be stabilized by DNA; however, only DNAs that contained thehanges in the target sequence. An extensive analysis of the
recognition site, or a close variant, were effect®@.(The fact effects of mutagenizing the target site on cleavageQrgllhas
that I-Crel was stabilized by DNAs that lacked the recognitionnot been published. However, Durrenberger and Rochgidid
site suggests that the protein interacts with DNA non-specificallgigest several variants of the target site that occur naturally in
as well as specifically. different rRNAs. Our results are generally consistent with theirs,
A particularly interesting characteristic o€kel concerns the except for the fact thatCrel was able to cleave Raramecium
fact that efficient release of the cleavage products from thaitochondrial rRNA gene, which has a T-A pair at the —3 position
enzyme required a strong protein denaturant (SDS). This resiristead of C-G 15). The methylation interference data indicate
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that the G at —3 on the bottom strand should be strongly require
for binding (Fig9B). These comparisons are complicated, however?
by the different conditions used for cleavage (e.g. inclusion qf,
Mg?2*) versus binding (no Mg). It will be useful to carry out 3
guantitative binding assays with target-site mutants compared to
wild-type DNA. 12
In summary, we have reported the over-expression, purification
and initial characterization of the homing endonucleaSegll-
We also characterized its binding to target DNA using high
resolution footprinting and interference analyses, making it thes
first single-LAGLI-DADG endonuclease to be studied in this
way. Finally, these results provided the basis for further work ot
this unusual site-specific endonuclease, including X-ray crystallol-7
graphic studies35), which were published after the revision of

this manuscript. 18
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