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ABSTRACT

R.CVviJl is unique among site-specific restriction
endonucleases in that its activity can be modulated to
recognize either a two or three base sequence.
Normally R. CviJl cleaves RGCY sites between the G
and C to leave blunt ends. In the presence of ATP
R.CviJI* cleaves RGCN and YGCY sites, but not YGCR
sites. The gene encoding R. CviJl was cloned from the
eukaryotic Chlorella virus IL-3A and expressed in
Escherichia coli . The primary E.coli cviJIR gene
product is a 278 amino acid protein initiated from a
GTG codon, rather than the expected 358 amino acid
protein initiated from an in-frame upstream ATG
codon. Interestingly, the 278 amino acid protein
displays the normal restriction activity but not the
R.CviJI* activity of the native enzyme. Nine restriction
and modification proteins which recognize a central
GC or CG sequence share short regions of identity with
R.CviJl amino acids 144-235, suggesting that this
region is the recognition and/or catalytic domain.

INTRODUCTION

EMBL accession no. U09001

The phycodnavirus IL-3A7(9), which infects a unicellular
eukaryotic Chlorellalike green alga, encodes at least one
site-specific restriction endonucleaseX\Rll (10), as well as a
cognate cytosine 5-methyltransferaseCWal (11). The normal
specificity of RCviJl, RGCY (R, purine; Y, pyrimidine) resembles
a bacterial Type Il restriction endonuclease in requiring only
magnesium for activity. However, in the presence of magnesium and
ATP, cleavage specificity relaxes to include RGCN (N, any
nucleotide) and YGCY sitesl@,12). This relaxed specificity is
similar to the star activity reported for bacterial Type Il restriction
endonucleases. ®iJI* activity is unique, though, in requiring an
adenine nucleotide cofactor, which suggests a functional domain is
involved in this ATP-dependent modulation of the restriction
specificity. This feature of RviJl, as well as its short recognition
sequence, distinguishes it from other Type Il endonucleases.

Because REviJl and RCviJI* cleave DNA frequently they can
be used for a variety of molecular biology applications. For
example, RCviJlI* generates numerous sequence-specific
oligonucleotides from anonymous DNA samples?) (or
produces quasi-random distributions of DNA fragme®. (
Although RCviJl can be isolated from virus IL-3A-infected
Chlorella, this process is inefficient because the IGidorella
grows slowly and the virus-infected alga contains many
nucleases. This report describes the cloning, sequencing and

Most Type Il restriction endonucleases function as homodimegxpression of theviJIR gene inEscherichia coli

and recognize a symmetric sequence of 4-8 basss They

precisely cleave both DNA strands within or adjacent to thejyATERIALS AND METHODS
recognition sites in the presence of magnesium. Restriction )
enzymes are extremely specific, catalyzing incorrect cleavay@uses, vectors and host strains

fewer than once in IBinding events in the caseffaR| (3) and

The growth of the host algéhlorellastrain NC64A, on MBBM

Tad (4). The specificity of some endonucleases can be ‘relaxegiym, the production and purification of virus IL-3A énd
[also known as ‘star' *) aCt'\."ty] by mOd'f'ed assay Cond't'o.nsthe isolation of IL-3A DNA {4) have been described. The
such as low ionic strength, high pH, high glycerol concentratio,siecyar cloning ofviJIM in plasmid pIL-3A.22.8 (1) has
the presence of organic solvents, high ratio of enzyme to DNA Bpe, describedEscherichia colistrain DH&MCR (Life Tech-

substituting other divalent cations for magnesiginThese star

recognition sequences usually differ from the canonical seque
by a single base pair, although strand preferences can be detecte
with the appropriate assay)( A unifying element of

nologies, Gaithersburg, MD) served as a host for recombinant
ﬁamids and bacteriophage M13mp19).(

Reagents

star-inducing reaction conditions is a net decrease in bound watef
activity, which alters protein-DNA contacts and relaxeRestricion and modification enzymes were obtained from

recognition and cleavagé)(

Molecular Biology Resources (Milwaukee, WI). The Minute
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Miniprep DNA purification kit and Sequal DNA sequencing kit Purification of 32.5 kDa recombinant RCviJl

were products of CHIMERX (Madison, WI). Oligonucleotides were

obtained from Synthetic Genetics (San Diego, CA), M13mp18 angsate preparatiorEscherichia colDH50MCR[pCJH1.4] was

the 100 bp DNA ladder were from Life Technologies and thgrown at 30C with vigorous aeration in TB broth mediuf)
Muta-Genein vitro mutagenesis kit and protein molecular weighisupplemented with 0.5 mM Mgghnd 100ug/ml ampicillin.
markers were purchased from BioRad (Hercules, TAgrmus  When the Ogs reached 0.5, IPTG to 0.5 mM and maltose to
aquaticusDNA polymerase for the PCR was obtained from Applied) 4% were added and the culture was grown for an additional 2 h.
Biosystems (Foster City, CA). Ampicillin, X-Gal, IPTG and Cells (60 g) were concentrated by centrifugation and resuspended
XOMAT AR X-ray film were from Sigma (St Louis, MO). in three volumes of cold lysis buffer A [30 mM Tris—HCI, pH 7.9

[y-3%P]ATP was purchased from Du Pont (Boston, MA). (4°C), 200 mM NaCl, 2 mM EDTA, 10 mi@mercaptoethanol,
50 pg/ml PMSF, 20 pg/ml benzamidine, 2 pg/mi
R.CviJl restriction of DNA o-phenantroline, 0.jzg/ml pepstatin, 0.[dg/ml leupeptin A]. The

suspension was passed through a Manton—-Gaulin cell disrupter
One microgram of DNA was digested undé€Rll conditions (10  and the cells were removed by centrifugation. Polyethyleneimine
mM MgCl,, 50 mM NaCl, 50 mM Tris—HCI, pH 8.0) or®iJI*  solution (10%, pH 7.5) was added to the supernatant to a final
conditions (1 mM ATP, 20 mM DTT, 10 mM MgiZb0 mM NaCl,  concentration of 1% and stirred for 30 min. The resulting
50 mM Tris—HCI, pH 8.0) at 3T for 1 h. Restriction fragments precipitate was removed by centrifugation and the nucleic
were electrophoresed on 1.5% agarose gels in Tris—acetate/EDA@d-free solution was precipitated overnight with ammonium
buffer (16). sulfate (0.5 g/ml). Precipitated proteins were pelleted by
centrifugation, dissolved in 100 ml of buffer A, desalted on a
Sephadex G-25 column ¥530 cm) and equilibrated in buffer B
(10 mM K/PQ, pH 7.2, 30 mM NaCl, 1 mM EDTA, 10 mM
ThecviJIR gene was located on plasmid pCJH1.4 and both DN-mercaptoethanol, 10% glycerol, 0.05% Triton X-10Q@/@nl
strands were sequenced by the dideoxy chain termination metfddSF, 20 pg/ml benzamidine, 2ug/ml o-phenantroline,
(17) using three approaches: (i) primer walking; (i) cloningd.7 pg/ml pepstatin, 0.ig/ml leupeptin A).
restriction endonuclease digests into M13mp18; (iii) sequenci
restriction endonuclease deletion derivatives of pCJHL1.4.
ensure the accuracy of theilJIR gene sequence, PCR primers
were synthesized to flank both sides of the gene and the amplif
region from IL-3A virus was cloned intd\g@romoter-containing

DNA and amino acid sequencing

osphocellulose chromatographiyre desalted RviJl extract
as applied to a 8 12 cm phosphocellulose P11 (Whatman)
column equilibrated in buffer B. After washing with 4 | of buffer
E%he protein was eluted with 4 | of a 0-1.2 M NaCl linear

o . . radient in buffer B. Fractions were assayed by incubatjg 1
vector and maintained in the presence of a compatible pIasr@ R322 DNA with 2l aliquots of each fraction. The

expressing the clonecviJIM gene. The gene was sequence ndonuclease eluted@.7 M NaCl

again from two such cloned samples. The N-terminal 15 amino ' '

acids of RCviJl purified fromE.coliwas sequenced at the ProteinHeparin—Sepharose chromatographytive fractions from the

and Nucleic Acid Shared Facility of the Medical College ofphosphocellulose column were diluted 7-fold in buffer C [20 mM
Wisconsin (Milwaukee, WI) by the Edman degradation methoilris—acetate, pH 7.2 (2€), 60 mM potassium acetate, 2 mM
using an Applied Biosystems 477A Liquid Phase ProteiEDTA, 10 mMpB-mercaptoethanol, 10% glycerol, 0.01% Triton
Sequencer with an on-line 120A PTH AnalyzéB)( The X-100, 50 pg/ml PMSF, 20pug/ml benzamidine, 2ug/ml
computer-translated sequence @d@\RJl was compared with the o-phenantroline, 0.[dg/ml pepstatin, 0.jdg/ml leupeptin A] and
public sequence databases using MacDNASIS Pro softwaspplied to a heparin—Sepharose (Pharmacia) columa@®m)
(Hitachi Software, San Bruno, CA). that had been equilibrated with buffer C. The column was washed
with 1.5 | of buffer C and RviJl was eluted with 31 of a 0-2.5 M
potassium acetate gradient in buffer C. The endonuclease activity
eluted at 0.9 M potassium acetate.

ThelacZ Shine-Dalgarno sequence and ¢hidIM ATG start {'gﬁ

Site-specific oligonucleotide mutagenesis

the oligomer 5CAATTTCACACAGGAAACAGCTATGTCT- o g ' '
A et 10% glycerol, 0.05% Triton X-100, 50y/ml PMSF, 20ug/mi
TTTCGCACGTTAGAAC-3 as indicated in Figur@A. The  pon)oidine 2ug/ml o-phenantroline, 0.7ug/ml pepstatin,

mutag'enesis was faci_litated by converting the doub!e—strands_ Lg/ml leupeptin A) and applied to a hydroxyapatite HTP
P';‘f(r)"'d tD_N.A to I_S'”%']e;f]”aﬁdfd DhNA gy‘lo;f’"”ﬁf“”g (BioRad) column (L5< 3 cm) equilibrated in buffer D. The
p710-containinge.coli wi € helper phage 9. The column was washed with 200 ml of buffer D and the enzyme was

oligonucleotide was annealed to the single-stranded plasm uted with a 0-0.7 M K/PDpH 7.0, linear gradient in buffer D
extended in the presence of T4 DNA polymerase, ligated usi : - i s '
T4 DNA ligase and transformed inEcoli DHSaMCR. The o activity was recovered at 0.2 M K/pO

transformed cells were grown overnight in liquid culture, théMolecular sievingActive fractions from the hydroxyapatite HTP
DNA was purified,Xhd digested, dephosphorylated with calf column were concentrated to 3 ml using ultrafiltration membrane
intestinal alkaline phosphatase (CIAP) and transformed intd6M10 (Amicon) and subjected to molecular sieving on a Sephadex
E.coli DH5aMCR cells.Xhd digestion served to enrich for the G-100 (Pharmacia) column (2.5 100 cm) that had been
desired mutation because a singled site was located in the equilibrated in buffer E [20 mM Tris—acetate, pH 813% 60 mM
sequence being deleted (Fig\). potassium acetate, 2 mM EDTA, 10 nfiMnercaptoethanol, 10%
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—»  pBMCS —» pBMCSRI IL-3A
p710 \ EcoR| /
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Figure 1. Molecular cloning and gene organizatiorCiflorella virus IL-3A DNA adjacent to theviJIM gene. A) Schematic diagram for cloning@iJl. A 1.6

kb Dral fragment encoding treviJIM gene was cloned intdacZ vector, resulting in p710. The translational start codons ftadREeandcviJIM genes are indicated.

The relative position of theviJIM gene is indicated by the shaded region of the circular map. Improved expressi@vidf Was achieved by site-specific
oligonucleotide mutagenesis, using an oligomer equivalent to the underlined nucleotides to remove the intervening sequence, resulting in pBMC5. The restri
fragment between tHecaR| sites was subsequently deleted, resulting in pBMC5RI, to force the cloningvifltRegene (see text for details). AbbreviationsRAp
ampicillin resistance gene; i, phage f1 intergenic regiolaicZ, truncated3-galactosidase geneviJIM, gene coding for NCviJl methyltransferasé.coli ori,

origin of plasmid replicationB) Restriction map and ORFs of 5497 bp of cloned and sequenced IL-3A viral DNA. The 1101 bp (367 ammneJddid®Ene is

on the far left. The directions of the transcripts are indicated by the arrows. The shaded region is vector DNA and the open region is IL-3A DNA. Six ORFs are indic
The portion of ORF1 expressedHrcoliis marked in bold. pCdA12 and pCdEB?7 are restriction endonuclease deletion derivatives of pCJH1.4 containing the IL-3A
sequence indicated. C representviR restriction sites.

glycerol, 0.01% Triton X-100, 5Qug/ml PMSF, 20pg/ml  Dral fragment from plasmid pIL-3A.22.8, which includes the
benzamidine, 2ug/ml o-phenantroline, 0.7ug/ml pepstatin, cviJIM gene (367 codons), was subcloned intdetwRV site of
0.7ug/ml leupeptin A]. Peak fractions containing homogeneoua lacZ vector. The resultant plasmid, p710 (Fig), had the
R.CviJl were pooled, dialyzed against storage buffer S [20 mMviJIM gene in the same translational orientation datiZegene
Tris—acetate, pH 8.0 {€), 200 mM potassium acetate, 0.5 mMand expressed viJl activity (RG"CY). The ability of this
EDTA, 0.1 mM DTT, 50% glycerol, 0.02% Triton X-100,i&ml  construct to methylate plasmid DNA was tested by incubating
PMSF, 0.7ug/ml pepstatin, 0.71g/ml leupeptin A] and stored at p710 with eitheHadll (GG\CC),Sad (GAGCT\C) orHindlll
—70°C. (A\AGCTT). Efficient MCviJl expression would make these sites
sufficiently resistant to these enzymes. However, the plasmid was
only 90% resistant tdadll and Sad and 25% resistant taindlll
RESULTS AND DISCUSSION digestion. Therefore, it was necessary to increasevidll.
Improved expression of thecviJIM gene expression before attempting to cloneavigIR gene.

Improved translation of theviJIM gene was obtained by
The successful cloning of the endonuclease portion of deleting 215 nt between tlecZ andcviJIM ATG start codons,
restriction—modification (R-M) gene system usually requiregas detailed in Materials and Methods. This deletion created a
methyltransferase expressiah (ThecviJIM gene from the virus  perfect fusion of théacZ Shine—Dalgarno sequence with the
IL-3A genome was previously cloned, expressed and sequeneadlIM initiation codon (FiglA). Plasmid DNA from five clones
from plasmid pIL-3A.22.8 (1). Unpublished results indicated was >95% resistant tdadll, Hindlll, Pvul (CAG\CTG) or
that the DNA following the ‘3end of thecviJIM gene was not CviJl restriction. Four of the plasmids were sequenced and the
co-linear with the viral genomic DNA. Therefore, to removeresults confirmed the expected deletion. One plasmid, pBMC5,
extraneous DNA and to improve GLiJl expression, a 1.6 kb was chosen for further modification.
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Molecular cloning of thecviJIR gene 1M kD
Two observations suggested that ¢h&lIR gene on the IL-3A _ g4
virus genome was' 3f thecviJIM gene: (i)E.coli containing -_— = g7
cloned DNA 5 of thecviJIM gene lacked RviJl activity; (ii) - — 43
attempts to clone the DNA' ®f the cviJIM gene resulted in ROV — -
deletions/rearrangements of this region. €dIR gene was — 30
cloned using the following strategy. First, BodRI deletion — 204
derivative of pBMC5, which lacks théRalf of thecviJIM gene,

was created (pBMCB5RI; FigA). Second, both pBMC5RI and - — 4.4

IL-3A genomic DNA were cleaved witbcaRl, the plasmid was

dephosphorylated and the DNAs were mixed with T4 DNA ligase

and used to transform DHEBICR. Third, th_e p,OOI_ed, Figure 2. Electrophoresis of RviJl purified from E.coli on a 10%
pPBMCS5RI/IL-3A transformants were grown overnight in liquid sps_polyacrlyamide gel. The single band migrated with an apparent molecular
culture. Plasmid DNA was isolated from the cell mixture andweight of 32.5 kDa (lane 1). Lane M, protein standards.

digested with Hadll, dephosphorylated with CIAP and

transformed into DHSMCR cells. Six colonies grew; the DNA ) )

from one, pCJH1.4, was resistantHaell. Escherichia coli redundant sequencing purposes. The same nucleotide sequenc

containing pCJH1.4 also expresse@WRll activity. as that presented in FiguBewas observed, eliminating the
possibility of cloning artifacts2Q3).

Like many bacterial R-M systems) (and anothe€Chlorella
virus R-M systemviAll (24), thecviJIM gene has the same
TheEcdRlI fragment cloned into pCJH1.4 is 4901 bp in length anttanscriptional orientation as toeiJIR gene (Fig3). Either 21
the entire fragment was sequenced. Seven discrepancies war261 nt separate tlegiJIRM genes, depending on whether the
noted in the 273 bases following the previously repad&dM  start codon at position 55-57 (ATG) or 299-301 (GTG) is utilized
gene (1) and that reported here. The sequence data shown héf@. 3).
was obtained from three independently derived clones from thelt is not known if translation of the nativedRiJI mRNA from
viral genome (one plasmid genomic library clone, pCJH1.4, arid-3A-infected Chlorella also begins at the GTG codon or if it
two PCR-derived clones) and carefully checked for inaccuracidsegins at the upstream ATG codon. Translation initiation at this
The insert in pCJH1.4 contains six open reading frames (ORHRs)}rame ATG codon would produce a protein of 358 amino acids
of 1074 (ORF1), 468 (ORF2), 555 (ORF3), 1086 (ORF4), 39@-ig. 3). Approximately 8% of prokaryotic and some eukaryotic
(ORF5) and 579 bp (ORF6), which could code for polypeptidegene products are initiated with a GTG start codon rather than the
containing 358 (41.4 kDa), 156 (19.4 kDa), 185 (20.3 kDa), 362sual ATG codon5-27). It is interesting to speculate that the
(38.9 kDa), 132 (14.5 kDa) and 193 (21.9 kDa) amino acidshoice of a non-optimal start codon is one method to achieve low
respectively, assuming the most commonly used start codon ABERpression of a lethal protein such &vRll. As indicated below,
is the translational initiation site (FitB). ORF4—ORF6 do not four observations suggest that translation of the native enzyme
encode RCviJl, becausé&.coli containing pCdA12, which lacks probably begins at the ATG codon.
DNA between theAvad and BanHI sites (Fig.1B), produces (i) DNA cleavage activity of the recombinant and native
R.Cvidl activity. Escherichia colicontaining pCdEB7, which enzymes were compared under normal and star reaction
lacks DNA between th&cdRV and BanHI sites, does not conditions. The native enzyme produced the expected fragments
produce RCviJl activity. Thus, ORF1 or ORF3 are the mostunder both conditions (Figl, lanes 1 and 2). Surprisingly,
likely candidates to encode@¥iJl. recombinant RCviJl displays the normal restriction activity (Fig.

R.Cvidl purified fromE.coli containing pCJH1.4 produced a 4, lane 3), but not the star activity (Fig). lane 4). Thus, the
single band on 10% SDS-PAGE with an apparent size epecificity of the recombinant enzyme was not altered by ATP,
32.5 kDa (Fig2). The purified recombinant ®viJl protein was  which indicates a fundamental difference between the native and
sequenced and the first 15 N-terminal amino acids were (T, M,dned enzymes.
or K)EEKKRLALIEKQRI. The ambiguous N-terminal amino (ii) During the initial stages of purifying the recombinant
acid sequence (T, M, R or K) reported here could be the resulteizyme, a second peak oERiJI activity which elutes separately
partial  post-translational processing by  methionindrom the 32.5 kDa activity peak is consistently observed (data not
aminopeptidase(l). However, the penultimate residue, glutamicshown). However, only trace amounts of this separate activity
acid, does not favor removal of methionine by this peptidaspeak are available, making it difficult to determine its molecular
Comparing the N-terminal sequence with that predicted fromveight. A comparison of the elution profile of native and
ORF1 revealed 14 out of 15 amino acids match if translation eécombinant RCviJl on a molecular sieving gel also indicates
the recombinant protein began at the GTG codon located atthat the native enzyme is slightly larger (data not shown).
299-301 (Fig3). Furthermore, the observed 32.5 kDa molecular (jii) Previous studies have established that the 50 bases
weight of the recombinant enzyme agrees with this predictgmeceding the translation start codon of functi@drellavirus
molecular weight (31.6 kDa). These results indicate that ttgenes typically consist of at least 70% A£B)( The 50 bases
primary product ofcviJIR expressed inE.coli is a GTG preceding the ATG translation start site of CMJI (11)
codon-initiated protein of 278 amino acids. Because of thsnd MCviAll (23) contain 76 and 82% A+T respectively. The 50
unexpected result, tf@iJIR gene and flanking sequence frombases preceding the GTG codon in theviRl gene are 62%
Chlorella virus IL-3A DNA were PCR amplified using A+T. In contrast, the 50 bases preceding the upstream ATG codon
appropriate primers2¢). The PCR product was cloned for are 80% A+T. The GTG codon may be favoreH.ooli because

Gene organization and sequence analysis



Nucleic Acids Research, 1996, Vol. 24, No. 13467

cviJiM

1 CAA GAA TAT CTT GET TAT TTG GTT CAa TAT GAT TAA AATATTTTGATACACTAA ATG GAT ATA
2 E Y L G Y L ¥ @ Y D rlend methyltransferasel m d |

68 AGA AGA AAA CGT TTT ACA ATA GAA GGG GCT AAA CGT ATA ATA CTClGaa Ana AAG AGA crl

r r % r f t i e g a Kk r 1 1 | e k k r |
128TGan GaG AaA AmA AGA ATT GCGIIGAR GAG ARA AAA ABA ATT GCAICTTEATA GAA AAA CAA CGA

a -3 K k r | a L] ] 13 k r i a | | ] K q r
188 ATT GCGIGAA GAG AAA AAA AGA ATT GCGIGAA GAG AAA AAA CGA TTC Geal cTTIcaa BAG ama

i a a ) k k r 1 a ] a K * r f a l L) -] k

cviJiR

248 aaa cGA ATT Geolloaa Gan aaa aaa coa ate ceellean cac Aas ana cea ATCIGTRIGan GaG

3 r i a e ] k k r i a & e & k r ] wiM_E__E. 3

308 aaa aas aca CTT cealerrlata gaa asn can coa aTT neallsas cag aaa aTT sccl Tee o
4 K R L A | 1 FE K BE_..l_. A E E K 1 A ) G 23

368 AGA AAA ATT AGA AAR AGG ATC|TCT ACA AAT GCA ACA AAA CAT GAA AGA GAA TTT GTC AAA
R K R K R I 5 E F ¥ K

! T N A T K H E R 43

H28 GTT ATA AAT TCA ATG TTC GTC GBA CCC GCT ACT TTT GTA TTE BYA GAT ATA AAA GGT AAT

¥ 1 N § M F ¥ G PooAa T F ¥ F ¥ o 1 K G N 83
488 AAA TCC AGA GAA ATC CAC AAC GTT GTA AGA TTC AGA CAA TTA CAA GGC AGT AAA GCG AAA

K L) R E 1 H N ¥ ¥ R F R Q0 L Q & g K L K 83
548 TCC CCG ACC GCG TAT GTT GAT AGA GAA TAT AAC AAA CCT AAA GCG GAT ATA GCA GCG GTA

3 P T A T ¥ D R E Y W K P K A D [ A A ¥ 103
808 GAC ATA ACC GGT AAA BAT GTG GCA TGG ATA TCC CAT AAA GCA TCT GAA GGA TAT CAA CAA

[} I T G K ] ¥ AW [ k] H K A 5 E G ¥ o] [+] 123

€68 TAT CTA AAA ATT TCT GGA AAG AAC CTC AAG TTC ACA GGA AAA GAA TTA GAA GAA GTT CTA
Y L X 1 s G K N L K F T [ E L E E ¥ L 143

728 TCG TTC AAG AGA AAA GTA GTT AGT ATG GCA {CG GTA TCT AAA ATA TGC CCT GCT AAT AAG
s F K R K ¥ ¥ S8 4 A P Vv § X | c P A N K 163

TB8 ACC GYA TGBG TCT CCT ATC AAG TCA AAT TTG ATT AAA AAT CAA GCA ATA TTC GGA TTT GAT
T ¥ W 5 P 1 ¥ & N L ] X N O A ! F G F 1} 183

848 TAC GGT AAG AAA CCA GGA AGG BAC AAT GTA GAC ATC ATA GGT CAA GGA CGA CCA ATT ATA
Y & K K P & R D N ¥ o] I 1 G 0 & R P i 1 202

OG0B ACA AAA AGA GGT TCC ATA TTA TAT CTT ACA TTC ACT GGT TTT AGC GCA TTA AAT GGG CAC
T K R & S [ L ¥ v T F T & F 5 A L N G H 233

968 TTG GAG AAT TTT ACT GGG AAA CAT GAA CCC GTT TTC TAT GTA AGA ACA GAA CGG AGT AGT
L E N F T G K H E P ¥ F ¥ ¥ R T E R § 5 243

028 AGC GBG AGA AGRT ATA ACA ACT GTC GTC AAT GGT GTC ACT TAT AAA AAT TTA AGA TTC TTT
§ G R 5 1 T T ¥ ¥ N & ¥ T ¥ K N L R F F 263

os8 TTA CAT CCA TAC AAC TTT GTT TCT TCA AAA ACA gaA EGT ?TT :TG TAG GACCATTITCCCGAG

H F Y N F ¥ § § K T 278

152 AGACTTTGTTGACCGCGTACTAAAAAATEGTCACGATATTTGTCTAAAGATGCTCATAGAAGCAGGTGCARACCTTGAL

Figure 3. DNA sequence of theviJIRgene and its flanking regions. The predicted amino acid sequence of the 31.6\DaRndicated in capital letters. The
N-terminal amino acid sequence of theoli purified 32.5 kDa enzyme, determined by chemical analysis, is underlined. The repeats of the amino acid sequenc
(EN/-)EK(K/Q)R(I/L/F)(A/-) are overlined. The vertical line and associated arrow indicate where the DNA sequence from pCJH1.4 diverges from that of pIL-3A.2Z
(11). The potential RviJI 5 ATG start codon and predicted in-frame amino acid sequence are indicated in lower case letters.

an E.colilike ribosome binding site (RBS; GAAAAAARQ)  explanations, these observations suggest that the native ezyme i
with an optimal seven base spacing is located at —13 to —8 pr@pressed from the upstream, in-frame ATG codon. This putative
to this initiation site. The region preceding the ATG codon lackisl-terminal 80 amino acid domain may function as a nucleic acid
anE.coltlike RBS. binding domain for viral packaging or it could be responsible for
(iv) The putative N-terminal 80 amino acids preceding théhe ATP-dependent modulation of restriction specificity, or both.
E.coli GTG start codon has a pl of 10.81. This domain contairtdowever, no recognizable ATP binding mot#8)(are presentin
nine repeats of the basic amino acid sequence (E/lI/-)EK(K/QJecviJIRgene.
R(I/L/F)(A/l-) (Fig. 3). The GTG-initiated recombinant protein Because of the observed functional differences between the
with a pl of 10.61 has three such repeats at its N-terminus. Suwdtive and recombinant enzyme, experiments to express the
striking similarities of pl and basic amino acid repeats suggegtsitative N-terminal region and better characterize the native
that the N-terminal 80 amino acid domain is an integral part of trezyme were devised. The sequence preceding the putative ATG
native RCviJl protein. methionine codon was modified to include an opttedliRBS
Sucrose gradient-purifiechlorella virus IL-3A particles  (34). The resulting clone produced higher yields of the previously
contain a significant amount of virally package€\RIl (J.L. characterized 32.5 kDa protein, with no apparent ‘star’ activity or
Van Etten, unpublished results). These basic amino acid repéeatgjer protein products. The codons for the ‘longer’ protein were
may function as a non-specific DNA binding domain and thuBCR amplified and the product was ligated to three different
facilitate viral packaging. Regions containing basic amino acidegulated promoters and transformed into seedalli strains.
are common in DNA binding proteins, including those containingll constructs were sequenced to confirm the expected changes
helix-loop—helix and leucine zipper motifs (see for exampland in all three cases, the 32.5 kDa form of the enzyme was the
30,31). Protein nuclear targeting sequences also share a simitanly activity found. Additionally, the valine start codon was
basic amino acid patterr3d). While there are alternative mutagenized to a non-start valine codon GTC in order to force the
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Mative  Cloned significant amino acid similarities between the endonuclease and
Cvill Cll methyltransferase. The predicted amino acid sequences of

R.CviJl and MCviJl were compared for intermolecular
homology and two small regions of identity were found @)ig.
One region (TGFS-_G_F _K_F) partially overlaps with a motif
(motif IV) present in all cytosine 5-methyltransferasgs).(
Interestingly, the TGFS sequence is immediately adjacent to the
invariant dipeptide PC in MviJl (11), which is the catalytic site
of M.Hhal and other bacterial cytosine 5-methyltransferases
(37). The other small region of identity is SF_RK_V_AP.
Although these homology regions are limited (SF_RK V_AP
shares 54% identity over 13 residues and TGFS- G_F K F
shares 38% identity over 21 residues) and not colinear, the
similarity between them may be significant and suggests a role in
DNA recognition or cleavage.
Amino acids 144-235 of RviJl show limited homologies to
several restriction and modification enzymes @®)icall of which
Figure 4. CviJl and CviJI* restriction activities of the native and cloned contr?un a central _GC or CG as part Qf their recognition sequence.
enzymes. One microgram of pUC19 DNA was restricted with 1QViR. R.CviJl has the highest homology withBRLRI (GG\CC) from
either purified from virus IL-3A-infecte@hlorella(lanes 1 and 2) or fromthe  Bacillus subtilis(38), sharing 35% amino acid identity over 132
cloned gene if.coli(lanes 3 and 4) for 1 h. The normal (lanes 1 and 3) and starresidues, a portion of which is shown in Figsir&his homology
,(\'Aanle(fozbg”g,\f/l reaceon conditions are given in Materials and Methods. Langs 1y colinear, but is segmented or epitopic. Seven other proteins
' ’ which recognize a central GC or CG sequence also share limited
identities with RCviJl, including MHgiCll (GG[A/T]C™C; 39)

use of the Bupstream ATG codon. Analysis of several hundre , . . . ) k
clones revealed that those with the desired GTC coddfS”0 identity/16 amino acids),iadll (GG\CC; G.G.Wilson,

consistently had frameshift mutations at other regions in ORF§nPublished results) (39%/61 amino acidsNgePIl (GG\CC;
Additional efforts to purify the native enzyme were complicated?) (28%/40 amino ac'ds)th\““ (CAG\CTG; 41) (29%/31
by the rapid loss of enzyme activity with increasing purity. Thus, w&mino acids), Mvul (CAG™CTG; 42) (35%/78 amino acids),
cannot eliminate the possibility that the observed ‘star’ activity i Pst (CTGCAG; 43) (36%/ 50. amino acids) and $?na
associated with another subunit containing ATP-modulate CAGGG; 44) . (35%/48 amino  acids). A partlcqlarly
endonuclease activity. However, that the nativeviBl and INteresting similarity is found betweerFRul and RCviJl (Fig.
R.CViJI* activities result from the same protein was suggested by): The crystal structure of Rvdl complexed with its cognate
their co-elution from heparin-Sepharose, Blue-Sepharo ,I\Iése_qugncelél(S) indicates that ES5 and D58 may represent the
Q-Sepharose, hydroxyapatite and phosphocellulose colureins (M9<" binding ligands and that E68 and K70 are the candidate
our unpublished data), their overlapping recognition sequenca§live site residues (underlined residues in B)g.RCviJl .
(10,12,13) and by comparison of the time cource of their cleavagdPP€ars to have the appropriate charged group equivalents in
(10). Analysis of the putative N-terminal region by conventiona 191, D194, K205 and R206. Th? sequence %dlacefﬁt tothe active
techniques such as expressiofEicoli and additional purification Sit€ 0f RPvul, GFSTHHH, contains three residues involved in
of the native enzyme have been unsuccesful. Tracking higHR/VA Sequence recognition, S81, H83 and H84. A partially
purified RCViJI will require antibodies to the enzyme in order toSiMilar sequence in Rvidl is also present in the same location
further characterize the molecular weight of the native a 12LTf-GFS). These similarities, as well as the coincidence of

recombinant enzymes. Expression of the eukargotitR gene the nine central GC recognition R-M proteins having limited
may also require a host other tH&woli to translate the putative '€9ions of identity to ReviJl, suggest that amino acids 144-235
longer protein. encompass the target recognition and/or cleavage domain.

The rationale for utilizing short epitopic and in some cases
non-colinear, homology comparisons is based on several
considerations. Endonucleases that share similar recognition
In spite of the common recognition sequence shared by cognatguences are statistically closely related, despite their short amino
R-M enzymes, only twokEcaRlIl (35) andEcdb71 (36), share acid similarities 46). For example, five endonucleases that

Comparison of amino acid sequences

R Pvull PGReggnDavdnoggeye lksinidl Tk -GFSthhh

R. Cv1Ji 144 SFKRKYVSMAPVSKICPANKTYWSP IKSHL IKNOATFGFDYGKKPGRDNYDT IGOGRP I ITKRGSILYL TR TGF SALNGHLENF TGKHEPYF 235
M. Evid] SF RK ¥ AP TGF3- G F K F

R. Bsult] KR ¥ 5 P /X K WS IK A1 - YGRK ¥ P AGSIL T FAL TK

M. HgiCl11 FOYG RD ¥ 11G

R Haelll S KRK FY/X1 HK, I L1 1 /FD K DN /R X 1Y F

R. NgoF11 K NL G DY I o I G I

M. FPrull KRK v W KT W-- K& K A /G D GK DN Po- 1 YL H F K-PF

R Pstl] KRK- ¥ P /MK L I F-Y&K i /6 ILY

R. Smal VS s P IK L & JFD K o1 FHLEN

Figure 5. Amino acid identity between BviJl and related proteins. Alignment ofdRiJI amino acids 144—-235 with the indicated restriction endonucleases and
methyltransferases. A / indicates a non-contiguous position in the alignment of the protein. A — indicates a gap or deletion introduced to maximize homology.
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recognize hexanucleotide palindromic sequences and lealle Shields,S.L., Burbank,D.E., Grabherr,R. and Van Etten,J.L. (1990)
tetranucleotide 'Soverhangs were found to share two regions of  Virology 176 16-24.

similarity with the catalytic and recognition domaiotRI (47). 12

Swaminathan,N., George,D., McMaster,K., Szablewski,J., Van Etten,J.L.

and Mead,D.A. (1994Nucleic Acids Res22, 1470-1475.

The crystal structure of four restriction enzymes reveal CommaR  Fitzgerald,M.C., Skowron,P., Van Etten,J.L., Smith,L.M. and Mead,D.A.

structural and functional elements betw&amHI (48), EcaRlI
(49), EcarV (50) andPvdl (45), despite the lack of significant 14

(1992)Nucleic Acids Res20, 3753-3762.
Van Etten,J.L., Meints,R.H., Burbank,D.E., Kuczmarski,D., Cuppels,D.A.

sequence similarity. The catalytic and DNA recognition regions gf 2nd Lane,L.C. (198Nirology, 113 704-711.

these molecules are not contiguous, but interspersed. For thfllige

restriction enzymes related by similar recognition or cleavage sites,

this type of analysis may reveal additional correlations.
17
CONCLUSION 18

The Phycodnaviridae family of double-stranded DNA viruses9o

Yanisch-Perron,C., Vieira,J. and Messing,J. (1885)e 33, 103—-119.
Ausubel,F.M., Brent,R., Kingston,R.E., Moore,D.D., Seidman,J.G.,
Smith,J.A. and Struhl,K. (198Qurrent Protocols in Molecular Biology

Wiley-Interscience, New York, NY.

Sanger,F., Nichlen,S. and Coulson,R.A. (1%%@. Natl. Acad. Sci. USA
74, 5463-5467.

Strickler,J.E., Hunkapiller, M.W. and Wilson,K.J. (1984pl. Biochem
14Q 553-566.

Russel,M., Kidd,S. and Kelly,M.R. (198B¢ne 45, 333-338.

encode numerous restriction and modification enzymes. Basé&d Sambrook,J., Fritsch,E.F. and Maniatis,T. (1888lcular Cloning: A

on the sensitivity/resistance of viral DNA to some 50
methylation-sensitive restriction endonucleases, a minimum of
12 modification phenotypes has been deduééyl Some of

Laboratory Manual2nd Edn. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.

Ben-Bassat,A., Bauer,K., Chang,S.-Y., Myambo,K., Boosman,A. and
Chang,S. (1987). Bacteriol, 169, 751-757.

these R-M enzymes have the same modification and cleavarge Mullis,K.B. and Faloona,F.A. (198Methods Enzymgl155 335-350.

specificity as bacterial Type Il enzymes, whereas others ha?¥@
unique specificities. The Bvill restriction endonuclease from
Chlorella virus IL-3A is unusual with respect to its short
recognition sequence (RGCY) and the ATP-dependent relaxatigg
of sequence specificity (RGCN, YGCY). The three baseé
restriction activity of RCviJl has been clonedicoliapparently 27
separate from its two base cleavage specificity. As the
recombinant FCviJl displays the normal restriction activity, but ,q
not the ATP-dependent star activity, the putative 80 amino acid
N-terminal domain may be responsible for the ATP-dependest
modulation of RCviJl restriction specificity. Alternatively, the

basic amino acid region could function as a nucleic acid bindi

domain for viral packaging. It is also reasonable that a domai3
separate from the catalytic portion of the enzyme exists to carry
out these functions. Uncovering the role of this putative regiofa4
if any, will contribute to a detailed understanding of the3®
structure—function relationship of this unique enzyme.
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