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ABSTRACT. CEL I, isolated from celery, is the first eukaryotic nuclease known that cleaves DNA with
high specificity at sites of base-substitution mismatch and DNA distortion. The enzyme requites Mg
and Zr#* for activity, with a pH optimum at neutral pH. We have purified CEL | 33 000-fold to apparent
homogeneity. A key improvement is the usexemethyl-mannoside in the purification buffers to overcome

the aggregation of glycoproteins with endogenous lectins. The SDS gel electrophoresis band for the
homogeneous CEL I, with and without the removal of its carbohydrate moieties, was extracted, renatured,
and shown to have mismatch cutting specificity. After determination of the amino acid sequence of 28%
of the CEL | polypeptide, we cloned the CEL | cDNA. Potential orthologs are nucleases putatively encoded
by the gene8FN1 of Arabidopsis, ZENDf Zinnia, andDSA60f daylily. Homologies of CEL | with S1

and P1 nucleases are much lower. We propose that CEL | exemplifies a new family of neutral pH optimum,
magnesium-stimulated, mismatch duplex-recognizing nucleases, within the S1 superfamily.

Nucleases are important to many aspects of cellular nuclease from celery, CEL |, was used to develop a
functions in all organismslj. Some are highly specialized fluorescence-based mutation detection assay that is highly
for DNA recombination, replication, and repair while others effective for insertion/deletion and base-substitution mis-
are for general nucleic acid degradation. The latter includes matches §). In this report, we describe the purification,
mung bean nuclease (MBN(2—4), S1 6), P1 6), and the cloning, sequence alignment, and characterization of CEL
pancreatic DNase 7). However, the biological functions .
of many nucleases have yet to be revealed.

We recently discovered a novel family of mismatch- EXPERIMENTAL PROCEDURES

specific endonucleases in plan®).(These nucleases are  Materials Plasmid DNA pUC19 was isolated with the
abundant in various tissues, including roots, stems, Ieaves,Q|AGEN Maxi Kit from DH5a. host cells, following the
flowers, and fruits. The nucleases appear to be mannosyl-manufacturer’s instructions. Calf thymus DNA was obtained
glycoproteins by their ability to bind to Concanavalin A from Sigma and purified by repeated cycles of proteinase K
(ConA). Zrt* was necessary for activity, but Mgis also  digestion and phenol extractiof)( Chromatography resins
required for efficient DNA nicking at the'3side of the  and columns were purchased from Pharmacia Biotech.
mismatch nucleotide. The pH optimum is neutral. One such Toluidine Blue O and Ponceau S were from Sigma. Endo

H: was from New England Biolabs. Phosphocellulose P11

T This work was supported, in part, by NIH Grant CA71426 and was fr_o_m \_Nhatman-
U.S. Army Grant DMAD17-97-1-7286 to A.T.Y., by NIH Grant Purification of CEL | All steps were performed at 4C.

GM30614 to D.K,, by institutional grants from the National Institutes The nuclease activity was monitored by using a RF-I
of Health to the Fox Chase Cancer Center (CA06927, RR05539), and

by an appropriation from the Commonwealth of Pennsylvania. The (replicative form I) _n'Ck'ng assayl().
DNA sequence(s) reported in this paper has been submitted to GenBank Step 1: Preparation of the crude extract. A 105 kg sample
with accession number AF237958. of chilled celery stalks was homogenized with a juice

* To whom correspondence should be addressed at the Fox Chas P, ;
Cancer Center, 7701 Burholme Ave., Philadelphia, PA 19111, Tel:eextractor. The juice was collected (total 79.34 L) and adjusted

(215) 728-2488. FAX: (215) 728-3647. Email: AT_Yeung@fccc.edu. tO the composition of Buffer A (100 mM Tris-HCI, pH 7.7,
* Fox Chase Cancer Center. 100 uM PMSF). Solid (NH),SO, was slowly added to the

19880. '

"'Current address: University of Pennsylvania, Philadelphia, PA saturation. After 30 min, the suspension was centrifuged at
19104. 2700@ for 1.5 h. The supernatant (total 70.56 L) was pooled,
D'Roswell Park Cancer Institute. and the concentration of (NJ3SO, was adjusted to 80%

1 Abbreviations: bp, base pair(s); BSA, bovine serum albumin; CEL saturation. After 30 min of stirring, the mixture was
I, celery mismatch nuclease |; ConA, Concanavalin A lectin; MBN, . ’ ’
mung bean nuclease; nt, nucleotide(s): PCR, polymerase chain reactionC€ntrifuged at 270aPfor 2 h. The pellets were resuspended

PAGE, polyacrylamide gel electrophoresis; UTR, untranslated region. in Buffer B (0.1 M Tris-HCI, pH 7.7, 0.5 M KCI, 10&M
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PMSF) and thoroughly dialyzed against Buffer B.

Step 2: Concanavalin ASepharose 4B affinity chroma-
tography. ConA resin (100 mL) (cross-linked with dimethyl

Yang et al.

Step 6: Mono Q anion-exchange chromatography. A
Pharmacia prepacked Mono Q HR 16/10 column was
thoroughly washed and equilibrated with Buffer F. The

suberimidate) was added to the 7.71 L sample in bottles thatdialyzed CEL I pool from step 5 (336 mL) was applied at a

were gently rolled overnight. The resin was packed into a
2.5 cm diameter column. The flow-through fraction, contain-
ing no CEL | activity, was discarded. CEL | was eluted at 4
°C by 200 mL of Buffer B containing 0.3 Mx-methyl-

flow rate of 5 mL/min followed by 100 mL of Buffer F
containing 50 mMo-methyl-mannoside at a flow rate of 10
mL/min. CEL | was eluted with a 250 mL linear gradient of
0—1 M KCI in Buffer F containing 50 mMa-methyl-

mannoside. The elution step was repeated 10 more timegnannoside at 2 mL/min. CEL | enzyme activity was eluted

until no more nuclease activity could be eluted. The elutate
was combined and dialyzed against Buffer C (50 mM Tris-
HCI, pH 8.0, 5 mM a-methyl-mannoside, 0.01% Triton
X-100, and 10Q:M PMSF).

Step 3: DEAE-Sephacel chromatography. The dialyzed
sample from step 2 (total 2.5 L) was applied to a 400 mL
DEAE-Sephacel column of 5 cm diameter previously
equilibrated with Buffer C. The subsequent steps were
performed using FPLC. The column was washed with 400
mL of Buffer C. CEL | was eluted wit a 1 Llinear gradient
of 10 mM to 1 M KCI in Buffer C containing 50 mM
o-methyl-mannoside at a flow rate of 5 mL/min, followed
by 400 mL of Buffer C containig 1 M KCIl and 50 mM
a-methyl-mannoside at a flow rate of 8 mL/min. The CEL
| enzyme peak eluted between 0.1 and 0.2 M KCI concentra-
tion. The most active CEL | fractions were pooled and
dialyzed against Buffer D (25 mM potassium phosphate, pH
7.0, 5 mMa-methyl-mannoside, 0.01% Triton X-100, and
100uM PMSF).

between 0.1 and 0.3 M KCI concentration.

Step 7: Superdex 75 size-exclusion chromatography using
the SMART system. The active fractions of step 6, fractions
11 and 12, were combined and concentrated by using
Centricon 3 centrifugal concentrators. Aliquots of the
concentrated enzyme were applied to a prepacked Superdex
75 PC 3.2/30 column equilibrated with Buffer G (50 mM
Tris-HCI, pH 8.0, 100 mM KCl, 13«M ZnCl,, 0.01% Triton
X-100, and 10quM PMSF) containing 50 mMx-methyl-
mannoside. Five milliliters of Buffer G containing 50 mM
o-methyl-mannoside was used to elute CEL | at a flow rate
of 0.05 mL/min. CEL | enzyme activity elutes at its monomer
position on this column. The purity of the active fractions
was checked by SDSPAGE. When additional protein bands
were present, the fractions were pooled, concentrated, and
purified again using the same size-exclusion chromatography
until CEL | reached apparent homogeneity.

SDS-Polyacrylamide Gel Electrophoresis (SBBAGE).
Polyacrylamide gel electrophoresis in SDS was carried out
as previously describedl{). Protein bands were detected

Step 4: Phosphocellulose P-11 chromatography. Thepy ysing the Gelcode Blue Stain Reagent (Pierce). Molecular

dialyzed CEL I pool from step 3 (120 mL) was applied to a
5 cm diameter column packed with 400 mL of P-11 resin.
The column was previously equilibrated with Buffer D at a
flow rate of 5 mL/min. After sample loading, the column
was washed with 625 mL of Buffer D containing 50 mM
a-methyl-mannoside at a flow rate of 5 mL/min. CEL | was
eluted with a 800 mL linear gradient of 20 mM KClto 1 M
KCl in Buffer D containing 50 mMux-methyl-mannoside at
a flow rate of 5 mL/min. The column was further washed
with 400 mL of Buffer D containig 1 M KCI and 50 mM
a-methyl-mannoside at a flow rate of 8 mL/min. The CEL

weights of the protein bands were determined by using the
semilogarithmic plot of the molecular weights of protein
standards versus their relative electrophoretic mobilities.
Activity gel assay was performed essentially as described
(12, 13.

Endo H Remaal of N-Linked Oligosaccharides from CEL
I. CEL | sample was denatured in 0.5% SDS at $Q0for
10 min. An appropriate amount of Endq Was added, and
the reaction was incubated in G5 buffer (50 mM sodium
citrate, pH 5.5) at 37C overnight.

Renaturation of CEL | from SDSPAGE This method is

| enzyme peak eluted as a broad peak between 0.3 and 0.8, mogification of a procedure previously describ&d,(14.

M KCI concentration. The most active fractions were pooled
and dialyzed against Buffer E (50 mM potassium phosphate,
pH 7.0, 5 mMa-methyl-mannoside, 0.01% Triton X-100,
and 100uM PMSF) containing 1.5 M (Nk)2SO,.

The CEL | fractions were loaded onto the SBBAGE in

two consecutive lanes. After electrophoresis, the gel was split
between the two lanes. Half of the gel was stained with
Gelcode Blue Stain Reagent (Pierce) and then aligned with

Step 5: Phenyl Sepharose CL-4B chromatography. Thethe other half that was not stained. The gel slice correspond-

dialyzed CEL I pool from step 4 (480 mL) was applied to a
5 cm diameter column packed with 400 mL of Phenyl
Sepharose CL-4B. The column was previously equilibrated
with Buffer E containing 1.5 M (Nk),SO, at a flow rate of

5 mL/min. After sample application, the column was washed
with 400 mL of Buffer E containing 1.5 M (NE,SO, and

50 mM oa-methyl-mannoside at a flow rate of 5 mL/min.
CEL | was eluted from the column with a 500 mL linear
reversed salt gradient from 1.6 ®@ M (NH,).SO, in Buffer

E containing 50 mMo-methyl-mannoside at a flow rate of
5 mL/min. The CEL | enzyme peak eluted at about 133 mM
(NH,)>.SO, concentration. The most active fractions were
pooled and dialyzed against Buffer F (50 mM Tris-HCI, pH
8.0, 5 mMa-methyl-mannoside, 0.01% Triton X-100, and
100 uM PMSF).

ing to the CEL | band in the unstained gel was excised and
eluted using an AMICON model 57005 electroeluter, for 2
h at 20 mA per sample, using the elution buffer (50 mM
Tris-HCI, pH 7.5, 180 mM NaCl, 0.1% SDS, 0.1 mg/mL
bovine serum albumin, BSA). After elution, the sample was
concentrated by using a Centricon 3 unit. Centrifugation was
overnight at 7008. The volume of the sample was measured,
and 4 volumes of distilled acetone 20 °C) was added. The
sample was incubated in a dry icethanol bath for 30 min
and then centrifuged at 140§€r 10 min. The precipitated
proteins were washed with a buffer consisting of 20%
Dilution and Renaturation Solution (50 mM Tris-HCI, pH
7.5, 10% glycerol, 100 mM NaCl, 10 mM MggI15 mM
CaCl, 2 uM ZnCl,, and 0.1 mg/mL BSA) and 80% acetone.
The sample was precipitated again at 149p@& 10 min.



CEL | Nuclease

The supernatant was discarded. The residual acetone wa
decanted by inverting the tube for 10 min. The pellet was
air-dried for at least 10 min. Twenty microliters of Rena-
turation Solution (6 M guanidine hydrochloride, 50 mM Tris-
HCI, pH 7.5, 10% glycerol, 100 mM NacCl, 10 mM Mg£|

5 mM CaCl, 2 uM ZnCl,, and 0.1 mg/mL BSA) was then
used to dissolve the pellet. After 20 min of incubation at
room temperature, 1 mL of Dilution and Renaturation
Solution was added, and the protein was further renatured
at room temperature for 12 h.

Preparation of the CEL | Sample for Sequencifide
purified CEL | sample was subjected to 10% SEFFAGE
analysis. After electrophoresis, the protein in the gel was
electrophoretically transferred to an Immobilon-PSQ PVDF
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of about 39 kDa on nonreducing SBEAGE (data not
shown). One unit of MBN-A single-strand DNase activity
equals 0.7 ng of enzyme in our assay.

RF-1 Nicking AssayA 1.1 ug aliquot of a 2.9 kbp pUC19
plasmid derivative was incubated with the designated amount
of MBN or CEL I for 30 min at 37°C in a volume of 3QuL
of Buffer H (20 mM sodium acetate, pH 5.5, 10 mM KCI)
or Buffer 1 (20 mM HEPES, pH 7.5, 10 mM KCI) in the
presence or absence of 3 mM MgCTo stop the reaction,

5 uL of stop solution (50 mM Tris-HCI, pH 6.8, 3% SDS,
4.5% f3-mercaptoethanol, 30% glycerol, and 0.001% Bro-
mophenol Blue) was added. Then 24 of the final mixture

was loaded onto a 0.8% agarose gel. After electrophoresis
and staining with ethidium bromide, a photograph of the gel

membrane by using a Western transfer apparatus (Novex).was taken, and the negative was scanned using the 1S-1000

The transfer buffer contained 12 mM Trizma base, 96 mM
glycine, and 20% methanol. The transfer condition was 1 h

Digital Imaging System (Alpha Innotech Corp.). The RF-I
band was quantified using 1S-1000 v2.02 software.

at 25 V (constant voltage). The membrane was next washed Single-Strand DNase Assahe DNA solubilization assay

extensively with water, and stained with Ponceau S. The CEL

was similar to that previously describeti9}. Fifty micro-

| band was excised, destained with water, and sent to thegrams of heat-denatured calf thymus DNA (Calbiochem

Protein/DNA Technology Center of Rockefeller University
for N-terminal and internal peptide micro-sequencing by
automated Edman degradation reaction. The N-terminal
sequence was determined firg¢6). The remaining protein
fractions were digested with either trypsin or GIuC. The
digested peptides were purified by HPLC, and sequenced
with Edman degradatiornlg).

Cloning of the cDNA of the CEL | mRNAotal RNA

#2618, purified by repeated Pronase treatment, phenol
extraction, and dialysis) was incubated with 0.7 ng of MBN-
A, or 1.9 ng of MBN-B, or 16 ng of CEL I, in 10@L of
Buffer H or Buffer I, with or without 3 mM MgCJ. At the
designated times, 106L of cold 20 mM LaC} in 0.2 N

HCI was added to stop the reaction. After centrifugation
(2100@, 40 min), the absorbance at 260 nm of the
supernatant was measured using a spectrophotometer to

was prepared from fresh celery using the phenol SDS methodgetermine the amount of DNA that had become acid-soluble.

for plant RNA preparation 1(7). First-strand cDNA was

synthesized using Stratagene’s ProStar First Strand RT—PCF%I

kit. Degenerate PCR primers were chosen from the amino
acid sequences determined by Edman degradation analysi
of the pure CEL | protein, and used to amplify the CEL |
cDNA in two segments, using the AmpliTag DNA polym-
erase, and cloned i. coli for DNA sequencing. The two
fragments provided most of the reading frame of the CEL |
protein. Using 5and 3 RACE methods (Clonetech Marathon
cDNA amplification kit), the 5and 3 coding regions and
untranslated regions (UTR) of CEL | cDNA were obtained.
To confirm the authenticity of the cDNA, two PCR primers
were designed: one in thé BTR, and one in the'3UTR.
These two primers were used to amplify the CEL | cDNA
as one fragment from a fresh preparation of celery RNA
using the high-fidelity Pfu DNA polymerase for the ampli-
fication. The new sequence was clonedircoli. The DNA
sequence confirmed the authenticity of the previous cDNA
sequence except for one nucleotide difference that gives
another codon for the same amino acid.

Sources of Mung Bean NucleasdBN was purchased
from Pharmacia Biotech, #27-0912, herein called ‘MBN-
A, or purified as previously described ), herein called
‘MBN-B’. MBN assay conditions and the measurement of
protein concentrations vary in different laboratories and may
partially influence the quantitation in this study. MBN-A is
FPLC-purified and homogeneous, with a specific activity of
1.64 x 10° units/mg in the manufacturer’s assay conditions,
but 1.42x 1P units/mg in our assay conditions. The enzyme
exhibits a single band in SDSPAGE. MBN-B is an older
preparation of the original MBN of Kowalski and has a
specific activity of 4x 10° units/mg in the assay conditions

Mismatch Endonuclease Assayhe mismatch endonu-
ease assay was performed as previously descriBed (
Briefly, PCR products were amplified using genomic DNA
®f individuals that are heterozygous for certain alterations
in three different exons in thBRCAlgene. The forward
primer was 5labeled with 6-FAM (blue), and the reverse
primer was 5labeled with TET (green). The locations of
the mismatches in tlBRCAlgene are the 300, 4184, 4421,
and 5382 nt positions. They correspond to a~TG base
substitution in exon 5a 4 base deletion in exon 11, a€

T polymorphism in exon 13, @ha C insertion in exon 20,
respectively. The four resulting heteroduplexes provide a 235
bp PCR product containing a T/C or a G/A base-substitution
mismatch, a 387 bp PCR product contagi 4 base loop,

a 323 bp product containing either a C/A or a T/G base-
substitution mismatch, and a 402 bp product containing an
extrahelical C or an extrahelical G. Fifty nanograms of the
fluorescently labeled heteroduplex was incubated with 7 ng
of MBN-A, or 11 ng of MBN-B, or 10 pg of CEL | (0.3
unit) for 30 min at 37 or 45C in a reaction volume of 20

uL in Buffer | in the presence or absence of 3 mM MgCl
The reactions were processed as descriBgddaded onto

a denaturing 34 cm well-to-read 6% polyacrylamide gel on
an ABI 377 Sequencer, and analyzed using GeneScan 3.1
software (Perkin-Elmer). The results can be displayed as a
gel image or as an electropherogram (a display of the peak
profile of each lane of the gel image).

RESULTS

Purification of CEL I.CEL | was purified to homogeneity,
more than 33 000-fold over its specific activity in the

used in this report. The enzyme appeared as a single banduffered celery juice. Table 1 summarizes the purification
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Table 1: Purification of CEL | from Celefy

volume total protein total act. Sp act. protein &-fold

purification step (L) (mg) (CEL I units) (units/mg) purification)
buffered juice 79.34 19399 1910 9.7x 1
25% (NH,),SO, supernatant 70.56 17005 16107 9.2x 17 1
80% (NH,)-SO; pellet 8 2072 9.0¢ 108 4.4x% 10 45
ConA—Sepharose 4B 2.5 6.75 3610 5.4x 1P 553.8
DEAE-Sephacel 0.12 2.69 2410 8.8 x 1P 907.6
phosphocellulose P-11 0.48 0.408 x30° 3.8x 10° 3854
Phenol Sepharose CL-4B 0.34 0.054 5.80° 1.0x 10 10676
Mono Q 0.03 0.03 3.6 10° 1.2x 107 12316
Superdex 75 0.0005 0.005 310 3.1x 107 33000

@ The fold purification is calculated with respect to the activity measured in the 25% ammonium sulfate supernatant fraction because assays of
the crude extract are inaccurate. The fractions from the Mono Q step were purified individually by the SMART system Superose 75 size-exclusion
chromatography, and the total yield of the Superose 75 column chromatography cycles is reported. Protein determination was performed using the
Bicinchoninic acid protein assay (Pierce). One unit of CEL | is defined as one-thousandth of one single-strand nuclease unit. One unit of single-
strand nuclease activity is defined as the amount of enzyme (32 ng of CEL I) that produges &cid-soluble material at pH 5.5 in 1 min at 37
°C in the absence of Mg when purified sheared single-stranded calf thymus DNA is used as substrate. Homogeneous CEL | from the Superose
75 size-exclusion chromatography has a specific activity of3110” CEL | units/mg, at 33 000-fold purification. 270 units of CEL | will nick 1
ug of supercoiled pUC19 plasmid RF-I at pH 7.5 in 30 min at°8Z The pUC19 RF-I nicking assay was used to quantify CEL | throughout
purification. That this assay reflects the proper location of CEL | was confirmed by mismatch incision assays. In contrast, the mismatch specificity
of CEL | is evident in that 0.30.6 unit (16-20 pg) of CEL I is optimal in a CEL | mutation detection Genescan assay.
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Ficure 1: SDS-polyacrylamide gel analysis of purified CEL | and CEL II. The gels were stained with Gelcode Blue. (A) Lane 1, molecular
mass standards shown in kilodaltons on the side. Lane@ &f homogeneous CEL | enzyme. Panels B and C examine the mobility
changes in the CEL | and CEL Il protein bands due to Engdéréatment. Samples in panel B contain only CEL I. Samples in panel C
contain a mixture of CEL | and CEL II. Panel D shows the mobility change of homogeneous CEL | after sulfhydryl reduction. (B) Lane
1, Endo H. Lane 2, molecular mass standards. Lane 3, homogeneous CEL |, about 30 ng. Lane 4, CEL | digested with@)dakk

1, Endo H. Lane 2, molecular mass standards. Lane 3, purified CEL | with a small amount of CEL Il. Lane 4, CEL | and CEL Il digested
with Endo H. (D) Purified CEL | was boiled for 2 min in SDS sample buffer in the presence (lane 2) or absence (lane 3) of 1%
B-mercaptoethanol. Lane 1, molecular mass standards.Bhdo H, | = CEL I, Il = CEL Il

of CEL | from 105 kg of celery stalks. The active band of the CEL Il band was between 6.5 and 6.8 (data not shown).
CEL I is of the same size throughout purification as judged After minimizing the N-linked oligosaccharides by Endg H
by an activity gel assay (data shown as Figure 1 in the the 43 kDa major celery nuclease band shifted to the 29 kDa
Supporting Information). There are two nuclease bands thatposition (Figure 1B,C, lanes 4), and the 39 kDa minor celery
copurify during all the purification steps. We show below nuclease band shifted to the 37 kDa position (Figure 1C,
that the minor band is not derived from the major band. The lane 4). If CEL Il were a degradation product of CEL I,
major nuclease activity, designated CEL |, migrates at 43 after Endo Htreatment its polypeptide length should be equal
kDa on SDS-PAGE (Figure 1A). The minor activity at 39  or less than 29 kDa.

kDa is a putative isozyme we named CEL Il (Figure 1C,  Effects of Reducing Agents on CELWhen 1%g-mer-
lane 3), also capable of cutting at mismatches. captoethanol was used in the sample buffer for SPEGE
Isoelectric Points of CEL | and CEL IA sample of CEL analysis of the CEL | band, CEL | was shifted upward
I, containing a small amount of CEL II, was loaded onto an (Figure 1D, lane 2) but intact. DTT was also tested, and
isoelectric focusing gel (pH-310, from Novex). After the similar results were obtained (data not shown). The simplest
gel was stained, thel pvalues of CEL | and CEL Il were interpretation is that the CEL | polypeptide does not contain
obtained by comparison with the standards (Bio-Rad). The any breakage in the backbone. Instead, disulfide bonds were
pl of the CEL | band was between 6.0 and 6.5, and thefp ~ broken that resulted in the enzyme becoming more extended
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No Mismatch G Inserted
1 23 4 56 789 10 1112

<« 402 nt

Incision at
Inserted G

FiGure 2: Incision at mismatch substrate by CEL | and CEL Il proteins renatured from the SDS gel, before and after removal of the
carbohydrate moieties. CEL | and CEL Il protein bands were excised from a SDS gel and renatured as described under Experimental
Procedures. The renatured enzyme was used to digest a 402 bp fluorescently labeled PCR product of exorBRC#hene. Lanes
1-6 are homoduplexes made from wild-type DNA samples containing no mismatch in exon 20. kaizdécause of the heterozygous
nature of this sequence in the sample, the PCR product is a heteroduplex in which one strand adbtasidue insertion. CEL | incision
at the 3 side of this extrahelical G residue produces a green band as indicated in the figure. Lanes 1 and 7, substrate with no CEL |
treatment. Lanes 2 and 8, incision of the substrate by purified native CEL I. Lanes 3 and 9, incision of the substrate by the renatured 29
kDa CEL | polypeptide band originated from Endg digestion of the 43 kDa CEL | band. Lanes 4 and 10, incision of the substrate by
the renatured 37 kDa CEL Il polypeptide band originated from Enddigestion of the 39 kDa CEL Il band. Lanes 5, 6, 11, and 12,
incision of the substrate by the renatured 43 kDa CEL | band.
in the reduced state, and hence slower in electrophoretic The Cloning of CEL | cDNAThe amino acid sequences
mobility. of the N-terminal and three other internal proteolytic peptides
Renaturation of Homogeneous CEL | and CELIdi- of CEL I, identified by Edman degradation performed by
vidual celery nuclease bands were excised from the 10%the Protein/DNA Technology Center of the Rockefeller
SDS-PAGE and eluted as described under Experimental University, are shown in Figure 3 in boldface letters. The
Procedures. These bands included the 43 kDa band, the 392 amino acids identified represent about 28% of the CEL
kDa band, and their corresponding bands after Engo H | polypeptide and were completely accounted for in the
digestion. The eluted enzyme fractions were concentratedcDNA sequence. CEL | without the leader sequence is a
and renatured. Plasmid nicking assays were carried out toprotein of 274 amino acid residues, with a calculated
show that the renatured samples were all active nucleasesnolecular weight of 31 440.2. Compared with the apparent
(data not shown). The renatured CEL | before or after Endo molecular mass of 43 kDa determined by SEFAGE, CEL
H¢ digestion and CEL Il after EndoHligestion were able 1is 27% carbohydrate by weight.
to incise DNA at a mismatch substrate (Figure 2). In this  Alignment of the CEL | cDNA with homologues in
experiment, the mismatch incisesl @ G residue insertion.  GenBank by the PSI-Blast program at NCRDOJ revealed
This experiment is necessarily qualitative because of thethat CEL | has relatively low identity to th&spergillusS1
uncertainties in the recovery of proteins and activity in the nuclease (accession number P24021, 27% of 273 amino
gel elution and renaturation steps. However, the data acids) and the P1 nuclease (accession number P24289, 30%
strengthen the conclusion that CEL | and CEL Il are of 277 amino acids) (data not shown). However, among all
homogeneous and each able to incise at a DNA mismatch,the homologues of CEL I in plants, three stand out to be of
and that most of the carbohydrates on CEL | and CEL Il are a very high degree of identity, namely, ZEN1 (accession
not essential for activity. number AB003131, 80% identity of 269 amino acids), DSA6



3538 Biochemistry, Vol. 39, No. 13, 2000 Yang et al.
1 GACAAGCGCCATCTATGAGTITTCATCATGCCTATATATAAACACATGAACCTGTCATTGT 60

61 TCATTTATGCATTATTGTTGTATTAGCTGAAAAATTTCTGGCAAATGACGCGATTATATT 120
M T R L Y S -

121 CTGTGTTCTTTCTTTTGTTGGCTCTTGTAGTTGAACCGGGTGTTAGAGCCTGGAGCAAAG 180

vV F F L L L A L V V E P G V R A W 8 K E -
T+

181 AAGGCCATGTCATGACATGTCAAATTGCGCAGGATCTGTTGGAGCCAGAAGCAGCACATG 240

G H v aw™M T C QI A QDL L E P E A A H A-
+

241 CTGTAAAGATGCTGTTACCGGACTATGCTAATGGCAACTTATCGTCGCTGTGTGTGTGGC 300

V KMLLPDJ YA ATNTGEGSNTLSSTLCV W_P-

301 CTGATCAAATTCGACACTGGTACAAGTACAGGTGGACTAGCTCTCTCCATTTCATCGATA 360
D Q I R H W Y K Y R W T S8 S L H F I D T -
+ B + -

361 CACCTGATCAAGCCTGTTCATTTGATTACCAGAGAGACTGTCATGATCCACATGGAGGGA 420
P D Q A C 8 F D X Q R D C H D P H 9 G K -

# #

421 AGGACATGTGTGTTGCTGGAGCCATTCAAAATTTCACATCTCAGCTTGGACATTTCCGCC 480

D M CVAGATLIGO QNTFEFTSOQLGUHTFR H-
#

481 ATGGAACATCTGATCGTCGATATAATATGACAGAGGCTTTGTTATTTTTATCCCACTTCA 540

G T §$ bR RYNMTE AL L F L S H F M-
+

541 TGGGAGATATTCATCAGCCTATGCATGTTGGATTTACAAGTGATATGGGAGGAAACAGTA 600

G D I H ¢ P M H V G F T 8 D M G G N 8 I-
+ +

601 TAGATTTGCGCTGGTTTCGCCACAAATCCAACCTGCACCATGTTTGGGATAGAGAGATTA 660

D L R W F R H K S N L H H V W D R E I 1I-
- + +

661 TTCTTACAGCTGCAGCAGATTACCATGGTAAGGATATGCACTCTCTCCTACAAGACATAC 720

L T A A A DY H GKDMHE S L L QD I Q-

721 AGAGGAACTTTACAGAGGGTAGTTGGTTGCAAGATGTTGAATCCTGGAAGGAATGTGATG 780
R N F TEGSWTLQDVESWIKTETCTD D-
781 ATATCTCTACTTGCGCCAATAAGTATGCTAAGGAGAGTATAAAACTAGCCTGTAACTGGG 840
I S T CANZ KT YA ATZKE S I KILATCNTUW G-
#
841 GTTACAAAGATGTTGAATCTGGCGAAACTCTGTCAGATAAATACTTCAACACAAGRATGC 900
Y K DV E S GE T UL S DI XK YZFNTRM P-

901 CAATTGTCATGAAACGGATAGCTCAGGGTGGAATCCGTTTATCCATGATTTTGAACCGAG 960
I VvV M K I A Q G G I RL S M I L N R V

961 TTCTTGGAAGCTCCGCAGATCATTCTTTGGCATGAATTTAGATACTGATATTCGCATTTC 1020
L G s s A D H S L A *

1021 TCATGACACCCTTCTCTTATGCAATTTGCAGATCAGCTGTGATTCACTAATTGAA 1075

Ficure 3: cDNA sequence of the CEL | mRNA. The amino acid sequences of CEL | determined by Edman degradation are shown in
boldface. They consist of the N-terminal sequence: WSKEGHVMTCQIAQDLLEPEAAHAVKMLLPDYANGXLSSLXVWP; internal peptide

from GIuC digest: XSWLQDVE; internal peptides from tryptic digest: CDDISTCANKYAKE and LACNWGYK. The residues identical

with DSA6, BFN1, and ZEN1 are underlined. The conserved Cys residues are shown with # underneath. The nine conserved residues
shown to be ligands for the three Zn atoms in P1 nuclease are showr-wittderneath. Nucleotides-B7 are vector sequence.

(accession number AF082031, 73% identity of 271 amino that these orthologs share the enzymatic properties of CEL
acids), and BFN1 (accession number U90264, 72% identity | and may not share the catalytic properties and substrate
of 274 amino acids). We propose that these three proteinsspecificity of the S1 nuclease.

are probably orthologs of CEL | because all other homo- Mg?" and pH Dependence of CELA gel image of the
logues are at a range of 45% identity or lower. Moreover, automated DNA sequencer analysis of the CEL | incision at
when one superimposes the sequences of CEL | and thes¢he mismatch of a 7 G base substitution is shown in Figure
three orthologs on the secondary structure of P1 nuclease4. Lanes +4 are mock reactions without CEL I. The full-
most of the sequence differences among these four putativdength 235 nt PCR product is seen on top of the image, and
orthologs are in the flexible loop regions that connect imperfect PCR products are seen as the bands dispersed
consecutive helices (Figure 2 of Supporting Information) and below. In lane 5, in the presence of CEL |, Rgand pH

in the flexible COOH-terminal region. Thus, itis very likely 7.5, the blue incision band of 156 nt and the green incision
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FiGURE 4: Effects of Mg* and pH on CEL | mutation detection. Ficure 5: Mismatch detection by CEL | and MBN. Electrophero-
The picture is a gel image of mutation detection analyses on a 9rams of Genescan fragment analysis on a PE-Biosystems auto-

Perkin-Elmer automated DNA sequencer running the GeneScanmated DNA sequencer are shown. Two color fluorescent hetero-
program. The substrate is a 235 bp PCR product ofBREAL duplexes of PCR products of ttBRCAlgene were prepared as
gene exon 5 containing a G polymorphism. It is labeled at described under Experimental Procedures. Vertical axis, relative

the 5 terminal with 6-FAM (Blue) in the top strand and with TET  fluorescence units; horizontal axis_, DNA Iengt_h in nucleotides.
(Green) on the bottom strafnd. T)he substr%tes were incubated with?anels A, D, and G, the DNA was incubated with 7 ng of MBN-
0.5 unit of CEL I for 30 min at 45C and then analyzed as described A Panels B, E, and H, the DNA was incubated with 11 ng of MBN-
in Figure 5. In lane 5, the blue band at 156 nt corresponds to CEL B- Panels C, F, and |, the DNA was incubated with 10 pg of CEL
I mismatch-specific cutting on the 6-FAM-labeled strand, and the |- These reactions were performed in Buffer | with 3 mM MgCl

green peak at 80 nt corresponds to the mismatch-specific cuttingfor 30 min at 37°C. In panels A, B, and C, the substrate was a 387

on the TET-labeled strand. The red bands in a gel image are thePP hetéroduplex contairgna 4 ntdeletion. In panels D, E, and F,
internal size standards in each lane. the substrate was a 323 bp product containing a-CI' base

o substitution mismatch. In panels G, H, and |, the substrate was a
band of 80 nt are observed as indicated. In the absence 0#02 bp heteroduplex contaimjra C insertion in one strand. In each

Mg?" or in pH 5.5 (lanes 68), mismatch-specific incisions  of panels A, B, and C, the blue peak at 129 nt corresponds to cutting
are not significant. This experiment also illustrates how the gf[ ;%%1?22?%;%%232 %“Ctl:‘gir?é':é’;";"h'éafi'ggesit;zg%gr‘]eognr?hee”_llﬁ)g?k
imperfect _PCR byproducts seenin lanestlare ellm_lr_1ated labeled strand. In panels D, E, G, and H, no mismatch-specific
by CEL I in lanes 5-8, especially under the conditions of  cutting is seen by the two MBNSs. In panel F, the blue peak at 183
lane 5. nt corresponds to CEL I-mismatch-specific cutting on the 6-FAM-
The Mismatch Endonuclease Adty of CEL | and MBN labeled strand, and the green peak at 142 nt corresponds to the
The nicking of DNA duplexes containing mismatches by mismatch-specific cutting on the TET-labeled strand. In panel |,
MBN and CEL | is shown in Figure 5. The mismatch with the green peak at 252 nt corresponds to the CEL I-specific cutting
> >N i at the extrahelical G on the TET-labeled strand.
a four base loop is nicked by CEL | and both preparations
of MBN at pH 7.5 (A—C). Note the higher amounts of MBN  with DNA substrates at pH 5.5 as at pH 7.5, the substrate is
needed in this reaction. However, even at 1000 times morealmost completely digested (data not shown). When a lesser,
enzyme than CEL |, MBN is unable to specifically nick at more appropriate amount of MBN is incubated with the DNA
base-substitutions at a single base mismatch (D, E, G, andsubstrate at pH 5.5, no mismatch-specific nicking is seen
H). When the same amount of MBN protein is incubated (data not shown). CEL | nicks at the base-substitution

“ Blue cut F
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mismatch (panel F) and at the extrahelical nucleotide (paneldifferent substrates may reside in amino acid sequences that
). In panel F, the blue peak at position 183 nt corresponds are less conserved.

to the nick at the 3side of the mismatch on the 6-FAM- Properties of CEL | The results of the renaturation
labeled strand of the heteroduplex, and the green peak alexperiments described in Figures 1 and 2 suggest that the
position 142 nt corresponds to the nick at thesiBle of the  carbohydrate moieties of CEL | are not essential for its
mismatch on the TET-labeled strand. Some of the other blue mismatch incision activity or for its renaturation from a SDS
peaks are nonspecific cutting by CEL I; it is important to gel. If CEL | and S1 should use the same catalytic
note that if one incubates the reaction for a longer time, or mechanism for phosphodiester bond cleavage, their differ-
with more CEL | enzyme, most of these non-mismatch- ences may lie in how the substrates are recognized? Mg
specific peaks will be removed while the mismatch-specific required for optimal CEL | incision at mismatches in double-
peaks will remain (Figure 4). The reason is that these stranded DNA (Figure 4). The role of Mg may lie in a
background bands are often nonspecific heteroduplexes ofstructural role for substrate recognition and not in DNA
PCR products in which the two DNA strands do not base- hydrolysis @5). As judged by the high specific activity of
pair properly. These duplexes are nicked by CEL | at CEL | on mismatch substrates in comparison to MBN (Figure

nonspecific positions, and their signal becomes diffused. In 5) it is clear that CEL | is different from the S1 family of
panel |, the green peak at 252 nt corresponds to the nick athycleases.

the 3 side of the extrahelical G on the TET-labeled strand  Tphe high-resolution X-ray structure of the P1 nuclease
of the PCR product. A blue peak corresponding to the nick showed that a double-stranded helix cannot fit into the P1
at the extrahelical C on the 6-FAM-labeled strand is expected pna binding grove 21, 29. It will be interesting to see
at position 151 nt, but is not seen. CEL | may have nicked how CEL | is able to accommodate the double-stranded DNA
the 6-FAM-labeled strand near its &nd removing the dye,  strycture and incise a mismatch in the helix without making
making it unable to score the blue peak in the assay. single-stranded DNA a preferred substrate. Moreover, that
Alternatively, the insert C substrate may have been out- the spinach ortholog is unable to recognize guanine residues
competed by the insert G substrate. in mismatchesZ6) may provide insights toward the mech-
DISCUSSION anism of nuc!eotlde recognition. The mRNA of the hpmo—
o . . _ logue DSAG6 in daylily is induced by 111-fold during
Purification of GlycoproteinsWe previously described a  senescencey). Yet CEL | and its orthologs in many plants
purification protocol that produced highly enriched CEL I, are constitutively present in all tissues tested. The roles and

but was unable to provide the enzyme as a single band on anechanisms of this unique enzyme family are yet to be
SDS-PAGE gel g). To identify the source of contamination, revealed.

we repeated the purification witArabidopsiscallus, and

observed the same problem of aggregation. We made mousACKNOWLEDGMENT

antibodies to the purest fraction and used the antiserum to .
identified clones of two different genes from Arabidopsis We thank Drs. Bellacosa and Matsumoto for critical
cDNA expression libraryZ1) (accession number AC001645, eading of the manuscript, and Dr. Joseph Fernandez for
genes PID: g2062157 and PID: g2062159) (unpublished lending us his expertise in micro-sequencing. Prot.eln se-
data). These clones were found to be highly homologous to duénce determination was performed by the Protein/DNA
two jasmonate inducible proteins Bfassica napushatare ~ 1echnology Center of the Rockefeller University.

known to function as ConA-like lectins (accession number

CAA72271, 62% identity in 475 amino acids}?). Such SO PORTING INFORMATION AVAILABLE
lectins are coded for by over 30 genesAmbidopsisand  Figure 1 is polyacrylamide activity gel analysis of the CEL
can be a problem when the glycoprotein to be purified is | pyrification fractions. Figure 2 is ClustalW alignment of
less abundant than the lectins. The presence of mannose ifhe CEL | cDNA sequence with homologous sequences (4

the buffers in the present protocol has overcome this obstaclepages). This material is available free of charge via the
and has provided a homogeneous preparation of CEL I.  |nternet at http://pubs.acs.org
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