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ABSTRACT. Nucleases are involved in the processing of various intermediates generated during crucial
DNA metabolic processes such as replication, repair, and recombination and also during maturation of
RNA precursors. An endonuclease, degrading specifically single-stranded circular DNA, was identified
earlier in rat testis nuclear extract while purifying a strand-transfer activity. We are now reporting the
purification of this endonuclease, which is a monomeric 42 kDa protein, from rat testis to near-homogeneity.

In addition to degrading single-stranded circular DNA, it nicks supercoiled plasmid DNA to generate
relaxed DNA and does not act on linear single-stranded or double-stranded DNA. It also makes specific
incisions at the single-strand/duplex junction of pseudo-Yaidd 3-overhangs and'3and 3-flap structures.

Other structures such as mismatch, insertion loop, and Holliday junction are not substrates for the testis
endonuclease. In contrast to FEN1, the testis endonuclease makes asymmetric incisions on both strands
of the branched structures, and free single-stranded ends are not necessary for the structure-specific incisions.
Neither 5—3 nor 3—5' exonuclease activity is associated with the testis endonuclease. The amino acid
sequences of tryptic peptides of the 42 kDa endonuclease show near-identity to polypyrimidine-tract binding
protein (PTB) that is involved in the regulation of splicing of eukaryotic mMRNA. The significance of the
results on the association of structure-specific endonucleae activities with PTB-related protein is discussed.

Nucleases play an important role in many of the DNA unwinding, and dual incision to remove damage by nucleases
metabolic processes such as replication, repair, and recomsuch as Uvr B and Uvr C iiE. coli (9), Rad 1/Rad 10 in
bination as well as RNA processing and turnoviy 2). yeast (0), and XPG and ERCC1/XPF in higher eukaryotes
During replication, the '3-5' exonuclease activity of DNA  (11). The removal of mismatches from DNA in the mismatch
polymerase or polymerase-associated exonucleases is egepair pathway involves nucleases such as Mut1),(
sential for proofreading any misincorporated nucleot®)e ( following which the incised strand is processed by exonu-
Second, the processing of Okazaki fragments in the laggingcleases 13, 14. During recombination, nucleases such as
strand involves participation of either Rnase41 %) or Dna E. coli exonuclease VIl act on the ends of double-strand
2 nucleasef). Nucleases also form an important component breaks to generate ®verhangs 15). The branched inter-
of most of the DNA repair machinery, acting in a variety of mediates generated at later stages of recombination are
structural frameworks ranging from site-specific (e.g., abasic processed by nucleases such as Ruv C resolva§gsli
endonuclease) to structure-specific (e.g., FEN1). In the baseeukaryotic cells, double-strand break (DSB) repair pathways
excision repair (BER) pathway, an altered base in DNA is require the nuclease activities of Rad 50, MRE 11, and
excised by a DNA glycosylase, and the resulting abasic site XRS2/NBS complex for DSB end processirg/{-20).

is corrected by the concerted action of an AP endonuclease, Branched intermediates formed during most of the DNA
DNA polymerase, and ligase7) In mammalian cells,  metabolic processes, having unusual structures, act as
completion of BER, following DNA backbone cleavage at sypstrates for various nucleas€4)( Among the structure-
the AP site, can occur by either short patch repair in which specific nucleases reported so far, the RAD 2 family of
1 nucleotide is repaired, or long patch repair in whiehl3 nucleases includes a large number of nucleases possessing
nucleotides are replaced. A flap structure is generated in longa range of nuclease activities that contribute to repair,
patch repair which is processed by FEN). On the other  replication, and recombinatior2?). The RAD 2 class |
hand, nucleotide excision repair (NER), which removes a family consists of XPG-like proteins that function in NER
variety of bUlky and helix-distorting lesions from DNA, is a to make incision on the target strand to tHesRBle of the
multistep process involving damage recognition, DNA pybble-like damage-containing structu8y The RAD 2
class Il family is comprised of the FEN1-like proteins. These
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members consist of the EXO I-like enzymes found in yeast, generating protein diversity. This differential incorporation
fly, and mammals. EXO | interacts with MSH2 and hence of exons into the mature mRNA is often under developmental
is implicated to have an important role in mismatch repair and/or tissue-specific control and enables the cell to tailor
and recombination2@). Mre 11, in addition to its 3-5' the proteins to suit its own particular requirements. PTB has
exonuclease activity, also exhibits endonuclease activity onan important role in the regulation of tissue-specific splicing
DNA-containing hairpin loops, making an asymmetric cleav- and is implicated in the regulation of several alternatively
age B0). spliced genes 44—47). PTB is also necessary for the

Ribonucleases (endo and exo) are essential both forinitiation of translation from internal ribosome entry sites in
nonspecific RNA degradation (turnover) and for RNA some of the viral mMRNASsA4S8, 49.

maturation in various cellular compartments (reviewed in We have previously observed the presence of an endo-
and 31). Most of the RNAs are synthesized as precursor nyclease that specifically degraded single-stranded circular
molecules which must be processed to generate the functionabNA during the course of purification of strand-transfer
form of RNA. Such processing steps are obligatory steps in activity from rat testis $0). We are now reporting here the
the processing of ribosomal precursor RNA, multimeric puyrification of this endonuclease to homogeneity and show
tRNAs, and messenger RNAs. The precisarid 3 termini that this is a unique structure-specific endonuclease, which
are generated by endonuclease cleavage or trimming byis distinct from all known structure-specific DNA endonu-
exonuclease reactions. Several Specific endoribonucleaseaeases reported so far. Surprising|y, amino acid sequence
have been described that take part in several of these RNAanalysis of the tryptic peptides of this protein revealed that
processing steps both in prokaryotic and in eukaryotic it js related to polypyrimidine-tract binding protein (PTB).
systems32). Removal of intronic sequences from both tRNA  The identification of the testis endonuclease to be a PTB-
precursors and hnRNA in eukaryotic cells is an important |ike protein, with amino acid sequence nearly identical to
posttranscriptional event wherein there is an active participa- the C-terminal two-thirds of PTB, is surprising. The possible
tion of endoribonucleases. In the case of tRNA precursors, significance of the structure-specific endonuclease activity

a specific splicing endonuclease cleaves pre-tRNA at both associated with the PTB-related 42 kDa testis protein is
ends of the intron. Rnase P plays an important role in the discussed.

processing of tRNA precursor3%, 34. Rnase MRP, which
is structurally related to Rnase P, is involved in the EXPERIMENTAL PROCEDURES
processing of precursor ribsosomal RNA in eukaryoB&s. (
In bacteria, several examples are known wherein polycis- Endonuclease Assayhe assay used for enzyme purifica-
tronic messenger RNAs are cleaved in intercistronic regions tion and characterization is based on the degradation of
involving both Rnase Ill and Rnase Bf). Maturation of ~ Single-stranded circular M13 phage DNA. The reaction
messenger RNA in eukaryotes involves two important steps, Mixture containing 50 mM Tris-HCI (pH 7.5), 5 mM Mggl
namely, splicing out of introns and poly(A) additon. 5 MM DTT, 100 ng (or 40 fmol) of circular M13 mp19
Polyadenylation requires the action of cleavage factors andsingle-stranded DNA, and AL of the enzyme fraction in a
a host of other accessory facto37( 39. More recently, total volume of 3QuL was incubated at 37C for 30 min.
DNA topoisomerase | has been shown to possess endoribo-The reaction was stopped by adding 50 mM EDTA, g3
nuclease activity, suggesting a potential role in RNA ML proteinase K, and 0.1% SDS. The degradation of DNA
processing 39). The splicing of intronic sequences is a Was monitored by agarose gel electrophoresis (1%). A unit
complex process involving two transesterification reactions Of endonuclease activity is defined as the amount of enzyme
during which the two exons are brought together and the required to degrade 50% of the 100 ng of substrate (single-
intron is released in a lariat configuration. Pre-mRNA stranded circular M13mp19) DNA under standard endonu-
splicing takes place in macromolecular complexes, splice- Clease assay conditions.
somes, composed of five smaller ribonucleoprotein com-  Preparation and Fractionation of Rat Testes Nuclear
plexes (snRNPs) and a large number of polypeptides thatExtract. All the steps were carried out at°€. Frozen rat
are tightly associated with sSnRNP40J. The development testis (from male albino Wistar rats, aged-38 days),
of an in vitro splicing system has facilitated identification previously stored at-70 °C, were thawed on ice. Nuclei
of several cis- and trans-acting components necessary foiwere isolated using the method of Rao et L) with minor
pre-mRNA splicing. Most important among the required cis- modifications. Briefly, the tunica was removed, and the tissue
acting elements are a consensus sequence at thgliée was gently teased and homogenized by hand (in a Teflon
site, a branch point sequence and adjacent polypyrimdinePotter Elvehjem homogenizer) in 0.34 M sucrose in buffer
tract, and the 3splice site AG dinucleotidedl). A number A (50 mM Tris-HCI, pH 7.5, 25 mM KCI, 5 mM MgGl 10
of RNA binding proteins have been identified, some of which mM j-mercaptoethanol, and 0.5 mM PMSF). The homoge-
exhibit sequence-specific binding to pre-mRNA, and are nate was filtered through 4 layers of cheesecloth. The filtrate
associated with the spliceosome. The critical pyrimidine was centrifuged at 15@0for 10 min at 4°C in a Beckman
strectch has specific interactions with a polyprimidine-tract JA-20 rotor. The supernatant was carefully decanted and the
binding protein (PTB42). pellet resuspended in 1.0 M sucrose in the same buffer. The
PTB was first purified as a protein that binds to the suspension was centrifuged at 780@r 10 min at 4°C.
polypyrimidine tract preceding'3splice sites of higher  The pellet obtained was resuspended in 0.34 M sucrose in
eukaryotic mRNA introns42). PTB was also identified as  buffer A containing 0.2% Triton X-100 and recentrifuged
hnRNP1, a member of a family of proteins that bind to at 150@ for 10 min at 4°C, resulting in purified nuclear
nascent RNAs and play multiple roles in splicig). Many pellet. The nuclear pellet was resuspended in buffer B (20
eukaryotic genes employ alternate splicing as means ofmM potassium phosphate buffer, pH 7.5, 0.1 mM EDTA,
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10% glycerol, 10 mMpj-mercaptoethanol, and 0.5 mM FEN1 was purified by passing the supernatant overZa-Ni
PMSF) containing 0.5 M KCI (extraction buffer)rfd h on agarose column (Qiagen) under nondenaturing conditions.
ice with intermittent gentle homogenization for extraction The column was extensively washed with buffer S1 (20 mM
of proteins. The resulting suspension was centrifuged at Tris-HCI, pH 7.9, 0.5 M NaCl, and 5 mM imidazole). After
15000@ for 12 h at 4°C in a Beckman Ti 50.2 rotor.  being washed with the buffer containing 60 mM imidazole,
Streptomycin sulfate solution (20%, neutralized with solid the FEN1 protein was eluted with buffer containing 1 M
Tris) was added dropwise to the supernatant to a final imidazole. The eluted protein was dialyzed against phosphate
concentration of 2% with continuous gentle stirring. After 1 buffer saline. Purity of the protein was analyzed on SDS
h, the precipitated nucleic acids were removed by centrifuga- PAGE (63).
tion at 1200@ for 15 min at 4°C. The clear supernatant Analysis of the Ends Generated by Endonucled$e
was dialyzed against buffer B containing 150 mM KCI. The reaction products obtained in a typical endonuclease assay
dialysate was centrifuged at 12@pfbr 10 min at 4°C to were processed further for determining the nature of the 5
pellet down the precipitate formed during dialysis. The clear and 3 ends generated. Fot-8nd labeling, mock-treated and
supernatant thus obtained is referred to as crude nuclearendonuclease-treated M13mp19 DNAsu@ of each) were
extract. incubated with 25 units of calf thymus TdT and 2Ci of

The nuclear extract was adjusted to 30% saturation with [a-3?P]JdATP at 37°C for 30 min. For 5end-labeling, mock-
solid ammonium sulfate with stirring and was kept on ice treated and endonuclease-digested DNAsy8f each) were
for 30 min. The precipitated proteins were collected by firstincubated for 60 min at 37C with or without 1.5 units
centrifugation at 12009 for 10 min. The supernatant of calf thymus alkaline phosphatase. After phenol extraction,
recovered was adjusted to 60% saturation with ammonium DNA was precipitated with ethanol, redissolved, and incu-
sulfate. The precipitated proteins collected after centrifugation bated with T4 polynucleotide kinase and 3Gi of [y-32P]-
were resuspended in buffer C (buffer B with 150 mM KCI) ATP at 37°C for 30 min. DNA samples from both thé-3
and dialyzed against buffer C. The dialyzed protein fraction and 3-end-labeling reaction mixtures were purified by two
was loaded on a phosphocellulose (P-11) column (50 mL rounds of phenol/chloroform extraction and ethanol precipi-
bed volume, 3 cm inner diameter) equilibrated with buffer tation and subjected to agarose gel electrophoresis. The
C at a flow rate of 20 mL/h. The column was washed with labeling pattern was monitored by autoradiography.
3 column volumes of buffer C. Bound proteins were eluted In-Gel Assay for Endonuclease Agdty. The procedure
with a linear gradient of 156800 mM KCI in buffer C. described by Lacks and Springho&¥) for in-gel assay was
Two milliliter fractions were collected and assayed for the followed with minor modifications. SDSPAGE of Fraction
endonuclease activity. The fractions exhibiting the activity IV (Sephacryl S-200 active fraction) was carried out ac-
eluted between 280 and 460 mM KCI. Active fractions were cording to the method of LaemmIb(). M13mp19 single-
pooled and dialyzed against buffer D (buffer B with 30 mM stranded circular DNA was incorporated into the separating
KCI). The dialysate was then applied to a S-Sepharosegel at a concentration of @g/mL. Electrophoresis was
column (10 mL bed volume, 1.5 cm inner diameter) carried out at 100 V. The gel was subsequently washed 4
equilibrated with buffer D at a flow rate of 10 mL/h. After times (30 min each) with 40 mM Tris-HCI, pH 7.5, to remove
being washed with 34 column volumes of buffer D, the  SDS and partially renature the proteins. It was then incubated
bound proteins were eluted with a linear gradient 030 for 24 h at 37°C in 40 mM Tris-HCI, pH 7.5, and 5 mM
300 mM KCI in buffer D. Two milliliter fractions were ~ MgCl,. The gel was stained with ethidium bromide and
collected and assayed for the endonuclease activity. Thephotographed under ultraviolet illumination. The proteins
active fractions were pooled, dialyzed against buffer E (buffer with nuclease activities can be identified as dark bands, which
B with 100 mM KCI), and concentrated by-®0% am- appear as a result of degradation of the DNA impregnated
monium sulfate precipitation. It was then fractionated on a in the gel, in the background of the entire gel being
Sephacryl S-200 column (100 mL bed volume, 1.5 cm inner fluoresced due to staining of impregnated DNA with
diameter) equilibrated with buffer E. One milliliter fractions ethidium bromide.
were collected and assayed for the nuclease activity. The Preparation of Substrates Hang Various StructuresThe
active fractions were pooled and dialyzed against buffer F substrates used in this study were prepared according to the
(buffer B with 50 mM KCI). The dialyzed protein solution methods described by Harrington and Liel#f) (with minor
was then loaded on a Bio-Rex 70 column (5 mL bed volume, changes. Oligonucleotides of defined sequences shown in
1.5 cm inner diameter) equilibrated with buffer F at a flow Table 1 were synthesized by Bangalore Genei, India. They
rate of 10 mL/h. The column was washed with8column were purified by running on 15% ure®AGE and eluting
volumes of buffer F, and the bound proteins were eluted with from the gel by UV-shadowing. The-8nd-labeling of 300
a linear gradient of 56300 mM KCI in buffer E. One ng of oligonucleotides (on which cutting was to be measured)
milliliter fractions were collected and assayed for the was carried out using polynucleotide kinase (PNK) and
nuclease activity. [y-3?P]JATP (BARC, India) according to Sambrook et &5).

Purification of Recombinant FENThe expression clone  PNK and unincorporated nucleotides were removed by
containing FEN1 cDNA-encoding plasmid was a generous phenol extraction followed by spin column gel filtration
gift from Dr. Y. Chang of Los Alamos National Laboratory, throuch a 1 mL Sephadex G-25 column. The labeled
Los Alamos, NM. The overexpressed protein was purified oligonucleotides were then annealed to their complementary
as described by Nolan et ab3). Briefly, the bacterial lysate  oligonucleotides at a 1:1.5 molar ratio in 10 mM Tris-HCI,
obtained after sonication in buffer S (50 mM Tris-HCI, pH pH 7.5, and 0.1 M NaCl by heating to 9, followed by
7.9, and 100 mM sorbitol) was centrifuged at 30§06r 1 cooling gradually to room temperature. The annealed prod-
h in a Beckman L7-55 ultracentrifuge. The recombinant ucts were separated on 10% native PAGE and eluted from
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the gel. The resulting duplexes, having the various desired Rat Testis Nuclei

structures indicated in Table 3, were used in the endonuclease L

assays. Extraction of Proteins ( 0.5 M KCl in phosphate buffer pH 7.5 )
Endonuclease Assay with Model Substragslonuclease

activity was measured in a 30 reaction containing 50 mM Ammonium Sulfate Precipitation

Tris-HCI, pH 7.5, 5 mM MgCJ}, and 5 mM DTT and 10 I

fmol of 5'-end-labeled substrate. Incubation was done with ;_5; o eraction 30_6'% Fraction (1)

or without the endonuclease (Fraction V) at 7 for 1 h. 1

The reaction was terminated by adding 50 mM EDTA, 0.5 Phosphocellulose Chromatography

ug/mL proteinase K, and 0.1% SDS and was extracted with

phenol/chloroform and precipitated with ethanol. The DNA 150mM KCI i' 800mM KCI

pellet was resuspended in 80% formamide containing 0.1% Pool Active Fractions ()

xylene cyanol and 0.1% bromophenol blue, heated td®5 L

for 5 min, quick-chilled on ice, and loaded onto a 15% S-Sepharose Chromatography

polyacrylamide gel containgh 7 M urea and & TBE.

Reaction products were visualized by autoradiography. 30mM KCl 300mM KClI
Exonuclease Assay with Branched Substrdfes 3-end- Pool Active Fractions (ll)

labeling, complementary oligonucleotides were annealed and

incubated with Klenow fragment of DNA polymerase | and Sephacryl §-200 Chromatography

[a-®2P]dTTP under standard reaction conditionsERd- i

labeling was carried out using T4 polynucleotide kinase and Pool Active Fractions (IV)

[y-*?P]ATP. Excess ATP was removed using a Sephadex

G-25 spin column, and the labeled oligonucleotide was then l

annealed to its complementary oligonucleotide at a 1:1.5 Bio-Rex 70 Chromatography

molar ratio in 10 mM Tris-HCI, pH 7.5, and 0.1 M NaCl by

heating to 95°C, followed by cooling gradually to room SomMKCI 300mM KCl

temperature. The '3 and 3-end-labeled duplexes were Purified Endonuciease (V)

separated on 10% native PAGE and eluted from the gel. TheFIGURE 1. Purification of testis endonuclease from rat testis nuclear
3- and B-labeled linear duplex DNA substrates were extract. The fractionation scheme of the testis endonuclease from
incubated with endonuclease, and the release of IabeIeJat testis nuclear extract is summarized in the flowchart.
mononucleotide was monitored on 15% ur€AGE. The

T7 exonuclease and exonuclease lll, which release mono
nucleotides from 5 and 3-labeled duplex DNA, were used
as positive controls.

fractionation on S-Sepharose. The absorbance and the activity
“profiles of the eluted fractions are shown in Figure 2C and
Figure 2D, respectively. The activity eluted between 50 and
100 mM KCI. These fractions were pooled (Fraction Il) and
subjected to 860% ammonium sulfate precipitation and
subsequently to gel permeation chromatography on Sephacryl
Identification and Purification of an Endonuclease from S-200. The absorbance and the activity profiles are shown
Rat TestisSpermatogenesis in mammals is a unique processin Figure 2E,F, respectively. The activity eluted between
of differentiation and involves both mitotic and meiotic ~fractions 64 and 88, coinciding with the first half of the major
events and extensive alternate splicing of precursor pre-Protein peak. The most active fractions were pooled (Fraction
mRNAs 66). While purifying a strand-transfer activity from V) and fractionated by Biorex 70 chromatography. The
rat testis, we had observed previously that some fractions€ndonuclease activity eluted between 135 and 185 mM KClI
separating away from the strand-transfer peak specifically (Fraction V). At this stage of purification, the amount of
degraded single-stranded circular DNA, one of the substratesProtein eluted from the column was too low to be monitored
in the strand-transfer assa§0j. This endonuclease activity by absorbance; therefore, only the activity profile is shown
has now been purified from rat testis nuclear fraction. The in Figure 2G. The results of the purification are shown in
chromatographic behavior of the endonuclease during theTable 1. Starting with about 74 mg of nuclear proteins (salt-
purification Steps was monitored using the same property eXtraCtable), the f|.na.| preparatlon Obta”’leq aftel’. Biorex 70
(i.e., degradation of single-stranded circular DNA) under Chromatography yielded about 1§ of protein having very
standard endonuclease assay conditions. The strategy enfigh specific activity. A purification of approximately 300-
ployed for its purification is summarized in Figure 1. The fold was achieved. There was a major loss of protein at the
crude nuclear extract was first subjected to ammonium sulfateast step. As the specific activity of the endonuclease at this
fractionation, and the activity was detected in the-80%  Step was very high, the amount of protein obtained was
fraction (Fraction ). The dialyzed protein was then subjected s_uff|C|ent for its deta!lt_ed qharacterlzatlon, and hence alterna-
to ion-exchange chromatography on phosphocellulose. Thetive strategy for purification was not attempted.
protein profile is shown in Figure 2A while the activity Molecular Mass of the Endonucleaskhe pooled active
profile is shown in Figure 2B. The activity as seen by the fractions from each step of purification (crude nuclear extract
disappearance of single-stranded circular M13mp19 DNA and Fractions +V) were analyzed by SDSPAGE, and
eluted between fractions 28 and 64, that corresponded to goroteins were visualized by silver staining (Figure 3A). As
concentration of 286460 mM KCI. The most active  shown in Figure 3A, Fraction V contained a nearly homo-
fractions (Fraction Il) were pooled and processed for further geneous preparation containing a 42 kDa protein. To

RESULTS
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A os | 5 J T, Table 1: Summary of Purification of the Endonuclease from Rat
E s 0.8 " ” Testis
33 o 06 = protein  activity sp act.  purification
% ’ 04 g fraction (mg) (units)  (units/mg)  (x-fold)
£ 0l nuclear extract 7400 8810° 1.18x 10F -
< 0 0.2 2 3 ammonium sulfate 47.76 6.8x 10f 1.42x 10P 1.2
0 2040 6080100 120 (Fraction 1)
Fraction Number D - phosphocellulose 16.14 5.0x 1(f 3.09x 10° 2.6
o (Fraction I1)
C 0ss S-Sepharose 6.60  4.4x 10° 6.60x 10° 5.6
z 00 030 (Fraction I11)
£ 0is 025 T Sephacryl S-200  1.00 2.4x 10° 2.40x 1C° 20.3
< 020 = (Fraction V)
g ot 015 2 — - Bio-Rex 70 0.0016 5.6x 10* 3.50x 107  296.6
£ go0s 0.10 o ' (Fraction V)
2 0.05
000 T T30 0 sa s g0 V00 F Y

Fraction Number

containing MgCJ. The degradation of impregnated DNA can
E e e be detected as negative fluorescence under ultraviolet light
0.10 after staining the gel with ethidium bromide. Results of such
0.08 an experiment show the presence of a dark band only at the
0.06 TP position of a 42 kDa protein (Figure 3C, lane 2). As a result
gg: \‘ s of degradation of DNA, this region will be detected as a
0.00 . dark band in a fluorescent background. DNase | was used
as a positive control in this experiment which also showed
a clear negative stain (dark band) at th@0 kDa region
(Figure 3C, lane 1). This experiment, therefore, confirms that
the endonulcease activity is associated with the 42 kDa
ER——— polypeptide and not due to any contaminant in Fraction V.
Ficure 2: Fractionation of Fraction | by sequential chromatographic Pro_pertles of the Endonucleasghe proteln_c_oncentratlon .
steps. (A) Elution profile of proteins on the phosphocellulose and time dependence of endonuclease activity are shown in
column. Elution was carried out with a linear gradient of 3450  Figure 4A and Figure 4B, respectively. Linearity was
800 mM KCI. Two milliliter fractions were collected, and the  observed both with respect to enzyme concentration and with
absorbance at 280 nm was recorded. (B) Agarose gel (1%) showingragnect to time. Initially, a broad streak was observed over
the endonuclease activity profile (degradation of single-stranded . . . .
circular DNA) eluted from the phosphocellulose column. (C) a wide range of sizes (lanes 3',4’ and 5). At |ntermed|ate
Elution profile of proteins from the S-Sepharose column. Elution concentrations of enzymes and time, a more defined product
was done with a linear gradient of 3800 mM KCI. Absorbance  of ~250—300 nucleotides (lanes 7 and 8) was observed
of the 2 mL fractions collected was recorded at 280 nm. (D) Agarose \which was further degraded at higher enzyme concentrations
gel (1%) showing the endonuclease activity profile of alternate and longer incubation times (Figure 4A, lane 10, and Figure

S-Sepharose fractions. (E) Fractionation profile of proteins from .
Sephacryl S-200. One milliliter fractions were collected, and their 4B lane 13). The endonuclease showed an absolute require-

absorbance was recorded at 280 nm. (F) Agarose gel (1%) showingnent of divalent metal ions for enzymatic activity (Figure
the endonuclease activity profile of every third fraction collected 4C). Magnesium supported the activity over a wide range

from Sephacryl S-200. (G) The active fractions from Sephacryl of concentrations (550 mM). Among other divalent ions,

S-200 were further fractionated on Biorex 70. Elution was done . . .
with a linear gradient of 56300 mM KCI, and 1 mL fractions only manganese could substitute for magnesium, 5 mM being

were collected. Agarose gel (1%) showing the endonuclease activitythe optimal concentration. Calcium and zinc, however, could
profile of alternate Biorex 70 fractions. Lanes)(and () indicate not substitute for magnesium. The endonuclease activity was

reaction done in the absence and presencef 2f the pooled  sensitive to monovalent cations. The enzyme activity did not
active fraction from the previous chromatographic step, respectively. require either NaCl or KCI, and higher concentrations of
determine the native molecular mass of the endonucleasethese monovalent cations (above 75 mM) inhibited the
Fraction V was concentrated using-60% ammonium enzymatic activity (Figure 4D) as observed by the generation
sulfate precipitation and loaded onto a Sephacryl S-200 gelof intermediate sized products.
filtration column. The endonuclease was eluted at a position The endonuclease was purified from rat testis based on
representing a calculated molecular mass of 42 kDa (Figurethe degradation of circular single-stranded DNA, and,
3B), indicating that the enzyme purifies as a 42 kDa therefore, it was of interest to test the activity of the enzyme
polypeptide. Fraction V was used in subsequent experimentson other types of DNA substrates. As can be seen from
for its further characterization. Figure 5A, the purified endonuclease created a nick in the
To provide further evidence that the 42 kDa protein, as supercoiled pUC19 DNA, resulting in the formation of
seen in SDSPAGE, is indeed having the endonuclease nicked circular DNA (lane 2). The enzyme also did not have
activity and it is not due to any minor contaminants that are any effect on linear single-stranded DNA (49mer oligonucle-
not visualized in the silver-stained polyacrylamide gel, we otide) (Figure 5B) or linear duplex DNA (Figure 5A, lanes
carried out an in-gel activity assay. For this purpose, we 3 and 4).
impregnated a polyacrylamide gel with circular single-  In most of the pathways involving nucleases, the final step
stranded M13mpl1l9 DNA, and after electrophoresis, the is the ligation of the processed ends by DNA ligase. In this
proteins were renatured, and the gel was incubated in buffercontext, it is necessary to find out what kinds of ends are

Esewl }

Absorbance (280nm)

O 20 40 60 80 100 120
Fraction Number

- - - e -
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A B C
kDa
93 2.00
i Conalbumin (80 kDa)
68 | i . BSA (68 kDa)
s 179 Qvalbumin(43kDa)
45 3 1.624 | ndonuclease < 42
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2 - = - T 150l (42kDa)
[=T1]
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29 1.257 N
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Ficure 3: Molecular mass of the testis endonuclease. (A) SBAGE analysis of the testis endonuclease purification fractions. Aliquots

of each purification fraction were loaded onto a 10% SipSlyacrylamide gel. Proteins were visualized by silver staining. Lane 1, low
molecular mass PAGE standards; lane 2, crude nuclear extrag);(Bane 3, Fraction | (3660% ammonium sulfate fraction) ¢fg); lane

4, Fraction Il (phosphocellulose pool) (&); lane 5, Fraction Il (S-Sepharose pool)u/d); lane 6, Fraction IV (Sephacryl S-200 pool) (1

uQ); lane 7, Fraction V (Biorex 70 pool) (100 ng). Numbers on the left indicate the size of the molecular mass standards in kilodaltons. (B)
Native molecular size of the testis endonuclease. An aliquot of Fraction IV was concentrated and loaded onto a Sephacryl S-200 column.
The arrow indicates the position at which the testis endonuclease activity was found. The column was calibrated with molecular mass
standard proteins (conalbumin, 80 kDa; bovine serum albumin, 68 kDa; ovalbumin, 43 kDa; and lysozyme, 14 kDa). (C) In-gel assay for
endonuclease activity. Electrophoresis was carried out in a=fidfacrylamide gel containing M13 mp19 single-stranded circular DNA

(8 ug/mL). Following electrophoresis, the gel was washed several times and incubated for 15%4€ah30 mM Tris-HCI, pH 7.5, 5 mM

MgCl,, and 5 mM DTT. The gel was stained with ethidium bromide and photographed under ultraviolet illumination. Lane 1, bovine
pancreatic DNase I; and lane 2, partially purified endonuclease (Fraction 1V).
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Ficure 4: Effect of enzyme concentration, time, and divalent and monovalent cations on testis endonuclease activity. (A) Endonuclease
assay with single-stranded circular DNA as substrate was performed using different concentrations of testis endonuclease. Lane 1, molecular
size DNA standards (lambddlul digest); lane 2, no enzyme; lanes B0, 0.05, 0.25, 0.5, 0.75, 1.25, and 2 units of enzyme, respectively.

(B) Time course of testis endonuclease activity was carried out using 1 unit of testis endonuclease with single-stranded circular DNA as
substrate. Lane 1, molecular size DNA standards (lan\tid& digest); lane 2, no enzyme; lanes 83, 0, 5, 10, 15, 20, 25, 30, 45, 60, 90,

and 120 min, respectively. (C) Endonuclease assay was performed with 1 unit of testis endonuclease and single-stranded circular DNA as
substrate using different concentrations of divatent cations. Lanes 1 and 6, no divalent cation,1a8esliferent concentrations of

MgCl,, MnCl,, ZnCk, and Cad as indicated above its corresponding lane. (D) Endonuclease assay was performed with 1 unit of testis
endonuclease and single-stranded circular DNA as substrate using different concentrations of monovalent cations. The concentration of
NaCl and KCI has been indicated above its corresponding lane.

generated by the testis endonuclease. We have, thereforeproducts of the endonuclease reaction were labeled using
analyzed the nature of the &nd 3 ends generated following  polynucleotide kinase or terminal transferase. As can be seen
endonucleolytic cleavage of single-stranded DNA. The from Figure 5C, the endonuclease reaction products could
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Ficure 5: Activity of the endonuclease on various DNA substrates. Using different kinds of DNA as substrates, endonuclease assay was
performed under standard reaction conditions, and the reaction mix was run on a 1% agarose gel. Lanes 1 and 2, supercoiled DNA in the
absence and presence of 1 unit of enzyme, respectively; lanes 3 and 4, linear duplex DNA in the absence and presence 1 unit of enzyme,

respectively; lanes 5 and 6, single-stranded circular DNA in the absence and presence of enzyme, respectivelyilrkgést of
lambda DNA. (B) Endonuclease assay with linear single-stranded DNA (49mer oligonucleotied-tabeled oligonucleotide was used
as the substrate, and the reaction mixture was run on a 15% BEE and visualized by autoradiography. (C) Testis endonuclease
produces 3hydroxyl and 5-phosphate groups. The endonuclease-digested single-stranded circular M13 mp19 DNA (lanes 2, 4, and 6) and
mock-treated DNA (lanes 1, 3, and 5) were reacted with calf thymus terminal transferase in the preser&@JofTP (lanes land 2)

or with T4 polynucleotide kinase in the presenceef{P]ATP without (lanes 5 and 6) or with (lanes 3 and 4) prior dephosphorylation by
calf thymus alkaline phosphatase.

Table 2: Nucleotide Sequences for Substrate Oligonucleotides and PCR Primers

DNA Nucleotide Sequence

Al 37mer 5°- ATGTGAATCAGTATGGTTCCTATCTGCTGAAGGAATT-3’

A2, 37mer 5- AATTCCTTCAGCAGATAGGAACCATACTGATTCACAT-3’

A3, 37mer 5°- ATGTGAATCAGTATGGTTTCTATCTGCTGAAGGAATT -3°

Ad, 45mer 5°- ATGTGAATCAGTATGCACACACAGTTTCTATCTGCTGAAGGAATT -37
A5, 37mer 3°- ATGTGAATCAGTATGGTTGTTGGCTCATCAGAAGGCC- 37

A6, 22mer 53’- GTTCCTATCTGCTGAAGGAATT- 37

A7, 20mer 5’- ATGTGAATCAGTATGGTTCC -3°

A8, 30mer 5’- GGACTCTGCCTCAAGACGGTAGTCAACGTG -3°

A9, 34mer 5’- GATGTCAAGCAGTCCTAACTTTGAGGCAGAGTCC-3”

AlD, 16mer 5°- CACGTTGACTACCGTC-3’

All, 34mer 5°- CACGTTGACTACCGAGAATCCTGACGAACTGTAG- 37

Al2, 16mer 5°- TCTTGAGGCAGAGTCC- 37

Al3, 14mer 5°- GACTGCTTGACATC- 37

Ald, 14mer 5°- CTGCTGAAGGAATT- 3’

AlS5, 14mer 5°- GGCCTTCTGATGAG- 37

Al6, 14mer 5°- ATGTGAATCAGTAT- 37

Al7, 14mer 5°- CTGCTGAAGGAATT-3’

Al8, H9mer 5°- GACGCTGCCGAATTCTGGCGTTAGGAGATACCGATAAGCTTCGGCTTAA-3’

P1,27mer 5°-GCGCATATGGACGGCATCGTCCCAGAC-3’
P2, 34mer 5’ -CGCAAGCTTCTAGATGGTGGACTTGGAAAAGGAC-3’

be efficiently labeled with ¢-3?P]JdATP using terminal interest, therefore, to test whether the endonuclease cleaves
transferase. However,' ®ends could be labeled by T4- such branched structures. For this purpose, various branched
polynucleotide kinase only after prior treatment with calf structures were prepared by annealing different sets of
intestinal phosphatase (lanes 4 and 6). Thus, the endonucleassomplementary oligonucleotides whose sequences are given
products possess-phosphate and'ydroxyl groups. in Table 2. The set of oligonucleotides and the nature of

Ability of the Rat Testis Endonuclease To Ge8ranched structures generated are given in Table 3. In the first set of
Structures Although purification of the endonuclease was experiments, linear duplex DNA, mismatch containing het-
carried out using single-stranded circular DNA as the eroduplex, and DNA containing insertion loop were used as
substrate, the occurrence of such a DNA molecule has notsubstrates for endonuclease activity. Theoretically, cleavage
been reported until now in mammalian cells. However, it is of the G/T mismatch and insertion loop should result in the
well-known that different branched structures arise transiently generation of products of approximately 18 nucleotides on
in DNA during various DNA metabolic processes. It was of a denaturing polyacrylamide gel. As can be seen from Figure
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Table 3: DNAs Used for Testis Endonuclease Substrate-Specificity Studies

DNA Nucleotide Sequenn:e Structure genegated
Linear duplex Al, A2 e
Linear duplex Al, A2 —
Linear single stranded Al8 W
(G/T) mismatched duplex A2, A3 —
Insertion loop A2, A4 &
Pseudo-Y A2, AS —
Pseudo-Y A2, A5 n -

3’- overhang A2, Ab -

5’- overhang A2, A7 —

5°- flap A8, A9, Al1D —

37 flap AS, All, A2 W

End blocked 5’-flap AB, A9, Al10, A13 T %

End blocked pseudo-Y A2, A5, Al4 N/
==

End blocked pseudo-Y A2, A5, AlS "

End blocked 5°- overhang A2, AS, Al6 —

End blocked 5°- overhang A2, AS, Al7 ———

6A, the expected products were not obtained, showing thatcleaved, generating major and minor products of 27 and 19
these substrates, including the linear duplex DNA, are not nucleotides, respectively (Figure 6C, lane 2). This shows that
substrates for the enzyme. Next, we examined whether thethere is a minor cleavage site at the duplex/single-strand
testis endonuclease cleaves branched structures such gginction similar to the one observed with FEN1, but the

pseudo-Y, 5and 3 overhangs. major cleavage site happens to Bedthe junction. It can
These substrates were prepared and used as substrates Hlso be seen from this figure that there is no strand specificity
the endonuclease reaction. Incision of pseudo-Yarkl 3 as the cleavage was observed in the Fbr (bridge) strand also.

overhang structures near the single-strand/double-strandrpe cleavage sites are just opposite to the duplex/single-
junction would resuilt in the generation of approxma_tely 19, strand junction on the bridge strand (Figure 8A), which
18, 'and 22 nuclestides, respect|vely,. on a denaturing acry'generates an 18 nucleotide major product and a 16 nucleotide
lamide gel. These structures were indeed cleaved by the inor product (Figure 6C, lane 4). This property of the rat
endonuclease around the junction to generate products Ofgstis endonuclease is disti,nct from.that of FERT)(RAG1/

the expected sizes (Figure 68). Cleavage of the pseudo—YRAG2 is the only 3flap structure processing endonuclease

substrate generated a major 19 nucleotide product and a ) -
minor 18 nucleotide product. Cleavage of tHeoSerhang ~ '€POrted so far¥g). As RAG1/RAG2 is specific for V(D)J

generated a 25, a 24, and a 29 nucleotide product. In addition"®combination, the question still remains as to how the 3
to these two products, faint cleavage products of 19 nucle- flap structures are handled by the cell in general. Therefore,
otides and 18 nucleotides were also observed. The endonu2n obvious question in the present context is whether the
clease reaction with the Bverhang as the substrate resulted testis endonuclease cleavedlap structures as well as-5
in products of 19 and 18 nucleotides, which were very similar flap structures. So, we tested the activity of the endonuclease
to the ones generated with pseudo-Y structure as theon 3-flap structures, the results of which are shown in Figure
substrate. Thus, it is apparent that the endonuclease cleave8D. Indeed, the endonuclease was able to cledyviéad
the three branched structures at or near the single-strandbtructures at the junction and ® the junction, generating
double-strand junction. We also examined whether the 18nt and 22nt products (lane 2). Just like in the case of the
cleavage of the pseudo-Y structure occurs on one or both of5_flap, the bridge strand of the'-Bap was also cleaved
the unpaired single strands. If the pseudo-Y structure labeledypposite to the duplex/single-strand junction by this endo-
at the opposite strand was used as the substrate, a 221 clease (lane 4). But the adjoining strands of both the 5
product was generated (Figure 6B, lane 8, as opposed 10 8, 3 fiap structures were not cleaved by this enzyme. Thus,
_19r_1t product Obsef"ed In Flgure_GB, lane 2). This result the cleavage pattern of the branched structures by the testis
indicates that there is an asymmetric cleavage on both strands d | is distinctly different from those of FEN1. To
of the pseudo-Y substrate at the single-strand/duplex junction.en onuciease 1s di: y . . '

As mentioned in the introduction, flap structures are ascertain the val|d|t¥ of such differences, it was necessary

. ) ) ! : .~ to show that recombinant FEN1 cleaves the substrates used

generated as intermediates in a variety of events including. . :
recombination 7), DNA replication @), and DNA end- in the present study, generatlng.the expecte_d sized products.
joining (57) which are processed by the flap endonuclease For th!s purpose, we have purified regqmbmant FEN1 (see
(FEN1). We were interested to know whether the rat testis EXPerimental Procedures) and used it in the endonuclease
endonuclease that we have purified also cleaves flap"€actions. The SDSPAGE showing the purified FEN1 is
structures in a strand-specific manner as FEN1. To test this,Shown in Figure 7B. The purified FEN1 was used in the
we designed and generatetifap and 3-flap structures, positive control experiments. As can be seen in Figure 7C
which were used as substrates in the endonuclease assaylane 2), the 5flap structure was cleaved by FENL1 to
Results of these experiments are presented in Figure 6C,Dgenerate the expected sized 19 and 21 nucleotide products.
respectively. The results show that theflap strand was FEN1, on the other hand, did not cleave thél@p structure
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FiGUrRe 6: Analysis of testis endonuclease substrate specificity using various branched DNA substrates. Purified testis endonuclease (Fraction
V) was assayed for its ability to cleave various types of branched DNA structures. The structure of each substrate is shown above the
corresponding lanes. The asterisks indicate the position of 'teadslabel. Following the reaction, products were separated on a 15%
denaturing polyacrylamide gel and visualized by autoradiography. M denotes molecular size markers. The numbers on the left indicate the
position and size of oligonucleotide standards. (A) Reactions were carried out in the absence (lanes 1, 3, 5) and presence (lanes 2, 4, 6) of
1 unit of testis endonuclease. Lanes 1 and 2, perfect duplex; lanes 3 and 4, duplex with a G/T mismatch; lanes 5 and 6, insertion loop. (B)
Reactions were carried out in the absence (lanes 1, 3, 5, 7) and presence (lanes 2, 4, 6, 8) of 1 unit of testis endonuclease. Lanes 1 and 2,
pseudo-Y; lanes 3 and 4;-8verhang; lanes 5 and 6'-6verhang; lanes 7 and 8, pseudo-Y. (C) Strand specificity of testis endonuclease
cleavage. Purified testis endonuclease (Fraction V) was assayed for its ability to cleave the Fbr strand and Fadj strasilhpftineciures.

Reactions were carried out under standard testis endonuclease assay conditions in the absence (lanes 1, 3, 5) and presence (lanes 2, 4, €
of 1 unit of testis endonuclease. (D) Purified testis endonuclease (Fraction V) was assayed for its ability to cleave the Fbr strand and Fadj
strand of the 3flap structures. Reactions were carried out in the absence (lanes 1, 3, 5) and presence (lanes 2, 4, 6) of 1 unit of testis
endonuclease.

(lanes 5 and 6). As reported earlier, FEN1 exhibited very blocked substrates and then used them in the endonuclease
poor activity on the pseudo-Y structure. All these activities assay. The results of this experiment presented in Figure 7A
of FEN1 agree well with those reported in the literature. This show that the endonuclease did act upon these substrates even
positive control, therefore, not only proves the distinctive though the single-stranded tails have been converted into
nature of the testis endonuclease but also validates theduplex structures. In the control experiment, end-blocked
structure of the substrates we have used in all our studies. Asubstrates were not cleaved by FEN1 as reported in the
summary of cleavage sites of the endonuclease on differentliterature (Figure 7C, lanes 3 and 4), reconfirming the
structures is shown in Figure 8A. distinctive features of the testis endonuclease and FEN1.
Effect of End-Blocking on Endonuclease Aityi. FEN1 Absence of Associated Exonuclease Atgtiin the Rat
has been shown to require the free single-stranded end ofTestis EndonucleaséAlthough some of the experiments
the flap for cleavage to occub9). It is believed that the  described above indicated that the testis endonuclease did
enzyme loads on the free single-stranded end and then tracksiot possess any associated exonuclease activity, we examined
down the single-stranded tail until it reaches the junction, whether the testis endonuclease has &g 8 exonuclease
following which a nick is made at the junctiob(, 61). To activity by following the generation of labeled mononucle-
check whether the single-stranded ends are necessary for thetide from 3-end-labeled duplex DNA. The data presented
testis endonuclease to exert its endonucleolytic activity, we in Figure 8B (lane 2) show that no labeled mononucleotide
hybridized 5-flap, the two unpaired arms of pseudo-Y; 3  was released, indicating that the enzyme has nos3
and B-overhang structures with oligonucleotide complemen- exonuclease activity. Similarly, no labeled mononucleotide
tary to the single-stranded ends (Table 3) to prepare the endwas released from'&nd-labeled duplex DNA, showing that
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Ficure 7: (A) Activity of testis endonuclease on substrates with end-blocked single-stranded ends. Purified testis endonuclease (Fraction
V) was assayed for its ability to cleave various types of DNA structures in which the free single-stranded ends have been blocked. The
structure of each substrate is shown above the corresponding lanes. The asterisks indicate the positicrenfltfad& following the

reaction; products were separated on a 15% denaturing polyacrylamide gel and visualized by autoradiography. M denotes molecular size
markers. The numbers on the left indicate the position and size of oligonucleotide standards. Reactions were carried out in the absence
(lanes 2, 4, 5, 7, 10) and presence (lanes 1, 3, 6, 8, 9) of 1 unit of testis endonuclease. (B) Expression and purification of recombinant
FEN1. 10% SDSPAGE showing expression and purification of FEN1. M indicates low molecular mass protein standards; lanes 1 and 2,

E. coli (BL21) cells with pET28b containing FEN1 cDNA before and after induction with IPTG; lane 3, purified FEN1. (C) Analysis of
FENL1 substrate specificity. Purified FEN1 was assayed for its ability to cleave various types of DNA structures. The structure of each
substrate is shown above its corresponding lane. The asterisks indicate the position'edrtidabel. Following the reaction, products

were separated on a 15% denaturing polyacrylamide gel and visualized by autoradiography. The numbers on the left indicate the position
and size of oligonucleotide standards. Reactions were carried out under standard FEN1 endonuclease assay conditions in the absence (lanes
1, 3, 5, 7) and presence (lanes 2, 4, 6, 8) of 1 unit of testis endonuclease. Lanes 1 ‘aftap?)dhes 3 and 4, end-blocketfap; lanes

5 and 6, 3flap; lanes 7 and 8, pseudo-Y.

the enzyme also did not posse$$i5 exonuclease activity — peptides, which are highlighted by green color. The extensive
(lane 5). T7 exonuclease and exonuclease Ill, which releasesimilarity observed (starting from residue 215) indicates that
mononucleotides from'6and 3-end-labeled duplex DNA,  the 42 kDa protein must be related to PTB if not identical
were used as positive controls (lanes 3 and 6), respectively.to PTB (assuming an error in the peptide sequencing). It is
Sequence Analysis of the Endonucleddee amino acid  possible that the 42 kDa endonuclease may either be a
sequence of the tryptic peptides derived from the 42 kDa proteolytically derived product of PTB or be its alternate
rat testis endonuclease was determined by LC/MS (m|crose—sp|iced product. PTB is known to exist in at least three
guer_1cing). The amino acid sequence of the peptides iS.ShOW'Hifferent isoforms termed PTB1, PTB2, and PTB4 generated
In Figure 9A._These sequences, when compared with t.heby alternative splicing@2, 63. To check whether there are
existing protein data bank, matched to a great extent with . . L . .
any alternatively spliced mRNA species in rat testis which

stretches of polypyrimidine-tract binding protein (PTB), : .
which is invol\fedyiﬁypre-mRNA splicing ingeL?karyotic(cells). could account for the 42 kDa size of the testis endonuclease,

The sequence of rat PTB corresponding to each of the peptide/Ve car_ried out northern blot analysis us_ing total testicular
sequences obtained from the 42 kDa testis endonuclease iRNA with rat PTB cDNA as the probe. This result presented
shown in Figure 9B. All the peptides were found to match in Figure 9C revealed only one mRNA species. Thus, no
stretches of PTB sequence (pink colored regions). However,shorter RNA was detected. Therefore, it is very likely that
there were a few changes observed in the sequence of théhe 42 kDa endonuclease is proteolytically derived from PTB.
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Ficure 8: (A) Summary of cleavage sites. The arrow indicates the site of cleavage. The asterisks indicate the positidreoidtheo®!.

(B) Absence of an exonuclease activity associated with testis endonuclease. Purified testis endonuclease (Fraction V) was assayed for its
ability to cleave 5 and 3-end-labeled duplex DNA. The structure of each substrate is shown above its corresponding lane. The asterisks
indicate the position of the end-label. Following the reaction, products were separated on a 15% denaturing polyacrylamide gel and visualized
by autoradiography. M denotes molecular size markers. The numbers on the left indicate the position and size of oligonucleotide standards.
Reactions were carried out in the absence (lanes 1, 4) and presence (lanes 2, 5) of 1 unit of testis endonuclease. Lanes 3 and 6 show
reactions carried out with T7 exonuclease and exonuclease lll, respectively, which act as positive controls. Lane 7 shows the position of
ATP.

DISCUSSION endonuclease can cleave pseudo-Yahd 3-overhangs with
an equal efficiency as thé-8ap structure. In addition, two

very distinctive features of this endonuclease are its ability
to cleave the bridge strand (Fbr) of the flap structures apart

In this study, we have purified and characterized a novel
structure-specific endonuclease from rat testis. Initially, it
was identified as an enzyme activity which catalyzes the . . .
degradation of single-stranded circular DNA but is inactive from the flap strand, and_|t does not require free single-
on linear duplex DNA. Its purification has showed that the stranded_ end_s for cleavmg branched structures. These
enzyme activity is associated with a 42 kDa polypeptide. It observatlon_s _|nd|cat<_a that this endonuclease activity might
does not possess the associated35or 3—5' exonuclease be mechanlsucally.dlfferent from that of FENL. It has _been
activity and generates ends having'ehgdroxyl and a 5 well documented in the case of FI_ENl that fre.el single-
phosphate. Detailed analysis of substrate specificity hasStranded ends are absolutely essential for its acpv_ﬂy as the
revealed several interesting properties. First, testis endonu-£Nzyme loads on the freg ends and trac'ks along till it regghes
clease nicks supercoiled DNA. Second, it does not act uponthe single-strand/duplex junction where it make; the incision.
linear single-stranded and duplex DNA. Third, it cleaves The crystal structure of FEN1 also supports this mechanism
pseudo-Y, 5flap, 3-flap, and 5 and 3-overhangs at or of action 64, 63. Itis quite likely that the testis endonuclease
around the single-strand/duplex junctions. Finally, other Probably recognizes the single-strand/duplex junctions di-
branched DNA structures such as the Holliday junction, rectly in the 3, 3  and pseudo-Y and then cleaves asym-
insertion loop, and stefrloop were not cleaved by the testis metrically on both strands. We would also like to highlight
endonuclease (data not shown). These results suggest that Rne important observation here that while the kinetics of
might belong to the class of structure-specific endonucleases degradation of single-stranded circular DNA are very fast,
Although the testis endonuclease shares some of its characthe activity of this enzyme on branched structures is very
teristics with the well-known structure-specific endonuclease sluggish. Such sluggish activity is also a hallmark feature
FENL1, it is distinct from FEN1 in several ways. (a) It does of FEN1. Among the accessory proteins which have been
not possess associatéd-3' exonuclease activity. (b) Itacts identified so far, recently it was shown that the Werner
on both 5 and 3-flap structures. (c) Unlike FEN1, this protein stimulates FEN1 activity by-8L0-fold, indicating
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679  AANAANTAN LEACAN A EAC PR CANT AT FRE A S OO T AT ARNR 0N CAMRAR NN AAMTTARAR CRAMATINT CANAAN ATARAR AATMNT 771
AsnasnGlnPheGilnalaleuleuGlnTyraladspProValSerilaGlnHisalalysleuderLeudspGlyGinisnIleTyrisnila
772 Teetacacnctacrcatoran trefecaanctcaccaytotcaac gtc aaatacaacaac gacaagagc cganan tacananreentranntr 364
CysCysThrLeuArgIleAspPheSerLysLeuThrSer LeuAsnVal LysTyrAsnAsndsplysSerArgAspTyrThrArgFroAspLen
865 rcontotaMAMACAMR CANMCCARCACTAMATCANARCATAMCAMCANES RETAMENERCCCgticctaa mcatggaiccctqicacccctg 957
ProSerGlyAspSerGlnProSerLeudspGinThrMetAlaAlaklaPheGlyLeuSerValProAsnValHisGlyAlalendlaProLeu
958 Ccataccctotyctyct CLyctyctycagcoyyce grattycoatoc Cagyys Tyge a {ofe] aattccgtccttttggtcage 1050
1051 glaIleProSeﬁlaglaﬁ;ﬁlaglail leilag?yngqll:ileneProgfgl.egglagﬁglag?gnsnSer alLeuLgaangr 1143
aacttgaaccc agtcacaccccaaagcctotttattctotic ggcgtotac atgtgcagce aagatcctgttcaacaa
AsnlL E'g.ssnrro ﬁg‘g 'al Thr ProGlnSgE LeuPheIleLeuFPhe gfv%al"hrr E?\Egsn 3&513&%? Lyglle I.egPthsn I.yg
1144 aagmamARnImcA CREARS ANA T e ATAR (0 ANRCAY IRRCAN SR (0 ATMANGCAS CRAAAC I CANARTCLYCat ggagt,cea: 1226
T¥SGIuASHAL AT euval GIUNEC AL aASH G1y SerfnALAGINLEUAL afle LARTHI A Tonaan 1 vRI ALV ALeaHLs b1y LyaSer val
1227 cgcatmannaotitoaaamnAn nar antmtrcaMn EAnnEartMANTA CAMMANTAR CANTTN AErfAnc AAMTAC EATMTN ARG tnannanter 1320
ArgIleThrLeuSerLysHisGlnSerValGlnLeuProArgGluGly GlnGluldsp GlnGlyLeuThe LysAspTveGly SerSerProLeu
1321 mnr:rmrrrnr:ar:nm'.r,tcaaq‘aaﬂcc;ggct.ccaagaﬁr:r:tr.r:anaar-.ar.r:r.r,rnr:r.r:r-.r:r.r:anr:r.ar-.r:r-.rnr:ar:r:r.r:r.r:r-.aar:amr:r:m:r‘.r: 1413
SerProleuHisArqPheLyslysProGlySerlysAsnPheGlnisnIlePheProProSerdlaThr LeuHisLeuSerAsnIleProPro
TrArATAERA (A AT AR ST AAN AN N TR 0 BORAMCAA TA AT AR AAA QYC CECAAY CECLEC CAYAAY JACCYC Aaya ca 1506
SerValSerGludspaspleulysSerleuPhe SerSerdsnGlyGlyValvVallys Efyl’he Lyg PheFhe Glgl.yggspa%ql.;gn'e:%gla
1507 ctgatccagat Loty ca caggcactaatt ctgcacaac catgac ctyggc aaccaccacctgcgantater 1600
LeglleG?gHe gg?; Ser efgigg?ggl a%:? Gl laLeuIleg?gLegﬂi sAsnHi sgsp Legﬁyggaksnﬂi sHis= I.eggggVal Ser

LLLECCAAMECC ACCatc tag
PheSerlysSerThrIleEn:

Ficure 9: Relationship between testis endonuclease and PTB. (A) Peptide sequences obtained by sequencing the tryptic peptides of 42
kDa testis endonuclease. (B) Rat PTB sequence. The region highlighted with pink color shows the peptide sequences obtained from the 42
kDa rat testis endonuclease. The green colored regions show the differences in the sequence between the two proteins. (C) Northern blot
analysis of rat testis total RNA using rat PTB cDNA as probe. Lanes 1 and 2 have 30 amdosQ@otal RNA, respectively.

that accessory proteins modulate the activities of structure-protein having indispensable roles in the regulation of
specific endonuclease8q). Therefore, it remains to be seen alternate splicing44, 47 and enhancement of translation
whether there exist any such accessory proteins which mightfrom the internal ribosome entry site (IRES)8( 49, 67
modulate the activity of testis endonuclease. The observation69). At the outset, it may look puzzling as PTB, shown to
that free single-stranded ends are not required for thebe an RNA binding protein, shows single-strand-specific
endonucleolytic activity of the testis endonuclease is very endonucleolytic activity with DNA as substrate. In this
similar to the activity of the RAG1/RAG2 complex. This context, we would like to point out that PTB does bind to
complex also removes single-stranded extension from aDNA containing polypyrimidine stretche3@). Even FEN1,
number of branched DNA intermediates It has been postu-which was originally described to act on DNA structures,
lated that the 3flap endonucleolytic activity of the RAG1/  was later on shown to possess RNase activity alg¢p At
RAG2 complex plays an important role in generating present, it is becoming increasingly clear that many of the
junctional and combinatorial diversity during V(D)J recom- enzymes can act both on DNA and on RNA substrates and
bination £8). It is interesting to note that bacterial transposon thus take part in both DNA and RNA metabolism including
Tnl0 also possesses-flap endonuclease activity, which DNA topoisomerase 139).
might take part in transpositional recombination. Thus, the  One very important point that needs to be addressed is
possible functional roles of the testis endonuclease (havingthe difference in the sizes of PTB (60 kDa) and the PTB-
overlapping but distinctive properties as compared to FEN1 related testis endonuclease (42 kDa). The sequences of all
and RAG1/RAG2 complex) need to be addressed in future the peptides derived from the testis endonuclease could be
studies. accounted for in the PTB sequence (Figure 9). However,
The distinctive features of the 42 kDa testis endonucleasethere were several changes observed in the sequence of
from those of the known structure-specific endonucleasespeptides from that of PTB, which might have arisen from
prompted us to analyze its amino acid sequence. The resultsequencing errors. Since all the peptide sequences matched
of the sequencing of the tryptic peptides were rather the C-terminal two-thirds of PTB (Figure 9B) and PTB is
surprising as most of the peptide sequences matched withknown to have isoforms6@, 63, an obvious question is,
the polypyrimidine-tract binding protein (PTB), ruling out whether the testis endonuclease is one of the known isoforms
any relationship with structure-specific nucleases. This of PTB. PTB has been reported to exist in atleast three
observation was intriguing but at the same time exciting. isoforms with predicted molecular masses of 57, 59, and 60
PTB has been identified as a 60 kDa protein that binds to kDa named PTB2, PTB1, and PTB4, respectivég,(63.
the polypyrimidine tract preceding thé 8plice site in the PTB2 and PTB4 arise from PTBL1 by insertion of 19 and 26
introns present in the pre-mRNA. It is a multifunctional amino acids, respectively, at nucletide position 921. The
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original report of PTB3 having a molecular mass of 42.8
kDa (63) has not been confirmed. However, the testis
endonuclease cannot be PTB3, since PTB3 originates from
PTB1 with a frameshift mutation altering the entire C-
terminal amino acid sequence.

At this juncture, we would like to raise an important
question. Is there any relationship between the endonucle-
olytic activity of PTB or PTB-like protein and the splicing
process of precursor mMRNA? According to the present model
proposed for the sequence reactions involved in mRNA
splicing, the reaction consists of two phosphoryl-transfer
steps. Initially, the 5intron phosphate (Ssplice site) is
attacked by a "2hydroxyl specified within the intron.
Subsequently, the'3ntron phosphate (3splice site) is
attacked by the 'shydroxyl of the cleaved exon, yielding

N

30

the ligated exons and the excised intron in a branched lariat 32.

form. At present, the question of how this lariat structure is

processed has not been answered. Based on our observatior>

and the above discussion, we are tempted to speculate that
PTB, which is a component of splicing machinery, might
also be involved in the processing of the lariat intermediate
using its endonucleolytic activity. We have recently cloned
and expressed rat PTB B coli. The recombinant PTB did
show some of the structure-specific endonuclease activity
reported here (data not shown). It would be very interesting
to examine the endonucleolytic activity of recombinant PTB 3¢
with several model RNA substrates and also to systematically
study the domain structure of PTB in relation to its
multifunctional properties.
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