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Abstract

We purified a 44-kDa nuclear protein from salt-extract of permeable mouse ascites sarcoma
cells in an effort to isolate factors involved in the repair of acid-depurinated DNA. It was copurified
with a major AP endonuclease (APEX nuclease) by sequential column chromatography then fur-
ther purified by sodium dodecyl sulphate-poly-acrylamide gel electrophoresis as a possible DNA
repair support factor. Its partial amino acid sequences were determined, and a cDNA clone for
the protein was isolated from a mouse T-cell cDNA library using long degenerate oligonucleotide
probes deduced from the amino acid sequence. The complete nucleotide sequence of the cDNA
(1.7 kilobases) was determined. Northern hybridization using this cDNA detected two transcripts:
1.8kb being the major one and 2.6 kb being the minor one. The complete amino acid sequence for
the protein predicted from the nucleotide sequence of the cDNA indicates that the 44-kDa protein
consists of 394 amino acids with a calculated molecular weight of 43,698. In tests performed thus
far, the recombinant 44-kDa protein expressed in Escherichia coli has not expressed any repair-
support activity. It remains to be analyzed whether the protein attains this activity after appropriate
posttranslational modifications. Most parts of the 44-kDa protein cDNA and the deduced amino
acid sequence were found to be identical to those of the protein p38 -2G4, recently reported as a
cell cycle-specifically modulated nuclear protein of 38kDa. The p38-2G4 may be a truncated form
of the present 44-kDa protein.
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We purified a 44-kDa nuclear protein from
salt-extract of permeable mouse ascites sarcoma
cells in an effort to isolate factors involved in the
repair of acid-depurinated DNA. It was copurified
with a major AP endonuclease (APEX nuclease)
by sequential column chromatography then fur-
ther purified by sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis as a possible DNA
repair support factor. Its partial amino acid se-
quences were determined, and a cDNA clone for
the protein was isolated from a mouse T-cell
cDNA library using long degenerate oligonu-
cleotide probes deduced from the amino acid
sequence. The complete nucleotide sequence of
the cDNA (1.7 kilobases) was determined. North-
ern hybridization using this cDNA detected two
transcripts: 1.8kb being the major one and 2.6
kb being the minor one. The complete amino acid
sequence for the protein predicted from the
nucleotide sequence of the cDNA indicates that
the 44-kDa protein consists of 394 amino acids
with a calculated molecular weight of 43,698. In
tests performed thus far, the recombinant 44-
kDa protein expressed in Escherichia coli has not
expressed any repair-support activity. It remains
to be analyzed whether the protein attains this
activity after appropriate posttranslational mod-
ifications. Most parts of the 44-kDa protein
cDNA and the deduced amino acid sequence were
found to be identical to those of the protein p38
-2G4, recently reported as a cell cycle-specifi-
cally modulated nuclear protein of 38kDa. The
p38-2G4 may be a truncated form of the pres-
ent 44-kDa protein.
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A purinic/apyrimidinic (AP) sites frequently occur
in DNA for several reasons, including spontane-
ous depurination (1-4), release of the base from a dam-
aged sugar residue, and enzymatic removal of an inappro-
priate or damaged base by specialized glycosylases (1, 2,
4). Timely repair of the AP sites is necessary, otherwise
the lesions, which are devoid of genetic information, have
cytotoxic and mutagenic effects. Repair of AP sites is
generally initiated by class II AP endonuclease (5° AP
endonulease). This class of the enzyme incises the 5’ side
of the AP site leaving a 3" hydroxyl terminus and a 5’
deoxyribose phosphate (dRp) terminus. The 5 terminal
base-free sugar phosphate residue should be removed for
repair, otherwise it causes a blockage of sealing (5’ block).
In E. coli DNA deoxyribophosphodiesterase (dRpase;
RecJ gene product) (5, 6) is thought to be involved in dRp
removal. Partial purification of human dRpase having 47
kDa has also been reported (7). However, the actual
presence of dRpase in mammalian cells has not yet been
proven. We tried to purify enzymes exhibiting such AP
site repair-support activity as E. coli dRpase in salt
extract of mouse ascites sarcoma cells. Our results
yielded 44-kDa and 43-kDa proteins as candidates, and
we cloned ¢cDNAs for these proteins.
In the present paper we describe purification, cDNA
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tThe nucleotide sequence data reported in this paper ap-
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sequence databases under accession number U43918.
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cloning, sequence analysis and expression of the mouse
44-kDa protein, which appears most likely to be involved
in AP site repair. The cDNA sequence for the 44kDa
protein showed a strong similarity to that for proliferation-
associated nuclear protein, p38-2G4 (8).

Materials and Methods

Materials.  The reagents used in this experiment
were obtained from the following sources: restriction
enzymes from Toyobo Biochem., Osaka, Japan; A gtl0
primers, M13 primers and random primers from Takara
Shuzo Co., Ltd, Kyoto, Japan; T4 DNA ligase and
pGEM-T vector system from Promega Corp., Madison,
WI, USA; Tagq DNA polymerase from Wako Pure
Chemical Industries, Osaka, Japan; mouse spleen
c¢DNA library in phage Agt10 and mouse skeletal muscle
poly (A)" RNA from Clontech Lab., Palo Alto, CA,
USA; PRISM Ready Reaction Kit from Applied Biosys-
tems, Mountain View, CA, USA; Megaprime DNA
Labeling System, [a-**P] dCTP (3,000Ci/mmol) and
positively charged nylon membrane (Hybond N*) from
Amersham International ple, Buchinghamshire, UK; ny-
lon membranes, positively charged and DIG DNA Label-
ing and Detection Kit from Boehringer Mannheim,
Germany; RNAzol B from Biotecx Lab., Inc., Houston,
TX, USA; pET Expression System 16b from Novagen,
Inc., Madison, WI, USA; Factor Xa from Danex Bio-
tek, Aarhus, Denmark; BCA Protein Assay Reagent
from Pierce, Rockford, IL, USA; 0.24-95Kb RNA
Ladder from Life Technologies, Gaithersburg, MD,
USA.

A plasmid containing ¢cDNA for the mouse S26
ribosomal protein was kindly provided by Professor J.
Fujita of Kyoto University, Kyoto, Japan (9).

The other materials used were obtained as described
previously (10, 11). Mouse ascites sarcoma (SR-C3H/
He) cells were obtained and maintained as described
previously (12).

Preparation of acid-depurinated DNA.
The superhelical pUC18 DNA and calf thymus DNA
were depurinated by incubation in 3 volumes of 50mM
sodium citrate (pH 3.5) at 60°C for 15min essentially in
the same manner as described by Niwa and Moses (13).
After incubation, the mixture was chilled to 0°C and
dialysed against 50mM Tris-HCl (pH 7.5) for 3h and
then against distilled water overnight. The dialyzed DNA
solution was used to measure AP site repair-support
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activity.

In vitro repair system for abasic sites and
assay of AP site repair-support activity. A
repair system for acid-depurinated DNA was constructed
using recombinant APEX nuclease (10, 11), Klenow
polymerase, T4 DNA ligase and a repair-supporting
factor in mouse ascites cell-extract. We monitored circle-
closing activity as an indicator of repair-support activity of
AP sites. This was done by measuring conformational
changes occurred in acid-depurinated pUC18 DNA by the
repair incubation essentially as described previously (14,
15). The assay mixture (15l in final volume) contained
0.25 ug (0.14pmol) acid-depurinated pUC18 DNA, Tri-
ton-Buffer B (0.0175 % Triton X-100, 0.25M sucrose,
10mM Tris-HCl, 4mM MgCl,, ImM EDTA, 6mM
2-mercaptoethanol, pH 8.0 adjusted at 25°C), 25ng hu-
man recombinant APEX nuclease, 0.015u Klenow poly-
merase, 40u T4 DNA ligase, 2.5mM ATP, 50mM
each of dNTPs and the renatured repair-support protein
in an appropriate amount. After incubating the assay
mixture at 37°C for 20min, the reaction was stopped by
chilling it to 0°C and then adding 3 1 of 6x concentrated
gel loading buffer (0.25% bromophenol blue, 0.25 %
xylene cyanol and 30 % glycerol in H,O). Each sample
was loaded into a slot of submerged 0.8 % agarose gel.
Conformation of pUC18 DNA was analyzed by agarose
gel electrophoresis as described previously (14, 15).

Cleavage of the aspartyl-prolyl bond of
the 44-kDa protein and partial amino acid
sequencing. To generate peptide fragments, the
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)-purified 44-kDa protein was treated at 37
°C for 48h with 70 % formic acid, which preferentially
hydrolyzes peptide bonds between aspartate and proline.
It was then cleaved into two major peptides electrophor-
esed at the 29 and 18kDa positions by SDS-PAGE.
Each peptide band on the SDS-polyacrylamide gel was
cut out, and the peptide was eluted from the gel slice, as
described previously (16). Partial amino acid sequences of
the peptide were determined by an Applied Biosystem
Model 477A automated protein sequencer (in the central
research laboratory of the Okayama University Medical
School). The amino terminal amino acid sequence of the
18 kDa peptide was PSKQYGLKMKTSRAFFSEVER-
RFDAMPFTLRAF. The N-terminals of the original
44-kDa protein (electrophoresed at 47kDa position on a
SDS-polyacrylamide gel) and the 29kDa peptide were
both blocked. The results suggested that the 18kDa
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peptide was a carboxy terminal fragment and the 29kDa
peptide was an amino terminal fragment of the 44-kDa
protein.

Preparation of c¢DNA for mouse muscle
mRNA by reverse transcription. One micro-
gram of mouse skeletal muscle poly (A)" RNA in 4.42 u1
of water in an Eppendorf tube was heated to 60°C for 3
min and then quenched on ice. To this tube we added the
following: 4 1 of 5 X RT buffer (1 X RT buffer is 50
mM Tris-HCl, pH 8.3, 75mM KCl, 3mM MgCl,), 1l
of dithiothreitol (0.1M), 3ul of dNTPs (10mM each),
6.33 ] of random primers (500 pmoles), 0.25xl (10
units) of RNasin and 1 z! (200 units) of Moloney murine
leukemia virus (M-MLYV) reverse transcriptase. The
reaction was conducted at 42°C for 2h, and excess
random primers and substrates were removed using
Bio-Spin 30 chromatography columns. The synthesized
c¢DNA was collected by ethanol precipitation.

Preparation of a probe for screening a
cDNA library. We performed polymerase chain
reaction (PCR) with degenerative primers according to the
amino acid sequence, and the specific amplified DNA was
sequenced and used to screen a cDNA library. The PCR
primers were synthesized according to the amino acid
sequence information of the 18kDa peptide as follows: a
sense-strand degenerate primer, 5-TAYGGNYTNAA-
RATGAARAC-3’ (20-mer); an antisense-strand degen-
erate primer, 5-GTRAANGGCATNGCRTCRAA-3
(20-mer). In these sequences, the following degenerate
nucleotide symbols are used: Y (Cor T), R(Aor G), N
(A or G or C or T). Degeneracies of the sense and
antisense primers were 256-fold and 128-fold, respective-
ly.

A solution containing an aliquot of the ¢cDNA pool
(equivalent to 0.4ng mRNA) and the sense and antisense
primers (10mM each) in 10«1 of PCR cocktail (50 mM
KCl, 10mM Tri-HCl, pH 8.8, 3.5mM MgCl,, 0.1%
Triton X-100, 0.1mM dNTPs, 1 unit of Thermus aquat-
icus DNA polymerase) was incubated in a thermocycler
for 5min at 95°C and then for 40 cycles of 1 min at 94°C,
1min at 45°C and 2min at 72°C. The amplified product
(74bp) was subcloned into T-vector, and sequenced by
the dideoxy chain termination method (17) using M13
primers on the Applied Biosystems Model 373A DNA
Sequencing System (in the central research laboratory of
the Okayama University Medical School).

To prepare a DNA probe for cDNA library screening,
PCR was performed using a mouse spleen ¢cDNA library
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as a template and an oligonucleotides primer synthesized
according to the sequence determined as described above
and Agtl0 reverse primer. The amplified fragments (119
bp) were labeled with [ @-**P] dCTP by using PCR (18).

cDNA cloning. The recombinant phages in the
mouse spleen ¢cDNA library were plated with E. coli
(600, and two replica nylon membranes (Hybond N¥)
were prepared. Hybridization was carried out at 68°C for
30h in 6 X SSC (1 X SSC: 150mM NaCl and 15mM
sodium citrate, pH 7.0), 5 X Denhardt’s solution, 0.5 %
SDS and 100 zg/ml denatured salmon testis DNA. The
filters were then washed at 68°C in 1 X SSC, and 0.1 %
SDS, air dried, and autoradiographed using Kodak x-ray
film (19). Insert DNAs from the isolated bacteriophage
clones were subcloned into plasmid vector pUCIS.
Although 6 positive clones were isolated and their DNA
sequences were determined as described above, we could
not obtain full-length ¢cDNA copies. Hence, we inves-
tigated another cDNA library. The recombinant phages in
the mouse T-cell cDNA library were plated with E. coli
XI.-1Blue MRF’, and two replica nylon membranes
(nylon membrane, positively charged) were prepared. A
32P_labelled probe (684bp) was prepared from the 3’
region of the ¢cDNA insert in a positive clone obtained
from the mouse spleen ¢cDNA library by the random
primer DNA labelling system (20). Hybridization and
autoradiography were performed under the same condi-
tions described above with the exception of substitution of
a shorter hybridization time (16h). Fragments cloned into
the Lambda ZAP-II vector were automatically excised
with helper phage and recircularized to generate subclones
in pBluescript SK (—) phagemid vector (21). The
nucleotide sequence was determined as described above.

Construction of expression vector pEMD44.
A 44kDa protein cDNA fragment was amplified by PCR
with oligonucleotide 5’-CCGCATATGTCGGGCGAA-
GACGAG-3’ and M13 primer RV as 5" and 3° PCR
primers, respectively. After digesting with Nde I and
Bgl 11, the 185bp DNA fragment was ligated together
with a 1.1kb Bgl II-BamH 1 fragment from 44-kDa
protein cDNA clone into the Bgl II- BamH I-cut pEET16b.
The construct was designated as expression vector
pEMD44 (Fig. 1), which contained the entire 44-kDa
protein-coding sequence with additive twenty-codons, in-
cluding ten histidine codons and Factor Xa cleavage site,
at the 5’ end. The PCR-amplified portion was sequenced
to ensure its correctness. The ten histidine motif serves
as an affinity tag to facilitate the one-step purification of
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T7 terminator

mouse 44-kDa protein

7 cDNA

Nde |
Ori A T7 promoter
Fig. | Schematic representation of pEMD44. The open reading

frame of mouse 44-kDa protein cDNA was cloned into the Ndel-BamH
| site of pETI6b under control of strong bacteriophage T7 transcrip-
tion signals to construct a plasmid designated pEMD44.

the recombinant protein (22, 23).

Expression and purification of recombi-
nant 44-kDa protein.  Expression and purification
of recombinant 44-kDa protein was performed using the
pET vector system according to the manufacturer’s
instructions. Briefly, overnight, saturated cultures of F.
coli B.21 (DE3) pLysS cells carrying pEMD44 plasmids
were diluted with 50 volumes of LB medium, and then
culture was continued at 37°C while being shaking until
the absorbance at 600nm reached 0.6. After addition of
isopropyl-3-D-thiogalactopyranoside (IPTG) to a final
concentration of 1mM, the incubation was continued for
3h. The cells were harvested by centrifugation at
5,000 X g for 5min. The pellet was resuspended in
ice-cold Binding Buffer (5mM imidazole, 500mM NaCl,
20mM Tris-HCl, pH 7.9) and sonicated on ice. All
subsequent purification steps were carried out at 0-4°C.
Cell debris was removed by centrifugation at 39,000 X g
for 20min. The supernatant was loaded on the prepared
His - Bind resin column and finally eluted with 6 volumes
(1 volume was equivalent to the settled bed volume) of
Elution Buffer (1M imidazole, 500mM NaCl, 20mM
Tris-HCl, pH 7.9). The eluate was loaded onto a Cen-
tricut U-10 (molecular weight limit of filtration, 10,000;
Kurabo) to reduce salt and imidazole concentrations by
ultra-filtration. To remove the oligohistidine domain, the
purified-recombinant protein was treated at 25°C for 15h
with Factor Xa (the ratio between Factor Xa and recom-
binant protein was 1:80) under 50mM Tris-HCl; 100
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mM NaCl, 1mM CaCl,, pH 8.0. The concentration of
recombinant protein was determined by BCA Protein
Assay Reagent.

Northern blot analysis. Total RNA were
prepared from SR-C3H/He cells, and male BALB/c
mouse organs (kidney, testis, spleen, intestine, brain
and liver) by RNAzol B and chloroform according to
Chomezynski and Sacchi’s method (24). Mice were sac-
rificed under ether anesthesia at 8 weeks of age. At least
3 mice were used for each experiment. An aliquot of the
RNA fraction was denatured with 6 % formaldehyde and
subjected to electrophoresis on a 1.2 % agarose gel in the
presence of 6% formaldehyde. RNA was transferred
overnight onto a positively charged nylon membrane
(Boehringer) using the capillary blotting technique. The
44-kDa protein cDNA was labeled with [@-3?P] dCTP
or digoxigenin-11-dUTP using the random-primed meth-
od (20). The labeling reaction was carried out according
to the manufacturer’'s instructions. When using *°P-
labeled probe, the hybridization was conducted at 42°C
for 17h in the presence of 50 % formamide, essentially as
described previously (19). In contrast, when using the
digoxigenin-labeled probe, the membranes were prehy-
bridized at 68°C in a prehybridization buffer consisting of
0.25M Na,HPO,, pH 7.2, 1mM EDTA, 20% SDS,
0.5% Blocking Reagent (Boehringer) according to the
method of Gabi Engler-Blum et al (25). Hybridization
was performed by incubating the membranes at 68°C for
42h in the prehybridization buffer supplemented with a
denatured digoxigenin-labeled probe. Washing and detec-
tion were performed according to the method of Gabi
Engler-Blum et al (25). Each membrane was rehybrid-
ized with a ¢cDNA probe for the mouse S26 ribosomal
protein (9, 26), as a reference for the amount of RNA
loaded in each lane. Quantitative analysis of the autoradio-
grams was performed using a densitometer (Scanning
Imager 300SX, Molecular Dynamics, Sunnyvale, CA,
USA) in the central research laboratory of the Okayama
University Medical School.

Results

Extraction and purification of mouse 44-
kDa protein. The mouse 44-kDa protein was
extracted from permeable mouse ascites sarcoma cells
(SR-C3H/He) with 0.2M potassium phosphate (KPi)
buffer (pH 7.5) (27). After adjustment of the KPi concen-
tration to 0.1 M, the extract (fraction N1) was mixed with
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Fig. 2  SDS-polyacrylamide gel electrophoresis of fractions ob-
tained in purification steps of mouse 44-kDa protein. Lane I, crude
extract from permeabilized SR-C3H/He cells; lane 2, |st phospho-
cellulose-; lane 3, DEAE-cellulose-; lane 4, 2nd phosphocellulose-;
lane 5, single-stranded DNA cellulose-; lane 6, hydroxy! apatite-frac-
tions; lane 7, SDS-PAGE-purified 44-kDa protein. A solid arrow indi-
cates mouse 44-kDa protein which is electrophoresed at the 47kDa
position on SDS-PAGE, and an open arrow indicates APEX nuclease
coeluted with the 44-kDa protein.

packed phosphocellulose equilibrated with 0.1M KPi.
Proteins bound to the phosphocellulose were eluted with
0.3M KPi. The eluant (fraction N2) was passed through
DEAE-cellulose mainly to remove nucleic acid as de-
scribed previouly (27). Materials (fraction N3) passing
through the DEAE-cellulose column were loaded onto the
second phosphocellulose column equilibrated with 0.075M
KPi buffer (pH 7.5) containing 6 mM 2-mercaptoethanol.
The protein was eluted with a linear gradient of KPi from
0.075 to 0.35M and the 44-kDa protein eluted in almost
the same fractions which the APEX nuclease and the
43-kDa protein eluted. The fractions containing the 44-
kDa protein were collected and dialyzed against TEMG
(0.02M Tris-Cl, pH 80, 1mM EDTA, 6mM 2-
mercaptoethanol and 10 % glycerol) supplemented with
0.01M NaCl. The dialyzed sample (fraction N4) was
loaded onto a single-stranded DNA cellulose column
equilibrated with the NaCl-TEMG. Proteins were eluted
with a linear gradient of NaCl from 0.01 to 0.7M. The
44-kDa protein was coeluted with APEX nuclease. The
fractions containing the 44-kDa protein were collected and
dialyzed against KPi-MG (6mM 2-mercaptoethanol and
10 % glycerol) supplemented with 0.1M KPi. The dia-
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lyzed sample (fraction N5) was loaded onto a hydroxyl
apatite column equilibrated with KPi-MG. Proteins were
eluted with a linear gradient of KPi-MG from 0.1 to 0.45
M. The 44kDa protein was maximally eluted at 0.17 M
KPi, and APEX nuclease was maximally eluted at 0.2 M
KPi (11). However, a lot of APEX nuclease was still
coeluted with the 44-kDa protein (Fig. 2). The eluted
sample was electrophoresed on a large SDS-polyacryl-
amide gel (17 X 15 X 0.1 ¢cm) according to the method of
Laemmli (19, 28). The 44-kDa protein band was cut out
from the gel in which the band was well resolved from its
surroundings. The 44-kDa protein was eluted from the
gel band, denatured and renatured as described previously
(16). Fig. 2 shows the result of SDS-PAGE of fractions
obtained in purification steps of the protein. In lane 7,
SDS-PAGE-purified 44-kDa protein was electroph-
oresed. Besides the major 44-kDa protein band, a faint
band is observable at the position of about 60kDa. This
protein was considered not to be a primary contaminant of
the SDS-PAGE-purified 44-kDa protein but to be an
aggregates or contaminant incurred during the loading
process for SDS-PAGE from the surrounding lanes.

AP site repair-support (circle-closing) ac-
tivity of fractions containing 44-kDa protein.
When acid-depurinated pUC18 DNA was treated at 37°C
for 30min with APEX nuclease, nicks were itroduced
and the plasmid DNA in superhelical form was converted
into open circular form. By incubating the acid-depurinat-
ed DNA with APEX nuclease, Klenow polymerase (or
DNA polymerase 3), dNTPs, T4 DNA ligase and the
44kDa protein, circle-closing (repair) occurred and the
conformation of the pUC18 DNA having AP sites was
changed into closed circular DNA through open circular
DNA (Fig. 3). No circle-closing (repair) of the acid-
depurinated DNA occurred in absence of the 44-kDa
protein.

Cloning and sequencing of cDNA for the
44-kDa protein.  Using the **P-labelled probes as
described in the Materials and Methods section, 1 X 10°
independent clones of a mouse spleen ¢cDNA library
(cloned into the EcoR I site of Agt10) and a mouse T-cell
¢DNA library (cloned into the EcoR T and Xho [ sites of
the Uni-ZAP XR vector) were screened. Positive clones
were isolated and DNA sequences were determined. We
were able to obtain two candidate clones, p4703 from the
mouse spleen ¢cDNA library and pBlue4710 from the
mouse T-cell cDNA library, respectively. Although the
inserts of the two clones contained an overlapping, identi-
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cal region, the sequence of each clone was thought to be
incomplete. The insert of p4703 was thought to lack the
3’ region of the cDNA, and the insert of pBlue4710 was
thought to lack the 5’ region. The Eco RI-PmaC 1
fragment from clone p4730 and the PmaC I-Sal 1 frag-
ment from clone pBlue4710 were ligated, and the result-
ing fragment was subcloned into pUCI18 plasmid to
generate the mouse c¢DNA construct p4739 for the
44-kDa protein (Fig. 4). DNA sequencing identified an
open reading frame of 1185 nucleotides (nt) with 266 nt of
5’-flanking and 263 nt of 3'-flanking (untranslated) regions.

Bg! 11

v v

Acta Mep Okavava Vol. 51 No. 4

The ¢DNA terminated with a poly (A) tail, 10nt down-
stream of an authentic polyadenylation signal, AATAAA.
The ¢DNA for mouse 44-kDa protein contained an open
reading frame encoding 394 amino acids with a calculated
molecular weight of 43.7kDa, which is a little shorter
than 47kDa, as measured for the purified protein on
SDS-PAGE. The C-terminal amino acid sequence of the
44-kDa protein contains a putative nuclear localization
signal, KKKKKK (Fig. 5).

Northern hybridization analysis.  Northern
hybridization analysis with the ¢DNA for the mouse

Fig. 3 Assay for the AP site repair-support (circle-closing) activity
of purified mouse 44-kDa protein. A: lane |, molecular weight
markers; lane 2, SDS-PAGE-purified 44-kDa protein which is electro-
phoresed at the 47kDa position on SDS-PAGE (asterisk). B: The AP
site repair-support (circle-closing) activity of mouse 44-kDa protein
was measured as described in the Materials and Methods section.
The complete assay mixture contained acid-depurinated pUCI8 DNA,
APEX nuclease, klenow polymerase, dNTPs, T4 DNA ligase, ATP
and renatured 44-kDa protein. The amount of DNA loaded into each
slot was 0.25ug. Lane |, acid-depurinated pUCI8 DNA; lane 2,
acid-depurinated pUC18 DNA incubated with APEX nuclease; lane 3,
acid-depurinated pUCI8 DNA incubated with the complete assay
mixture.

Abbreviations: O, nicked, open circular DNA; C, closed circular,
supercoiled DNA; L, linear DNA; R, repaired, closed circular DNA.

et
100bps

PmaC | (Sall)

; 'y

ORF 1182 bps
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pBlue4710
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Fig. 4

cDNA for mouse 44-kDa protein, designated p4739, constructed with cloned p4703 and pBlued710 cDNAs and sequence strategy of

cDNA for 44-kDa protein. An open bar indicates the protein coding region and solid lines indicate untranslated regions, determined using the
clone p4739. Each arrow indicates the length and direction of the sequence determined.

http://escholarship.lib.okayama-u.ac.jp/amo/vol 51/iss4/3



Nakagawa et a.: cDNA cloning, sequence analysis and expression of a mouse

August 19897

44-kDa protein identified a major transcript of about 1.8
kb and a faint transcript of about 2.6kb (Fig. 6). The size
of the major transcript was close to the size of ¢cDNA
sequenced.

Expression of the 44-kDa protein mRNA in various
mouse organs (kidney, testis, spleen, intestine, brain

44-kDa Nuclear Protein 201
and liver) was examined by Northern blot hybridization
using the digoxigenin-labeled cDNA as a probe. The 1.8
kb transcript was detected in all organs examined. After
normalization of sampling by densitometric quantitations,
the expression level of this transcript in various organs did
not vary significantly. This is based on comparison with

CTCATGTAATATTGTCTTTTCCAGCTC TGTCCA'I'I‘TACATGCAAATGTTATGA’I‘CTCA'I'I"I‘TI‘CTTTATGGCTGMTAAAAT’I‘C TAGTGT 90
ATATGTAGCAGCTTTTCGGTCCATCCGTC TATGCAGACATCCAGGCTGACACTGTICCCTTGCTTGCTCGCGCTTTCCTCGE GGATCGAA 180
GAGACTCTAGC! TACAGCCTGTGGCTGGGAAGGGAGACGGAGGCCGCAGC‘I‘CAGGGAMGTGMGCTGCAGTAGTAGCAGTAGGMGATGT 270
M S 2

CGGGCGAAGACGAGCAGCAGGAGCAAACTATC! GCCGAGGACCTGGTCGTGACCAAGTATMGATGGGGGGCGACATCGCCAACCGGGTGC 360
GEDEQQEQTIAEDLVVTKYKMGGDIANRVL 32
TTC GATC’I‘TTGGTGGAGGCTTCCAGCTCAGGTGTGTCTGTGCTGAGCTTGTGTGAGAAAGGTGATGCCATGATTATGGAAGAGACAGGGA 450
RSLVEASSSGVSVLSLCEKGDAMIMEETGK 62
AGATCTTC. AAGAAGGAAAAGGAGATGAAGAAAGGTATTGCCTTTCCTACCAGCATT TCCGTAAATAACTGTGTGTGTCACTTCTCCCCTT 540
IFKKEKEMKKGIAFPTSISVNNCVCHFSPL 92
TGAAGAGTGACCAGGACTATATACTCAAGGAAGGTGAC TTGGTAAAAATTGACCTTGGGGTTCATGTGGATGGCTTCATTGC CAATGTGG 630
KSDQDYILKBGDLVKIDLGVHVDGFIANVA 122
CTCACAC TT’I‘I‘GTANI'I‘GGTGTAGCTCAGGGGACCCAGGTAACAGGGCGGMAGCAGA’IGTCATTAAGGCCGCTCACCTATGTGC TGAAG 720
HTFVIGVAQGTQVTGRKADVIKAAHLCAEA 152
CTGCCTTACGACTGGTCARACCTGGAAACCAGAACAC ACAAGTGACTGAAGCATGGAACAAGGTTGCTCACTCATTTAACTGCACAC CAA 810
ALRLVKPGNQNTQVTEAWNKVAHSFNCTPI 182
TAGAAGGTATGCTGTCACAC! CAATTGAAGCAGCATGTGATTGATGGAGAGAAGAC! GATTATCCAGAACCCTACAGACCAGCAGAAGAAGG 900
EGMLSHQLKQHVIDGE](TIIQNPTDQQKKD 212
ACCATGAAAAGGCAGAATTTGAGGTGC ATGAGGTTTATGCTGTAGATGTCCTCGTCAGCTCAGGRGAAGGCAAGGC CAAAGATGCAGGAC 990
HEKAEFEVHEVYAVDVLVSSGEG}(AKDAGQ 242

AGAGAACCACCATCTACAAGCGAGACCCCTC TAAACAATATGGCCTGAAAATGAAAACTTCACGTCCC TTTTTCAGTGAGGTGGAACGGC 1080

RTTIYXRDPSKQYGLKMKTSRAFFSEVERR 272

GTITTTGATGCCATGCCGTTTACTTTAAGAGC, ATTTGAAGATGAGAAGAAGGCTCGAATGGGTGTGGTAGAGTGTGC CAAACATGAGTTAC 1170

FDAHPFTLRAFEDE](KARKGVVECAKHELL 302

TACAGCCATTTAACGTTCTC TATGAGAAGGAGGG’I‘GAAT‘I'I’GTI‘GCCCAGT'I"I‘MATTTACAGT'ICTACTCATGCCCAAC GGCCCCATGC 1260
QPFNVL‘[EKEGEFVAQFKFTVLLMPNGPHR 332
GGATAACCAGTGGTCCCTTTGAGCCTGACCTGTACAAGTCTGAGATGGAGGTTCAAGA’ICCAGAGCTGAAGGCTC TTCTCCAGAGTTCTG 1350
ITSGPPEPDLYKSEHEVQDAELKALLQSSA 362
CMG’I‘AGMAMCCCAGAAMAGAAGAAMAGMGGCCTCCMGACTGTAGAGAATGC CACCAGTGGAGAAACCTTAGAAGAGAATGGAG 1440
SRKTQKKKKKKASKTVENATSGETLEENGA 392
CTGGGGACTGAGGTGGGTCCCCTCCCCAGCTTG’I‘CA’I‘TCCTGCCTC;\CCCCCTCCCACCGCACCCCAGGCTCTGTCMGTCGAGTTCGTC 1530
G D xx* 394
T’I‘C'I‘CCACCCAAGACTACCAGCAGAGCGGGGGG’ICTTCAGCCCTCA’I‘CCCGGTCCCCAACCCACCCACCCACTCCTTI‘CAACMAAAACC 1620
AGCTCCGACTGACTC’IGGTGTTGGGAGGCCAGGCTTCCCAGCCACCGMGACTACTTTTAGTAGAAMGMATTGMTMTMAATCAGG 1710

AGTC 1714
Fig. 5  Nucleotide sequence of cDNAs encoding mouse 44-kDa protein. The deduced amino acid sequence in the standard one-letter code
is shown beneath the nucleotide sequence. Amino acids are numbered, starting with the first in-frame methionine as |. The translation

termination codon and polyadenylation signal are indicated with triple asterisks and double underlines, respectively. The amino acid residues
obtained by sequencing of the 18-kDa fragment are underlined.

Produced by The Berkeley Electronic Press, 1997



Acta Medica Okayama, Vol. 51 [1997], Iss. 4, Art. 3

202 NAKAGAWA ET AL.

28S -
2 6kb

18S - 1.8kb

Fig. 6 The mRNA sizes for the mouse 44-kDa protein of SR-C3H/
He cells. Denatured total RNAs (10ug/lane) of SR-C3H/He cells
were electrophoretically separated and then transferred to a nylon
membrane (HybondN ). The filter was hybridized with the 3*P-labeled
cDNA. To determine molecular weights of the RNA, ribosomal RNA
was used for calibration.

Fig. 7 Expression of 44-kDa protein in various mouse tissues.
Each lane contained 20 g of denatured total RNA extracted from the
indicated tissues which were obtained from 8-week old BALB/c male
mice. The positively charged nylon membrane (Boehringer) was
hybridized with digoxigenin-|1-dUTP labeled cDNA. The filter was
rehybridized with a cDNA probe for the mouse S26 ribosomal protein,
to correct for the amount of RNA loaded. To determine molecular
weights of the RNA, 0.24-9.5kb RNA ladder and ribosomal RNA were
used for calibration. Lane |, kidney; lane 2, testis; lane 3, spleen;
lane 4, intestine; lane 5, brain; lane 6, liver.

the signals obtained by rehybridizing the same blots with
a ¢cDNA probe for the mouse S26 ribosomal proteins
which are expressed at comparable levels in various
organs (Fig. 7) (26).

Expression of mouse 44-kDa protein in E.
coli. Recombinant 44kDa protein was clearly ekpres-
sed in the E. coli strain BL.21 (DE3) pLysS transformed
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with the recombinant plasmid and induced with IPTG.
The recombinant protein was purified as described in the
Materials and Methods section (Fig. 8). Its AP site
repair-support activity was tested after purification using
the His - Bind resin column and also after removing the
histidine-tag by treatment with Factor Xa. The effect of
denaturation and renaturation of the expressed protein on
the repair support activity was also tested. However, this
recombinant protein did not exhibit AP site repair-support
(circle-closing) activity.

Database analyses of the c¢DNA and de-
duced amino acid sequences of the 44-kDa
protein.  Database search revealed that the cDNA
and deduced amino acid sequences of the 44-kDa protein
are markedly similar to those of p38-2G4 recently report-
ed as a novel cell cycle-specifically modified and pro-
liferation-associated nuclear protein in mammals (Fig. 9)
(8). The amino acid sequence of the p38-2G4 protein

Fig. 8  Coomassie-Brilliant-Blue stained SDS-PAGE demonstrating
expression, one step purification and Factor Xa-cleavage of recom-
binant mouse 44-kDa protein. A) Lane |, bacterial total cell extract
equivalent to 204! of a culture with an OD600 of 0.65; lane 2,
bacterial total cell extract after the induction of | mM IPTG and
continuous incubation for 3h, equivalent to 60 x| of a culture with an
0D600 of |. 3. B) Lane |, one step purification of His-tagged mouse
44-kDa protein with an His -+ Bind resin column, 4.8 zg recombinant
protein was loaded; lane 2, Factor Xa-cleaved recombinant mouse
44-kDa protein, 4.8 ug Factor Xa-cleaved protein was loaded. A solid
arrow indicates the induced recombinant 44-kDa protein, an open
arrow indicates cleaved recombinant protein (on SDS-PAGE, His-
tagged 44-kDa protein and Factor Xa-cleaved protein are electrophor-
esed at the 49kDa and 47kDa position, respectively). Mr; Molecular
weight markers.
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M44KP 1' MSGEDEQQEQTIAEDLVVTKYKMGGDIANRVLRSLVEASSSGVSVLSLCEKGDAMIMEET
Kk kKKK
p38-2G4 1" MIMEET
M44KRP 61 ' GKIFKKEKEMKKGIAFPTSISVNNCVCHFSPLKSDQDYILKEGDLVKIDLGVHVDGFIAN
R R R R T e R s e e s
p38-2G4 7" GKIFKKEKEMKKGIAFPTSISVNNCVCHFSPLKSDQDYILKEGDLVKIDLGVHVDGFIAN
M44KP 121" VAHTFVIGVAQGTQVTGRKADVIKAAHLCAEAALRLVKPGNONTQVTEAWNKVAHSFNCT
IR R R R R R R E e s
p38-2G4 67" VAHTFVIGVAQGTQVTGRKADVIKAARHLCAEAALRLVKPGNONTQVTEAWNKVAHSFNCT
M44KP 181" PIEGMLSHQLKQHVIDGEKTIIQNPTDQQKKDHEKAEFEVHEVYAVDVLVSSGEGKAKDA
P R R R R R R e s
p38-2G4 127" PIEGMLSHQLKQHVIDGEKTIIQNPTDQQKKDEEKAEFEVHEVYAVDVLVSSGEGKAKDA
M44KP 241' GQRTTIYRKRDPSKQYGLKMKTSRAFFSEVERRFDAMPFTLRAFEDEKKARMGVVECAKHE
L e e e e s S s
p38-2G4 187" GQORTTIYKRDPSKQYGLKMKTSRAFFSEVERRFDAMPFTLRAFEDEKKARMGVVECAKHE
M44KP 301’ LLQPFNVLYEKEGEFVAQFKFTVLLMPNGPMRITSGPFEPDLYKSEMEVQODAELKALLQS
P R R R R L
p38-2G4 247" LLQPFNVLYEKEGEFVAQFKFTVLLMPNGPMRITSGPFEPDLYKSEMEVQDAELKALLQS
M44KP 361' SASRKTQRKKKKKASKTVENATSGETLEENGAGD
e L
p38-2G4 307" SASRKTQRKKKKKKASKTVENATSGETLEENGAGD

203

Fig. 9  Comparison of mouse 44-kDa protein and p38-2G4 sequences. Amino acid residues are numbered from the N terminus of full length
polypeptides. The amino acid sequences of mouse 44-kDa protein (M44KP, upper) and p38-2G4 (lower) are aligned to give maximal
correspondence. Asterisks indicate exact matches.

M44KP 1
SP42KP "
M44KP 57"
SP42KP 61"
M44KP 115"
SP42KP 120"
M44KP 175"
SP42KP 177"
M44KP 234"
SP42KP 237"
M44KP 294"
SP42KP 296"
M44KP 354"
SP42KP 356"

MSGEDEQQEQTIAEDLVVTKYKMGGDIANRVLRSLVEASSSGVSVLSLCEKGDAMI

.. ~*-***c-* .... *-...** . -*-o' --* .**'-.

MSTKEATSETAVDYSLSNPETVNKYKIAGEVSQONVIKKVVELCQPGAKIYDICVRGDELL

MEETGK I FKKEKEMKKGIAFPTSISVNNCVCHFSPLKSDQD~-YILKEGDLVKIDLGVHV
* * K, KRKRKRFK K K Kk REKKEK Kk Kk kKK KKk

NEAIKKVY-RTKDAYKGIAFPTAVSPNDMAAHLSPLKSDPEANLALKSGDVVKILLGAHI

DGFIANVAHTFVIGVAQGTQVTGRKADVIKAAHLCAEAALRLVKPGNONTQVTEAWNKVA

* %Kk *Kk Kk K *kE  kkkk kk LRk Ok kkkk ok KKk R

DGFASLVATTTVV---SEEPVTGPAADVIAAASAALKAAQRTIKPGNTNWQVTDIVDKIA

HSFNCTPIEGMLSHQLKQHVIDGEKTIIQNPTDQOKKDHEKAEFEVHEVYAVDVLVSSG-

* * Kx AKX KKK PR RS I N S Tk hok kokk |

TSYGCKPVAGMLSHQQEREVIDGKKQVILNPSDSQRSEMDTFTFEEGEVYGVDILVSTSP

EGKAKDAGQRTTIYKRDPSKQYGLKMKTSRAFFSEVERRFDAMPFTLRAFEDEKKARMGV

*k * * kKK * k% * % L X LR L L KRRk Rk

SGKVKRSDIATRIYKKTDTT-YMLKLQASRKVYSEIQTKFGPFPFSTRNISFDSRTNMGL

VECAKHELLQPFNVLYEKEGEFVAQFKFTVLLMPNGPMRITSGPFEPDLYKSEMEVQDAE
**..*.** *’.** ‘*.*..**‘f * * * e . *. **'..*‘*‘*

NECTSHKLLFPYEVLLDKDGGIVAEFYSTIALTKKGTIILSDSEPKEDFIKSDKKVEDPE

LKALLQSSASRKTQKKKKKKASKTVENATSGETLEENGAGD
*kk kkE kK KK K

IVALLETPIKVTKNKKKSKKPSKANE

Fig. 10  Comparison of mouse 44-kDa protein and S. pombe 42-K protein sequences. Amino acid residues are numbered from the N termi
of full lenght polypeptides. The amino acid sequences of mouse 44-kDa protein (M44KP, upper) and S. pombe 42-K protein (SP42KP, lower)
are aligned to give maximal correspondence. Dashes indicate gaps produced by this alignment in one or other sequence. Exact matches and
similar amino acids are indicated with asterisks and dots, respectively.
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starts from the amino acid position 54 (Met) in the amino
acid sequence of the present 44-kDa protein (Fig. 9). The
amino acid sequence which follows is completely identical
in both proteins. It is possible that the p38-2G4 (38kDa)
proteis is a truncated from of the present 44-kDa protein.
The amino acid sequence of the 44-kDa protein exhibits a
significant homology (41 % identity/375 residue; 81 %
similarity/375 residue) with that of the S. pombe 42
K-protein (29) which preferentially associates with curved
DNA (Fig. 10).

Discussion

Apurinic/apyrimidinic (AP) sites are known to be one
of the most frequent DNA lesions in cells and amount to
over 10,000 residues/mammalian cells per day (1). We
have been studing enzymes (factors) involved in the repair
of AP sites, and cloned cDNAs and genes of a major 5’
(class IT) AP endonuclease from mammalian cells. It was
designated as APEX nuclease (or APEX) (10, 11, 30, 31)
for its AP endonuclease and exonuclease activities. It is
also referred to as HAP-1 (32, 33), APE (34, 35) and
Ref-1 (36). We tried further to purify enzymes exhibiting
AP site repair-support activity such as E. coli dRpase
(37). The present 44-kDa protein was selected as a
candidate exhibiting dRpase-like, AP site repair-support
activity. It was copurified with APEX nuclease by sev-
eral column chromatographies, and showed AP site
repair-support activity. We purified the protein, deter-
mined its partial amino acid sequences, cloned cDNA for
the protein and expressed it in E. coli. Unexpectedly, the
recombinant 44-kDa protein did not show any AP site
repair-support activity, in tests thus far, We propose two
possible explanations for this lack of repair-support ac-
tivity. One is that the protein requires posttranslational
modification for the activity, which does not occur in E.
coli. The sequence contains a number of putative phos-
phorylation sites (consensus motifs) for known protein
kinases. Putative myristilation, sulfatation, and glycosy-
lation sites are also found. The second possible explana-
tion is that a minor contamination occurred which had no
effect on the amino acid sequence (33 amino acid residues)
determined by protein sequencing and exhibited AP site
repair-support activity in the SDS-PAGE purified prepa-
ration. Further study is necessary to clarify this.

The ¢cDNA and the deduced amino acid sequences of
the protein do not show any significant homologies with
not only those of RecJ (5) (supposed dRpase in E. coli)
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but also those of supposed AP site repair-support en-
zymes such as DNA polymerase 3 and flap endonuclease
1 (FEN-1; DNase 1V) (38-40).

Recently, Radomski and Jost (8) reported cloning and
characterization of a novel mitogen-inducible gene from
murine macrophages that predicts a cell cycle-specifically
modulated nuclear protein of 38kDa, designated p38-
2G4. They also showed that p38-2G4 expression vani-
shed in GO-arrested cells and restored after release from
growth arrest, suggesting that it is proliferation-associ-
ated nuclear protein (8). Analyses of ¢cDNA and its
deduced amino acid sequence indicated that the 44-kDa
protein is virtually identical to the p38-2G4 protein. The
amino acid sequence identity between the 44-kDa protein
and the p38-2G4 protein occurs from the 54 th amino acid
{Met) of the former and the first methionine of the latter.
These cDNA sequences show a strong similarity (99.2 %
identity/1579bp), but they are not identical. The open
reading frame of the ¢DNA for the 44-kDa protein
encodes 394 amino acids, whereas that of the cDNA for
the p38-2G4 protein encodes 340 amino acids. Compar-
ing the 44-kDa protein cDNA with the p38-2G4 protein
c¢DNA, the six guanine tract (GGGGGGQG) at the position
335-340nt in the 44-kDa protein cDNA (Fig. 4) is
replaced five guanine tract in the p38-2G4 protein cDNA,
hence, a frame shift occurred and a stop codon (TAA)
appeared at the position of 329-331nt. Deletion or inser-
tion of one guanine nucleotide at the position caused the
difference between them. Amino acid sequences of both
proteins have significant homologies with the S. pombe
42 K-protein that preferentially binds to a synthetic curved
DNA sequence and which is thought to play a role in
certain biological processes, such as replication, recom-
bination and transcription (29). The homology of the
amino acid sequences in 44-kDa protein and S. pombe
42 K-protein extends to almost the entire region. The
N-terminal 50 amino acid sequence of the S. pombe
42 K-protein is homologous to the corresponding region
of the 44-kDa protein sequence without any gap insertion
(Fig. 10), but not with the p38-2G4 protein. This ho-
mology data may indicate that the p38-2G4 protein is a
truncated form of the 44-kDa protein.

Northern hybridization analysis using the ¢cDNA of
the mouse 44-kDa protein revealed two transcripts of
about 1.8kb and 2.6kb (Fig. 6). The size of the 1.8
kb-transcript was close to the size of the ¢cDNA se-
quenced, and the signal of the 1.8-kb product was more
than ten times of that of the 2.6-kb product in all tissues
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examined. The 1.8-kb transcript is thought to be the
mRNA for the 44-kDa protein. The biological signifi-
cance of the faint 2.6 kb-transcript is unknown. Significant
expression of the mRNA for the 44-kDa protein was
observed in all tissues studied, even in brain tissue
consisting of mainly non-proliferative cells. These results
suggest that the 44-kDa protein functions not only in
proliferative cells but also in resting cells.

Further studies are necessary to know the actual
function of the 44-kDa protein in relation to AP site
repair-support, proliferation-related functions including
DNA segregation, and/or other functions such as replica-
tion, recombination and transcription.
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