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ABSTRACT

Drosophila ribosomal protein PO was overexpressed
in Escherichia coli to allow for its purification, bio-
chemical characterization and to generate polyclonal
antibodies for Western analysis. Biochemical tests
were originally performed to see if overexpressed PO
contained DNase activity similar to that recently
reported for the apurinic/apyrimidinic (AP) lyase activity
associated with Drosophila ribosomal protein S3. The
overexpressed ribosomal protein was subsequently
found to act on AP DNA, producing scissions that were

in this case 5 ' of a baseless site instead of 3 ', as has
been observed for S3. As a means of confirming that the
source of AP endonuclease activity was in fact due to
PO, glutathione S-transferase (GST) fusions containing

a Factor Xa cleavage site between GST and PO were
constructed, overexpressedinan  E.coli strain defective
for the major 5 '-acting AP endonucleases and the
fusions purified using glutathione—agarose affinity
column chromatography. Isolated fractions containing
purified GST—PO fusion proteins were subsequently
found to have authentic AP endonuclease act ivity.
Moreover, glutathione—agarose was able to deplete AP
endonuclease activity from GST-PO fusion protein
preparations, whereas the resin was ineffective in
lowering DNA repair activity for PO that had been
liberated from the fusion construct by Factor Xa
cleavage. These results suggested that PO was a
multifunctional protein with possible roles in DNA
repair beyond its known participation in protein
translation. In support of this notion, tests were
performed that show that GST-PO, but not GST, was
able to rescue an E.coli mutant lacking the major
5'-acting AP endonucleases from sensitivity to an
alkylating agent. We furthermore show that GST-PO
can be located in both the nucleus and ribosomes. Its
nuclear location can be further traced to the nuclear
matrix, thus placing PO in a subcellular location where

it could act as a DNA repair protein. Other roles beyond
DNA repair seem possible, however, since GST-PO

also exhibited significant nuclease activity for both
single- and double-stranded DNA.

INTRODUCTION

DNA damage can have a number of deleterious consequences or
the cell, not the least of which is formation of mutations that could
lead to malignancy. Another outcome for some aberrant lesions
in DNA is that they represent blocks to the progress of DNA
replication; furthermore, they have an inhibitory effect on
transcription {). Thus, the preferential nucleotide excision repair
of actively transcribed genes would seem to lessen this potential
problem. In eukaryotic cells, a number of observations now
support the notion that actively transcribed genes are indeed
preferentially repaired by nucleotide excision when compared
with silent genes?).

Drosophila unlike yeast and humans, apparently repair their
DNA without regard to active versus silent gefigdiius making
transcription-coupled nucleotide excision repair in this organism
unlikely. InsteadProsophilamay couple protein translation to
DNA base excision repair. This suggestion is based on the recent
discovery that ribosomal protein S3 contains an activity that acts
on 8-oxoguanine residues in DN#).(The ribosomal protein also
contains an apurinic/apyrimidinic (AP) lyase activity, cleaving
such sites by B,0 elimination reactiong,9).

Importantly, S3 is one of six human ribosomal genes whose
expression is elevated in colorectal canceis Another appears
to be a tumor suppressorbmosophilag namely S6 encoded by
theair8 locus &berrantimmuneresponse)1(l). Yet another of
these ribosomal genes is PO, whose cDNA was originally cloned
in Drosophilausing an antibody prepared against the major AP
endonuclease in human cellg), This result, combined with the
observations that the human PO gene is induced by antitumor
agents and increased in human cells defective for the repair of
OS-methylguanine (Met 13), seems to suggest that PO may also
represent a multifunctional protein with a role in DNA repair.
Here we report thddrosophilaPO acts on abasic DNA, a lesion
known to block DNA replication and cause mutations in
Escherichia col{14). Notably, PO also contains vigorous DNase
activity for both single- and double-stranded DNA. Finally, we
show that PO can be found in the nucleus tightly associated with
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the nuclear matrix, where other DNA metabolic proteins hav€unninghanet al (15) with the following modification: cells were

been found. grown to mid-log phase instead of stationary phase. The gradient of
MMS was established by adding 25 ml molten LB agar containing
MATERIALS AND METHODS MMS (1 mM) to a 9-cm square Petri dish elevated at one edge. After
) the agar hardened, the plate was placed on a flat surface and overlai
Overexpressionof PO with molten LB agar (25 ml). To visualize bacterial growth, plates

The Drosophila PO gene was cloned into a pGEX-3X vectorVere stained with 1.5 ml acridine (0.2 mg/ml in ethanol).
(Pharmacia) resulting in PO being produced as a fusion wifterwards, the plate was photographed under UV light.
glutathione S-transferase (GST). The GST-PO fusion contained ) o o

a Factor X cleavage site so that the two proteins could h&oduction and purification of antibodies

proteolytically separated from one another. These fusions wekgyti-Drosophila PO antibodies were obtained by injection of
overexpressed in &colimutant (RPC501.5) defective for the - yappits with (50 ug either native or denatured preparation of
AP endonuclease activity assomate_d_ with exonucleasah)l_ ( purified GST-PO fusion proteirl 7). Animals were injected
and endonuclease I\f(). The conditions for overexpression yth the antigen in an emulsion containing an equal volume of
and purification of GST—PO were identical to those previouslyynter’s TiterMax. Preimmune serum was collected at the time

reported for thé®rosophilaGST-S3 fusion construdi)( of the first injection using the ear bleed method. Red blood cells
_ _ . were removed from the serum by overnight incubatioh@iehd
Biochemical analysis centrifugation at 3004 for 10 min. Serum (the supernatant) was

A 37 bp 3-3%P-end-labeled duplex DNA fragment{STTGGAC- stored in aliquots at —2C@. Rabbits were anesthetized with
TGGATGTCGGCACXAGCGGATACAGGAGCA3where X at ketamine (35 mg/kg) and rompun (5 mg/kg) prior to injections
position 21 (labeled strand) was uracil] was used as a substrate30f Pleeds. Animals were boosted every 3-5 weeks with an
E.coli uraci-DNA glycosylase (2 U: Epicentre) to form an Itzmuls:jon cgntalnmg an equal volume of antigen and incomplete
apyrimidinic site in the place of uracil). The resulting abasic "~'€unds adjuvant. . .
site-containing oligonucleotide (AP 37mer) was incubatecbat 37 . FOF affinity purification of antl-PO:ng)Oug purified GST-PO
for 30 min with GST—PO in 30 mM HEPES, pH 7.4, 100 mmfusion was electrophO(esed on a 12% SDS—ponacryIam_|de gel
NaCl, 5 mM MgCh and 50 mM KCI. FoE coliendonuclease 1l  @nd blotted onto a nitrocellulose membrane. The region of
and the major human AP endonucl.ease.(GST—hAPE) incubatighirocellulose which corresponded to the location of the fusion
were as previously describeg).(The DNA reaction products protein was cut into a strip and used to affinity purify the antibody
were then analyzed on a denaturing 16% polyacrylamide g&F Previously describedi)(
containing 7 M urea. L .

Activity on single-stranded DNA was monitored usinggl Purification of post-nuclear and nuclear fractions
M13mp18 DNA (New England Biolabs) in a reaction thatroliowing the procedure of Fishest al (18), flies were
contained 30 mM NaCl, 50 mM KCI, 30 mM HEPES, pH 7.5ractionated into post-nuclear supernatant (cytoplasm) and nuclear
1 mM ZnSQ, 0.1 mM DTT and 0.05% Triton X-100. Incuba- components as previously describ@d All steps were performed
tions (20 min) were at 3C and the products resolved by agaroseit 4°C. These fractions were analyzed by SDS—-PAGE and

(1%) gel electrophoresis. Western blotting. For the developmental Western blots, only the
post-nuclear supernatant (PNS) and the purified nuclei (N) were
Inhibition by glutathione—agarose fractionated.

Purified GST-PO (2Qug) was dialyzed for 3 h at’€ against
35 mM HEPES, pH 7.5, 50 mM NaCl and 0.05% Triton X-10
(buffer A) and a portion incubated overnight &CAvith 1ug  Embryos were collected at 4—24 h, washed with distilled water
Factor Xa (NEB) in a reaction that contained 20 mM Tris—HCland dechorionated by rinsing with 0.4% NaCl, 0.03% Triton
pH 8.0, 200 mM NaCl and 2 mM CaCThis mixture was then X-100 for 1 min and with 50% Chlorox for 3 min. Embryos were
dialyzed against buffer A for 3 h at@. GST-PO treated with thoroughly washed with distilled water, blotted dry and weighed.
Factor Xa or untreated GST-PO was then incubated with an eq8aimples were used immediately or stored atG70r several
volume of glutathione—agarose/PBS (50ul) for 4 h at #C.  months. Purified nuclei were used for subnuclear fractionation by
The two mixtures were then spun for 5 min in a microcentrifuggreviously described procedure8,1@). Fractions collected
and a fraction of the supernatant used to determine activity on theluded filtered crude homogenate (FCH), post-nuclear

0Subfractionation of Drosophilanuclei

AP 37mer or single-stranded M13. supernatant (PNS), purified nuclei, Triton X-100 wash of nuclei
(TX), 2 M NaCl wash (supernatant from this wash; NaCl) and the
Complementation studies purified nuclear matrix (NMX). These fractions were analyzed by

o immunoblotting techniques for the presence of the PO protein.
To test for sensitivity to methyl methane sulphonate (MMS), g q P P

wild-type E.coli AB1157, its derivative RPC50Ifp-1::Kan- . : ;

A(xth-pncA)90] and transformants of RPC501 containing th('e\I ucleoli isolation from nuclei

plasmids for GST-PO, GST and GST-hAPE were utilized. TNucleoli were isolated using a modification of a previously
determine the survival of these strains in MMS, overnight culturekescribed techniqué9). Purified nuclei were sonicated in 10 vol
grown at 37C in LB medium were diluted to an @§3= 0.1. 0.34 M sucrose/0.05 mM Mgg&lor 1 min. This suspension was
When cultures reached an €9 = 0.5, survival on MMS- underlayed with 0.88 M sucrose/0.05 mM Mg@qual volumes)
containing gradient plates was determined by the method afhd centrifuged at 30@dfor 20 min. The supernatant contained
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nucleoplasm and the pellet consisted of purified nucleoli. Equal GET-RAPE GT-lindo B GST-RO
amounts of protein from each fraction were run on SDS-PAGE —=

and analyzed using antibody to PO. G N R S SR R S L

APLIT ree —
Other methods

Drosophila melanogastéfregon R) stocks were maintained at

25°C and transferred to fresh medium every 2 or 3 weeks. The pH
of all solutions was routinely measured at 50 mM and room
temperature. Protein concentrations were determined by the
BioRad protein assay. The chemical synthesis of the DNA

Lo ; [ ]
fragment (37mer) used in this study was performed at the Indiana HE:' s s = ' = & s b =
University School of Medicine.
RESULTS Figure 1. Activity on AP 37mer with different amounts of GST-PO,
GST-Endo Il and GST-hAPE. Reactions were for 30 min &4C3and
AP endonuclease activity of PO contained 1 pmol AP 37mer. The DNA reaction products were separated on a

urea-containing 16% polyacrylaminde gel and analyzed by autoradiography.
The original cloning of the PO geneDmosophilarevealed that ~ Lanes 1-3, incubations with 50, 100 and 200 pg GST-hAPE protein
it ded tein that ted with tibodyv that respectively. Lanes 4, 8 and 12, hot piperidine (HA) to generfd® a
itencoded a Pro ein tha ,Cross'reac ed with an antibo y at Wdnination reaction. Lanes 5-7, incubations with 100, 200 and 400 pg
prepared against the major AP endonuclease present in humag¥sr—endo 111 protein respectively. Lanes 9-10, incubations with 0.5, 1 and
(20). Once fusion constructs of PO were made and overexpressegdg GST—PO protein respectively.
in wild-type E.coli, we found that purified PO most likely acted
5' of an AP site, as revealed by a Norit asgdy that has been

used in the past to demonstrate whether an existing nick adjacent £

to an AP site is eithef Br 3 of the lesion. In order to rule out the & £ .f'b
possibility of trace bacterial contamination as an explanation of o f .;?‘ ..

our results, we subsequently constructed and overexpressed f & _&f f }
GST—PO fusion constructs in RPC501, which is defective for the il ol *;

o
&
5'-acting AP endonucleases associated witloli exonuclease i
Il (xth) and endonuclease IViff). Tests for AP endonuclease AP - 37 mar L ] ®
activity were performed using a synthetieed-labeled oligo-
nucleotide (AP 37mer) and the products of the reaction analyzed
on a 16% polyacrylamide DNA sequencing gel. Purified
GST-PO was found to specifically introduce scissions at the AP
site in a protein-dependent manner (Riglanes 9-11). The
electrophoretic mobility of the cleavage products produced by
GST-PO is similar to that produced by GST-hAPE (Fignes
1-3), which is a fusion construct of the major AP endonuclease
in humansZ%2) and known to cleave DNA 6f an AP lesion via wi— o @ » -
a hydrolytic mechanisn2(). Conversely, the reaction products
of GST-PO are unlike that produced by a fusiorEaoli
endonuclease Il (Figd, lanes 5-7), which is a known
B elimination catalystA3). Figure 2. Depletion of GST-PO activity on AP 37mer. GST-PO was either

; ; ot - cleaved with Factor X to liberate PO from the fusion (lane 1) or left intact
The results presented in Figuteutilized soluble GST-PO (lane 3) prior to incubation with glutathione—agarose or purified and eluted as

fusion ) proteins Purified from RPC501, thus ruling out traCegescribed in Materials and Methods either as a fusion (lane 6) or as GST alone
bacterial contamination as an explanation for our results. Furth@sne 5). For lanes 1, 3, 5 and G4d.protein was used to identify activity on

confirmation through immunodepletion studies proved unsucthe AP 37mer. Lane 2, hot piperidine (HA). Lane 4, incubation with 100 pg
cessful, since our antibody preparations proved to be norST-NAPE protein.

inactivating. Moreover, we were unable to perform immuno-

precipitation reactions since GST-PO and PO were extensively

precipitated by a number of different commercially availableemoved and tested for AP endonuclease activity. As can be seen
preparations of protein A, a result not unlike that observed by Figure2, activity was indeed depleted by glutathione—agarose
Rich and Steitz for the human PO prot&if) (However, we were for the intact GST-PO fusion (lane 3), whereas PO was able to
able to verify the association of AP endonuclease activity witbompletely process the AP 37mer to a product similar to that seen
GST-PO in an assay that exploited both the Factor X cleavafpe the GST-PO fusion that had not been incubated with
site and that portion of the fusion construct containing GSBlutathione—agarose (lane 6). It should be noted that GST,
Briefly, we reasoned that GST—PO AP endonuclease activity, bpirified under identical conditions as GST-PO, was totally
not PO, should be depleted in the presence of glutathiongractive on the AP 37mer (lane 5), once again eliminating the
agarose. Both the fusion and non-fusion were incubated wigossibility of trace bacterial contamination residing in our
glutathione—agarose, microcentrifuged and the supernatadBST—PO protein preparations.
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Figure 4.Effect of small molecules on GST—PO activity. Incubations contained
" - 1 pmol undamaged 37mer. Lane 1, 37mer alone. Lane 2, incubations for 30 min
with GST-PO (200 pg) and 5 mM Ca@r 10 mM Cadl (lane 3). Lanes 4-6,
incubations with GST—PO (200 pg) containing 10 mM g&gI5 (lane 4), 10
(lane 5) or 15 min (lane 6). Lanes 7 and 8, incubations for 30 min containing
Figure 3. Effect of divalent cations on GST-PO activity. Incubations were for 200 pg GST-PO, 10 mM CaCind 10 mM EDTA (lane 7) or 10 mM EGTA
30 min at 37C and contained 1 pmol 37mer that was undamaged (U) or (lane 8).
contained a single AP site (AP). Divalent cations in the form of Mg@aCp
were at 5 mM. Lane 1, AP 37mer alone. Lane 2, undamaged 37mer alone.
Lane 3, incubation with 02y GST-PO. Lane 4, as lane 3 but without MgCl
Lanes 5-7, incubations with 0.2, 1 andg?GST—-PO protein and undamaged
DNA (U) respectively. Lane 8, hot piperidine (HA) treatment of AP 37mer.
Lanes 9-11, incubations with undamaged DNA (U) in the presence af CaCl
with 200, 300 and 400 pg GST—PO protein respectively.

Reaction conditions and other activities associated ] o ) ]
Figure 5. Activity on single-stranded M13 DNA. GST-PO (lane 2) was either

with GST-PO cleaved with Factor X to generate PO (lane 3) and GST (lane 5) or left intact

s - : ne 6) prior to incubation with glutathione—agarose or purified and eluted
The AP endonuclease activity of GST-PO is dependent upon tlﬂgne 4). Lanes 1, 7 and 8, M13 alone. Incubations with M13 weré@tfao

presence of MgGI(Fig. 3, lanes 3 and 4), where the protein is 20 min and contained 10 ng protein (for resuits presented in lanes 2-5). cc,
totally specific for AP DNA under these conditions, failing to actclosed circular DNA; oc, open circles, linear single-stranded DNA.
on undamaged DNA (Fi@, lanes 5-7). However, a surprising
result is obtained when Mg£Is replaced with Cagl when
GST—PO becomes completely non-specific (Bidanes 9-11).
Although not completely revealed in FigdieDNA degradation  Assays performedn vitro to show either AP endonuclease
by GST-PO is more extensive in the presence of 10 mMCalctivity or non-specific nuclease activity show that far less
(lane 3) as compared with 5 mM Ca(ane 2). The same can be GST_PO protein is needed to completely degrade a DNA
said for the time-dependent increase in DNA degradation gghstrate as opposed to producing a site-specific nick adjacent to
revealed by incubations (in the presence of 10 MM §d@H  an AP site. Therefore, a question arises as to whether the AP
15min (lane 6) as compared with 5 and 10 min incubationsydonuclease activity of GST-PO represents a significant source
(lanes 4 and S respectively). Both 10 mM EDTA and EGTAyf DNA repair activityin vivo. To address this, a mutant
(lanes 7 and 8) inhibit Cagtlependent degradation of the 37mer(rRpc501;15), deficient for the Bacting AP endonucleases in

The surprising find that PO possessed &"@apendent E coli namely exonuclease Il and endonuclease IV, was
non-specific nuclease activity on a synthetic oligonucleotidgansformed with GST, GST-PO or GST-hAPE and the resulting
prompted us to examine other DNA substrates. Supercoilegains tested for sensitivity to MMS, an alkylating agent known
phage PM2 DNA was the first to be tested and the results wegeproduce AP sites in DNALE). As seen in Figuré, gradient
similar to that observed for the 37mer, GaGlpported pjates containing MMS revealed the ability of GST-PO (lane 3),
non-specific nuclease activity towards this substrate (not showBlt not GST (lane 5), to significantly reverse the sensitivity of
The same phenomenon was observed using single-stranded MEc501 (lane 4) to MMS. It should be noted, however, that
DNA. Moreover, ZnG} was able to substitute for Ca0hhere  GST—PO was not as effective as GST-hAPE (lane 2) in rescuing
its presence led to massive degradation of M13. the sensitivity of RPC501 to MMS.

To overcome our concerns that the observed non-specific
nuclease activity was due to a bacterial contaminate, we repququuction of anti-PO antibodies and developmental
the glutathione—agarose depletion assay, described previously\;géstem blot analysis
AP endonuclease activity, using M13 as substrate in this case. As
seen in Figure5, supernatants recovered from incubationsThe foregoing tests suggested that, if indeed PO acted in some
combining GST—PO and glutathione—agarose showed no activibNA repair capacity, its location in the cell would be distributed
on M13 (lane 6), whereas supernatants of Factor X-cleavad places other than ribosomes. As a means of testing this,
GST-PO resulted in almost complete degradation of the Miimunoblot analysis was conducted on subcellular fractions of
substrate (lane 3). various developmental stagedDvbsophila

Rescue of arE.coli mutant sensitive to MMS
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& that non-ribosomal P proteins are less phosphorylated than those
F _:? P present on the ribosome. This has led to the suggestion that
g F 8 phosphorylation may provide a mechanism for increasing the
F F §F & affinity of PO for ribosomes2g).
'y é‘ .f ﬁ" .r?ﬂ As shown here, PO can be serologically found in both the nucleus
1 % 3 4 & and in the cytoplasm associated with ribosomes. The protein can be

further traced to the nuclear matrix, where a number of DNA
metabolic proteins can be fouridB). These findings alone support
the idea that PO is carrying out more than one function in the cell.
Based upon our findings, it appears that PO could act in a humber
of different capacities associated with DNA metabolism. One of
these could be DNA repair, where it could function as an AP
endonuclease. In support of this notion is the ability of PO to
significantly restore the survival of RPC501 exposed to MMS. On
the other hand, oum vitro experiments with the AP 37mer suggest
that the AP endonuclease activity of PO is extremely modest, but
nevertheless totally specific for AP lesions in the presence obMgCl
In an attempt to see if €acould substitute for Mg in reactions
Figure 6. Sensitivity of RPC501 to MMS as revealed by gradient plates. TheUSing the AP 37mer, we discovered that PO no longer behaved as
length of bacterial growth from bottom (LB agar overlay) to top (LB agar an AP endonuclease, but instead acted non-specifically on both the
containing MMS) is a measure of the strain’s resistance to MMS. AP 37mer and the undamaged 37mer. Moreover, only picogram
amounts of PO were needed to reveal nuclease activity, whereas
much greater amounts of PO were needed to observe strand
Figure7 depicts typical developmental Western blots showingcissions on the AP 37mer (1 pmol).
that PO is present in both the cytoplasm (PNS) and nucleiwe also observed that divalent catons such 8% @azré*
throughout development. The cytoplasmic fraction was furthgjupported non-specific nuclease activity on double- and single-
fractionated into ribosomes, mitochondria and the remainingranded DNA. The DNase activity of GST—PO is especially evident
cytosol. PO was detected associated with ribosomes and in #re M13 DNA, where it appears that the substrate is degraded,
cytosol, but not mitochondria (data not shown). Furthermoreqerefore suggesting that PO possesses both endo and exonucleas
upon subnuclear fractionation, PO was found tightly associatedtivities.
with the nuclear matrix and the nucleoplasm and only very Another AP endonuclease that contains exonuclease activity is

slightly with isolated nucleoli (Fig). Thus, the presence of PO E.coli exonuclease lll. Interestingly, €ain this case inhibits

in the nucleus is not an artifact of nucleoli contamination. exonuclease activit2@) and also lowers thegyfor AP sites (5 mM
C&*) when compared with reactions conducted in the presence of

DISCUSSION 5 mM Mg?* (30).

It is difficult to propose a biochemical model that would
Previous studies have shown that PO is associated with the laegeompass all the activities thus far observed for PO. It is, however,
ribosome and can also be cross-linked to some small subupitssible that PO acts in a combined divalent cation-dependent AP
proteins, as well as to elongation factor EF2-27). While these  endonuclease/exonuclease fashion at AP sites that is so rapid in the
observations suggest a role in protein translation, it is notewortpyesence of Ga or Zr#* as to make it difficult to resolve the
that PO also appears to exchange on and off the ribosonrgermediates of the reaction. Under this scenario, it could be
Furthermore, the degree of association with ribosomes seemsctmcluded that Mg only poorly supports the AP endonuclease
depend on the level of phosphorylation, where it has been obseraativity of PO. The ability of PO to rescue the MMS sensitivity

0-1& 1&-24 LI L2 L3 P A
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1 -19

Figure 7. Developmental Western blot analysisDmbsophilaPO in post-nuclear supernatant and nuclei. Twenty micrograms of protein from either post-nuclear
supernatant (lanes 1, 3, 5, 7, 9, 11 and 13) and nuclei (2, 4, 6, 8, 10, 12 and 14) from 0-16 h old embryos (lanes 1 and 2), 16—24 h embryos (lanes 3 and 4), fir
larvae (lanes 5 and 6), second instar larvae (lanes 7 and 8), third instar larvae (lanes 9 and 10), pupae (lanes 11 and 12) and adult males and females (lanes 13
Samples were electrophoresed, blotted to nitrocellulose and assayed using affinity-purified anti-PO antibody and detédtémbetinganti-rabbit IgG secondary
antibody. Arrows point to the 35 kDa PO protein.
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at sites of DNA damage, which would therefore result in lowered
ribosomal activity for the release to occur.
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