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8-Oxoguanine DNA glycosylase (OGG1), a major DNA repair enzyme in mammalian cells and a component of the base excis
BER) pathway, was recently shown to be associated with the microtubule network and the centriole at interphase and the spind
t mitosis. In this study, we determined whether other participants in the BER pathway also bind microtubules in situ and in vitro
ecombinant human DNA polymerase� (DNA Pol �) and purified recombinant mNEIL2 were chemically conjugated to fluorochrome
hotosensitive dyes and used in in situ localization and binding experiments. Results from in situ localization, microtubule co-precip
ite-directed photochemical experiments showed that recombinant human DNA Pol� and recombinant mNEIL2 associated with microtub
n situ and in vitro in a manner similar to that shown earlier for another BER pathway component, OGG1. Observations reported in
uggest that these BER pathway components are microtubule-associated proteins (MAPs) themselves or utilize yet to be identifi
ind microtubules in order to regulate their intracellular trafficking and activities during the cell cycle.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Reactive oxygen species (ROS) have been linked to ag-
ng and the onset of several disorders ranging from can-
er to Alzheimer’s disease[1–5]. Endogenous ROS for-
ation increases when cells are exposed to environmen-

al pollutants[6,7], certain drugs[8], nutrient deprivation
9] oxidizing agents or ionizing radiation[10–12] and dur-
ng some pathological processes such as inflammation or
schemia–reperfusion[13]. Although cellular anti-oxidant
efenses (e.g., catalase, peroxidase, superoxide dismutase)

∗ Corresponding author. Tel.: +1 631 4443050; fax: +1 631 4443218.
E-mail address:miguel@pharm.sunysb.edu (M. Berrios).

can effectively combat the effects of ROS, oxidative D
damage still occurs. ROS-induced lesions involve se
base modifications in either free nucleotides or DNA inc
ing a relatively stable oxidized form of guanine: 7,8-dihyd
8-oxoguanine (8-oxoG)[14,15].

Except for double strand breaks, oxidative DNA dam
is repaired primarily through the BER pathway[16]. The
BER pathway has multiple enzymatic steps initiated w
the excision of oxidatively damaged bases by one of
eral DNA glycosylases[16,17]. In higher eukaryotes, aft
the participation of glycosylases, DNA repair is comple
by an abasic site endonuclease, DNA polymerase (DNA
�) combining deoxyribose phosphate lyase and DNA p
merase activities, and a DNA ligase[16,18]. Until recently,
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420 K.A. Conlon et al. / DNA Repair 4 (2005) 419–431

only two mammalian DNA glycosylases capable of repairing
oxidized base lesions had been described, NTH1 and OGG1
[19]. Enzymatically, NTH1 and OGG1 are consideredEs-
cherichia coli Nth-type glycosylases since their active sites
contain a helix–hairpin–helix motif and a proline/glycine
loop motif, which define the NTH superfamily of DNA re-
pair proteins[17]. It is known however, thatE. coli has two
other DNA glycosylases capable of excising oxidized DNA
bases named MutM and Nei. Enzymatically, MutM and Nei
are different from NTH1 and OGG1 in that they utilize an
N-terminal proline residue in their active site to carry-out
�� elimination to generate a 3′-phosphate group at the DNA
cleavage site and have an N-terminal PE-motif, helix–two-
turn–helix motif, and zinc finger motifs instead of the NTH-
specific motifs[20,21]. In 2002, Hazra and colleagues iden-
tified two human orthologs ofE. coli MutM and Nei nam-
ing them Nei homologs NEH1 and NEH2 (later re-named
NEIL1 and NEIL2, respectively[22,23]). Recently, Rosen-
quist and colleagues purified and enzymatically character-
ized the bacterially-expressed recombinant murine NEIL1
(mNEIL1) showing that this gene product was a DNA gly-
cosylase that excised both cis-thymine glycol diastereoiso-
mers as well as the formamidopyrimidine derivatives of gua-
nine (G) and adenine (A) in irradiated DNA[24]. Enzymatic
characterization of the recombinant NEIL2 protein confirmed
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bose sugar with the correct nucleotide, has been immunocy-
tochemically localized to mitochondria and nuclei in parasitic
protozoa[30,31], to nuclei in chicken cells[32] and to so-
matic nuclei and meiotic chromosomes in mammalian cells
[33,34].

We previously reported that cytoplasmic pools of murine
OGG1 (mOGG1) redistribute to the nucleus and nuclear pe-
riphery in response to nutrient deprivation and oxidative DNA
damage[9]. This redistribution suggested that intracellular
trafficking of mOGG1 may be mediated, in part, by active
transport. This observation together with a previous report
showing the association of OGG1 with the nuclear matrix or
karyoskeleton[28], suggested that a similar relationship to
that observed with the karyoskeleton may also exist between
DNA repair proteins and the cytoskeleton.

The cytoskeleton is a filamentous network spanning the
cytoplasm and composed of three major cytoskeletal poly-
mers: actin filaments, intermediate filaments and micro-
tubules. These filaments interact with each other and with
many different associated proteins to mediate the trafficking
of macromolecules and small organelles through the cyto-
plasm[17,35–38]. The apparent universality of this traffick-
ing is substantiated by the wide range of macromolecules
transported by the cytoskeleton. For example, cells use mi-
crotubules to regulate the trafficking of mRNAs and cofactors
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-terminal proline residue in its active site to perform��
limination on DNA abasic sites[17,23]. In addition, it was
hown that NEIL2 differs enzymatically from NEIL1 in th
EIL2 has a substrate preference for ROS-oxidized cyto

23].
Although extensive information has been accumulate

he substrate specificity of the BER pathway participa
here is less information about regulation of their intracell
rafficking and activities. Antibodies directed against hum
GG1 (hOGG1) or another DNA glycosylase hMYH (
uman homolog for bacterial MutY, a mismatched aden
NA glycosylase) localized these enzymes to mitochon
nd nuclei of human cells[25,26]. Takao and collaborato
sing transiently expressed epitope-tagged hOGG1, hM
nd the human homolog of NTH1 (hNTH1) showed that th
nzymes were localized mostly to the nucleus and mitoc
ria in simian Cos7 cells[27]. Using a stable transfecta
ell line expressing GFP-tagged hOGG1, it was shown
OGG1 was preferentially associated with a nuclear m
r karyoskeleton-enriched fraction and chromatin during

erphase and became associated with mitotic chromos
t mitosis[28]. Based on these observations, it is now
epted that there are distinct nuclear and cytoplasmic
f OGG1, with the former composed of a single isofo
GG1-1a, and the latter, of several isoforms lacking the
lear localization signal[27,29]. Furthermore, transfecta
ells transiently expressing epitope-tagged NEIL2 reve
hat this enzyme is found both in the nucleus and c
lasm of these cells[22]. DNA Pol �, a key player in th
ER pathway, that replaces the excised base and de
rom transcription and processing sites in the nucleus to t
ation and degradation sites in the cytosol[39,40]. MAPs are

ajor components of the cytoskeleton[41,42]. MAPs can
e classified into three groups: structural MAPs (or mi

ubule interactive proteins (MIPs)), movement-related M
or motor proteins) and unconventional MAPs[43]. Besides
erving other functions, microtubules themselves or in
unction with MAPs, transport macromolecules (i.e. mRN
nd proteins) to or from the nuclear periphery and thro
ut the cytoplasm[44,45]. Microtubule binding facilitate
ot only the bidirectional trafficking of macromolecules
lso prevents their dilution and allows for regulation of t
ctivity by targeting them to a cell compartment (e.g., the
leus) where their activity is needed[40]. The redistribution
f proteins and their functional control is exemplified by
ecent discovery that tumor suppressors, among other
egulatory proteins, traffic over microtubule networks us
ovement-related MAPs[46,47].
There is accumulating evidence indicating that mi

ubules are involved in the regulation of DNA synthesis
ts repair. For instance, centrosomes, in addition to pa
ating in the organization of the spindle assembly at mit
ave been shown to play a critical role in cell cycle prog
ion, chromosome stability and cellular responses to D
eplication defects and DNA damage[48–50]. Over expres
ion of DNA Pol�, a common phenomenon in several
an cancers[51,52] has been associated with centroso
efects at mitosis and chromosome instability[49,52–54].
umor suppressor proteins, including APC and p53, also
een shown to use microtubules for intracellular traffick

46,55].
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The mechanism of action of most chemotherapeutic
agents is known; many target the structure and metabolism
of DNA and RNA either directly or indirectly while others
target microtubule stability. Despite recent advances there are
still large gaps in our knowledge, particularly on how expo-
sure to chemotherapeutic agents triggers apoptosis and cell
death. Microtubule-disrupting drugs act by interfering with
microtubules’ dynamic stability and by blocking cells in mi-
tosis. As such these drugs are among the most widespread
chemotherapeutic agents. It is conceivable that microtubule-
disrupting drugs’ effectiveness in inducing apoptosis and cell
death may be in part derived from their capacity to disrupt
intracellular transport in general and of key enzymes in DNA
metabolism, including those involved in DNA repair, in par-
ticular.

Recent evidence from our laboratory demonstrated that
hOGG1 and mOGG1 bind microtubules during interphase
and mitosis lending further support to the hypothesis that the
cytoskeleton, in particular microtubules, play an important
role in the distribution of DNA repair enzymes during inter-
phase and mitosis[56]. In light of this recent evidence, we
have addressed the possibility that other participants in the
BER pathway, specifically DNA Pol� and mNEIL2, also
bind microtubules in vitro and in situ. We chose these BER
pathway participants because they differ from OGG1 in that
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was purchased from British Drug Houses (Poole, Eng-
land). Bovine calf serum was purchased from HyClone (Lo-
gan, UT). Dulbecco’s Modified Eagle’s Medium (DMEM),
penicillin G, streptomycin, kanamycin, chlorophenicol and
l-glutamine were purchased from Invitrogen (Grand Is-
land, NY). Acrylamide,N,N′-methylene-bisacrylamide and
N,N,N′,N′-tetramethylethylenediamine were purchased from
Eastman Kodak Co. (Rochester, NY). EMDSO3 was pur-
chased from Merck Chemicals Ltd. (Poole, UK). Hitrap Hep-
arin Sepharose and S-Sepharose were purchased from Phar-
macia (Uppsala, Sweden). POROS SP column chromatog-
raphy matrix was purchased from IBA, GmbH (Gottingen,
Germany). Bccmount was purchased from BCC Microimag-
ing (Stony Brook, NY). All other chemicals were obtained
commercially, were of reagent grade, and were used without
further purification.

2.2. Antibodies

FITC-conjugated mouse anti-� tubulin monoclonal anti-
bodies and mouse anti-� tubulin monoclonal antibodies were
purchased from Sigma Chemical Co. (St. Louis, MO). Rab-
bit anti-mOGG1 antiserum directed against the whole wild-
type recombinant mOGG1 polypeptide was as previously
described[57]. Rabbit anti-human DNA Pol� antibodies
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NA pol � has no glycosylase activity and, although NE
s also a glycosylase/lyase, it belongs to a different su
amily of DNA repair proteins and is enzymatically diffe
nt from OGG1. Results from this study showed that p
ed recombinant human DNA Pol� and purified recomb
ant mNEIL2 associate with microtubules in vitro and
itu in a manner similar to that shown earlier for OG
soforms.

. Materials and methods

.1. Materials

Actin, bovine serum albumin (BSA), Coomassie b
ithiothreitol (DTT), formamide, ethylenediaminetetraac
cid (EDTA), iodoacetamide (IAA), isopropyl�-d-thio-
alactopyranoside (IPTG), 2-mercaptoethanol, dimethyl
xide (DMSO), phenylsulfonyl chloride (PMSF), polyeth
nimine, 1-4-piperazinediethanesulfonic acid (Pipes),N-[hy-
roxyethyl] piperazine-N′-[2-ethanesulfonic acid] (HEPES
isbenzimide (H 33258), paclitaxel (taxol), lysozyme, a

inin, antipain, pepstatin A, DNase I and trypsin (from bov
ancreas) were purchased from Sigma Chemical Co
ouis, MO). GTP, dNTPs and leupeptin were purcha

rom Boehringer Mannheim Biochemicals (Indianapo
N). Mammalian tubulin (from bovine brain) was purcha
rom Cytoskeleton, Inc. (Denver, CO). Paraformaldeh
riton X-100, [ethylenebis(oxyethylenenitrilo)] tetraace
cid (EGTA) and urea were purchased from Fisher Sc

ific Co. (Springfield, NJ). Sodium dodecyl sulfate (SD
Ab-3, PB-1674-P1) were purchased from Lab Vision (F
ont, CA). Rabbit anti-mNEIL2 antibodies were produ

n collaboration with Cocalico Biologicals (Reamstown, P
y injection of C-terminal hexahistidine-tagged full-len
NEIL2 protein. Affinity goat anti-rabbit IgG (H&L chain

onjugated to Alexa 488 antibodies were purchased
olecular Probes (Eugene, OR).

.3. Cloning, expression and purification of human DNA
ol β

Cloning was as previously described[58]. Briefly, the
DNA of human DNA Pol� was cloned into a� PL promoter-
ased bacterial expression system. Recombinant protei
urified as a polypeptide containing 334 residues sta
ith Ser2 due to the removal of an N-terminus methion
uring bacterial expression[59]. Expression of human DN
ol � was a modification of previously described protoc

58,59]. Briefly, whenE. coli media reached an OD600 of
.0 they were induced for 2 h at 42◦C. Cells were resu
ended in TED buffer (1 mM EDTA, 1 mM DTT, 50 m
ris–Cl, pH 8.0) supplemented with 50 mg/ml lysozym
0 mM Na2S2O5, 500 mM NaCl, 1 mg/ml pepstatin A an
mM PMSF. After sonication the clarified supernatant

esuspended in 60% (w/v) ammonium sulfate, the precip
emoved and the supernatant brought to 85% (w/v) am
ium sulfate. The protein precipitate 85% (w/v) ammon
ulfate was solubilized in TED and DNA Pol� purified to ho-
ogeneity after consecutive fractionation through Fract
MDSO3, POROS SP and Hitrap Heparin Sepharose co
hromatography.
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2.4. Cloning, expression and purification of mNEIL2

Cloning of mNEIL2 cDNA into expression plasmid
pET24b was as previously described for mouse NEIL1[24].
Briefly, mNEIL2 cDNA was cloned into the expression plas-
mid using primers to yield a native mNEIL2 protein when
expressed lacking a hexahistidine C-terminal tag.E. coli
BL21(DE3)-RIL (pET24b /mNeil2) were grown at 37◦C in
1 L of 2xYT medium containing 25�g/ml kanamycin and
25�g/ml chlorophenicol. When the culture media OD600
reached 0.6–0.8, ZnCl2 and IPTG were added to a final con-
centration of 10�M and 0.2 mM, respectively. After 3 h in-
cubation, cells were harvested by low speed centrifugation at
4◦C and stored at−80◦C (3–4 g of wet weight). Frozen cells
were thawed and resuspended in 50 ml of triethanolamine
buffer pH 8.0, supplemented with 1 mM PMSF. Lysozyme
and DNase I were added to a final concentration of 100 and
1�g/ml, respectively. After incubation at room temperature
for 20 min, NaCl (final concentration 1 M) was added and
the cell suspension was stirred for 30 min on ice. Cell lysates
were cleared by centrifugation at 25,000×g for 30 min at
4◦C. The supernatant was treated with 100�l of 5% (v/v)
polyethylenimine solution and the centrifugation step re-
peated. Proteins were precipitated from the supernatant by
addition of ammonium sulfate at 50% (w/v) saturation.
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ing 250 mM NaCl; 50% (v/v) glycerol; 50 mM NaHCO3, pH
9.0. After dialysis, reaction mixtures received either 1�g of
rhodamine-NHS or 2�g of RBHA-NHS in DMSO before
they were incubated for 1 h at room temperature on a Roto-
Shake Genie (Scientific Industries, Bohemia, NY). After in-
cubation, reaction mixtures were dialyzed overnight at 4◦C
against 20 ml of a solution containing 250 mM NaCl; 50%
(v/v) glycerol; 50 mM Tris–Cl, pH 8.2. Dye conjugates were
stored at−20◦C until use.

2.6. Tissue culture

NIH 3T3 cells (Swiss mouse embryo fibroblasts) were
obtained from the American Type Culture Collection (Man-
assas, VA) and kept frozen in liquid nitrogen until use as
previously described[56]. Briefly, NIH 3T3 fibroblasts were
thawed and cultured in DMEM, supplemented with 10%
(v/v) calf serum, 2 mMl-glutamine, 0.1 mM non-essential
amino acids, 1 mM sodium pyruvate and 100 IU/ml peni-
cillin G, 100�g/ml streptomycin. Unless specified otherwise
NIH 3T3 fibroblasts were plated onto glass microscope slides
in 10 cm tissue culture dishes at a density of 2 to 5× 105

cells/dish for DNA Pol� and mNEIL2 binding studies, in situ
photochemistry and indirect immunofluorescence staining
[57,60]. To enrich for cells in mitosis, cells growing on micro-
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After 2 h incubation on ice, the protein precipitate w
entrifuged at 25,000×g for 20 min at 4◦C. The resulting
ellet was dissolved in buffer A (1 mM EDTA, 1 mM DT
0 mM HEPES, pH 7.5) supplemented with 200 mM N
nd loaded onto a 70 ml S-Sepharose column equilib
ith buffer A supplemented with 200 mM NaCl. Prote
ere eluted using 400 ml of a 200–800 mM NaCl grad

n buffer A. Fractions containing mNEIL2 were pooled,
uted with buffer A to 200 mM NaCl and loaded in portio
10–12 mg of protein) onto 5 ml HiTrap Heparin Sepha
olumn. Proteins were eluted with 20 column volumes
00–600 mM NaCl linear gradient in buffer A. The peak fr

ions were diluted two-fold with buffer A and adsorbed on
P/F 10/100 POROS SP column. MNEIL2 was eluted u
0 column volumes of a 200–600 mM NaCl linear grad

n buffer A. Protein fractions were analyzed by SDS-PA
ractions with at least 95% pure protein were pooled,

yzed against the storage buffer (400 mM NaCl, 1 mM ED
mM DTT, 50% (v/v) glycerol, 50 mM HEPES, pH 7.5) a
tored at−20◦C until use.

.5. Conjugation of recombinant DNA Pol� and
NEIL2 to the N-hydroxysuccinimide (NHS) esters of
hodamine and Rose Bengal hexanoic acid (RBHA)

Chemical conjugation of DNA Pol� and mNEIL2
o the NHS esters of rhodamine (rhodamine-NHS)
BHA (RBHA-NHS) was as follows: 50�l containing
.5 mg/ml purified recombinant DNA Pol� or 20�l con-

aining 3.5 mg/ml purified recombinant mNEIL2 was d
yzed overnight at 4◦C against 20 ml of a solution conta
cope slides and culture media containing free (floater)
ere mounted onto a Cytobucket (IEC, Needham Hei
A) customized to fit two-well immunofluorescent cha
ers (EMS, Hatfield, PA) and centrifuged at 400×g for
0 min in a Centra-CL3 Series centrifuge (Thermo I
eedham Heights, MA). After centrifugation, the media

emoved and cells fixed with paraformaldehyde essen
s described for immunofluorescence microscopy.

.7. Decoration of microtubules by fluorescently-tagged
NA Polβ or fluorescently-tagged mNEIL2

Decoration of network and mitotic assembly microtubu
ith rhodamine-conjugated DNA Pol� or rhodamine
onjugated mNEIL2 was performed using two-well
unofluorescence chambers (EMS, Hatfield, PA) as p
usly described[56]. Procedures were conducted at ro

emperature unless specified. Briefly, cells were fixed
araformaldehyde, washed with MSM-Pipes and incub

or 15 min at 37◦C with a freshly prepared 200�l solution
ontaining 3�g rhodamine-conjugated DNA Pol� or 660 ng
hodamine-conjugated mNEIL2. After incubation, cells w
insed three times with MSM-Pipes and mounted with g
overslips using 4�l of Bccmount.

.8. Cell lysis

To prepare fractions enriched in MAPs, tubulin and o
ellular proteins, actively growing NIH 3T3 fibroblasts w
laced on ice and harvested by centrifugation at 2000×g for
0 min. Cells were washed free of media by resuspensi
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ice-cold PBS (140 mM NaCl; 10 mM phosphate buffer pH
7.4) followed by centrifugation at 2000×g for 10 min. The
final cell pellet was resuspended in an equal volume of ice-
cold PEM buffer (1 mM MgSO; 2 mM EGTA; 100 mM Pipes,
pH 6.9) supplemented with 10% (v/v) glycerol and aprotinin,
antipain, leupeptin and pepstatin A (1�g/ml each). Com-
plete cell lysis was achieved by brief sonication on ice (4–5
pulses #6 setting, W185 Sonifier Cell Disruptor, Plainview,
NY). Cell lysis was monitored by phase contrast microscopy.
Cell lysates were cleared by centrifugation at 12,200×g for
10 min and supernatants centrifuged again in the same man-
ner before being aliquoted and kept at−20◦C until use.

2.9. SDS-PAGE

SDS-PAGE was as previously described[56,61]. Briefly,
proteins were solubilized in boiling sample loading buffer
[2% (w/v) SDS; 10% (v/v) glycerol; 20 mM DTT; 2�g/ml
bromophenol blue; 62.5 mM Tris–Cl pH 6.8] and boiled for
5 min. Alkylation of thiol groups on proteins was performed
by incubating supernatants in the presence of 20 mM IAA
for 30 min at room temperature in the dark. SDS-PAGE gel-
separated proteins were visualized using Coomassie blue.
Gels were stained overnight.
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ing 130�g/ml taxol-stabilized microtubules in PEM buffer
supplemented with 10% (v/v) glycerol, 2 mg/ml Mg2+GTP,
20�g/ml taxol in the presence or absence of MAP-enriched
cell lysates (20%, v/v) were mixed with either recombinant
mOGG1 (control) or DNA Pol� or mNEIL2 and incubated
for 15 min at 37◦C. To conduct microtubule-binding experi-
ments under conditions in which the amount of microtubules
was not a limiting factor, the concentration of taxol-stabilized
microtubules in the incubation mixture was increased to
3.3 mg/ml instead of 130�g/ml (a 25-fold increase). Micro-
tubule stability was monitored by phase contrast microscopy.
After incubation, microtubules were precipitated by centrifu-
gation at room temperature under conditions that do not pre-
cipitate soluble proteins including tubulin subunits (15 min
at 12,200×g). Proteins in pellets (precipitated microtubules)
and those contained in two-third volume of each supernatant
were solubilized in boiling SDS-PAGE loading buffer and
analyzed by SDS-PAGE.

2.12. In situ site-directed photochemistry

In situ photochemistry was performed essentially as pre-
viously described[56]. Briefly, NIH 3T3 fibroblasts were
grown on heat-sterilized but otherwise untreated glass mi-
croscope slides at a concentration of 45 cells/mm2. Incuba-
t
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.10. Polymerization of tubulin into taxol-stabilized
icrotubules

Microtubules were assembled in vitro from tubu
nriched fractions as previously described[43]. Briefly,

yophilized bovine brain tubulin was resolubilized in PE
uffer supplemented with 10% (v/v) glycerol and the p
ease inhibitors aprotinin, antipain, leupeptin and peps

(1 �g/ml each), and its concentration adjusted to 5 mg
mM Mg2+GTP was added and the mixture incubated
ater bath at 37◦C for 30 min. After incubation, taxol wa
dded to a final concentration of 20�M and the mixture in
ubated in a water bath at 37◦C for 5 min.

Microtubule polymerization was monitored by phase c
rast microscopy. The concentration of taxol-stabilized
rotubules was adjusted to 4 mg/ml with PEM buffer sup
ented with 10% (v/v) glycerol, 20�M taxol and the pro

ease inhibitors aprotinin, antipain, leupeptin and pepsta
1�g/ml each) before being aliquoted and stored at 4◦C un-
il use. Under these conditions taxol-stabilized microtub
ere stable for about a week.

.11. Microtubule binding and co-precipitation of DNA
ol β and mNEIL2

In vitro assembled taxol-stabilized microtubules w
ncubated in the presence of either purified recom
ant mOGG1 (control), or DNA Pol� or mNEIL2 and
icrotubule-complexes formed precipitated by centrifu

ion as described[62,63]. The co-precipitation assay w
onducted as follows: briefly, 30�l of a mixture contain
ion with Rose Bengal-conjugated DNA Pol� (RB-DNA Pol
) or Rose Bengal-conjugated mNEIL2 (RB-mNEIL2) a

rradiation with visible light were conducted in two-well im
unofluorescence chambers (EMS, Hatfield, PA) as foll

lides were mounted into immunofluorescence cham
xed with paraformaldehyde and cells washed free of cu
edia with fresh MSM-Pipes. MSM-Pipes contained 18
gSO4; 5 mM CaCl2; 41 mM KCl; 24 mM NaCl; 0.5% (v/v
riton X-100; 0.5% (v/v) of either Tween 20 or Nonidet P
mM Pipes, pH 7.5[64]. To each well, 200�l containing
.6�g of RB-DNA Pol� or 1.8�g of RB-mNEIL2 in MSM-
ipes were added. Control wells received either 200�l of
nconjugated RB-DNA Pol� or unconjugated RB-mNEIL
iluted 1:200 in MSM-Pipes. Mixtures containing either R
NA Pol � or RB-mNEIL2 were incubated in the dark f
5 min at 37◦C using a humidified chamber. After incub

ion, cells were washed once with 400�l of MSM-Pipes
fter washings, 800�l of MSM-Pipes were added, and ce
ere irradiated for 60 min at 37◦C with visible light. Visi-
le light irradiation conditions were as previously descri

56].

.13. In vitro site-directed photochemistry

In vitro site-directed photochemical digestion of tu
in subunits was as previously described[56] with the
ollowing modifications. Briefly, taxol-stabilized micr
ubules were prepared as described above. Reaction mi
10�l) containing 0.4 mg/ml taxol-stabilized microtubules
EM buffer supplemented with 10% (v/v) glycerol, 2 m
g2+GTP, and 20�M taxol were placed into clear boros
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Fig. 1. Immunofluorescent staining of NIH 3T3 fibroblasts with antibodies directed against either human DNA Pol� or mNEIL2. Indirect immunofluorescence
was performed as described in Section2. (A and B) Epifluorescent micrographs. (A) Cells probed with rabbit anti-DNA Pol� antibodies followed by Alexa
488-conjugated goat anti-rabbit IgG antibodies. (B) Cells probed with rabbit anti-mNEIL2 antibodies followed by Alexa 488-conjugated goat anti-rabbit IgG
antibodies. (B) Bar, 25�m applies to both panels.

icate glass tubes. To each reaction mixture either 1.2�g of
RB-mOGG1 (control), or 1.2�g of RB-DNA Pol�, or 1.2�g
of RB-mNEIL2 was added. Control mixtures containing RB-
conjugates were incubated in the dark at 37◦C for 15 min.
Visible light irradiation conditions were as previously de-
scribed[61]. After irradiation, protein digestion products
were solubilized in boiling SDS-PAGE loading buffer and
analyzed by SDS-PAGE.

2.14. Fluorescence and immunofluorescence microscopy

Cell fixation with paraformaldehyde and fluorescent and
indirect immunofluorescent staining were as previously de-
scribed[56,64]. Cells were fixed at room temperature to
preserve microtubules. Briefly, after probing cells with
fluorochrome-tagged probes, cells were mounted under a
glass coverslip with 4�l of Bccmount. Specimens were ex-
amined with a 40×/0.75 planachromat phase objective lens
using an Axiophot epifluorescent photomicroscope (Carl
Zeiss, Jena, Germany). Wide-field micrographs were ac-
quired using MaxIm DL/CCD image acquisition and pro-
cessing software package (Diffraction Ltd., Ottawa, Canada)
with a KX14E (A3156) cooled CCD camera system (Apogee
Instruments, Auburn, CA) attached to the video port of the
above photomicroscope.

3

3
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c

om-
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experiments are shown inFig. 1. Indirect immunofluores-
cence analyses were conducted as described in Section2. To
eliminate the possibility of fluorescent signal bleed through,
no fluorescent dyes for nucleic acids (DNA) or mitochondria
were used. Cell nuclei and their nucleoli were identified using
phase contrast microscopy (not shown). Immunofluorescence
microscopy revealed that DNA Pol� and mNEIL2 were lo-
calized to the nuclear interior and the cytoplasm of NIH 3T3
fibroblasts (Fig. 1A and B). Nuclear staining with anti-DNA
Pol � or anti-mNEIL2 antibodies showed a diffuse pattern
that excluded areas occupied by nucleoli (Fig. 1A and B).
Cytoplasmic staining with anti-DNA Pol� or anti-mNEIL2
antibodies showed a punctate pattern that was concentrated
around the nuclear periphery (Fig. 1A and B). A fibrillar-like
staining pattern that seemed organized along strands or fila-
ments was observed elsewhere in the cytoplasm with anti-
DNA Pol � or anti-mNEIL2 antibodies (Fig. 1A and B).
When indirect immunofluorescence was conducted using ei-
ther non-specific antibodies or omitting the first specific an-
tibodies (controls) no staining was observed (not shown).

We recently reported that the human and murine OGG1
proteins (isoform 1a) bind the microtubule network and the
centrosome (centriole) of interphase cells and the spindle as-
sembly at mitosis[56]. This observation lent further support
to the notion that the cytoskeleton, in particular microtubules,
m re-
p
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i lture
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. Results

.1. Indirect immunofluorescence microscopy reveals
hat DNA Polβ and mNEIL2 are localized to the nucleus
nd the peripheral cytoplasm of mouse tissue culture
ells

Rabbit antibodies directed against two BER pathway c
onents, DNA Pol� or mNEIL2, were used as specific prob

o localize the authentic enzymes in mouse fibroblasts b
irect immunofluorescence microscopy. Results from t
ay play an important role in the distribution of DNA
air enzymes during interphase and mitosis[56]. In light of

his recent evidence, it was important to determine whe
ther participants in the BER pathway, specifically hum
NA Pol � and mNEIL2, also bind microtubules assemb

n vitro and tubulin assemblies in mammalian tissue cu
ells. To test this hypothesis, purified recombinant hu
NA Pol � and purified recombinant mNEIL2 were che

cally conjugated to a fluorochrome (rhodamine) and to
hoto-reactive dye Rose Bengal (RB). Chemical conjuga
f the dyes rhodamine and RB to either recombinant hu
NA Pol � or recombinant mNEIL2 was as described
ection2. Chemical conjugation was confirmed by TLC.
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Fig. 2. Decoration of the microtubule network at interphase and the spindle assembly at mitosis by fluorescently-tagged recombinant DNA Pol�. Chemical
conjugation of recombinant DNA Pol� to rhodamine and cell probing with rhodamine-conjugated DNA pol� was as described in Section2. (A–D) Epifluorescent
micrographs of NIH 3T3 fibroblasts probed with rhodamine-conjugated DNA Pol�. (A) Interphase cells. (B–D) Cells entering or during mitosis. (B) Prophase.
Arrow points to one of the forming spindle assembly poles. (C) Metaphase. (D) Anaphase. (A) Bar, 25�m. (D) Bar, 20�m.

3.2. Fluorescently-tagged DNA Polβ and
fluorescently-tagged mNEIL2 decorate the microtubule
network and centrosome at interphase and the spindle
assembly at mitosis

Once the fluorescent dye rhodamine was conjugated
to recombinant human DNA Pol� and mNEIL2, these
fluorescently-tagged proteins were used to probe freshly fixed
NIH 3T3 fibroblasts. Results from these in situ localiza-
tion experiments are shown inFigs. 2 and 3. Fluorescently-
tagged DNA Pol� decorated an extensive network of micro-
tubules emanating from or near the centrosome of interphase
cells (Fig. 2A and B). At mitosis, however, fluorescently-
tagged DNA Pol� decorated microtubules forming the
spindle assembly (Fig. 2C and D). The centrioles, at the
centrosome and at the spindle assembly poles, were ev-
idenced by immunofluorescent staining with anti-� tubu-
lin antibodies (not shown). The microtubule network at in-
terphase and the mitotic spindle assembly were evidenced
by immunofluorescent staining with anti-� tubulin antibod-
ies as described in Section2 (not shown). Fluorescently-
tagged DNA Pol� also showed a diffuse staining, not as-
sociated with microtubules, in interphasic and mitotic cells
(Fig. 2A–D). This diffuse staining was largely excluded from
the nuclear interior (not shown) and the space occupied
b -
c some

were evidenced by phase contrast microscopy and fluores-
cent staining with DNA-specific dyes (not shown). Similar
results to those obtained with fluorescently-tagged DNA Pol
� were obtained when NIH 3T3 fibroblasts were probed
with fluorescently-tagged mNEIL2 (Fig. 3). Fluorescently-
tagged mNEIL2 also decorated the microtubule network of
interphasic NIH 3T3 fibroblasts (Fig. 3A and B). Micro-
tubule decoration by fluorescently-tagged mNEIL2 was most
prominent near the cell’s centrosome (Fig. 3A and B (ar-
rows)). At mitosis, fluorescently-tagged mNEIL2 decorated
the spindle assembly (Fig. 3C and D). Like the staining pat-
tern obtained with fluorescently-tagged DNA Pol� (Fig. 2),
fluorescently-tagged mNEIL2 also showed a diffuse stain-
ing pattern of the cytoplasm in interphase and mitotic cells
(Fig. 3). Too, this diffuse staining was largely excluded from
the nuclear interior (Fig. 3A and B) and the space occu-
pied by metaphasic chromosomes (Fig. 3C) as evidenced by
phase contrast microscopy (not shown). As reported previ-
ously [56], NIH 3T3 fibroblasts showed no staining when
probed with fluorescently-tagged BSA (a non-specific probe)
(not shown).

3.3. DNA Polβ and mNEIL2 bind in vitro and
co-precipitate with taxol-stabilized microtubules

d
t cro-
y metaphase chromosomes, however (Fig. 2C). The nu
leus and the space occupied by metaphase chromo
 s

To determine whether DNA Pol� and mNEIL2 also bin
o in vitro assembled microtubules, taxol-stabilized mi
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Fig. 3. Decoration of the microtubule network at interphase and the spindle assembly at mitosis by fluorescently-tagged recombinant mNEIL2. Chemical
conjugation of recombinant mNEIL2 to rhodamine and cell probing with rhodamine-conjugated mNEIL2 was as described forFig. 2. (A–D) Epifluorescent
micrographs of NIH 3T3 fibroblasts probed with rhodamine-conjugated mNEIL2. (A and B) Interphase cells. Arrows point to the centrosome (centriole).(C
and D) Cells in mitotic metaphase. (A) Bar, 25�m applies to panels A and B. (D) Bar, 20�m applies to panels C and D.

tubules were incubated in the presence of unmodified recom-
binant DNA Pol� or mNEIL2 either in the presence or the
absence of tubulin- and MAP-enriched cell lysates. Micro-
tubule polymerization from tubulin-enriched fractions, the
preparation of tubulin/MAP-enriched cell lysates and micro-
tubule co-precipitation assays were conducted as described
in Section2. The migration positions of mOGG1, DNA Pol
� and mNEIL2 in this SDS-PAGE gel system were corrob-
orated in blots by the corresponding specific antibodies. Re-
sults from these binding and co-precipitation experiments are
shown inFig. 4. DNA Pol� and mNEIL2 co-precipitated with
taxol-stabilized microtubules (Fig. 4A, lanes 3 and 5, respec-
tively). The co-precipitation of DNA Pol� and mNEIL2 with
taxol-stabilized microtubules was apparently not altered by
the presence of cell lysates enriched in tubulin, MAPs and
other cellular proteins (Fig. 4B, lanes 3 and 5). The rela-
tive increase shown by the tubulin band in SDS-PAGE gel
lanes containing cell lysates (Fig. 4B, lanes 1, 3 and 5) sug-
gests that, during incubation, monomeric tubulin present in
these lysates polymerized to extend existing taxol-stabilized
microtubules and/or to form new microtubules. These ad-
ditional microtubules, however, were not sufficient to pre-
cipitate all the DNA Pol� (and mOGG1) from incubation
mixtures (Fig. 4B, lanes 4 and 2, respectively). Under the
conditions of this assay, taxol-stabilized microtubules appear
t
m ely
c
t g up

to 25-fold the concentration of taxol-stabilized microtubules
(not shown).

3.4. Affinity binding and photo-digestion of in
vitro-assembled-microtubule complexes by either Rose
Bengal-tagged DNA Polβ or mNEIL2 confirm their
association with tubulin assemblies

To confirm the binding specificity between DNA Pol� and
mNEIL2 for taxol-stabilized microtubules and circumvent
problems associated with chemical cross-linking analysis of
relatively large macromolecular complexes (not shown), in
vitro site-directed photo-digestion analyses of DNA Pol� and
mNEIL2 microtubule complexes were performed. In vitro as-
sembly of microtubules and in vitro site-directed photochem-
ical experiments were conducted as described in Section2.
Results from these in vitro site-directed photochemical ex-
periments are shown inFig. 5. Reaction mixtures containing
taxol-stabilized microtubules and either RB-mOGG1 (Fig. 5,
lanes 1 and 2) or RB-DNA Pol� (Fig. 5, lanes 3 and 4) or
RB-mNEIL2 (Fig. 5, lanes 5 and 6) were incubated in the
absence (Fig. 5, lanes 1, 3 and 5) or the presence (Fig. 5,
lanes 2, 4 and 6) of visible light. After irradiation, protein
samples were analyzed by SDS-PAGE and protein bands
identified by Coomassie blue staining. Tubulin migrated on
S res-
e d
l wed
t as
o be a limiting factor in co-precipitating of DNA Pol� and
NEIL2 from the incubation mixtures. In fact, quantitativ

omplete co-precipitation of DNA Pol� and mNEIL2 by
axol-stabilized microtubules was obtained by increasin
DS-PAGE gels at its expected mobility either in the p
nce or absence of visible light (Fig. 5, lanes 1, 3, 5 an

anes 2, 4, 6, respectively). However, SDS-PAGE gels sho
hat tubulin derived from taxol-stabilized microtubules w
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Fig. 4. Purified recombinant DNA Pol� and mNEIL2 co-precipitate
with in vitro-assembled taxol-stabilized microtubules. Preparation of cell
lysates, in vitro assembly of taxol-stabilized microtubules, microtubule co-
precipitation assays and SDS-PAGE analyses were conducted as described in
Section2. (A) Coomassie blue stained 7.5–15% (w/v) SDS-polyacrylamide
gradient gel containing proteins co-precipitated with (bound to) taxol-
stabilized microtubules (P; pellet lanes) and their corresponding (unbound)
supernatants (S; supernatant lanes) in the absence of MAP-enriched cell
lysates and either mOGG1 (lanes 1 and 2), DNA Pol� (lanes 3 and 4)
or mNEIL2 (lanes 5 and 6). (B) Coomassie blue stained 7.5–15% (w/v)
SDS-polyacrylamide gradient gel containing proteins co-precipitated with
(bound to) taxol-stabilized microtubules (P; pellet lanes) and their corre-
sponding (unbound) supernatants (S; supernatant lanes) in the presence of
MAP-enriched cell lysates and either mOGG1 (lanes 1 and 2), DNA Pol�

(lanes 3 and 4) or mNEIL2 (lanes 5 and 6). (A and B) Arrows at left indicate
the migration positions of� and� tubulin subunits (top arrows in each panel)
and the approximate migration positions of mOGG1 (39-kDa), DNA Pol�

(39-kDa) or mNEIL2 (39-kDa) (bottom arrows in each panel).

Fig. 5. In vitro site-directed photo-digestion of microtubule subunits by
microtubule-bound RB-DNA Pol� and microtubule-bound RB-mNEIL2. In
vitro site-directed photochemical digestion of tubulin subunits from taxol-
stabilized microtubules by RB-mOGG1, RB-DNA Pol� or RB-mNEIL2
microtubule-bound complexes and SDS-PAGE were conducted as described
in Section2. RB-mOGG1, RB-DNA Pol� or RB-mNEIL2 bound to taxol-
stabilized microtubules were incubated in the absence (lanes 1, 3 and 5)
or in the presence (lanes 2, 4 and 6) of visible light and photo-digestion
reactions analyzed by SDS-PAGE. Reaction mixtures were irradiated for
60 min at 37◦C. Each lane of a 7.5–15% (w/v) SDS-polyacrylamide gel
was loaded with photo-digestion mixtures containing 0.4 mg/ml of taxol-
stabilized microtubules and 1.2�g of either RB-mOGG1, RB-DNA Pol�
or RB-mNEIL2. SDS-PAGE gels were stained overnight with Coomassie
blue. Lanes 1 and 2 show the tubulin band in reaction mixtures containing
RB-mOGG1. Lanes 3 and 4 show the tubulin band in reaction mixtures con-
taining RB-DNA Pol�. Lanes 5 and 6 show the tubulin band in reaction
mixtures containing RB-mNEIL2. Arrow to the left, points to the migration
position of� and� tubulin.

photo-digested in the presence of visible light and either RB-
DNA Pol � (Fig. 5, lane 4) or RB-mNEIL2 (Fig. 5, lane
6). Similar photo-digestion was obtained with RB-mOGG1
(control,Fig. 5, lane 2). Tubulin photo-digestion was more
prominent in RB-DNA Pol�-microtubule complexes than
that observed with microtubule complexes formed by RB-
mNEIL2 and RB-mOGG1 (control) under these experimen-
tal conditions. As reported previously[56], when actin (a
non-specific protein) was added to incubation mixtures con-
taining RB-conjugates it remained intact after irradiation with
visible light (not shown).

3.5. Cells probed with RB-DNA Polβ or RB-mNEIL2 in
the presence of visible light showed disruption of their
microtubule networks

In situ site-directed photodigestion was previously used
to evaluate protein–protein binding to elements of the cy-
toskeleton[56,57]. In this study, in situ site-directed pro-
tein photo-digestion was used to evaluate the disruption of
microtubule network in RB-DNA Pol� and RB-mNEIL2-
treated cells. Cell probing with RB-DNA Pol� and RB-
mNEIL2 and in situ site-directed photochemistry was as
described in Section2. Results from these experiments are
shown inFig. 6. Cells probed with unmodified DNA Pol�
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r mNEIL2 in the presence of visible light (Fig. 6A and C,
espectively) did not show detectable changes in their
rotubule networks. Microtubules were disrupted, howe
n cells probed with RB-DNA Pol� or RB-mNEIL2 in the
resence of visible light (Fig. 6B and D). The microtubul
etwork in these cells was not disrupted when these e

ments were conducted in the absence of visible light
hown).

. Discussion

Studies focused on the BER pathway have been large
ected at characterizing their components and their enzy
ctivities. The relatively few studies that have turned the

ention to in situ localization have shown that BER path
articipants are distributed between the two major cell c
artments, the nucleus and the cytoplasm[22,25–31,33,34.
ecently, however, recombinant mOGG1 tagged to fluo
ent or photosensitive dye molecules was used to dete
hether the cytoskeleton plays a role in the distribution of
pecific BER pathway component. Results from these d
n situ localization studies showed that OGG1 binds mi
ubules, one of the three main protein polymers constitu
he cell cytoskeleton[56]. Specifically, fluorescently-tagg
OGG1 decorated an extensive network of microtubules
nating from the centriole/centrosome at interphase an
pindle assembly at mitosis[56]. Furthermore, in situ loca

zation observations were substantiated by results from c
cal cross-linking and site-directed photo-digestion anal
56].
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Fig. 6. In situ site-directed photo-disruption of the microtubule network by RB-DNA Pol� or RB-mNEIL2. NIH 3T3 fibroblasts were grown on slides, fixed
with paraformaldehyde, washed with MSM-Pipes and incubated with either unconjugated DNA Pol� or NEIL2 or RB-DNA Pol� or RB-mNEIL2 in the
presence of visible light as described in Section2. Cells were irradiated with visible light for 60 min at 37◦C and microtubules decorated with FITC-conjugated
mouse anti-tubulin monoclonal antibodies. (A–D) Epifluorescent micrographs. (A and B) Cells probed with unconjugated DNA Pol� and RB-DNA Pol�,
respectively. (C and D) Cells probed with unconjugated mNEIL2 and RB-mNEIL2, respectively. (D) Bar, 25�m applies to all panels.

The binding of OGG1 to microtubules, a cytoskeletal com-
ponent involved in cellular trafficking, suggested that per-
haps other members of the BER pathway may also use mi-
crotubules to reach cell compartments where their activity is
needed (e.g., the nucleus). To substantiate this hypothesis and
extend our previous observations with OGG1, we performed
indirect immunofluorescent localization and direct localiza-
tion studies in combination with binding and site-directed
photochemical studies to determine whether human DNA Pol
� and mNEIL2 also associate with microtubules in situ and
in vitro. These BER pathway participants differ from OGG1
in that DNA Pol� has no glycosylase activity and, although
NEIL2 is also a glycosylase/lyase, it is enzymatically and
structurally different. In this study, using antibodies directed
against DNA Pol� and mNEIL2 as well as fluorescently-
tagged recombinant DNA Pol� and fluorescently-tagged re-
combinant mNEIL2 as specific probes, it was determined
that these two enzymes in the BER pathway bind micro-
tubules at interphase and mitosis. Immunofluorescent local-
ization analyses confirmed the nuclear and cytoplasmic lo-
calization of DNA Pol� and mNEIL2. Cytoplasmic staining
with anti-DNA Pol� and anti-mNEIL2 antibodies, seemed, at
least in part, associated with filamentous material, a staining
pattern that was reminiscent of previous observations with
anti-mOGG1 antibodies in these same cells[57]. Further-
m by
fl r

to that observed previously with fluorescently-tagged OGG1
[56]. Fluorescently-tagged DNA Pol� and mNEIL2 also
showed a diffuse staining pattern that largely excluded the
space occupied by the nucleus and metaphasic chromosomes.
This diffuse staining is consistent with the absence of micro-
tubules in the nucleus of these cells, the presence of unbound
DNA Pol� or NEIL2 and the microtubule’s dynamic instabil-
ity model[65] which proposes that monomeric tubulin pools
exist in a dynamic, rather than a true equilibrium with tubulin
assemblies[66,67]. Therefore, it is possible that DNA Pol�
and mNEIL2 may be found as free cytosolic components as
well as associated with tubulin molecules and smaller (grow-
ing) microtubules residing in the cytosol. In situ localiza-
tion observations were corroborated by in situ site-directed
photochemistry. Taken together these observations suggest
that this dynamic equilibrium persists through the cell cycle
keeping a fraction of cytoplasmic DNA Pol� and mNEIL2
pools associated with tubulin/microtubules. Using strategies
that combined co-precipitation with taxol-stabilized micro-
tubules and in vitro site-directed photo-protein digestion con-
firmed that recombinant human DNA Pol� and recombinant
mNEIL2 also have an affinity for microtubules polymerized
in vitro.

To our knowledge the association of DNA Pol� and
mNEIL2 with tubulin assemblies has not been reported pre-
v ined
b ues
ore, decoration of microtubules during the cell cycle
uorescently-tagged DNA Pol� and mNEIL2 was simila
iously. Failure to observe this association may be expla
y the detrimental effect of the in situ localization techniq
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used on microtubule integrity and/or cell expression of tagged
probe constructs themselves may have a lower affinity for or
not bind microtubules in vivo. As suggested earlier, the frac-
tion of DNA Pol� or mNEIL2 bound to microtubules may be
relatively small with respect to enzyme pools found elsewhere
in cells, thus, making it difficult to detect by immunofluores-
cence. Furthermore, microtubules are particularly susceptible
to catastrophic collapse (e.g., cold, hydrostatic pressure, etc.).
Any one of the above scenarios would preclude previous stud-
ies from detecting either DNA Pol� or mNEIL2-microtubule
complexes in situ.

Although the association of DNA Pol� and mNEIL2 with
microtubules cannot be ruled out as an artifact, this scenario
seems unlikely since the murine and human homologs of
OGG1 also demonstrated similar properties[56]. Further-
more, chemical conjugation to dye molecules and experi-
mental manipulations during the conduction of these studies
apparently did not alter DNA Pol�’s or mNEIL2’s capac-
ity to bind microtubules. Too, DNA Pol�’s and mNEIL2’s
capacity to bind microtubules seems to rule out the need
for specific isoforms as suggested earlier for OGG1[56].
The significance of splice variants may be related to tar-
geting a specific destination/final site of action. Binding
of hOGG1, mOGG1, mNEIL2 and human DNA Pol� to
tubulin assemblies from different sources is also not sur-
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