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Abstract

8-Oxoguanine DNA glycosylase (OGG1) is a major DNA repair enzyme in mammalian cells. OGG1 participates in the repair of 8-0x0G,
the most abundant known DNA lesion induced by endogenous reactive oxygen species in aerobic organisms. In this study, antibodies directed
against purified recombinant human OGG1 (hOGG1) or murine (MOGG1) protein were chemically conjugated to either the photosensitizer
Rose Bengal or the fluorescent dye Texas red. These dye—protein conjugates, in combination with binding assays, were used to identify
associations between mOGG1 and the cytoskeleton of NIH3T3 fibroblasts. Results from these binding studies showed that mMOGG1 associates
with the cytoskeleton by specifically binding to the centriole and microtubules radiating from the centrosome at interphase and the spindle
assembly at mitosis. Similar results were obtained with hOGG1. Together results reported in this study suggest that OGG1 is a microtubule-
associated protein itself or that OGGL1 utilizes yet to be identified motor proteins to ride on microtubules as tracks facilitating the movement
and redistribution of cytoplasmic OGG1 pools during interphase and mitosis and in response to oxidative DNA damage.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction plasia, cell death and degenerative disef&ek2]. Although
cellular anti-oxidant defenses (e.g., catalase, peroxidase, su-
Endogenous reactive oxygen species (ROS) are byprod-peroxide dismutase) can effectively combat the effects of
ucts from aerobic metabolism. ROS formation in vivo in- ROS, those that escape these defenses can diffuse into the
creases when cells are exposed to environmental pollutantsiwucleus to react with DNAL3].
[1,2], certain drugq3], nutrient deprivatiorf4], oxidizing ROS generate several base modifications in DNA includ-
agents or ionizing radiatigp—7] and during some patholog-  ing 7,8-dihydro-8-oxoguanine (8-oxoG). 8-OxoG is a rela-
ical processes such as inflamation or ischemia-reperfusiontively stable oxidized form of guanine frequently produced
[8]. Reaction between ROS and DNA leads to modifications by ROS when interacting with either free nucleotides or DNA
of several types, including single or double strand breaks, [14]. Atreplication, 8-oxoG will often be mispaired with ade-
as well as modifications of bases and sugars. Damage to genine, giving rise to G:C to T:A transversions, a common so-
nomic DNA often results in mutations that may lead to neo- matic mutation associated with human cancers. 8-OxoG has
also been shown to be miscoding in vitro and mutagenic in
* Corresponding author. Tel.: +1 631 444 3050; fax: +1 631 444 3218, VIVO [15]. As aresult, 8-0x0G has been used as a marker for
E-mail addressmiguel@pharm.sunysb.edu (M. Berrios). oxidative DNA damag¢§l13,16].
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8-Ox0G-DNA repair activities have been reported in transported by cytoskeletal flaments, including ribosomal
mammals including micg17,18], human leukocytes and components, other ribonucleoproteins, cytosolic proteins,
Hela cells[19,20] The murine OGG1HOGG) gene was etc. For example, cells use the cytoskeleton to regulate the
localized to chromosome [21], and the gene product was trafficking of mMRNAs and cofactors from transcription and
identified as a DNA 8-0xoG glycosylag#8]. The human processing sites in the nucleus to translation and degradation
OGG1 gene has been localized to the short arm of chromo-sites in the cytosd37,38]
some 3 (3p25/26) in aregionthatis commonly deletedinlung  Microtubules are hollow cylindrical structures approxi-

cancerg22]. Recently, liver cells from homozygous ogg mately 25nm in diameter and can reachp2b in length.
mice have shown a 10-fold increase in G:C to T:A transver- Each is constructed of 13 protofilaments formed by tubu-
sion frequencies in their DNf23,24] lin molecules, relatively stable heterodimers of alpha and

Human OGG1 gene generates several isoforms by beta tubulin subunits. Besides serving other functions, mi-
alternative splicing; all isoforms have been localized to crotubules, in conjunction with microtubule-associated pro-
mitochondria except for one containing a single NLS that has teins (MAPs) and molecular motor proteins, provide paths
been localized to the nucle(@5-28] Similarly, antibodies along which macromolecules (i.e. MRNAs and proteins) are
directed against hOGG1 or hMYH, the human homolog for transported to or from the nucleus or elsewhere in the cytosol
MutY, another DNA glycosylase directed against oxidative [39,40] Association with microtubules facilitates not only
DNA damage, localized these enzymes to mitochondria andthe distribution of specific macromolecules to a targeted cell
nuclei of human cells, and their distribution was regulated by region but also prevents these macromolecules from being
alternative splicing of each transcrij29,30] Furthermore, diluted in the cytosdI38]. Microtubules also form the centri-
using transiently expressed epitope-tagged human OGG1ples at the core of centrosomes (see, §44d)). In addition to
hMYH and the human homolog of yet another repair enzyme patrticipating in the organization of microtubules and the mi-
edonuclease Il (hNTH1), Takao and collaborators showed totic spindle assembly, centrosomes have been shown to play
that these enzymes were localized mostly to the nucleusa critical role in cell cycle progression and cellular responses
and mitochondria in transfected Cos7 cg¢ll§]. Recently, to DNA replication defects and DNA damaft,43].
using a stable transfectant cell line expressing human OGG1 Although most studies have been focused on elucidating
fused at the C-terminus to GFP, it was shown that human the expression, enzyme mechanism and substrate specificity
OGG1 was preferentially associated with a nuclear matrix of the mammalian OGGL1 protein, the role that cytoskeletal
or karyoskeleton-enriched fraction and chromatin during in- components may play in regulating the distribution of OGG1
terphase and becomes associated with mitotic chromosomegpools within cells has not yet been evaluated. This study used
during mitosig31]. It is now accepted that there are distinct several strategies to circumvent limitations associated with
nuclear and cytoplasmic pools of OGG1, with the former the use of actively growing tissue culture cells not over ex-
composed of a single isoform, OGG1-1a, and the latter, pressing OGG1 including the combination of binding assays,
of several isoforms lacking the nuclear localization signal chemical cross-linking and in situ site-directed photochem-
[26,27] Activity, expression and subcellular distribution of istry to establish whether OGG1 associates with elements of
OGGL1 is modulated by a number of circumstances causingthe cytoskeleton as an effective pathway to regulate its redis-
oxidative DNA damag¢§l-8]. tribution in normally growing cells as well as in response to

We previously reported that cytoplasmic pools of MOGG1 oxidative stress and DNA damage. Results from this study
redistribute to the nucleus and nuclear periphery in responseshowed that OGG1 specifically binds to microtubules in ac-
to nutrient deprivation and oxidative DNA dama@é. The tively growing cells. OGGL1 remained largely bound to a net-
relatively rapid redistribution of mMOGG1 observed in cells work of microtubules and the mitotic spindle assembly during
exposed to oxidative stress suggested that the movement ointerphase and mitosis respectively suggesting that OGG1,
intracellular mMOGG1 pools may be mediated, in part, by and other DNA repair proteins, may bind to microtubules
active transport rather than just diffusion through the cy- and/oruse MAPs or molecular motors riding on microtubules
tosol. This recent observation together with a previous report to relocate repair enzyme pools in cells growing under normal
showing the association of OGG1 with the nuclear matrix and oxidative stress conditions and during the cell cycle.
or karyoskeletorj31] suggests that relationships similar to
those observed in the nucleus may also exist between OGG1
and elements of the cytoskeleton of eukaryotic cells. The 2. Materials and methods
cytoskeleton is a filamentous network spanning the cyto-
plasm and composed of three major cytoskeletal polymers:2.1. Materials
actin filaments, intermediate filaments and microtubules.

These filaments interact with each other and with many  Bovine serum albumin (BSA), Coomassie blue, cyanogen
different associated proteins to mediate the trafficking of bromide activated agarose beads, dithiothreitol (DTT), for-
macromolecules and small organelles through the cytoplasmmamide, ethylenediaminetetraacetic acid (EDTA), FITC-
[32—36] The apparent universality of this bidirectional traf- conjugated phalloidin (fronA. phalloide$, iodoacetamide
ficking is substantiated by the wide range of macromolecules (IAA), isopropyl betap-thiogalactopyranoside (IPTG) were
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purchased from Sigma Chemical Co. (St. Louis, MO). Mam- [45]. Briefly, to 200wl of an ice cold solution containing
malian tubulin (from bovine brain) was purchased from rabbit anti-mOGG1 antibodies was addedu4Pof RBHA-
Cytoskeleton Inc. (Denver, CO). Paraformaldehyde, Tri- NHS in DMSO. The mixture was incubated at room temper-
ton X-100 and trichloroacetic acid (TCA) were purchased ature for 1h on a Roto-Shake Genie (Scientific Industries,
from Fisher Scientific Co. (Springfield, NJ). Sodium dode- Bohemia, NY). Conjugate mixtures were dialyzed against
cyl sulfate (SDS) was purchased from British Drug Houses 200 ml of 20% (v/v) glycerol in 140 mM sodium chloride;
(Poole, England). Dimethyl suberimidate (DMS) was pur- 10 mM phosphate buffer, pH 7.4 (PBS) at@ overnight.
chased from Pierce (Rockford, IL). Bovine calf serum was Antibody conjugates were stored-aR0°C until use.
purchased from HyClone (Logan, UT). Dulbecco’s modi-

fied Eagle’s medium (DMEM), penicillin G, streptomycin  2.5. Conjugation of recombinant mOGG1 and hOGG1
andvr-glutamine were purchased from Invitrogen (Grand Is- to the N-hydroxysuccinimide (NHS) esters of Texas red,
land, NY). Acrylamide,N,N'methylene-bisacrylamide and Alexa series dyes and Rose Bengal hexanoic acid
N,N,N’,N'-tetramethylethylenediamine were purchased from

Eastman Kodak Co. (Rochester, NY). CNBr-activated Sep-  Chemical conjugation of mOGG1 and hOGG1 to the NHS
ahrose 4B, Sepharose MonoS HR 5/5, Q Sepharose, Sesters of Texas red, Alexa series dyes and Rose Bengal hex-
Sepharose, Superdex 75HR 10/30 were purchased from Pharanoic acid was as follows: to 1@0 containing purified re-
macia (Uppsala, Sweden). Bccmount was purchased fromcombinantmOGG1 (1.6 mg/ml) orhOGG1 (0.75 mg/ml) was
BCC Microimaging (Stony Brook, NY). Vector pET-15b added 1ul of 20% (w/v) SDS, followed by either Lg of
DNA and E. coli BL21(DE3) cells were from Novagen Texas Red-NHS, gg of Alexaygg-NHS, 1ug of Alexasgg
(Madison, WI). Restriction endonucleasbd and T4 DNA NHS, or 1ug of RBHA-NHS in DMSO. Reaction mixtures
ligase were purchased from New England Biolabs (Beverly, were incubated for 30 min at room temperature on a Roto-
MA). Restriction endonuclea&pul 102] and®fuDNA poly- Shake Genie (Scientific Industries, Bohemia, NY). After in-
merase were from Stratagene (La Jolla, CA). All other chem- cubation, reaction mixtures were dialyzed against 20 ml of
icals were obtained commercially, were of reagent grade, and20% (v/v) DMSO in 10 mM phosphate buffer, pH 7.4. Dye
were used without further purification. conjugates were stored at@ until use.

2.2. Antibodies 2.6. Tissue culture

Rabbit anti-mOGG1 antiserum directed againstthe whole N 1H3T3 fibroblasts were obtained from the American

wild-type recombinant mOGG1 polypeptide was essen- tyne cylture Collection (Manassas, VA) and kept frozen
tially as previously describefd4]. Rabbit anti-bovine brain ;1 liquid nitrogen until use. Before use, NIH3T3 fibrob-

tubulin antibodies were provided by BCC Microimaging |asts were thawed and cultured in DMEM supplemented
(Stony Brook, NY). FITC-conjugated mouse monoclonal it 109% (vIv) calf serum, 2 mM-glutamine, 0.1 mM non-

anti-tubulin was purchased from Sigma Chemical Co. (St. gggential amino acids, 1 mM sodium pyruvate and 100 U/ml
Louis, MO). Mouse monoclonal antibody mAb1636 withre-  penicillin G, 100 (g/ml streptomycin. Unless specified oth-
activity against desmin, an intermediate filament protein was o\vise NIH3T3 fibroblasts were plated onto glass micro-
purchased from Chemicon International (Temecula, CA). gcope slides in 10 cm tissue culture dishes at a density of
Affinity purified goat anti-rabbit IgG (H&L chains) conju- 5 g 1B cells/dish for MOGG1 binding studies, in situ
gated to Alexa 488 and affinity purified goat anti-mouse I9G phqtochemistry and indirect immunofluorescence staining
(H&L chains) conjugated to Alexa 568 were purchased from 1451 o enrich for cells in mitosis, cells growing on micro-
Molecular Probes (Eugene, OR). scope slides and culture media containing free (floater) cells
were mounted onto a Cytobucket (IEC, Needham Heights,
MA) customized to fit two-well immunofluorescent cham-
bers (EMS, Port Washington, PA) and centrifuged at 4G
t for40minin a Centra-CL3 Series centrifuge (Thermo IEC,
mOGG1 was as previously describt4]. Cloning and Needham Heights, MA).AfFer centrifugation, the mediavyas
overexpression of hexahistidine-tagged human OGG1 (iso- removed and cells fixed with paraformaldehyde essentially

form 1a) will be described elsewhere (D.O.Z., manuscriptin S described forimmunofluorescence microscopy.
preparation).

2.3. Expression and purification of human and mouse
0OGG1

Expression and purification of wild-type recombinan

2.7. In situ photochemistry

2.4. Conjugation of the N-hydroxysuccinimide ester of ) . .
Rose Bengal hexanoic acid (RBHA-NHS) to In situ photochemistry was performed essentially as pre-
anti-mOGG1 antibodies viously described45]. Briefly, NIH3T3 fibroblasts were

grown on heat-sterilized but otherwise untreated glass micro-
Chemical conjugation of RBHA-NHS to rabbit anti- scope slides at a concentration of 45 cellsfas previously
mOGG1 antibodies was conducted as previously describeddescribed[45]. Incubation with Rose Bengal-conjugated
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mOGG1 (RB—mOGG1) or Rose Bengal-conjugated hOGG1 two-well immunofluorescence chambers. Procedures were
(RB-hOGG1) and irradiation with visible light were con- conducted at room temperature unless specified. Briefly,
ducted in two-well immunofluorescence chambers (EMS, cells were fixed with paraformaldehyde, washed with MSM-
Fort Washington, PA) as follows: slides were mounted into Pipes and incubated for 30 min at 32 with a freshly
immunofluorescence chambers and cells washed free of culprepared 20Q. solution containing 600ng Texas red-
ture media with fresh MSM-Pipes. MSM-Pipes contained conjugated mOGGL1. After incubation, cells were rinsed three
18 mM MgSQ; 5mM CaCp; 41 mM KCI; 24 mM NacCl; times with MSM-Pipes, mounted with glass coverslips us-
0.5% (v/v) Triton X-100; 0.5% (v/v) of either Tween 20 ing 4wl of Bccmount. Competition experiments were con-
or Nonidet P40; 5mM Pipes, pH 7[86]. To each well, ducted as follows: 200l MSM-Pipes solutions containing
200l of either RB—-mOGG1 or RB-hOGG1 diluted 1:200in either 600 ng Texas red-conjugated mOGG1 or a mixture
MSM-Pipes were added. Control wells received either200  of 600 ng Texas red-conjugated mOGG1 andg5tubulin

of unconjugated mOGG1 or unconjugated hOGG1 diluted (“competitor”) were pre-incubated for 15min at 32 be-
1:200 in MSM-Pipes. Mixtures containing RB—OGG1 orun- fore probing cells. After pre-incubation, cells were fixed
conjugated OGG1 were incubated in the dark for 30 min at with paraformaldehyde, washed with MSM-Pipes and incu-
37°C using a humidified chamber. After incubation, cells bated for 15 min at 37C with either the solution containing
were washed three times with 4000f MSM-Pipes. After 600 ng Texas red-conjugated mOGG1 or the solution con-
washings, 80@.I of MSM-Pipes were added, and cells were taining a mixture of 600 ng Texas red-conjugated mOGG1
irradiated for 60 min at 37C with visible light from illumi- and 5ug tubulin. After incubation, cells were rinsed three
nation heads connected through a 30 cm long, 5-mm diam-times with MSM-Pipes and mounted with glass coverslips
eter fiber optic to a fan-cooled 150 W halogen lamp (model as above.

8375, Schott-Fostec, Auburn, NY). Each illumination head
focused the light on the cells and reaction mixtures from a
distance of 40 mm. The light intensity falling on each incu-
bation mixture (immunofluorescence chamber well) was 2.2
x 10% Lux. Light intensity readings were made using a type
214 light meter (General Electric, Cleveland, OH).

2.11. Chemical cross-linking of mOGG1—tubulin
complexes

Chemical cross-linking of proteins was performed as
previously described48]. Briefly, DMS chemical cross-
linking experiments used cell homogenates and detergent-
permeabilized cells. After cross-linking with DMS for

In vitro photolysis of tubulin was essentially as previ- 15min, samples were diluted with buffer containing 2%
ously describeg47]. Briefly, solutions 1Gul containing 5ug (w/v) SDS and 62.5 mM Tris—HCI pH 6.8, and incubated for
of bovine brain tubulin in MSM-Pipes were placed into 10-20min at room temperature to quench unreacted cross-
clear borosilicate glass tubes. To each solution, 320 ng oflinker. Samples were then boiled, cooled, and proteins were
RB-mOGG1 or 320 ng of unconjugated mOGG1 was added. precipitated by addition of trichloroacetic acid to a final con-
Control mixtures were incubated in the dark at°87for centration of 10% (w/v). Resolubilized proteins were sub-
15 min. Irradiation conditions were as previously described jected to SDS-PAGE49] and immunoblot analyses. Specific

[47]. After irradiation, digestion products were characterized DMS concentration and conditions used were as indicated in
by SDS-PAGE. the corresponding figure legend.

2.8. Invitro photochemistry

2.9. Staining of filamentous actin (f-actin) with

2.12. Affinity binding of mOGG1-tubulin complexes
FITC-conjugated phalloidin ity binding Hbul piex

Chemical conjugation of protein mixtures containing

Fluorescent staining with FITC-conjugated phalloidin was
100pg mOGG1 plus 10Q.g BSA or 200u.g BSA (control)

performed using two-well immunofluorescence chambers ) )
as previously describef#5]. Procedures were conducted [© cyanogen bromide-activated Sepharose beads was per-
at 37°C. Briefly, cells were fixed with paraformaldehyde, formedaccording to the manufacturer’s instructions. Affinity
washed with MSM-Pipes and incubated for 30 min atG7 p_urn‘lcauon of tubulin using Sepharose—lm_mobmz.e_d recom-
with a freshly prepared solution containing 100 ng/ml FITC- binant mOGG1 and BSA or Sepharose-immobilized BSA
conjugated phalloidin. After incubation, cells were rinsed was as follows: Briefly, fractions enriched in bovine brain

once with MSM-Pipes. A glass coverslip was mounted over tubulin were incubated for 30 min at 3T with either 4Qul
each sample with gl of Bccmount. MOGG1/BSA-Sepharose beads or BSA-Sepharose beads in

MSM-Pipes without detergents. After incubation, beads were
2.10. Decoration of microtubules by washed as for immunoprecipitati¢s0], three times 5 min
fluorescently-tagged mOGG1 each in MSM-Pipes with detergents followed by two final
washes with MSM-Pipes without detergents. After washings,
Decoration of network and mitotic assembly microtubules beads were resuspended in SDS-PAGE loading buffer and
with Texas red-conjugated mOGG1 was performed using proteins analyzed by SDS-PAGE.
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2.13. SDS-PAGE To investigate further mOGG1 cytoplasmic distribution
and substantiate previous observations, we probed cells with
SDS-PAGE was as previously descritjpéd]. Briefly, pro- purified wild-type recombinant mOGGL1 tagged with the flu-
teins were precipitated with 12% (w/v) TCAonice for 15min orescent dye Texas red instead of using indirect immunoflu-
before centrifugation at 10,000 g for 30 min. Supernatants  orescence and anti-mOGG1 antibodies. If mMOGG1 was as-
were discarded and the resulting pellets were centrifuged atsociated with filamentous structures in the cytoplasm, then
10,000x g for an additional 10 min, followed by careful re-  fluorescently-tagged mOGG1 may be a suitable probe to de-
moval of residual supernatants. Pellets were neutralized withtermine whether mOGG1 itself associates with elements of
2 M Tris base, solubilized in sample loading buffer (2% (w/v) the cell cytoskeleton. MOGGL1 was expresseét ircoli, pu-
SDS; 10% (v/v) glycerol; 20mM DTT; 62.5mM Tris—HCI rified and chemically conjugated to Texas red as described in
pH 6.8; 2ung/ml bromophenol blue) and boiled for 5min.  Section 2Results from these in situ localization experiments
Alkylation of thiol groups on proteins was performed by incu- are shown irFig. 1. When cells were fixed onto microscope
bating supernatants in the presence of 20 mM IAA for 30 min slides, probed with TR-mOGG1 and examined under the epi-
at room temperature in the dark. SDS-PAGE gel-separatedfluorescent microscope as describeféttion 2an extensive
proteins were visualized using Coomassie blue. Gels werenetwork of filaments spanning most of the cytoplasm was

stained overnight. shown Fig. 1B and D). TR-mOGG1-decorated filaments
that were more densely packed near the periphery of the nu-
2.14. Immunofluorescence cleus Fig. 1B and D). Although these filaments spanned most

of the cell, they seemed to exclude the outer most fringes of
Cell fixation with paraformaldehyde and indirect im- the cytoplasmFKig. 1C and D (arrows)). Similar results to

munofluorescence was as previously descrifgé]. After those shown iifrig. 1B and D were obtained when cells were
incubation with antibodies, cells were mounted under a glassprobed with untagged mOGG1 instead and stained for indi-
coverslip with 4ul of Bccmount. rect immunofluorescence microscopy with anti-mOGG1 an-
tibodies (not shown). No filamentous network was detected
2.15. Light microscopy when cells were probed with fluorescently-tagged BSA (not

shown). Thus, chemical conjugation to Texas red did not con-
Specimens were examined with a Zeiss Axiophot epifluo- fer mOGG1 its affinity for cytoplasmic filaments.
rescent photomicroscope (Carl Zeiss, Jena, Germany) usinga To ascertain the nature of the filamentous network dec-
Zeiss 40X/.75 planachromat phase objective lens. Wide-field orated by mOGG1 and whether it corresponded to any
micrographs were acquired using Maxim DL/CCD image ac- of the three major protein polymers of the cytoskeleton:
quisition and processing software package (Diffraction Ltd., actin filaments, intermediate filaments or microtubules, cells
Ottawa, Canada) with a KX14E (A3156) cooled CCD cam- were probed with TR-mOGG1 and either FITC-tagged phal-
era system (Apogee Instruments, Auburn, CA) attached toloidin, anti-desmin antibodies or FITC-tagged asttubu-
the video port of the above microscope. lin antibodies. Cell staining with FITC-tagged phalloidin
and immunofluorescence with anti-desmin antibodies or anti-
tubulin antibodies was as describe®iection 2Results from
3. Results these in situ localization analyses are showfim 2 Cells
probed with FITC-tagged phalloidin, a toxin that specifically
3.1. Fluorescently-tagged mOGG1 decorates a network  binds to filamentous actin (f-actif$1,52] showed a stain-
of microtubules at interphase and the mitotic spindle ing pattern that was consistent with f-actin and actin stress
assembly at mitosis fibers Fig. 2B). The fluorescent staining pattern shown by
fluorescently-tagged phalloidin was distinct from the fila-
We previously showed using specific antibodies in con- ments decorated by TR-mOGGHaid. 2A). Similarly, cells
junction with indirect immunofluorescence microscopy that probed with antibodies directed against desmin, a class Il in-
mOGG1 was largely localized to the cytoplasm of mam- termediate filament prote[B63,54] showed a staining pattern
malian cells in culture and that the onset of oxidative DNA which was consistent with intermediate filament distribution
damage induced the redistribution of OGGL1 pools from the (Fig. 2D) but different from the filamentous network deco-
cytoplasm to the nucleus and its peripheral cytopl@é. rated by TR-mOGGIHjg. 2C). Cells probed with antibodies
These immunofluorescent localization studies also showeddirected against tubulin, however, showed a staining pattern
that, in some cells, it was possible to discern that cytoplasmic (Fig. 2F) that was similar to that shown by TR-mOGG1
anti-mOGGL1 antibody staining seemed not diffused through- probed cells Fig. 2E). Furthermore, microtubule staining
out but associated with small mitochondrial-size bodies and with TR-mOGG1 was eliminated under conditions that de-
organized along strands or filaments. The filamentous aspecpolymerized microtubules (e.g., cold) (not shown).
of anti-mOGGL1 antibody staining was puzzling since a sim-  To explore the possibility that TR-mOGG1 may also as-
ilar staining pattern was observed when these cells had beersociate with microtubules organizing the mitotic spindle as-
probed with anti-8-oxoguanine antibodidgl]. sembly, cells at various stages of mitosis were fixed and
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Fig. 1. Staining of NIH-3T3 fibroblasts with fluorescently-tagged recombinant mOGG1. Chemical conjugation of recombinant mOGG1 to Texas red and cell
probing with TR-mOGG1 was as describedSaction 2 (A, C) Phase contrast micrographs. (B, D) Epifluorescent micrographs. (A-D) NIH3T3 fibroblasts
probed with TR-mOGGL1. (C, D) membrane ruffles (arrows). (B) Bap@5(D) Bar, 20um.

probed with TR-mOGGL1. Cells at different stages of mi- also assessed by epifluorescent microscopy. Results from
tosis were collected from otherwise untreated actively grow- these experiments are showrHig. 4. Centrioles were iden-
ing cultures by low-speed centrifugation, fixed onto slides tified using specific antibodies foy tubulin (Fig. 4B (ar-

and probed with TR-mOGG1 as describe&action 2 Re- rows)). Epifluorescent microscopy showed that TR-mOGG1
sults from these experiments are shownFig. 3. When also decorates the centriole in interphase céllg.(4C—E
actively dividing cells were probed with TR-mOGGL1 and (arrows)). Centriole staining by TR-mOGG1 was similar to
examined by epifluorescent microscopy, images revealedthat obtained with anti-tubulin antibodies and immunofluo-
that TR-mOGG1 was capable of decorating the mitotic rescence microscopy (not shown).

spindle assemblyHig. 3. TR-mOGG1 decorated interpo- Similar results to those shown figs. 1-4were obtained

lar (Fig. 3A-D) as well as astral microtubules emanating when fluorescent dyes from the Alexa series were conju-
from the spindle polesHig. 3D (arrow)). The spindle poles gated to mOGGL1 or Texas red was chemically conjugated
were identified using antj-tubulin antibodies (not shown).  to hexahistidine-tagged recombinant hOGG1 (TR-hOGG1)
TR-mOGG1 also showed diffused staining throughout theseand used to probe NIH3T3 fibroblasts (not shown). Chem-
dividing cells Fig. 3). This diffuse staining excluded the ical conjugation of mMOGG1 to Alexa series dyes and cell
space occupied by the highly condensed mitotic chromo- probing with Alexa series-mOGG1 conjugates was as de-
somes, howevelHg. 3A (arrows)). The space occupied by scribed inSection 2 Expression and purification of recom-
mitotic chromosomes was identified using specific dyes for binant hOGG1, chemical conjugation to Texas red and cell
DNA (not shown). TR-mOGGL1 decorated mitotic cells in a probing with TR-hOGG1 conjugates was as described for
manner similar to that shown by anti-tubulin antibodies using TR-mOGG1 or as described 8ection 2
immunofluorescence (not shown).

3.2. TR-mOGG1 decorates the centriole at the core of 3.3. Protein fractions enriched in mammalian tubulin
the centrosome of interphase cells inhibit the decoration of microtubules by TR-mOGGL1 in
situ

To evaluate the extent and specificity by which
TR-mOGG1 decorates tubulin polymeric structuresinmam-  Although in our hands the decoration of microtubules, the
malian cells, TR-mOGG1 decoration of the centriole was centriole and the mitotic spindle assembly by TR-mOGG1
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Fig. 2. Staining of NIH3T3 cells with fluorescently-tagged phalloidin, anti-desmin and anti-tubulin antibodies. Cell staining with FITC-tadjgetirpAnd
immunofluorescence with anti-desmin and anti-tubulin antibodies was performed as descBeetlan 2 (A—F) Epifluorescent micrographs. (A, B) Cells

probed with TR-mOGG1 and FITC-conjugated phalloidin. (C, D) Cells probed with TR-mOGG1 and anti-desmin mouse monoclonal mAb1636 antibody
followed by Alexa 488-conjugated goat anti-mouse IgG antibodies. (E, F) Cell probed with TR-mOGG1 and FITC-tagged mouse anti-tubulin aAtibodies. (
C, E) TR-mOGG1 staining. (B) Phalloidin staining. (D) Immunofluorescent staining with anti-desmin antibodies. (F) Immunofluorescent staamitigawith
tubulin antibodies. (F) Bar, 2bm applies to all panels.

proved resistant to low concentrations of non-ionic detergents presence of tubulin-enriched fractions (not shown). Similar
(e.g., 0.5% (v/v) Triton X-100; 0.5% (v/v) Tween 20) and/or results to those shown ig. 5were obtained when cells were
saline solutions (e.g., 600 mM NacCl) (results not shown), probed with TR-hOGGL1 in the presence of tubulin-enriched
the specificity of this binding needed to be determined. In fractions (not shown).

situ competition assays were used to assess the specificity of

mOGGL1 binding for tubulin assemblies. Results from these 3.4. Affinity binding and photo-digestion of in

experiments are shownlig. 5. The decoration of acytoplas-  vitro-assembled Rose Bengal-tagged mOGG1-tubulin

mic microtubule network by TR-mOGG1 was suppressed complexes confirm the association of mOGG1 with

when cells were probed with TR-mOGG1 in the presence of tubulin assemblies

fractions enriched in mammalian tubuliRig. 5D). Further-

more, TR-mOGG1 decoration of tubulin assemblies such as  To substantiate in situ binding results obtained with
the centriole and the mitotic spindle were also inhibited by the mOGG1, protein fractions enriched in mammalian tubulin
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Fig. 3. Decoration of the mitotic spindle assembly by fluorescently-tagged mOGG1. Chemical conjugation of mOGGL1 to Texas red and probing of mitotic
cells with TR-mOGG1 was as describeddaction 2 (A—-D) Epifluorescent micrographs. (A-D) Cells probed with TR-mOGGL1. (A) Mitotic chromosomes

at the metaphase plate (arrows). (D) Astral microtubules emanating from the centrosome at the spindle pole (arrow). (A, B, D) Metaphase. (Cj®naphase
Bar, 20pnm applies to all panels.

were assessed for their ability to bind mOGG1 in vitro us- plexes. This site-directed technique was shown previously
ing affinity chromatography and in vitro site-directed pho- to be an effective technique to confirm the association of lig-
tocleavage analyses. Results from these experiments arends with specific elements of the cytoskelgir]. Results
shown inFig. 6. MOGGL1 affinity binding, chemical cross- from these in vitro photochemical experiments are shown
linking, chemical conjugation ofmOGGL1 to Rose Bengal in Fig. 6B. Protein mixtures containing tubulin-enriched
(RB—mOGGL1), in vitro site-directed photochemistry and fractions and either unconjugated mOG@ig( 6B, top gel,
SDS-PAGE were performed as describe&attion 2 Mix- lanes 1 and 3) or RB—-mOGGEif). 6B, top gel, lanes 2 and 4)
tures containing fractions enriched in mammalian tubulin or protein mixtures containing mammalian actin and tubulin-
were incubated with either mOGG1 or BSA immobilized enriched fractions and either unconjugated mOG&Eq. 6B,

on to Sepharose beads. After incubation, beads were washethottom gel, lanes 1 and 3) or RB—-mOGG4d. 6B, bottom

as for immunoprecipitation and affinity binding ligands ana- gel, lanes 2 and 4) were incubated in the abserag 6B,
lyzed by SDS-PAGE. SDS-PAGE analyses of affinity bind- lanes 1 and 2) or the presenégg. 6B, lanes 3 and 4) of visi-
ing ligands revealed that only mOGG1-Sepharose beadsble light. After irradiation, protein samples were analyzed by

were able to specifically retain tubulin molecul&sg 6A, SDS-PAGE and protein bands identified by Coomassie blue
lane 2). A small amount of mMOGG1 was released from staining. Tubulin migrated on SDS-PAGE gels at its expected
the Sepharose support during sample preparaian @A, mobility either in the presence of unconjugated mOGGL1 or
lane 2). RB-mOGGL1 in the absence of visible lightig. 6B, lanes

To confirm the binding specificity between mOGG1 and 1 and 2, respectively) or in the presence of unconjugated
tubulin assemblies and circumvent problems associated withmOGG1 and visible light Kig. 6B, lane 3). However,
the analysis of relatively large macromolecular conjugates SDS-PAGE gels showed that tubulin was photo-digested
formed as a result of chemical cross-linking analyses, in the presence of RB—-mOGG1 and visible ligktd. 6B,
including those formed between mOGG1 and microtubules lane 4) and the actin band (a non-specific control) remained
(not shown), in vitro site-directed protein photoreaction was unchanged at its expected mobilitiFig. 6B, bottom gel,
applied to confirm the formation of mOGG1-tubulin com- lane 4).
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Fig. 4. Decoration of the centrosome/centriole in interphase cells by fluorescently-tagged mOGG1. Chemical conjugation of mOGGL1 to Texad red and cel

probing with TR-mOGG1 was as described in Fig. 1. (A) Phase contrast micrograph. (B—E) Epifluorescent micrographs. (A, B) Cells probed tulthlamti-
antibodies. (C—E) Cells probed with TR-mOGGL1. (B-E) Centrosome/centriole (arrows). (C) an, 2B) Bar 20um applies to panels A, B, D, E.

3.5. Cells probed with RB—-mOGG1 or RB-anti-mOGG1
antibodies in the presence of visible light showed
disruption of their microtubules

In situ site-directed photodigestion of proteins was also
shown to be an effective method to evaluate the binding
of specific ligands to elements of the cytoskelefd8]. In

probed with Rose Bengal-conjugated anti-mOGG1 antibod-
ies instead of RB-mOGG1 and irradiated with visible light

(Fig. 8).

4. Discussion

situ site-directed protein photodigestion was used to evaluate  Although studies focusing on OGG1 have been largely di-

the extent of microtubule disruption in RB-mOGG1-treated
cells. Results from these experiments are showRidn 7.
Cell probing with RB-mOGG1 and in situ site-directed pho-
tochemistry was as described Bection 2 Cells probed
with unmodified mOGG1 in the presence of visible light
(Fig. 7A and B) did not show detectable changes in their mi-
crotubule networks. Microtubules were disrupted, however,
in cells probed with RB—-mOGGL1 in the presence of visible
light (Fig. 7C and D). Disruption of microtubules was most

rected at elucidating its enzymatic activity, some have turned
attention to its cellular distribution. To date, various in situ
localization methods have been applied to investigate OGG1
distribution in actively growing tissue culture cells. Results
fromin situ localization studies have shown that OGGL1 is dis-
tributed between the two major compartments of the cell, the
nucleus and the cytoplasfi5—28,44] These observations
are not surprising considering the amount of DNA residing
in the nucleus and the large volume of mitochondrial and

notable near the peripheral cytoplasm of cells exposed toprotein synthesis activity that resides in the cytoplasm.

RB-mOGG1 and visible lighHig. 7C and D). Microtubules

Recently, however, indirect immunofluorescent localiza-

were not disrupted when these experiments were conductedion analyses using anti-mOGG1 antibodies revealed that cy-
in the absence of visible light (not shown). Similar results toplasmic mOGG1 staining was not diffuse throughout but
to those shown irFig. 7 were obtained when cells were instead seemed organized along strands. This staining pattern
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Fig. 5. Inhibition of the decoration of microtubules by fluorescently-tagged mOGG1 through tubulin-competitive binding. Chemical conjug@iBGaftm

Texas red and cell probing with TR-mOGG1 was as described in Fig. 1. 1. (A, C) Phase contrast micrographs. (B, D) Epifluorescent micrographs (A, B) Cell
probed with TR-mOGG1 in the absence of tubulin-enriched fractions. (C, D) Cells probed with TR-mOGG1 in the presence of tubulin-enriched@actions.
Bar, 25um applies to all panels.

suggested that at least a fraction of the cytoplasmic mOGG1tagged mOGG1 was found associated with microtubules par-
pool may be associated with filament-like structures. In ad- ticipating in the spindle assembly and centriole/centrosome.
dition, cell exposure to oxidative DNA damage induced the This last observation may be significant from the stand point
redistribution of cytoplasmic mOGG1 pools to the nucleus of DNA repair, since it has been shown that centrosomes play
and its peripheral cytoplasii@4]. The relatively rapid re-  a critical role in cell cycle progression as well as cellular re-
distribution of mMOGGL1 under these experimental conditions sponses to defects in DNA replication and the onset of DNA
suggested that a form of active transport may be involved in damagg42,43].
the relocation process. In situ localization results obtained with fluore-
This study used recombinant mMOGG1 tagged to fluores- scently-tagged mOGG1 were substantiated by results
cent and photosensitive dye molecules to directly probe ac-obtained combining chemical cross-linking and site-directed
tively growing tissue culture cells in an effort to detect associ- photodigestion analyses. The application of chemical cross-
ations between mOGG1 and cytoplasmic filaments. Resultslinking analyses proved of limited use in this case since the
from these in situ localization studies showed that mOGG1 cross-linking agents used had a tendency to form conjugates
binds microtubules, one of the three main polymers consti- not suitable for evaluation by gel shifting and immunoblot
tuting the cell cytoskeleton. Furthermore, evidence presentedanalyses. This observation was not surprising since cross-
here revealed that mOGG1 association with the cytoskele-linking agents would covalently-link mOGG1 with entire
ton was maintained throughout the cell cycle. During inter- microtubule segments or several of their subunits all of
phase fluorescently-tagged mOGG1 decorated an extensivevhich would have molecular masses too large for resolving
network of microtubules emanating from the nuclear periph- on SDS-PAGE gels. In contrast to chemical cross-linking
ery and the centriole/centrosome. At mitosis, fluorescently- analyses, site-directed photodigestion, a method previously
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Fig. 6. Affinity binding of mOGG1-tubulin complexes and in vitro site-directed photochemical digestion of tubulin subunits from RB—-mOGG1-@uabulin c

plexes. Affinity binding to Sepharose-immobilized ligands, DMS chemical cross-linking, in vitro photochemical digestion of tubulin from RB—@GIBil

complexes and SDS-PAGE were conducted as descritsgetition 2 (A) Coomassie blue stained SDS-PAGE gel containing proteins bound to either Sepharose-
immobilized BSA or Sepharose-immobilized mOGGL1. Lane 1, tubulin-enriched fraction bound to BSA-Sepharose beads; lane 2, tubulin-enriched fracti
bound to mMOGG1-Sepharose beads. (B) Tubulin-enriched fractions were reacted either in the absence (top gel) or in the presence (bottom g#) of actin w
either unconjugated mOGG1 or RB-mOGG1 in the absence (lanes 1 and 2) or the presence (lanes 3 and 4) of visible light and photo-digestion reactions
analyzed by SDS-PAGE. (Top gel) Each lane of a 7.5-15% (w/v) SDS-polyacrylamide gel was loaded with reaction mixtures copiofrigtlin and

320 ng of either unconjugated mMOGG1 or RB-mOGG1. (Bottom gel) Each lane of a 7.5-15% (w/v) SDS-polyacrylamide gel was loaded with reaction mixtures
containing 5ug of tubulin, 4u.g actin and 320 ng of either unconjugated mOGG1 or RB-mOGGL1. Reaction mixtures were irradiated for 60 mt &&g

were stained overnight with Coomassie blue. Lanes 1 and 3 show the tubulin band in reaction mixtures containing unconjugated mOGGL1. Lanes 2 and 4 show
the tubulin band in reaction mixtures containing RB-mOGGL1. (A) Arrows at right indicate the migration positions of tubulin (top) and mOGG1 (®)ttom).

Arrow to the left points to the migration position of actin. Arrows to the right point to the migration position of tubulin.

used to analyze cytoskeletal elements and their ligands,sites on microtubules. The net result from either one of these
proved ideal for this purpose. In situ and in vitro site-directed possibilities would be a signal amplification well above
photoreactions showed the digestion of tubulin subunits that obtained with indirect immunofluorescence alone. This
from mOGG1—-microtubule complexes, thus, confirming the may be the case, since cells probed with untagged mOGG1
association of mMOGG1 with microtubules and their tubulin and then treated for indirect immunofluorescence with anti-
subunits. Furthermore, cells probed with RB-anti-mOGG1 mOGGL1 antibodies gave similar fluorescent images to those
antibodies showed disruption of their microtubule networks obtained from cells probed directly with fluorescently-tagged
uponirradiationFig. 8), indicating that a fraction of intrinsic  mOGG1 (not shown). Taken together these observations
(authentic) mOGG1 is associated with microtubules. The suggest that this equilibrium persists through the cell cycle
relatively strong affinity shown by mOGG1 for tubulin keeping a steady-state fraction of the cytoplasmic OGG1 pool
molecules and their polymeric structures was not unique associated with microtubules. Currently, we are conducting
to the murine OGGL1 nor was it conferred by its chemical experiments to test the possibility that this equilibrium may
conjugation to dye molecules since unconjugated mOGGL1 shiftwhen cells go through mitosis or are exposed to oxidative
and its human counterpart (hOGG1) were also capable DNA damage. Results from this experimental work is beyond
of decorating microtubules in situ and site-directing the the scope of this report and will be reported elsewhere.
photodigestion of tubulin in vitro. Interestingly, in our previous experiments we had also ob-
If cytoplasmic OGG1 pools associate with microtubules served the filamentous staining pattern with antibodies di-
as shown in this report, this phenomenon would explain the rected against 8-oxoG. We do not expect this staining to result
filamentous-like staining pattern observed previously using from 8-0xoG associated with microtubule-binding OGG1,
indirect immunofluorescence and anti-mOGG1 antibodies. since the affinity of 8-oxoG mononucleotides to this enzyme
Thus, anti-mOGG1 antibodies recognized mOGG1 fractions is low (D.O.Z., unpublished). Rather, a plausible explana-
that were bound to microtubules as well as mMOGG1 localized tion for this phenomenon would be provided by binding of
elsewhere in the cytoplasm. On the other hand, when using8-oxoGTP in the nucleotide-binding center of tubulin, which
fluorescently-tagged mOGG1 or hOGGL1 to directly probe is regulated by GTP. The cellular pool of GTP and dGTP is
cells, these fluorescent probes decorated microtubulesprone to oxidation, and a special enzyme, MutT (MTH in
by either displacing the fraction of cellular mOGG1 eukaryotes), hydrolyzes both ribo- and deoxyriboguanosine
bound to microtubules through competitive binding and/or triphosphates oxidized at §85]. However, eukaryotic MTH
fluorescently-tagged OGG1 recognized unoccupied binding is mostly localized to the cell compartment supporting DNA
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Fig. 7. In situ site-directed disruption of microtubules by Rose Bengal-conjugated mOGG1. NIH3T3 fibroblasts were grown on slides, fixed witlajoierafor

hyde, washed with MSM-Pipes and incubated with RB-mOGG1 or unconjugated mOGG1. Cells were irradiated for 60 frith g&-37) Epifluorescent
micrographs. (A, B) Cells irradiated in the presence of unconjugated mOGGL1. (C, D) Cells irradiated in the presence of RB-mOGGL1. (A, C) Microtubules
decorated with 1e.g/ml Alexa 568-conjugated mOGGL1. (B, D) Microtubules decorated with FITC-tagged mouse tabtHin antibodies. (D) Bar, 2pm

applies to all panels.

replication, such as the nucleus and mitochonff#¥§, and ies from detecting the formation of OGG1-microtubule com-
therefore, cytoplasmic pools of 8-oxoGTP could be signifi- plexes in situ.
cantly higher than the nuclear or mitochondrial pool, possibly ~ Although the association of mOGG1 with microtubules
allowing part of 8-oxoGTP to be associated with tubulin. can not be ruled out as an artifact, this scenario seems un-
To our knowledge the observation that mOGG1 associateslikely since the murine and human OGGL1 isoforms showed
with microtubules, a widely distributed cytoskeletal compo- this same property. Light-induced disruption of microtubules
nent, has not been reported previously. Failure to observe thisby RB-conjugated anti-mOGG1 antibodies proves that mi-
binding phenomenon may be explained as follows: either the crotubules are not only potential sites of binding for exter-
in situ localization techniques used were detrimental to the in- nally applied mOGG1, but the intrinsic OGG1 protein is also
tegrity of microtubules and/or cell expression of GFP-tagged associated with these cytoskeletal elements. There is already
probes or GFP-OGGL1 constructs themselves may have aevidence that OGG1 may have the ability to associate with
lower affinity for or not bind microtubules in vivo. As sug- structural components of the cell. Dantzer and collaborators,
gested earlier, the OGGL1 fraction bound to microtubules may using a stable transfectant cell line expressing hOGG1 fused
be relatively small by comparison to the OGG1 pool found to GFP, showed that hOGG1 was preferentially associated
elsewhere in the cytoplasm, thus, making it difficult to de- with the nuclear matrix at interphap#l]; the nuclear matrix
tect by immunofluorescence. Furthermore, microtubule endsis largely composed of filamentous proteins (e.g., the lamins),
grow leading to elongation or their tubulin subunits depoly- many of which, play roles similar to that of components of
merize leading to shortening in response to cellular demands;the cytoskeleton. Because of these similarities, the nuclear
experimentally, however, they are particularly susceptible to matrix is often referred to as the karyoskelef66,57] As-
catastrophic shortening (e.g., cold, hydrostatic pressure, etc.)sociation of hOGG1 with the karyoskeleton was directed by
Any one of the above scenarios would preclude previous stud-serine phosphorylation of the protdBil]; it is possible that
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Fig. 8. In situ site-directed disruption of microtubules by Rose Bengal-conjugated anti-mOGG1 antibodies. NIH3T3 fibroblasts were grownteatdides,

as in Fig. 7 and incubated with RB-conjugated anti-mOGG1 antibodies or unconjugated anti-mOGG1 antibodies. Cells were irradiated for 60Cnin at 37
(A, E) Phase contrast micrographs. (B—-D, F—H) Epifluorescent micrographs. (A-D) Cells irradiated in the presence of unconjugated anti-mOdi31 antibo
(E—H) Cells irradiated in the presence of RB-conjugated anti-mOGG1 antibodies. (A, B, E, F) Microtubules decoratequgfithl 26exa 568-conjugated
mOGGL1. (C, G) Microtubules decorated with FITC-tagged mousecanibulin antibodies. (D, H) F-actin decorated with FITC-conjugated phalloidin. (H)
Bar, 25um applies to all panels.

this phosphorylation regulates the distribution of OGGL1 be- by competitive binding does not rule out the possibility that
tween nuclear and cytoplasmic cytoskeleton networks. mOGGL1 interaction with microtubules may be transient or
Actin filaments, intermediate filaments and microtubules mediated through intermediate(s) yet to be identified. Fur-
interact with each other and with associated proteins to form thermore, modifications introduced by chemical conjugation
the cytoskelton and mediate cellular traffickifig2—36] to dye molecules did not alter mOGG1's capacity to bind
Cytoskeletal trafficking efficiently mobilizes a wide range microtubules. Also, the addition of an hexabhistidine tag to
of macromolecules and small organelles. For example, mi- the N-terminus of hOGG1 through a thirteen amino acid-
crotubules, the largest and most rigid of the three ma- long linker did not preclude hOGGL1 constructs from binding
jor cytoskeletal filaments, in conjunction with microtubule- microtubules, implying that it&N-terminus may not be di-
associated proteins (MAPs) and molecular motor proteins, rectly involved in the binding process. Taken together these
provide paths along which macromolecules are transportedobservations suggest that OGG1’s capacity to associate with
to or from the nuclear compartment or within the cytoplas- tubulin molecules may not be easily perturbed.
mic compartmen{39,40] By playing an important role in Hypotheses suggesting that MAPs or motor proteins may
intracellular transport, microtubules assist cells with the de- be forming a bridge between mOGG1 and tubulin subunits
ployment of essential resources to defined sites, thus, max-s an attractive model in light of the results presented here.
imizing their utilization. Transport along microtubules also This type of intracellular transport has already been shown to
provides an extremely fast mechanism to regulate proteinoccur for other small macromolecules (proteins and nucleic
activity, particularly for proteins whose main function is pri- acids), thus, it is possible that OGG1 and other DNA repair
marily restricted to a cell compartment (e.g., the nucleus). enzymes are using motor proteins riding on microtubules
An example of such a protein is the tumor-suppressor pro- as a mechanism to regulate their activity while relocating
tein p53. P53 rides on microtubules while shuttling to the in the cytoplasm and shuttling to the nucleus. On the other
nucleus in response to stress, and its activity is modulated inhand, microtubule-disrupting drugs are among the most ef-
taxol-treated cell§58-60] fective anti-cancer chemotherapeutic agents and conceivably
The observation that tubulin-enriched fractions inhibited their effectiveness may be in part derived from their capacity
fluorescently-tagged mOGG1 from decorating microtubules to disrupt intracellular transport in general and of DNA re-
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pair enzymes in particular; for instance, taxol, a microtubule- oxidative DNA damage promoted by-dopa and its metabolites.
selective agent, is known to markedly slow down the repair Implications for neurodegenerative disease, FEBS Lett. 353 (1994)
of many kinds of DNA damagg61]. The end result would 246-250.
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