Biochemistry2001,40, 7025-7034 7025

Humanao Spectrin Il and the FANCA, FANCC, and FANCG Proteins Bind to
DNA Containing Psoralen Interstrand Cross-Lihks

Laura W. McMahort,® Jose SangermdrSteven R. GoodmahKandallu Kumaresahand Muriel W. Lambert*:8

Department of Pathology and Laboratory Medicine and Graduate School of Biomedical Sciences,
UMDNJ—New Jersey Medical School, Newark, New Jersey 07103, and Department of Structural and Cellular Biology,
University of South Alabama College of Medicine, Mobile, Alabama 36688

Receied December 22, 2000

ABSTRACT. Repair of DNA interstrand cross-links is a complex process critical to which is the identification
of sites of damage by specific proteins. We have recently identified the structural protein nonergthroid
spectrin @ SplI=*) as a component of a nuclear protein complex in normal human cells which is involved
in the repair of DNA interstrand cross-links and have shown that it forms a complex with the Fanconi
anemia proteins FANCA, FANCC, and FANCG. Using DNA affinity chromatography, we now show
thataSplIZ*, present in HelLa cell nuclei, specifically binds to DNA containing psoralen interstrand cross-
links and that the FANCA, FANCC, and FANCG proteins are bound to this damaged DNA as well. That
spectrin binds directly to the cross-linked DNA has been shown using purified bovine brain spectrin
(aSplIZ1/5SplIZl),. Binding of the Fanconi anemia (FA) proteins to the damaged DNA may be either
direct or indirect via their association wittSplIZ*. These results demonstrate a role éospectrin in the
nucleus as well as a new function for this protein in the cell, an involvement in DNA rep@pll=*

may bind to cross-linked DNA and act as a scaffold to help in the recruitment of repair proteins to the
site of damage and aid in their alignment and interaction with each other, thus enhancing the efficiency
of the repair process.

Repair of DNA interstrand cross-links is a multistep involved in repair of DNA interstrand cross-link&3, 19.
process. Though the molecular basis of this process has beelVe have also shown thatSpll=Z* forms a complex in the
elucidated in prokaryotes (revieweddj the precise nature  nucleus with the FANCA, FANCCI1@, 14, and FANCG
of these repair events in mammalian cells is unclear. Critical proteins (Lambert et al., in preparation). Our studies have
to this repair pathway is the ability of repair proteins to demonstrated that there is a deficiency in levela8plI=*
recognize the lesion and interact with the DNA at the site in FA complementation group A, B, C, D, and G cells and
of damage. Our laboratory has shown that there is a proteinthat this deficiency is corrected in FA-A, FA-C, and FA-G
in normal human cells which recognizes and binds to DNA cells expressing thEANCA FANCC and FANCG genes,
containing interstrand cross-links produced by psoralen plusrespectively 13, 14 Lambert et al., in preparation). The
UVA! light (2). We have also demonstrated that there is a precise role ofaSpllZ* in the repair of DNA interstrand
deficiency in this protein in cells from patients with Fanconi cross-links, however, is unclear.
anemia (FA) (2), a genetic disorder characterized by bone  Four of the genes from the seven FA complementation
marrow failure, diverse congenital abnormalities, an in- groups have been identifiedEANCA FANCC, FANCFand
creased incidence of cancer, and a marked cellular hyper-FANCG (15-19). However, the function of the proteins
sensitivity to and defect in ability to repair damage produced encoded by these genes is unknown. The clinical symptoms
by DNA interstrand cross-linking agent8<{12). We have  ang cellular features of FA patients from the various
recently identified the structural protein nonerythraid — complementation groups are similar, suggesting that the FA
spectrin ¢SplI=*) as a component of a chromatin-associated proteins may function in an integrated pathwag)( Several
protein complex in the nuclei of normal human cells thatis of these proteins have been shown to form a complex in the
nucleus, which again indicates a role in a common pathway
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investigated the ability oftSpll=* to bind to DNA contain- DNA interstrand cross-links in TMP- plus UVA-treated DNA
ing psoralen interstrand cross-links and whether the FANCA, was determined as previously described by denaturing 6%
FANCC, and FANCG proteins also associate with the cross- polyacrylamide gel electrophoresB (Preparation of DNA
linked DNA. Analysis of these DNA binding activities has containing a psoralen monoadduct was carried out as above
demonstrated a role far spectrin in the nucleus and a new except that the DNA was reacted with 2§/mL angelicin-

role for it in the cell, an involvement in DNA repair. 2-oxo-[2H]-furo[2,3-h]-1-benzopyran (angelicin) (Sigma
Chemical Co.) for 20 min in the dark and then exposed to
EXPERIMENTAL PROCEDURES UVA light (13 mW/cn?) for 5 min as previously described
. . : (26).
Chromatin-Associated Protein ExtractsleLa S3 cells Protein—DNA Binding ReactionddeLa, FA-A, FA-C, or

were obtained from The National Cell Culture Center,

Minneapolis, MN. FA-A (HSC 72) and FA-C (HSC 536) 54 4 nonspecific competitor, salmon testes DNA (Sigma),

lymphoblastoid cell lines were a gift from Dr. Manuel e mixed in a 1:5 w/w ratio in DNA binding buffer [20
Buchwald (Hospital for Sick Children, Toronto, Canada). 1\ Tris-HCI pH 7.5, 10 mM MgGJ, 120 mM NaCl, 0.3%

FA-G (EL}FAl_43) cell lines were a gift from Dr. Hans Joenje. Tween-20, 5Qig/mL YVAD (Ac-Tyr-Val-Ala-Asp-chloro-
(Free University, Amsterdam, Th_e Netheflands). CeI_I nuclei methy keton(e); (Bachem Biochemicals), and protease inhibi-
were isolated, and the chromatin-associated proteins werey, nivyre (Roche Molecular Biochemicals)] and incubated
extracted in a series of steps as previously descriBe8,( o jce for 4 min. In separate reactions, purified bovine brain
14). Protein concer_1tratmns were determined using the spectrin (7.5:g) was mixed with the DNA binding buffer
Bradford reagent (Bio-Rad). as above. For both sets of reactions, biotinylated undamaged
Isolation and Purification of SpectrifNonerythroid spec-  or biotinylated TMP cross-linked DNA (7.4g) was then
trin (aSplIZ1/3SplI1), was isolated from bovine brain and  added, and the mixture was shaken slowly overnight at 4
purified as described by Sikorski et ak4j. The spectrin  °C. Streptavidin-coated acrylamide beads (Pierce) were
(184 ug/mL) was in 10 mM NaP@ 15 mM sodium  plocked by shaking overnight in caseifiris-buffered saline
pyrophosphatel M NaBr, 1 mM NaN, 0.4 mM DTT, 1 (Pierce), washed in 20 mM Tris-HCI, pH 7.5, 150 mM Nacl,
mM EGTA, pH 8.2. Purity of the spectrin was tested by and 10 mM MgC}, and resuspended in DNA binding buffer
SDS-PAGE on a 5% polyacrylamide ge29) followed by ~ as a 1:1 slurry. Then 4@L of this slurry was added per
silver staining, performed according to the manufacturer's DNA binding reaction, and slow shaking was continued
protocol (Bio-Rad). Purified RBC spectrin was used as a overnight at £C. The beads/bound DNA and proteins were
marker. pelleted by centrifugation (25@&t 4°C) and washed in 20
DNA SubstrateA 105 bp DNA substrate was synthesized mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM Mgg| 50
that was a modification of the region from positions 75 to «g/mL YVAD, and protease inhibitor mixture. The pellet
179 of the nucleotide sequence of the 5S rRNA gene from was resuspended in this buffer, and the bound proteins were
Lytechinus variegatus This sequence was modified to examined by immunoblot analysis.
contain a centrally located hotspot for formation of psoralen  Competition Assay£ompetition assays were carried out
interstrand cross-links (TATAT). In addition, the sequence by adding 0, 7.1, or 21.3g of nonbiotinylated DNA, which
was modified, by changing-+ G or C and A— G or C, so was either undamaged or TMP cross-linked, to the binding
that there were no AT nucleotides together, except for the reactions along with the biotinylated cross-linked DNA
hotspot, where cross-links could potentially form. The top substrate. Incubation reactions, addition of streptavidin-coated
strand, which was biotinylated on theéhd, and the bottom  beads, and washing were carried out as described above.
strand were synthesized by the HHMI Biopolymer Facility/ ~ Development of Antibodieg\ffinity-purified rabbit poly-
W. M. Keck Foundation Biotechnology Resource Laboratory clonal antiserum was generated from synthetic peptides
at Yale University. For construction of the duplex substrate, corresponding to the C-terminal regions of the FANCA,
equimolar amounts of the top and bottom strands were mixedFANCC, and FANCG proteins by Bethyl Laboratories. For
in TE buffer (10 mM Tris-HCI, pH 7.6, 1 mM EDTA). this, synthetic peptides corresponding to the C-terminal
Hybridization of the strands was carried out by incubating region of the FANCA (CRQQAAPDADLSQEPHLF)
the mixture at 9C°C for 2 min and then slowly cooling it  (13), FANCC (CEKLARELLKELRTQV), and FANCG
down to room temperature (Z&). The sample was dried (FLEEFRTSLPKSCDL) proteins were conjugated to KLH
under vacuum (Speed Vac Concentrator, Savant) and thercarrier and separately injected into rabbits. The antiserum
resuspended in sterile distilled water. For formation of was affinity purified using the peptides linked to agarose
psoralen interstrand cross-links, the DNA was damaged by (Bethyl Laboratories). Verification of antibody binding to
adding 4,58-trimethylpsoralen (TMP) to give a final con- the respective FA proteins was made by Western blot
centration of 1Qug/mL TMP. TMP was incubated with the  analysis using FANCA polyclonal antiserum previously
DNA for 10 min in the dark and then irradiated with long- prepared13), FANCC polyclonal antiserum (a generous gift
wavelength ultraviolet (UVA) light from a super-high- of Dr. Christopher Walsh, University of North Carolina), and
intensity black light lamp (Spectroline model SB-100, FANCG polyclonal antiserum (a generous gift of Dr. Alan
Spectronics Corp.) for 20 min at 20 mW/&rtat 4 °C). D’Andrea, Harvard Medical School). A monoclonal antibody
Unbound TMP was extracted with chloroform, and the DNA againstaSplI=* from normal human lymphoblastoid cells
was precipitated with ethanol. The pellet containing the cross- was developed as previously describ&g)(
linked DNA was dried under vacuum and resuspended in  Immunoblotting The DNA binding reactions were sepa-
TE buffer. Undamaged DNA substrate was prepared in therated on SDSPAGE gels (7.5x 8.5 cm) following the
same way except without the TMP treatment. Formation of method of Laemmli Z5) and proteins analyzed by immu-

FA-G cell chromatin-associated protein extracts{35 uQ)
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noblotting as previously describedZ—14). Immunoblots A
were developed using Pierce Ultra chemiluminescent sub- Undamaged Cross-linked
strate and then exposed to X-ray film (Pierce). The primary DrEl;A DNA
antibodies used were ardiSpllZ*, anti-FANCA, anti- - o502
FANCC, anti-FANCG, and anti-XPF, an affinity-purified Anti- «—aSpliE*
polyclonal antibody against the XPF protein that was a oSpllz* -
generous gift of Dr. Michael Thelen, Lawrence Livermore

National Laboratory. When blots were reprobed, they were

HelLa

—200

stripped using the Re-Blot Western Recycling Kit (Chemi- ':R"h;CA . <—FANCA
con) and reblocked as above before reprobing with the B . —144
secondary antibody. Images were scanned using a Hewlett- ‘
Packard ScanJet 4¢/T scanner and analyzed with ImageQuant ';:‘; g - -— =+ FANCG
(Molecular Dynamics).

Incision ReactionsA 140 bp DNA substrate was con-
structed, which corresponded to the region from 61 to 200 Anti- — 2 FANCC
of the nucleotide sequence of the 5S rRNA gene from FANCC —so
Lytechinusvariegatus(27). The top strand was internally 1 2
labeled withy-3%P at the 5end 7). The presence of an
a-phosphorothioate nucleotide at theedd of the DNA B FA-C
substrate conferred resistance t6 3 5 exonuclease Undamaged Cross-linked
activities which may be presenf§, 29. A single site- DNA DNA
specific TMP interstrand cross-link was produced, as previ- _zgga
ously described, in which its furan side was attached to a Anti- ’ 4+ «—oSpliz*
thymine in a centrally positioned’FpA-3 dinucleotide oSpliz* — 200

sequence in the top strand of the substr&®.(Incision

reactions were carried out by incubating the DNA substrate ) !

(100 fmol), either TMP cross-linked or unmodified, with émm ' Q_T“FANCA
chromatin-associated protein extract (4§) from normal o

human lymphoblastoid cells (GM 3299) as previously ‘

described 12, 27. Incision sites were identified using the é,:tr:cs Y 2 5;FANCG
sequencing method of Maxam and Gilbei2( 27). For

examination of the effects of antiSplIZ* on endonucleo-

lytic incisions produced at sites of TMP interstrand cross- Anti- Y T %EANce
links, the protein extract was preincubated with either IgM FANCG | M
(300 ng) or varying concentrations of antspli=* (100,
200, 300 ng) before carrying out the incision reactions. For
examination of the influence of purified bovine spectrin on Ficure 1: Binding of aSplI=* and the FANCA, FANCC, and
the incisions at sites of DNA interstrand cross-links, varying FANCG proteins to DNA containing a TMP interstrand cross-link.

concentrations of spectrin (36 or 53 na) were added. (A) Chromatin-associated proteins (8@) from Hela cells were
b ( 9) reacted with undamaged DNA (7/g) (lane 1) or TMP cross-

ImmunoprecipitationFor immunoprecipitation (IP), chro-  |inked DNA (7.1ug) (lane 2), and protein binding to DNA was
matin-associated protein extracts from Hela cells were visualized by immunoblot analysis using either anfiplI=* (top
utilized. For antie. spectrin IPs, antix spectrin (specific for ~ panel), anti-FANCA (second panel), anti-FANCG (third panel), or
mammalian nonerythroid spectrin and chickea spectrin) anti-FANCC (bottom panel). All of the Western blots shown are

. . . from the same DNA binding experiment and the same Western
(Chemicon, mAb 1622) or anti-mouse Ig@igma) was  pjot which was stripped and reprobed. These experiments were

bound to protein G-coated agarose beads (Sigma), and theepeated 25 times, using 4 different HeLa cell extractions and 3
binding reactions and immunoprecipitations were carried out different DNA substrate preparations, with similar results. (B)
as previously described4). For immunoprecipitation, anti- Chromatin-associated proteins (3§) from FA-C cells were reacted

; ARl | with undamaged (lane 1) or TMP cross-linked (lane 2) DNA (7.1
spectrin was used because our _pII_Z Is of the _Ig_M . #g). Immunoblot analysis of protein binding to DNA was carried
class and cannot be used effectively inimmunoprecipitations ot ysing either an@Spli=* (top panel), anti-FANCA (second

(14). For anti-XPF immunoprecipitation, anti-XPF was bound panel), anti-FANCG (third panel), or anti-FANCC (bottom panel).
to protein A-coated agarose beads (Sigma), and immuno-All of the Western blots shown are from the same DNA binding
precipitations were carried out as describéd)( The IPs ~ experiment and the same Western blot, which was stripped and
were subjected to SDSPAGE, transferred to nitrocellulose reprobed. These experiments were repeated 3 times, with similar

-—50
1 2

. ; . Its.
and immunoblotted as previously describéd)( r'esu S ) N
links. The extent of interstrand cross-linking in the treated
RESULTS substrate was determined, as previously descri@gdbfy

denaturing gel electrophoresis. The fraction of DNA contain-
A 105 bp DNA substrate containing a hotspot for forma- ing interstrand cross-links was 98%.
tion of DNA interstrand cross-links induced by psoralen plus  Using DNA affinity chromatography, it was found that
UVA light was synthesized and utilized as a probe for oSpllZ* from chromatin-associated protein extracts from
determining whetherSplI=* and the FANCA, FANCC, and  HelLa cell nuclei bound to the TMP cross-linked substrate.
FANCG proteins bind to DNA containing interstrand cross- Western blot analysis of the bound proteins showed that
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Ficure 2: Competition experiments showing the preferential binding®pll=* and FANCA to TMP cross-linked DNA. (A) Increasing
amounts (0, 7.1, and 21:8) of undamaged (top panel) or TMP cross-linked (bottom panel) nonbiotinylated DNA were added as a competitor
to binding reactions containing HeLa cell chromatin-associated proteinsyj3nd TMP cross-linked biotinylated DNA (7:43). Binding

of aSpllZ* to the damaged DNA during these competition reactions was examined by immunoblot analysis uswgpiti- (B)
Quantitation of the results shown in (A). Vertical lines represeBEM. (C) The specificity of binding of FANCA to TMP cross-linked

DNA was examined. Undamaged (top panel) or TMP cross-linked (bottom panel) nonbiotinylated DNA was added to the binding reactions.
Immunoblot analysis of these competition reactions was carried out using anti-FANCA. This immunoblot is a reprobe of the same blot
shown in (A). (D) Quantitation of the results shown in (C). Vertical lines repres&EM. These experiments were carried out 3 times

with similar results.

oSplIZ* had a much higher affinity for the cross-linked panel). The FANCA (Figure 1B, second panel, lane 2),
substrate (Figure 1A, top panel, lane 2) than for undamagedFANCC (Figure 1B, fourth panel, lane 2), and FANCG
DNA (Figure 1A, top panel, lane 1). Western blot analysis (Figure 1B, third panel, lane 2) proteins also showed greater
of the bound proteins with anti-FANCA, anti-FANCC, and binding to the cross-linked DNA than to undamaged DNA
anti-FANCG indicated that the FANCA (Figure 1A, second (Figure 1B, lane 1), though again these levels were lower
panel), FANCC (Figure 1A, fourth panel), and FANCG than those from normal cells. All of the Western blots shown
(Figure 1A, third panel) proteins also bound to the cross- in Figure 1B are from the same DNA binding experiment
linked substrate with a higher affinity (Figure 1A, lane 2) and the same blot which was striped and reprobed. Western
than for the undamaged substrate (Figure 1A, lane 1). All blot analysis of bound proteins from FA-A cells indicated
of the Western blots shown in Figure 1A are from the same that aSpllZ* had some increased binding for damaged
DNA binding experiment and the same Western blot, which compared to undamaged DNA; no binding to cross-linked
was stripped and reprobed. These binding experiments wereDNA was observed for FANCA or FANCG, and only a
repeated at least 25 times, using four different HeLa cell slight amount of binding of FANCC was seen (data not
extractions and three different DNA substrate preparations, shown). These levels of binding to damaged DNA were much
with similar results. For the results shown in Figure 1A, the lower than those from HelLa extracts. Western blot analysis
buffer used to wash the beads/bound DNA/protein mixture of proteins from FA-G cells that bound to the cross-liked
contained 150 mM NacCl. If the concentration of the NaCl DNA showed that there was little to no binding @plI=*
in the wash buffer was raised t0150 mM, protein binding FANCA, FANCC, or FANCG to either the damaged or the
to the damaged DNA was no longer observed (data notundamaged substrate (data not shown). For FA-A, FA-C,
shown). and FA-G extracts, lower levels of binding aSplIZ* and
These same binding experiments were repeated usingthe FA proteins to cross-linked DNA correlate with lower
chromatin-associated protein extracts from FA-A, FA-C, and levels of these proteins in these cells (see Discussion).
FA-G cells. Western blot analysis of bound proteins from  Preferential binding o&SplIZ* to the cross-linked DNA
FA-C extracts showed thaiSplI=Z* bound to the cross-linked  was determined by carrying out competitive binding experi-
DNA (Figure 1B, top panel, lane 2) with a greater affinity ments. As shown in Figure 2, protein binding to the damaged
than for undamaged DNA (Figure 1B, top panel, lane 1). DNA was competed out by addition of nonbiotinylated TMP
However, levels of binding were much lower than for cross-linked substrate (7.1 and 2Lg) (Figure 2A, bottom
oSplIZ* present in the normal extracts (Figure 1A, top panel). By contrast, undamaged nonbiotinylated DNA did



o Spectrin Binds to Cross-Linked DNA

A
Sp Il oSp II
BSpI- i “BSp II
1 2
B
Undamaged Cross-linked
DNA  DNA
kDa
. —250
Anti-
oSpliz* e <—oSpll
blo —200
1 2

Ficure 3: Binding of bovine brain spectrin to cross-linked DNA.
(A) Purity of bovine brain spectringSplIZ1/3SplIZ1), used in
the DNA binding reactions was analyzed by SBEFSAGE on a 5%
polyacrylamide gel followed by sliver staining (lane 2). Purified

RBC spectrin separated in the same manner and silver stained i

shown to compare migration and purity (lane 1)u@ of both

spectrins was electrophoresed. Spectrin subunits are labeled usin

the nomenclature of Winkelman and Forgét)(without specifying
splice form. (B) Purified bovine brain spectrin (7.8) was reacted
with undamaged DNA (7.4g) (lane 1) or TMP cross-linked DNA
(7.1 ug) (lane 2) and protein binding to DNA visualized by
immunoblot analysis using antiSplI=*.

not effectively compete with the damaged biotinylated DNA
substrate for binding o&SplIZ* (Figure 2A, top panel).
Quantitation of these results is shown in Figure 2B. This
indicates thateSplI=* preferentially binds to the cross-linked
DNA. Preferential binding of the FANCA protein to the
cross-linked DNA was determined by similar competitive
binding experiments. FANCA binding to the damaged DNA
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Ficure 4: Binding of aSplIZ* and the FANCA, FANCC, and
FANCG proteins to DNA containing a psoralen monoadduct.
Chromatin-associated proteins (2§) from HeLa cells were reacted
with undamaged DNA (7.kg) (lane 1) or DNA containing an
angelicin monoadduct (7/g) (lane 2), and protein binding to DNA
was visualized by immunoblot analysis using either ar8plI=*

(top panel), anti-FANCA (second panel), anti-FANCG (third panel),
or anti-FANCC (bottom panel). All of the Western blots shown
are from the same DNA binding experiment and the same Western
blot, which was stripped and reprobed. These experiments were
repeated 3 times with similar results.

blot analysis of the binding of purified brain spectrin to the

ross-linked DNA, using antSplIZ*, showed that spectrin

ound in greater amount to the damaged DNA (Figure 3B,
lane 2) than to the undamaged DNA (Figure 3B, lane 1).
Titration of the amount of spectrin used in the binding
reactions showed that maximum binding to damaged DNA
occurred at a protein/DNA ratio of 7,6g/7.1 ug (Figure
3B, lane 2).

To ascertain the specificity of binding afSplIZ* and the
FA proteins for cross-linked DNA, binding of these proteins
to DNA containing a psoralen monoadduct was examined
under the same conditions used for cross-linked DNA, except
that the substrate contained an angelicin monoadduct rather
than a TMP interstrand cross-link. Western blot analysis of

was competed out by addition of nonbiotinylated cross-linked bound proteins from HelLa chromatin-associated protein

DNA (7.1 and 21.349) (Figure 2C, bottom panel). Undam-
aged nonbiotinylated DNA did not compete with the dam-
aged DNA for binding of FANCA (Figure 2C, top panel).

extracts showed thatSplI=Z* had no greater affinity for the
angelicin monoadducted substrate (Figure 4, top panel, lane
2) than for the undamaged DNA (Figure 4, top panel, lane

The immunoblot shown in Figure 2C is a reprobe of the same 1). Similarly, Western blot analysis indicated that FANCA

blot shown in Figure 2A. Quantitation of these results is
shown in Figure 2D. Similar results were seen with the
FANCC and FANCG proteins (data not shown). These
results show that the FANCA, FANCC, and FANCG proteins
bind preferentially to the damaged DNA.

To determine whether the binding @SplI=* to the cross-
linked DNA was direct or not, purified bovine brain spectrin
(aSplIZ1/5SpliZl), was used in the binding reactions.
Analysis of the purity of the spectrin by SB®AGE showed
that only two bands were present which represesplIZ1
andfSplIZ1 (Figure 3A, lane 2). Purified RBC spectrin was
used as a marker whessSpl migrates with a molecular mass
of 240 kDa 0, 31 and sSpl migrates with a molecular
mass of 220 kDa30, 31 (Figure 3A, lane 1). By densi-
tometry, the purity of the brain spectrin wa®©5%. Western

(Figure 4, second panel), FANCC (Figure 4, fourth panel),
and FANCG (Figure 4, third panel) proteins also had no
greater binding affinity for the monoadducted DNA (Figure
4, lane 2) than for undamaged DNA (Figure 4, lane 1).
Increasing NaCl concentrations t6150 mM NacCl in the
wash buffer reduced the overall protein binding to DNA.
When much less stringent conditions were used in the
binding step (i.e., when the NaCl concentration was reduced
to <50 mM), some increased binding ofSpllZ* to the
monoadducted DNA compared to undamaged DNA was
observed (data not shown).

Studies were carried out to further examine the involve-
ment ofaSplI=Z* in the endonucleolytic incisions we observe
at sites of TMP interstrand cross-links in normal cells.
Examination of the influence of antiSplI=* on the ability



7030 Biochemistry, Vol. 40, No. 24, 2001 McMahon et al.

A
A——140—8
G
C—
=—130
G—120— G e
A
T—110—8
c
c
5" -

Ficure 5: Influence of antieeSpllZ* and purified bovine brain spectrin on incisions produced at sites of DNA interstrand cross-links. (A)

A 140 bp DNA substrate (100 fmol), in which the furan side of a TMP interstrand cross-link was adducted¥e-fend-labeled top

strand, was reacted with a chromatin-associated protein extragigjlfom normal human lymphoblastoid cells (GM 3299) (lane 1), or

a chromatin-associated protein extract (i) that had been preincubated with 300 ng of IgM (lane 2), 100 ng ofoeBpHZ* (lane 3),

200 ng of antieeSplIZ* (lane 4), or 300 ng of antixSpll=* (lane 5). The effect of antSpll=* on endonucleolytic incisions produced at

sites of interstrand cross-links was examined using the sequencing method of M@ihert. The position of the TMP adducted thymine

is indicated by an asterisk. Products of Maxa@ilbert sequence reactions are shown. Sites @8l 3 incision are indicated by arrows.

(B) The influence of purified bovine brain spectrin on incisions produced at sites of DNA interstrand cross-links was also examined. The
TMP cross-linked substrate (100 fmol) was reacted with eitheglane 1) or 1Qug (lane 2) of normal chromatin-associated protein
extract. To reactions containingd of normal extract was added either 36 ng of spectrin (lane 3) or 54 ng of spectrin (lane 4). As controls,

5 ug of normal extract was reacted with undamaged DNA (100 fmol) (lane 5), and 54 ng of spectrin was reacted with the cross-linked DNA
(100 fmol) (lane 6). Notations are as in (A). Each of these experiments was repe&ditrizs with similar results.

of the normal chromatin-associated protein extracts to noprecipitated withaSpliZ*. Likewise, when immunopre-
produce incisions at sites of TMP furan side interstrand cross- cipitation was carried out using anti-XPF, immunoblotting
links showed that antisSplIZ*, in a concentration-dependent  with anti-aSplIZ* (Figure 6B, upper panel, lane 1) or anti-
manner, decreased levels of tHeBd 3 incisions produced  XPF (Figure 6B, lower panel, lane 1) showed th&plI=*
(Figure 5A, lanes 35). Levels of incisions were decreased coimmunoprecipitated with XPF.
compared to those produced when ar@pllZ* was not
present (Figure 5A, lane 1). The influence of purified bovine DISCUSSION
brain spectrin on these dual incisions was also examined.
Purified brain spectrin was found to enhance the level of Identification of sites of damage on DNA by specific
the 3 and 3 incisions on the TMP cross-linked DNA (Figure proteins is an essential component of the repair process. In
5B, lane 4) compared to the level of these incisions producedthe current study, using DNA affinity chromatography,
on damaged DNA alone (Figure 5B, lane 1). As we have aSplIZ*, present in HeLa cell nuclei, has been shown to
previously shown Z7), the 3 and 5 incisions were at the  specifically bind to DNA containing TMP- plus UVA-
fourth and sixth phosphodiester bonds, respectively, from induced interstrand cross-links with little affinity for psoralen
the adducted thymine. Increasing the concentration of spec-monoadducted DNA. That this binding is due to direct
trin from 36 ng (Figure 5B, lane 3) to 54 ng (Figure 5B, binding of aSplI=* to the cross-linked DNA has been
lane 4) resulted in a 2-fold increase in the endonucleolytic demonstrated using purified bovine brain spectrin. We have
incisions produced on the cross-linked DNA. Spectrin by previously identified, in normal human cells, a DNA binding
itself did not produce any incisions on cross-linked DNA  protein with specificity for DNA containing interstrand cross-
(Figure 5B, lane 6). Minor bands that were observed on TMP |inks produced by TMP plus UVA light which has an
adducted DNA following treatment with the extracts were apparent isoelectric point of 5.52)( Spectrin has an
also present on the undamaged DNA (Figure 5B, lane 5) isoelectric point of 5.632). It is thus possible that these
and represent incisions by nonspecific nucleases. two proteins are identical. Additionally, we have shown that
In addition, studies were carried out to determine whether the previously identified binding protein is defective in FA-A
there was any association betwe8plI=* and XPF, the cells Q). This correlates with a deficiency iaSpll=Z* in
protein involved in the production of the incisions we observe FA-A cells (13, 14. The FANCA, FANCC, and FANCG
at sites of DNA interstrand cross-linkd2). Immunopre- proteins, present in HeLa cell nuclei, were also found to bind
cipitation with antie. spectrin and immunoblotting with either  to cross-linked DNA. However, whether this binding is direct
anti-oSplIZ* (Figure 6A, upper panel, lane 1) or anti-XPF or indirect, via the association of these FA proteins with
(Figure 6A, lower panel, lane 1) showed that XPF coimmu- aSplIZ* (14), is not yet clear.
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Ficure 6: Binding of XPF to aSpllZ* in the nucleus. (A)
Chromatin-associated proteins from HelLa cells were immunopre-
cipitated with antie. spectrin (lane 1) or mouse Ig@ane 2) and
immunoblotted with anteSplI=* (upper panel) or anti-XPF (lower
panel). (B) Chromatin-associated proteins from HelLa cells were
immunoprecipitated with anti-XPF (lane 1) or mouse serum (lane
2) and immunoblotted with antSpll=* (upper panel) or anti-
XPF (lower panel).

When FA-A, FA-C, and FA-G chromatin-associated
proteins were used in these binding studieSpllZ*,
FANCA, FANCC, and FANCG were also observed to bind
to cross-linked DNA; however, the levels of binding were

Biochemistry, Vol. 40, No. 24, 20017031

It is found on the cytoplasmic surface of the plasma
membrane and all organelle membran@4).(Spectrins are
components of a membrane-associated organizing center
where membrane and cytosolic proteins are gathered and
their interactions coordinately stabilized and regulags

38); spectrin forms a skeleton associated with the Golgi that
is involved in protein sorting and trafficking in the secretory
pathway 87, 39-41); and brain spectrindSplIZ1) plays a

key role in synaptic transmission in neurons where it interacts
with synaptic vesicles and is important in their alignment at
the presynaptic plasma membra@d,30, 43. The function

of spectrin in the nucleus, however, is unclearspectrin

has been shown to be associated with the nuclear matrix and
the nuclear envelopet8, 44, and a protein cross-reacting
with o andg3 spectrin antibodies has been detected in nucleoli
of amphibian oocytes4f). We have recently identified
oSplIZ* in the nuclei of normal human lymphoblastoid cells
and Hela cells and have shown that it is a component of a
nuclear protein complex involved in repair of DNA inter-
strand cross-links13, 14 and that it also forms a complex
with the FANCA, FANCC, and FANCG proteinsl4,
Lambert et al., in preparation). The present finding that
aSplliZ*, as well as purified bovine brain spectrin, binds to
DNA containing interstrand cross-links is the first report of
interaction ofa spectrin with DNA. Structurally nonerythroid

o spectrin is made up of an extended array of trgpleelical
repeat units 30, 31). Analysis of the crystal structure of
spectrin shows that the-helices of individual repeats contain
substantial numbers of polar residues on the surface of the
helices (46, PDB entry 2SPC). Most of the charged residues
appear to be ion-paired to residues at one helix turn apart
(three to four residues), confirming that these residues are
on the surface of the helicedg PDB entry 2SPC). This
indicates thatx spectrin has the potential to bind to DNA.
Since the number of positive and negative residues.in
spectrin is comparable (PDB entry 2SPC), the interaction
of spectrin with DNA through the DNA backbone seems
unlikely. Interaction ofa spectrin with DNA could occur
through hydrogen bonding interaction between its protein
side chains and the base atoms @ purines and @ of
pyrimidines) in the minor groove of DNA. Enhanced binding
of a spectrin to cross-linked DNA could possibly be due to

less than those found in Hela cells and correlated with the the enhanced ability of this protein to interact with DNA

decreased levels of these proteins in the three FA comple-

when the minor groove of DNA opens up due to the

mentation groups. Electrophoretic analysis has shown thatformation of the psoralen interstrand cross-lidk)(

the levels ofaSpllZ* in FA-A, FA-C, and FA-G cells are

The evidence presented in the present studydSat I=*

decreased compared to those in normal cells, with the levelbinds preferentially to DNA containing interstrand cross-

of deficiency in FA-C cells less than in FA-A or FA-G cells

links further points to a role foSplI=* in DNA repair. In

(13, Lambert et al., in preparation). Studies indicate that there addition, several other findings in the present study also

are reduced levels of FANCA, FANCC, and FANCG in FA-
A, FA-C, and FA-G cells, with the relative levels of these
proteins dependent on the cell lin@1( 33. This has

indicate an involvement ofSplI=Z* in the repair of DNA
interstrand cross-links: antiSplIZ* decreases the levels of
the incisions we observe at sites of cross-links, purified

suggested an interdependence of these proteins on each othglovine spectrin enhances the levels of these incisions, and

(20, 21). Therefore, in FA-A, FA-C, and FA-G cells, the
reduced amount of binding of the FANCA, FANCC, and
FANCG proteins to cross-linked DNA could be due to the
reduced levels of these proteins in these FA cell lines, or, if
the binding of the FA proteins is indirect, it could be due to
the reduced levels aiSplIZ* in these cells.

Spectrin in nonerythroid cells has been shown to be
involved in a number of different functions in the cytoplasm.

oSplIZ* coimmunoprecipitates with XPF, a protein shown
to be involved in repair of DNA interstrand cross-links, in
particular production of the incisions observed at these sites
of damage 12, 49. Different isoforms ofa spectrin have
been found in the same cell as well as in different cells, which
suggests distinct functions for ead30( 49-51). The splice
form of the aSplIZ* we have identified is not yet known
and is currently under investigation. Different splice forms
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Ficure 7: A model is presented for the role ofSplI=* in the repair of DNA interstrand cross-links in normal cells and the role of
aSplIZ* in the repair defect in FA cells. (A) In normal cells, tRANCA FANCC andFANCGgenes, either directly or indirectly, regulate

the expression or stability aiSplIZ* to produce normal cellular levels of this proteimSplIZ* binds to cross-linked DNA, aids in the
recruitment of repair proteins (dark green) and the FANCA, FANCC, and FANCG proteins to the site of damage, and acts as a scaffold to
help align these proteins and enhance the efficiency of the repair process to give normal levels of DNA repair. (B) In FA cells, defects in
the FANCA FANCC andFANCG genes lead to decreased levelsa@plI=* in these FA cells (35% of normal}l@, Lambert et al., in
preparation) due to either decreased expression or stabilit$pf=*. Decreased levels afSplI=* ultimately lead to decreased efficiency

of DNA repair in the FA cells (36:38% of normal) 8, 9, 13. This is a result of less binding @fSpll=* to cross-linked DNA which in

turn results in decreased efficiency in the recruitment of the repair proteins (dark green) to the site of damage and decreased aid in enhancing
the efficiency of interaction of these proteins.

of each spectrin gene have been shown to occur due towhere many NER proteins are also recruited and where NER
alternate splicing of pre-mRNA3Q, 31, 49, 5D subsequently takes placg2(-55). Similarly, repair of DNA

A number of studies suggest that the nuclear matrix is double-strand breaks produced by ionizing radiation occurs
important in DNA repair. Repair analysis indicates that DNA in the nuclear matrixg6). Repair of DNA interstrand cross-
damaged by UV irradiation is recruited to the nuclear matrix links is a complex process since dual incisions need to be
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made on both DNA strands. Nucleotide excision repair
(NER) and recombination are thought to be involved in these
repair events48, 57—59). It is possible that association of
the repair proteins involved in these processes with a protein
scaffold (i.e.,aSplIZ*) that is associated with the nuclear
matrix could aid in the alignment of these proteins and in
the efficiency of repair. We have previously shown that
incisions are produced on theghd 5 sides of a site-directed
TMP interstrand cross-linkl, 27 and that XPF is involved

in the production of these incision&2). The fact that we
observe both '3and 3 incisions on DNA containing a'5

Biochemistry, Vol. 40, No. 24, 20017033

the FA proteins, or between the FA proteins and proteins
involved in DNA repair or in other cellular processes.
FANCA, FANCC, and FANCG have been shown to interact
with each other and form a complex in the nucle@6~

23); aSplI=Z* may aid in this interaction. Preliminary studies
in our laboratory show that purified brain spectrin cannot
correct the decreased levels of incisions produced by FA-A
and FA-C extracts on cross-linked DNA. This finding
indicates that at least the FANCA and FANCC proteins are
important for this initial damage recognition/incision step
in the repair process.

end label indicates that these incisions are uncoupled or occur A number of observations in our |ab0ratory arein support

independently of each othetZ, 27. Kuraoka et al. have
recently reported similar resultdg). The distance between
our incisions is 9 bp while theirs is 5 bg&). However, this
difference could be due to the fact that their substrate was
23 bp in length compared to our 140 bp, their cross-linked
substrate contaimmea Y junction, and they were examining
incisions produced by XPF-ERCC1 alone, whereas we
utilized a complex of proteins containing XPF-ERCCL1.

of the model proposed above: (1) In FA-A, FA-B, FA-C,
FA-D, and FA-G cells, levels aiSplIZ* are greatly reduced
(35% of normal) as determined by gel electrophoretic
analysis ofaSpllZ* in these cells {3, Lambert et al., in
preparation). This correlates with reduced levels of unsched-
uled DNA synthesis (UDS) or DNA repair synthesis {30
38% of normal) observed in these cells in response to DNA
interstrand cross-linking agents®,(9, 13 and with the

Bessho et al., on the other hand, found that on a psoralendecreased levels of incisions produced by protein extracts

cross-linked substrate dual incisions were produced on the
5 side of the adduct, rather than bracketing@)( It is
possible that more than one pathway may be involved in
repair of interstrand cross-links. That the incisions we observe
are important in cross-link repair is demonstrated by studies
which show that cell lines deficient in repair of DNA
interstrand cross-links, FA-A, FA-B, FA-C, FA-D, and FA-
G, are also deficient in ability to produce these incisidiis (
12, Lambert et al., in preparation).

Based on our present findings, other work in our labora-

of these cells on cross-linked DNA1—13). (2) Levels of
oSplIZ* in the FA-A, FA-C, and FA-G cells appear to be
regulated by th&ANCA FANCC andFANCGgenes since
the decreased levels afSpllZ* in these FA cells are
corrected when these cells express the FANCA, FANCC,
and FANCG proteins, respectively 3, 19. (3) aSpll=*
preferentially binds to DNA containing a psoralen interstrand
cross-link compared to DNA containing a psoralen mono-
adduct. (4) Coimmunoprecipitation experiments show that
oSplIZ* binds to XPF, a protein involved in production of

tory, and the observations described above, we have proposedual incisions at sites of DNA interstrand cross-links. (5)

a model for the role ofSplI=* in DNA repair. In this model,
the FANCA FANCC and FANCG genes are involved in
regulating the expression or stability @SplIZ* in the cell
(Figure 7A).aSplI=* binds to the cross-linked DNA and
aids in recruiting the damaged DNA to the nuclear matrix.
aSpliZ* would then be involved in the recruitment of

aSpllZ* enhances the level of the dual incisions produced
at the site of an interstrand cross-link, indicating a possible
role for this protein in increasing the efficiency of interaction
of the proteins involved in the repair process. (6) Coimmu-
noprecipitation studies show thaSplI=* forms a complex
with the FANCA, FANCC, and FANCG proteins in the

proteins which play a role in the repair process and act as anucleus {4). Thus,aSplI=* appears not only to play a role

scaffold upon which the repair proteins could align or
spatially orient themselves, enhancing the efficiency of repair.
This model could also explain the repair defect in FA cells
(Figure 7B). Defects in thEANCA FANCC andFANCG
genes would lead to decreased expression or stability of
aSpllZ* and thus to decreased levels @SplI=Z* in these
cells. This in turn would lead to decreased binding of
aSpllZ* to damaged DNA and decreased recruitment and
alignment, at sites of damage, of the proteins involved in
repair of interstrand cross-links. This alignment could be
particularly important in repair of interstrand cross-links
where recombination may be involvedi8 57, 58. This in
turn would lead to decreased levels of repair occurring in
these cells. Reduced levelsa@$plIZ* in the nucleus would

thus be expected to reduce the efficiency of the repair process

in FA cells rather than inhibit it altogether, consistent with
our experimental findings8; 9, 11-13). The role of the
FANCA, FANCC, and FANCG proteins in this repair
process is not clear. They could be involved in the damage-
recognition step and bind directly to the cross-linked DNA.
On the other hand, their binding to damaged DNA could be
indirect via their binding affinity folSpllZ*. oSpllZ* could

act as a scaffold to align or enhance interactions between

in the repair of DNA interstrand cross-links but also to be
an underlying factor in the repair defect in FA cells.
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