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ABSTRACT. Although the biochemical pathways that repair DNpgrotein cross-links have not been clearly
elucidated, it has been proposed that the partial proteolysis of cross-linked proteins into smaller oligopeptides
constitutes an initial step in removal of these lesions by nucleotide excision repair (NER). To test the
validity of this repair model, several site-specific DNAeptide and DNA-protein cross-links were
engineered via linkage at (1) an acrolein-deriyetlydroxypropanodeoxyguanosine adduct and (2) an
apurinic/apyrimidinic site, and the initiation of repair was examined in vitro using recombinant proteins
UvrA and UvrB fromBacillus caldotenaand UvrC fromThermotoga maritimaThe polypeptides cross-

linked to DNA were Lys-Trp-Lys-Lys, Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg-Gly-Tyr, and the 16
kDa protein, T4 pyrimidine dimer glycosylase/apurinic/apyrimidinic site lyase. For the substrates examined,
DNA incision required the coordinated action of all three proteins and occurred at the eighth phosphodiester
bond 5’ to the lesion. The incision rates for DNAeptide cross-links were comparable to or greater than
that measured on fluorescein-adducted DNA, an excellent substrate for UvrABC. Incision rates were
dependent on both the site of covalent attachment on the DNA and the size of the bound peptide.
Importantly, incision of a DNA-protein cross-link occurred at a rate approximately-B5old slower

than the rates observed for DNAeptide cross-links. Thus, direct evidence has been obtained indicating
that (1) DNA—peptide cross-links can be efficiently incised by the NER proteins and (2) Bpéftide
cross-links are preferable substrates for this system relative to-Bi¥@tein cross-links. These data suggest

that proteolytic degradation of DNAprotein cross-links may be an important processing step in facilitating
NER.

DNA—protein cross-links (DPCk)epresent a significant  complexes 19, 20), have also been shown to produce DPCs.
form of DNA damage and are generated upon exposure to a The mechanisms for the repair of DPCs have not been
variety of physical and chemical agents, including several clearly elucidated, although a significant amount of literature
reactive products of cell metabolisrd{16). In addition, has investigated the role of nucleotide excision repair (NER)
many of the agents that produce DPCs are known orin the removal of these lesions. This DNA repair pathway
suspected carcinogens. Among these are UV light ( is found throughout nature in organisms ranging from
ionizing radiation §), a number of bifunctional aldehydes bacteria to humans, and while the specific proteins involved
(2, 3, 6, 9—11, 14, 15), and metal-containing compounds in this pathway are not conserved throughout evolution, the
(12,13, 16), which have all been recognized as potent DPC- salient features of their coordinated catalytic function remain
inducers. Several chemotherapeutic agents, such as camphe sameZ1—25). The initial step in NER involves a multi-
tothecin (L7), neocarzinostatinl@), and platinum antitumor  protein complex, which serves to catalyze the incision of
the DNA phosphodiester backbone at positiohargl 5 to
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illJ\lrEYigLsalltlylr?sfti-lt-l?t)éacs)f'\AE?lc\j/li(r:gLr?wreanr;(e:iT.Health Sciences In mammalian celis, NER is the pathway by which UV
#Vanderbilt University. ' light-induced DNA damage is removed from cellular DNA;

1 Abbreviations: DPC, DNA-protein cross-link; NER, nucleotide =~ however, NER exhibits broad substrate specificity and is
excision repair; XPA and XPF, xeroderma pigmentosum group A and capable of repairing a variety of bulky lesions that distort
group F, respectively; AP, apurinic/apyrimidinic; T4-pdg, pyrimidine  canonjcal B-DNA R2—26). For this reason, previous studies
dimer glycosylase/apurinic/apyrimidinic site lyageHOPdG, y-hy- - L ’
droxypropanodeoxyguanosine; UDG, uracil DNA glycosylase: FidT, have utilized NER-deficient human cells, such as xeroderma
fluorescein-dT; U, uracil. pigmentosum group A (XPA) and group F (XPF) cells, to
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different conclusions were drawn from previous studies in
which the NER-catalyzed removal of DPCs was investigated ™ o
for each agent in XP cells. Although transplatin-induced = 0=p-0~
DPCs were found to be more persistent in XPA fibroblasts ?
when compared with wild-type fibroblastgg), thus impli- 3
cating NER in the removal of these lesions, the removal of o o
formaldehyde-induced DPCs was not significantly affected N N)j NfJ\NH J)
in either XPA or XPF cellsZ9, 30). These collective results  (2) <L -— <’N | .
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investigate the removal of DPCs induced by various agents A
(27—30). Two of the best-characterized DPC-inducing agents
are transplatin and formaldehydg (0); however, distinctly
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suggest that the ability of human NER to repair a DPC T NN

depends on the damaging agent and likely the unique daR

chemical and structural attributes of the cross-link. Interest- j -H0 o N -Polypeptide
ingly, the active removal of formaldehyde-induced DPCs in (3) DNA N K - N

human cells was inhibited upon treatment with lactacystin, " polypeptide  *He0

a specific proteasome inhibito3@). Thus, an attractive lNGCNBHS’NaBW
model for the repair of DPCs includes the proteolytic

targeting of proteins that have become covalently attached DA\~ Polvpertide

to DNA. Such a repair model suggests the occurrence of H
DNA—peptide adducts as intermediate structures along a

pathway of repair for certain DNAprotein cross-links.

However, since no investigations have shown that DNA

peptide cross-links are substrates for NER, the focus of this o
study is to create a variety of site-specific DNAeptide HNT
cross-links and determine whether prokaryotic NER enzymes OJ\N
can initiate the repair process. R

Historically, technical challenges in obtaining site-specific Ficure 1: Structure of the DNA adducts under investigation. (A)

SubStl’ateS haVe dram.atica."y hindere.d attempts to elucidatq:c)rmation of trapped DNApept|de/prote|n Comp|exesl Sugar of
the pathways responsible for the repair of DPCs. To addressan AP site (1) and the-HOPdG adduct (2) exist in equilibrium

this problem, we adopted a strategy to engineer an array ofbetween the ring-closed and ring-opened, aldehydic forms. Nu-

. s ; ; i ; cleophilic attack by a peptide amine at the carbon of the aldehyde
site-specific DNA-peptide and DNA-protein cross-links in leads to formation of a protonated Schiff base complex that is

Whic_h the Chemi,cal Iinkage_occurs th'fOUQh the re_aCtion ‘_)f & reducible in the presence of NaCNBNaBH, (3). (B) Fluorescein-
peptide or protein amine with a reactive aldehydic function gT (FldT) DNA adduct.

in DNA (Figure 1A). Specifically, methods were developed
to generate a DPC by reduction of the Schiff base complex minor groove-accessible sitd¥deoxyguanosine) via linkage
that is formed during the catalytic action of a 16 kDa DNA  at they-hydroxypropanodeoxyguanosinefOPdG) adduct
repair enzyme, T4 pyrimidine dimer glycosylase/apurinic/ (Figure 1A). Four amino acid (Lys-Trp-Lys-Lys) and 12
apyrimidinic (AP) site lyase (T4-pdg), operating on an AP amino acid (Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg-Gly-
site 31, 32). In previous work, it was shown that the Tyr) peptides, as well as the T4-pdg enzyme, were used to
Escherichia coli NER UvrABC nuclease was able to create the cross-linked species.
recognize and excise this artificially constructed DPC lesion
about 50% as efficiently as aj-transbenzof]pyrene diol EXPERIMENTAL PROCEDURES
epoxideN?-dG adduct 83). Several DNA-peptide cross-
links have also been generated in which the cross-linking ~Materials and Enzymeshe peptide Lys-Trp-Lys-Lys was
chemistry involves Schiff base formation at either an AP prepared by the Protein Chemistry Laboratory (Dr. A.
site (34) or a|dehyde_derived\]2-deoxyguanosine adducts KUrOSky, DireCtor) of the National Institute of Environmental
(35). Thus, with the ability to generate many additional Health Sciences Toxicology Center at the University of Texas
substrates of defined composition, detailed questions can nowMedical Branch. The peptide Lys-Phe-His-Glu-Lys-His-His-
be posed regarding the chemical and structural factors thatSer-His-Arg-Gly-Tyr was obtained from Sigma-Genosys
modulate the capacity of repair systems to act on DPCs. (Haverhill, UK). Peptides were resuspended in 20% (v/v)
In the current study, a NER model of cross-link repair acetonitrile and stored as 10 mM solutions. T4-pdg was
was tested through in vitro repair reactions that were Purified according to a previously published proced#8 (
conducted by incubating various DN#protein and DNA- T4 DNA ligase, T4 polynucleotide kinase, uracil DNA
peptide substrates with recombinant UvrA and UvrB proteins dlycosylase (UDG), and restriction endonucleases were
from Bacillus caldotenaxand recombinant UvrC from  Obtained from New England BioLabs (Beverly, MA). UvrA
Thermotoga maritimaThis thermophilic NER system was ~and UvrB proteins fron. caldotenaxand UvrC protein from
chosen due to its robust in vitro catalytic activigef. The ~ T- maritimawere cloned, overexpressed, and purified ac-
capacity of the repair system to incise cross-links from DNA cording to published procedure36( 38) using the IMPACT
was evaluated with respect to the dependence on (1) the sizd 7 System (New England BioLabs, Beverly, MA).
of the peptide and (2) its attachment site within DNA.  Sodium borohydride, sodium cyanoborohydride, and
Peptides were cross-linked to DNA at either an AP site or a acetonitrile were obtained from Sigma (St. Louis, MO).
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[y-*2P]ATP (6000 Ci/mmol) was purchased from Perkin- dissociate the noncovalently bound T4-pdg from DNA, 100
Elmer Life Sciences (Boston, MA). P-6 Bio-Spin columns mM NaCl was added to the trapping reaction. DNA duplexes
were purchased from Bio-Rad (Hercules, CA). Slide-A-Lyzer were purified by native PAGE in the presence of 100 mM
Dialysis Cassettes were obtained from Pierce (Rockford, IL). NaCl, and the bands of interest were excised and eluted with
Triethylammonium acetate, glacial acetic acid, and all other buffer consisting of 500 mM ammonium acetate, 10 mM
reagents used in HPLC analyses were of analytical-reagentmagnesium acetate, and 1 mM EDTA. Subsequently, DNA

grade.
Synthesis of OligodeoxynucleotideSynthesis of the

samples were passed through a P-6 Bio-Spin column and
dialyzed overnight against 10 mM Tris-HCI (pH 7.4) and 1

y-HOPdG-containing oligodeoxynucleotide was carried out mM EDTA. For DNA—peptide cross-link formation, 600

as described previousl®9). The adducted deoxynucleoside

pmol of single-stranded U-containing 60-mer were reacted

was constructed into a 12-mer oligodeoxynucleotide with the with UDG (2 units of enzyme). For the cross-linking

sequence'5SGCTAGCG*AGTCC-3, whereG* denotes the

reactions, 300 pmol of the AP site-containing DNA were

adducted base. Fluorescein-dT (FIdT) (Figure 1B) was incubated with Lys-Trp-Lys-Lys (108M) or Lys-Phe-His-
obtained from Glen Research (Sterling, VA). The 50-mer Glu-Lys-His-His-Ser-His-Arg-Gly-Tyr (10&M) in the pres-

DNA with FIdT at position 26 (5GACTACGTACTGT-
TACGGCTCCATC(FIdT)CTACCGCAATCAGGCCAGA
TCTGC-3) was synthesized by Sigma-Genosys (Haverhill,

UK). Nonadducted oligodeoxynucleotides were either syn-

thesized by the Molecular Biology Core Laboratory (Dr. T.
G. Wood, Director) of the National Institute of Environ-

ence of 100 mM NaCNBH Peptide cross-linking reactions
were carried out in 100 mM HEPES (pH 6.9) and were
allowed to proceed fo2 h at 22°C. Approximately 90 and
50% of oligodeoxynucleotides were converted to the cross-
link species using Lys-Trp-Lys-Lys and Lys-Phe-His-Glu-
Lys-His-His-Ser-His-Arg-Gly-Tyr, respectively. The DNA

mental Health Sciences Toxicology Center at the University peptide cross-link-containing DNAs were purified through

of Texas Medical Branch and purified via PAGE or
purchased from Midland Certified Reagent Co. (Midland,
TX).

Preparation of Fluorescein-dT-Containing DNAThe
FIdT-containing 50-mer oligodeoxynucleotide (50 nM) was
incubated with T4 polynucleotide kinase (0.5 J) and
[y-22P]ATP (85 nM) at 37°C for 40 min. The reaction was
terminated by being heated at 8C for 10 min, and the
DNA was purified using a P-6 Bio-Spin column. Comple-

a P-6 Bio-Spin column prior to subsequent purification by
denaturing PAGE. These single-stranded DNAs were excised
and eluted with buffer (500 mM ammonium acetate, 10 mM
magnesium acetate, and 1 mM EDTA), ethanol precipitated,
and reconstituted in TE buffer [10 mM Tris-HCI (pH 7.4)
and 1 mM EDTA]. DNA—peptide cross-link-containing
DNAs were phosphorylated using-f?P]JATP and annealed

to the complementary strand under conditions described for
the FIdT-containing oligodeoxynucleotide. The double-

mentary strand was added in 1.5-fold molar excess, andstranded character of each of the DNpeptide cross-link-
annealing was performed by heating the single-strandedcontaining DNAS (i.e., substrates) was confirmed by restric-

DNAs at 90°C for 2 min, followed by slowly cooling to
room temperature. Formation of duplex DNA was confirmed
by native PAGE and restriction enzyme analyses.
Preparation of Uracil-Containing DNA, Reduced AP Site-
Containing DNA, and AP Site-Deed DNA-Peptide and
DNA—Protein Cross-Link Substrate3he preparations of
60-mer oligodeoxynucleotides containing uracil (U), a

tion enzyme analyses prior to analysis in UvrABC reactions.
Alternatively, DNA duplexes were purified by native PAGE
as described previously for DNAprotein cross-links.
Preparation ofy-HOPdG-Containing DNA ang-HOPdG-
Derived DNA-Peptide Cross-Link SubstrateBo generate
the y-HOPdG-derived Lys-Trp-Lys-Lys cross-link, 2 nmol
of the single-strandeg¢r-HOPdG-containing 12-mer were

reduced AP site, or a T4-pdg protein cross-link at an AP incubated with 100 nmol of Lys-Trp-Lys-Lys and NaCNBH

site were carried out as described previou8I§) (vith minor

(50 mM) in 50 mM HEPES (pH 7.0) at 37C for 18 h

modifications. Using a similar procedure and a recently yielding approximately 90% of the cross-linked product. To
developed technique for covalently trapping peptides at anremove unreacted peptide from the reaction, the mixture was

AP site, DNA—peptide cross-links were generated that
contained either Lys-Trp-Lys-Lys or Lys-Phe-His-Glu-Lys-
His-His-Ser-His-Arg-Gly-Tyr. Specifically, a 60-mer oli-
godeoxynucleotide containing a centrally located U, with
sequence SCGAACGACTACGTACTGTTACGGCTC-
CATCUCTACCGCAATCAGGCCAGATCTGCAACTG-

purified through a P-6 Bio-Spin column. TheHOPdG-
derived Lys-Trp-Lys-Lys cross-link was further purified from
unreacted adducted 12-mer DNA and excess peptide by
reverse phase HPLC on a Jupiter 5u C4 column (Phenom-
enex). Triethylammonium acetate (0.1 M, pH 7.0) was used
as solvent A, and acetonitrile was used as solvent B, and

3', was used as starting material. To obtain U-, reduced AP the DNA—peptide complex was obtained by gradient elution

site-, or T4-pdg protein cross-link-containing DNA sub-

with increasing solvent B.

strates, the single-stranded U-containing 60-mer was phos- To obtain 60-mer DNA substrates, two 24-mer oligode-

phorylated using+f-*P]JATP and annealed to its comple-

oxynucleotides were designed so that the product of their

mentary strand under the conditions described for the FIdT- ligation with the 12-mer DNA of sequencé-&GCTAGC-

containing oligodeoxynucleotide. Duplex DNA (12 pmol)

G*AGTCC-3 would have the sequencée-6GAACGAC-

was reacted with 1 unit of UDG, and an aliquot was probed TACGTACTGTTACGGCGCTAGG*AGTCCGCAATC-

by reaction with T4-pdg to verify that all U residues had

AGGCC AGATCTGCAACTG-3. Prior to ligation reactions,

been converted to AP sites. For AP site reduction, 25 mM the nonadducted 12-mer, theHOPdG-adducted 12-mer, the

NaBH, was added to 5 pmol of the AP site-containing DNA.
For DNA—protein covalent cross-link formation, 10-fold

molar excess of T4-pdg was added to 5 pmol of the AP site-

containing DNA in the presence of 25 mM NaRHTo

y-HOPdG-adducted 12-mer cross-linked to Lys-Trp-Lys-Lys,
and the 3flanking 24-mer were "sphosphorylated with cold
ATP. 12-mer DNAs were individually annealed to a 36-mer
complementary scaffold in reactions containing theabid
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3'-flanking 24-mer DNA fragments, followed by overnight

incubation in the presence of T4 DNA ligase (200 units) at
12 °C. The single-stranded 60-mer products of the ligation
were purified by denaturing PAGE following standard
procedures. To form the Lys-Phe-His-Glu-Lys-His-His-Ser-
His-Arg-Gly-Tyr DNA—peptide cross-link, the-HOPdG-

Biochemistry, Vol. 44, No. 8, 20053003

and a ring-opened aldehyde, the latter of which can form a
carbinolamine/Schiff base intermediate when reacting with
a primary or secondary amine of a protein or peptig®.(
Although these DNA-protein/peptide intermediates are
readily reversible, continuous incubation of these reactants
with NaCNBH; reduces the Schiff base intermediate to an

adducted 60-mer (300 pmol) was incubated with peptide (100 irreversible DNA-protein/peptide cross-link. Thus, the abil-

uM) and NaCNBH (25 mM) in 100 mM HEPES (pH 6.9)
at 22°C for 2 h yielding about 80% of the product. Purifi-
cation of this DNA-peptide cross-link was performed as
described for the AP site-derived DN#Apeptide cross-links.

Conditions for phosphorylation and annealing of the unad-

ducted control DNA, as well as theHOPdG- and/-HOPdG-
derived DNA—peptide cross-link-containing DNAs, were

ity to generate site-specific abasic @grHOPdG sites
facilitates the creation of site-specific DNAorotein/peptide
cross-links for repair studies.

Stable DPCs are known to form in cells under a variety
of conditions (—16). It is hypothesized that an intermediate
step in the repair of DPCs is partial proteolytic digestion,
leaving a DNA-peptide cross-link for the repair machinery

identical to the conditions described for the FldT-adducted to restore the DNA to its predamaged st&@, 83, 35). Thus,

oligodeoxynucleotide.

DNA Incision by WrABC. UvrABC incision reactions
were performed essentially as described previolgdy38).

the ability to create substrates that are hypothesized to be
along the repair coordinate opens the opportunity to assay
the efficiency of nucleotide excision repair proteins to initiate

For general reactions, DNA substrates (1 nM) were incubated repair.

with UvrA (10 nM), UvrB (50 nM), and UvrC (25 nM) in
a 10uL incision reaction containing 50 mM Tris-HCI (pH
7.5), 50 mM KCI, 10 mM MgC}, 5 mM DTT, and 1 mM
ATP at 55°C for 1 h. In time course experiments, DNA

UurABC-Catalyzed 5Incision of DNA-Peptide Cross-
Links. To assess whether the UvrABC system is able to
initiate repair for DNA-peptide cross-links, incision reac-
tions were first performed on DNA substrates adducted with

substrates (2 or 5 nM, as designated in the figure legends)peptides at thé\* position of deoxyguanosine. For DNA

were incubated for the indicated time with UvrA (5 nM),
UvrB (25 nM), and UvrC (12.5 nM), in a 4@L incision
reaction at 55C. Reactions were terminated by the addition
of 20 mM EDTA and by being heated at 9C for 5 min.
Loading buffer was added to each sample [95% (v/v)
formamide, 20 mM EDTA, 0.2% (w/v) bromphenol blue,
0.2% (w/v) xylene cyanol], and the products of the reaction
were separated by denaturing PAGE.

Data AnalysesResults were visualized by Phosphorimager
analysis and autoradiography of wet gels. Quantitations wer
performed using ImageQuant (version 5.2) software. Amoun
of product was calculated as the rakig(Isu + Ipr), where

Ior andlsypare the intensities of product and substrate bands,

respectively. Since the DNA containing the T4-pdg-contain-

peptide cross-link generation, the methodology described
previously @5 was exploited to trap peptides at the
aldehydic ring-opened form of the major acrolein-derived
y-HOPdG adduct (Figure 1A, part 2). In particular, substrates
were engineered to contain a single, centrally located BNA
peptide cross-link within a DNA duplex, either with the four-
residue peptide Lys-Trp-Lys-Lys or the 12-residue peptide
Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg-Gly-Tyr. Previ-
ous work has shown that a 60-bp oligodeoxynucleotide
eProvides a sufficient scaffold for assembly of the UvrABC
t proteins to incise a DPQGP); thus, an oligodeoxynucleotide
of this same size was chosen for the construction of BNA
peptide cross-links. In our assay, incubation of tHe 5
terminally labeled DNAs in the presence of UvrABC

ing cross-links migrated as very diffuse bands as ana|yzednuclease fol h resulted in a nearly quantitative conversion
by urea-PAGE, it was not possible to accurately measure (greater than 95%) to the 23-mer product band for both of

the intensity of uncleaved DNA for this substrate; thus, the

previous ratio could not be applied with adequate precision
To solve this problem, both modified and complementary
strands were phosphorylated under identical conditions wit
[y-*2P]JATP, and DNA duplexes were purified by nativ
PAGE. The formation of product in incision reactions was

the y-HOPdG-derived DNA-peptide cross-links (Figure
2A,B). Incision was also observed for a 60-bp DNA

containing only thes-HOPdG adduct (26% conversion), and

h the size of the product band indicated that incision occurred
e atthe eighth phosphodiester boriddthe site of the DNA-

peptide cross-link (Figure 2A,B). Incision at this position is

then quantitated, using the labeled complementary strand agharacteristic of the UvrABC catalytic actio 22, 36,

a reference for the amount of DNA in each sample.

RESULTS

Experimental Rationale and Desighhe biochemical steps

38, 40—42). To serve as a positive control in this experiment,
a known NER substrate was also tested, namely, a 50-bp
oligodeoxynucleotide containing a single FIdT residue at the
26th base position3@). Incision was observed at the same
location relative to the site of the lesion for the FIdT adduct,

required to repair DPCs are unknown due to the lack of a giving rise to an 18-mer product band at a 75% yield (Figure
good model system from which to discern these sequential2A,B). Also serving as positive controls were two previously

processes. Recent advances in understanding the gene
applicability of utilizing the chemistry of Schiff base
formation in the reaction of aldehydic groups in modified
DNAs with primary amino groups in proteins and peptides
have revealed new strategies to study this prob&2n Two
sites in DNA have been chosen through which to link
proteins and peptides: abasic sites anHOPdG. These
DNA lesions exist in equilibrium between a ring-closed form

ratudied substrates, including a reduced AP €@ fith an
18% conversion and a site-specific DNArotein cross-link
containing the T4-pdg protein cross-linked at an AP S&.(
When the 60-mer nondamaged oligodeoxynucleotide was
tested alongside damaged substrates, no incision products
were detected following the UvrABC reaction (Figure 2A).
Thus, it was concluded that thé-iBcision observed for all
substrates was specific to the DNA damage and was not an
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Ficure 2: UvrABC incision of B-terminally labeled DNA-peptide
cross-links and other substrates. (A) Urea-PAGE of reaction
mixtures following incubation (1 h at 58C) of DNA substrates (1
nM) without (=) or with (+) UvrA (10 nM), UvrB (50 nM), and
UvrC (25 nM) proteins. DNAs were the FldT-containing 50-mer,
nondamaged 60-mer (ND)y-HOPdG-containing 60-mery{
HOPdG), y-HOPdG-containing 60-mer trapped with either Lys-
Trp-Lys-Lys (»-HOPdG XL KWKK) or with Lys-Phe-His-Glu-
Lys-His-His-Ser-His-Arg-Gly-Tyr ¢-HOPdG XL KFHEKHHSH-
RGY), 60-mer cross-linked with the T4-pdg protein at an AP site
(AP Site XL T4-pdg), and a reduced AP site-containing 60-mer
(rAP). Arrows indicate the position of the 18- and 23-mer incision

products incised from the 50- and 60-mer substrates, respectively.

(B) Formation of product for DNA-peptide cross-links and other

Minko et al.

AP Site AP Site
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Ficure 3: UvrABC incision of B-terminally labeled DNA-peptide
cross-links constructed at an AP site. Urea-PAGE of reaction
mixtures following incubation (1 h at 55C) of DNA substrates

(1 nM) without () or with UvrA (10 nM), UvrB (50 nM), and
UvrC (25 nM) proteins as indicated. DNAs were an AP site-
containing 60-mer trapped with Lys-Trp-Lys-Lys (AP Site XL
KWKK), an AP site-containing 60-mer trapped with Lys-Phe-His-
Glu-Lys-His-His-Ser-His-Arg-Gly-Tyr (AP Site XL KFHEKHHS-
HRGY), and a reduced AP site-containing 60-mer (rAP). The arrow
indicates the position of the 23-mer incision products from the 60-
mer substrates.

artifact that might have arisen due to unique structural
attributes conferred by the DNA sequence context.

To next ask whether the same result would be observed
for DNA—peptide cross-links with an alternative chemical
linkage, additional 60-bp substrates were constructed in
which the site of peptide attachment occurred at the same
position within the DNA but via the aldehydic ring-opened
form of an AP site (Figure 1A, part 1) rather than the
y-HOPdG adduct. To generate these substrates, the meth-
odology described previousl34) was utilized to generate
DNA —peptide cross-links containing the same two peptides,
either Lys-Trp-Lys-Lys or Lys-Phe-His-Glu-Lys-His-His-
Ser-His-Arg-Gly-Tyr. Comparable to the results observed for
the y-HOPdG-derived cross-links, incubation of the AP site-
derived cross-links in the presence of UvrABC proteins
resulted in DNA incision at the eighth phosphodiester bond
5' to the lesion (Figure 3, compare lanes 2 and 8 and lanes
11 and 17). No incision products were detected in reactions
with U-containing oligodeoxynucleotide (data not shown).

Coordinated Action of WrABC Proteins Is Required for
5'-Incision of DNA-Peptide Cross-LinksThe UvrABC
system was investigated to test whether all three proteins
were required for incision of the DNApeptide cross-links
described previously. To address this question, substrates
were incubated in the presence of a single repair protein (i.e.,
UvrA only, UvrB only, or UvrC only) or in the presence of
various combinations of the repair proteins. As shown in
Figure 3, the product band resulting frorvilacision occurred
only in the presence of all three UvrABC proteins for
substrates containing the AP site-derived cross-links contain-
ing Lys-Trp-Lys-Lys or Lys-Phe-His-Glu-Lys-His-His-Ser-

substrates. Reactions were conducted as described for panel A. DatliS-Arg-Gly-Tyr. A similar result was observed for the DNA

reported are the averages of two independent experiments.

substrate containing theHOPdG adduct alone and also for
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Ficure 4: UvrABC incision of B-terminally labeled DNA-peptide
cross-links constructed at theHOPdG adduct. Urea-PAGE of . >
reaction mixtures following incubation (1 h at &) of DNA 20| +'
substrates (1 nM) without=) or with UvrA (10 nM), UvrB (50 s A

nM), and UvrC (25 nM) proteins as indicated. DNAs were a s

y-HOPdG-containing 60-mepfHOPdG), ay-HOPdG-containing = : : : . :
60-mer trapped with either Lys-Trp-Lys-LysyHOPdG XL 0 3 6 9 12 15 18
KWKK), or with Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg-Gly- iEisiow tiae) min

Tyr (y-HOPdG XL KFHEKHHSHRGY), and a reduced AP site- C
containing 60-mer (rAP). The arrow indicates the position of the r
23-mer incision products from the 60-mer substrates.

DNA incised, fmol

hn

. APSiteXL
_«— —= " KFHEKHHSHRGY

the two DNA—peptide cross-links derived from this adduct
(Figure 4). A reduced AP site was assayed alongside each
substrate in the incision reaction, serving as a positive control e
and as a size marker. W

Kinetics of Nucleotide Excision Repair for DNReptide = -
Cross-Links Constructed at theHOPdG Adduct and an 0 3 6 9 12 15 18
AP Site. We have hypothesized that the ability of the RGN SO T
UvrABC proteins to excise DNApeptide cross-links can  FiGure 5: Kinetics of incision by UvrABC proteins on the-5
be modulated by the unique chemical linkage at the site of tﬁ:_rmci;r;alll)_/ 'aa‘?'eg_DgA i'l%bsAtfatzsl cgntaining E'dT or LYS'PAV\‘F?'
peptide attachment within DNA. To probe this question, the st ( AP Sho XL Ké%EELH@HI%Y)yor%/rzg-?—?opg dgtq?-ltHSL?er;
kinetics of UvrABC excision were evaluated foyeHOPdG- XL KFHEKHHSHRGY). (A) Urea-PAGE of reaction mixtures
and an AP site-derived DNApeptide cross-link N following incubation of DNA substrates (2 nM) with UvrA (5 nM),
guanosine and DNA backbone modifications, respectively) UvrB (25 nM), and UvrC (12.5 nM) proteins at S& for a period
containing the peptide Lys-Phe-His-Glu-Lys-His-His-Ser- g;tlrrr?:ra}f\clins?(l)%ate%dﬁrcrgwfsrémI(t:r?éegc])e ggzltlggsmcgrthsiésst-raigg
His-Arg-Gly-Tyr. Specifically, the kinetics of the reaction respectively. (B) pKinetics of incisions plotted as the means
were monitored to determine whether quantitative differences standard deviations of three independent experiments. Conditions
could be observed in the efficiency of the in vitro repair of reactions are as described under panel A. (C) Kinetics of DNA
reaction. In addition, the rates of reactions for DNpgeptide incision in the competition experiment. DNA substrates adducted

i ; with FIdT or with Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg-Gly-
Crosts_"r'ks Wzref.cor;?:?é‘?rd "c‘j"éh (t:;‘e raAte f?]r a DNAFS.“bS”ate Tyr trapped at an AP site (AP Site XL KFHEKHHSHRGY) were
containing a defined FIAT adduc3). As shown in Figure .0 hated in the same reaction mixture using conditions as described
5A,B, both DNA—peptide cross-links were incised very under panel A.

efficiently with rates comparable to or greater than the rate

of incision observed for the FIdT adduct. Furthermore, a of FIdT-containing DNA substrate was reported using 25
significant difference in repair efficiency was observed nM UvrC concentrationri a 5 min reaction36). Thus, when
depending on the peptide attachment site since the DNA correcting for these differences in experimental conditions,
substrate adducted with peptide at an AP site was incisedthe initial rate of incision for this adduct determined in this
much faster than substrate in which the peptide was linked study is very similar to published data.

at the y-HOPdG adduct. The initial rate for FIdT was Having observed the unexpected high rate of incision for
estimated at 2.4 fmol/min, whereas the initial rate for the the AP site-derived cross-link, an additional control experi-
y-HOPdG-derived DNA-peptide cross-link was estimated ment was performed in which both FIdT-adducted and cross-
at 3.1 fmol/min. Although the AP site-derived cross-link was link-containing oligodeoxynucleotides were incubated with
incised even more efficiently, the number of data points in UvrABC proteins in the same reaction. Since these substrates,
the linear region of the graph was insufficient to accurately as well as the products resulting from their incision, differ
measure an initial rate. As described in the Experimental in size, the percentage of incision product for the particular
Procedures, the concentration of UvrC protein in the kinetic substrate could be easily quantitated by denaturing PAGE
experiments was 12.5 nM. Recently, incision of2@ fmol analysis. In this experiment (Figure 5C), the kinetics of

__«——FIdT

DNA incised, fmol
e
=
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incision for FIdT and the AP site-derived cross-link were n AP Site XL

almost identical to the kinetics observed when DNA sub- AP Site XL KWKK KFHEKHHSHRGY AP Site XL T4-pdg
strates were tested separately (Figure 5A,B). These data Gepd a2 ii;:nff _Ei_iifff
indicate that the higher rate of incision observed for the AP “

site-derived cross-link containing the Lys-Phe-His-Glu-Lys-
His-His-Ser-His-Arg-Gly-Tyr relative to the incision of the
FIdT adduct is not an artifact that could have potentially
arisen from deviations in the composition of the reaction
mixtures.

. .. . _ XL strand
Dependence of Nucleotide Excision Repair Efficiency on coﬁ;&ﬁgﬁ:*

the Size of the Cross-Linked Polypepti@eevious studies
have shown that the active removal of formaldehyde-induced
DPCs was not significantly affected in NER-deficient human
fibroblasts but was inhibited upon treatment with lactacystin
(a specific proteasome inhibitor3@). Based in part on this
result, we and others3() have suggested that a protein, 23-mer —» ————— —e—————
which has become covalently attached to DNA, may be
targeted for proteolysis as part of an active repair process.
Furthermore, it may be the case that smaller DNo&ptide B
cross-links are recognized and removed by DNA repair - 4 APsiteXL
systems more efficiently than larger DPCs. To test this repair 60 ' o = P EHERHEEECE
model, experiments were conducted to determine whether
the UvrABC nuclease was able to incise DNpeptide
cross-links more efficiently than DNAprotein cross-links. ks . % APSite XL KWKK
Specifically, comparative studies were performed using the 20 - L e
AP site-derived Lys-Trp-Lys-Lys (0.6 kDa) cross-link, the Lo e & - - AP Site XL T4-pdg
AP site-derived Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg- Le=t? i
Gly-Tyr (1.5 kDa) cross-link, and the AP site-derived T4- 0
pdg (16 kDa) cross-link. Relative to the experiments

described in the previous section, conditions were slightly g%?@ﬁ; Iglggleetlc.i:i\ lgfs;{]ecfé%fga%ng\gﬁi%upk)rgttg?es's ?rgSBSASth
qu!fled. First, to be able to measure .the |n|t|al'rates of Lys-Trp-Lys-Lys (AP Site XL KWKK), Lys-Phe-His-Glu-Lys-His-
incision more accurately, DNA concentrations were m_creased His-Ser-His-Arg-Gly-Tyr (AP Site XL KFHEKHHSHRGY), or the
from 2 to 5 nM. Second, since DNAprotein cross-links T4-pdg protein (AP Site XL T4-pdg). (A) Urea-PAGE of reaction
migrate in the urea-PAGE as a very diffuse band (see Figuremixtures following incubation of DNA substrates (5 nM) with UvrA
2A, lanes 12 and 13, top of the gel). both the adducted andgspr:a’\r/ilz),duo\gﬁngg?)agwaiig?egvlg(?icgrlfdiﬁy r)eg::?itgg]ss ggglaafc(i)éucted
i 32 . )
the complementary strand werelabeled using)f->*PIATP, nd complementary strands weret&minally labeled, and DNA
such that the labeled complementary strand could be usecﬁluplexes were purified using native PAGE. Arrows indicate the
as a reference for the amount of DNA in each particular positions of the DNA strand adducted with cross-links (XL strand),
sample (see Experimental Procedures). the complementary strand (complement), and the 23-mer incision

As sh in Ei 6AB. the effici f incisi n products. (B) Kinetics of incisions plotted as the meanstandard
S shown In Figure ©A,5, the efliciency ol INCISion ol — qeyiations of three independent experiments. Conditions of reactions
the Lys-Trp-Lys-Lys-containing cross-link was about half are as described under panel A.

of that observed for the Lys-Phe-His-Glu-Lys-His-His-Ser- . . . o
His-Arg-Gly-Tyr-containing cross-link, with rates estimated © be contradictory reports in the literature. In any case, it is
at 2.1 and 4.8 fmol/min, respectively. Interestingly, incision NOW Wwidely accepted that both DNA modification and
of the DNA—protein cross-link occurred at a rate roughly distortions to the duplex DNA structure are requirements for
8-fold slower (0.6 fmol/min) than the rate observed for the Efficient incision by NER %1-26, 41, 42). DPCs are
Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg-Gly-Tyr-contain- expected to retain both of these characteristics; however, they
ing DNA—peptide cross-link. On the basis of this result, we represent a special challengg to_the repair machinery in t_hat
conclude that the size of the covalently cross-linked peptide 129 DPCs could actually inhibit binding of the repair
can modulate the rate at which the UvrABC repair system Proteins and/or the subsequent incision reaction due to steric

40 i

DNA incised, fmol

Wk e

6 9 12 15 18
Incision time, min

is able to recognize and incise a DPC. interference. The data reported here provide direct evidence
that the UvrABC nuclease is able to form a catalytically
DISCUSSION competent complex on both DNApeptide and DNA-

protein cross-links (Figures-26). For the modified DNAs
The hypothesis that NER participates in DPC repair has examined, incision was observed at the eighth phosphodiester
been tested in several investigationd7{30); yet, the bond 5 to the lesion, and formation of products was detected
accumulated data have not given rise to a clear and definedonly in the presence of all three protein subunits, indicating
role for this pathway in the repair of all DPCs. Moreover, it that the coordinated assembly of the UvrABC occurred as
is presently unclear whether additional pathways that processdescribed for other previously studied NER substra2ds (
DPCs remain to be discovered or whether it is our lack of 22, 36, 38, 40—42). Importantly, DNA-peptide cross-links
understanding of the chemical and structural nature of variouswere incised very efficiently (approaching 100%) with rates
DPCs that has confounded the interpretation of what appearcomparable to or greater than the rate of incision observed
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for FIdT. Thus, these data demonstrate that the NER provide more robust substrates for DNA repair systems as
recognition and incision proteins are extremely versatile in compared to larger DNAprotein cross-links. In partial
their ability to act on diverse DNA damages, suggesting that support of this assertion, the kinetics observed for a substrate
NER may serve to repair at least a subset of DPCs. containing the 16-kDa T4-pdg protein cross-linked at an AP

Although the chemical mechanisms of DPC formation Sit¢ were approximately 3.5- and 8-fold slower than the
have not been elucidated for all agents, the available literatureinCision kinetics for the AP site-derived DN#peptide cross-
suggests that the chemistry of cross-linking and the composi-links containing either Lys-Trp-Lys-Lys or Lys-Phe-His-Glu-
tion of a specific DPC can dramatically impact the biological LYS-His-His-Ser-His-Arg-Gly-Tyr, respectively (Figure 6).
consequences of that particular lesion. In particular, previous This observation may suggest that large protéMNA cross-
studies have demonstrated that DPCs induced by ionizinglinks represent steric blocks to the proper processing of the
radiation and metals are formed through chemistry that is lesion for incision, presumably by UvrC, and that proteolytic
distinct from the chemistry that mediates aldehyde-induced degradation of DPCs precedes DNA incision to facilitate
DPCs @, 7, 8, 15). One possible explanation for the observed More efficient UvrABC catalysis in the repair of certain
differences in the ability of NER-deficient human cells to DPCs. As noted in a previous study of the AP site-derived
remove DPCs induced by different agents may be that certain T4-pdg cross-link, in which thé&. coli UvrABC proteins
cross-links, mediated by specific chemistry and sites of Were shown to incise this same cross-Ii8i)( the cocrystal
attachment on the DNA, are recognized and removed morestructure of T4-pdg bound to@s,syn-cyclobutane pyrimi-
efficiently than others. Consistent with this possibility, the dine dimer suggests that the cross-linked DNA likely adopts
observed incision kinetics for the AP site-derived DNA  an approximate 60bend @8). In addition, DNA footprinting
peptide cross-link containing Lys-Phe-His-Glu-Lys-His-His- Studies of T4-pdg bound to damage-containing DNA revealed
Ser-His-Arg-Gly-Tyr was significantly faster than theHOP- that the enzyme makes numerous contacts with both the
dG-derived cross-link containing the same peptide. In damaged and the undamaged strands, protecting approxi-
previous work, it was shown that N-terminal acetylation of mately 10 nucleotidesA). Although the severe distortion
reactive peptides dramatically inhibited peptide cross-linking, of the DNA structure should aid in recognition of the
both at an AP site and at theHOPdG adduct34, 35). On UvrABC proteins for this DNA-protein cross-link, the
the basis of those previous findings, it is most likely that UVrABC proteins must significantly remodel the DNA to
the only difference in chemical structure for these two correctly position the UvrC protein for incision of the T4-
DNA—peptide cross-links occurs at the site of covalent pdg cross-link since the site of-Bicision is masked in the
linkage of the N-terminab-amine on the DNA molecule  footprint 49). While neither the overall structure or the extent
(i.e., the C1position at an AP site or the HOPdG-mediated ~ Of DNA distortion was experimentally determined for any
N2 position of guanine). While structures of DNAveptide of the DNA—peptide cross-links under investigation here,
covalent complexes remain to be solved, NMR spectroscopythe repair reaction, including recognition and incision, was
of y-HOPAG revealed that in duplex DNA, the adduct exists more efficient for the two AP site-derived DNApeptide
in its ring-opened form (Figure 1, structure 2, right) and does cross-links tested as compared to a much larger BNA
not confer a major distortion to the canonical DNA confor- protein cross-link. Thus, there is the possibility that the
mation @3). The modified base participates in a standard increase in accessibility to incision sites by NER nucleases
Watson-Crick base pairing by adopting a regular anti for smaller DNA—peptide cross-links affords increased
orientation, with theN?-oxopropyl moiety in the minor  efficiency of the UvrABC catalytic repair complex. Having
groove pointing away from the helix. There is a possibility established the robust incision of DNAeptide cross-links
that secondary modification gfHOPdG by the peptide does by the UvrABC nuclease in vitro, new efforts are underway
not relocate the adduct from the minor groove and does notto demonstrate that proteolytic degradation of cross-linked
disrupt the hydrogen-bonding interactions with a comple- proteins occurs in vivo and to identify the enzymes poten-
mentary cytosine. Such a hypothetical structure of the tially responsible for this process.
y-HOPdG-derived cross-link would explain the observed  The observed incision kinetics for the AP site-derived
slower rate of incision of this adduct relative to the AP site- pNA—peptide cross-link containing Lys-Phe-His-Glu-Lys-
derived cross-link, which due to the missing base pairing at His-His-Ser-His-Arg-Gly-Tyr were faster than the kinetics
the site of modification and the linkage of the peptide directly ohserved for the AP site-derived cross-link containing Lys-
to the backbone, is likely to induce a higher degree of Trp-|ys-Lys (Figure 6). It may be the case that, while very

structural perturbations. small DNA—peptide cross-links confer optimal access to the
Evidence from the literature to support a role for pro- sites of NER incision, DNA in this complex is disturbed less
teolytic degradation in DPC repair is limitedB(q, 44). relative to slightly larger DNA-peptide cross-links, thereby

However, the proteolytically active 20S core and 19S disfavoring recognition. Thus, there may exist a specific size
regulatory complex of the 26S proteasome have beenrange for the peptide constituent of a DNAeptide cross-
detected in the nucleugl§, 46), and these subunits have link in which an optimal substrate provides both efficient
been shown to colocalize with proteins that are tightly access to the sites of DNA incision and confers significant
regulated by proteolytic degradatiodd]. In bacteria, pro- DNA distortion. Alternatively, the extent of DNA distortion
teolysis plays a critical role in many metabolic processes, may not vary appreciably for cross-links containing relatively
including cellular responses to DNA damagé7)( The short polypeptides of differing length (i.e., between 4 and
possibility that proteolytic degradation plays a role in the 12 residues); rather, the size of the peptide constituent may
repair of certain DPCs suggests the formation of DNA instead influence events along the repair reaction coordinate.
peptide cross-links as intermediate structures, which may In partial support of this assertion, it was recently reported
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