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Abstract
DNA-protein cross-links (DPCs) are ubiquitous, structurally diverse DNA lesions formed upon
exposure to bis-electrophiles, transition metals, UV light, and reactive oxygen species. Because of
their super-bulky, helix distorting nature, DPCs interfere with DNA replication, transcription, and
repair, potentially contributing to mutagenesis and carcinogenesis. However, the biological
implications of DPC lesions have not been fully elucidated due to the difficulty of generating site-
specific DNA substrates representative of DPC lesions formed in vivo. In the present study, a
novel approach involving post-synthetic reductive amination has been developed to prepare a
range of hydrolytically stable lesions structurally mimicking the DPCs produced between the N7
position of guanine in DNA and basic lysine or arginine side chains of proteins and peptides.

Introduction
Exposure to common antitumor drugs, environmental toxins, transition metals, UV light,
ionizing radiation, and free radical-generating systems can result in cellular proteins
becoming covalently trapped on DNA.1 The resulting DNA-protein cross-links (DPCs) are
unusually bulky, structurally diverse, and highly heterogeneous DNA lesions involving a
wide range of proteins of varying size, hydrophobicity, and cellular functions.1–4 Our
previous mass spectrometry-based studies have revealed that a wide range of proteins can
become covalently bound to genomic DNA upon treatment of human cells with clinically
relevant concentrations of chemotherapeutic drugs (cisplatin and mechlorethamine) and
metabolically activated carcinogens such as 1,2,3,4-diepoxybutane.2,3,5 Some examples of
the participating proteins include HSP 90, tubulins, DNA helicases, PCNA, Fen-1, KU 70,
Ku 86, Ref-1, PARP, and DNA polymerase δ.2,3 MS/MS sequencing has shown that DNA-
protein cross-linking is non-random, with specific amino acid side chains (cysteine, lysine,
histidine, or arginine) participating in covalent conjugate formation to the N-7 position of
guanine in DNA (Scheme 1).2,3,6 DPCs are also formed as a result UV irradiation, treatment
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with formaldehyde,7–9 and endogenous exposure to reactive oxygen species, lipid
peroxidation products, and transition metals, and have been shown to accumulate in the
brain and heart tissues with age.7,10–17 Recent studies with laboratory mice deficient in the
Fanconi Anemia DNA repair pathway have implicated DPC formed by formaldehyde in the
observed cellular toxicity.18,19

Due to their enormous size as compared to other DNA lesions, DPCs are believed to
compromise genetic stability and cellular viability by interfering with normal DNA-protein
interactions required for DNA replication, transcription, and repair.1 We have recently
engineered protein monoepoxide agents that specifically induce chromosomal DPC.20 These
DNA-reactive proteins induced significant levels of mutations and toxicity when introduced
into human cells,20 probably because the resulting DPCs block DNA replication and
transcription. However, relatively little is known about the influence of DPC adducts on
DNA and RNA polymerases or their repair mechanisms in mammalian cells. Consequently,
there is a pressing need to examine DNA replication and transcription in the presence of
specific DPC lesions and to identify DNA repair mechanisms responsible for their removal
from mammalian cells.

Any mechanistic investigations of the biological effects of DPC lesions in human cells
require the availability of structurally defined DNA substrates containing DPC lesions at a
specified site of DNA. However, the access to such DPC substrates has been limited due to
the synthetic challenge of covalently linking two complex biomolecules (DNA and proteins)
in a site-specific manner. Previously, model DPCs have been generated by covalently
trapping various enzymes on their DNA substrates. For example, the Schiff base
intermediate produced between T4-pdg glycosylase/AP lyase and apurinic/apyrimidinic site
of DNA can be reduced to form a stable T4-pdg-DNA conjugate.21 A disulfide trapping
strategy was used to attach N149C mutant of human 8-oxoguanine DNA glycosylase I
(hOGG1) protein to a DNA duplex containing alkanethiol tether at the N4 position of
cytosine.22 DNA methyltransferease has been cross-linked to C6 position of 5-aza-
cytosine.23 More recently, a reductive amination strategy was used to generate DNA-
protein/peptide conjugates by the reaction of the N2-guanine aldehyde functionality derived
from acrolein-induced 3-(2′-deoxyrobo-1′-syl)-5,6,7,8-tetrahydro-8-
hydroxypyrimido[1,2a]purin-10(3H)-one (γ-HOPdG) with proteins and peptides.24,25

The most common site of DNA involved in DPC formation following treatment with bis-
electrophiles is the N-7 of guanine (Scheme 1). However, to our knowledge, no methods
exist in the literature to generate N-7 guanine conjugated DPCs. One formidable obstacle in
accomplishing this goal is that N-7 guanine alkylation destabilizes the β-glycosidic bond of
the modified nucleoside, leading to spontaneous depurination. In the present study, we have
developed a new methodology to create hydrolytically stable structural mimics of N-7
guanine conjugated DPCs by reductive amination reactions between the Lys and Arg side
chains of proteins and acetaldehyde functionalities of the modified 7-deazaguanine residues
within DNA. The resulting model DPCs are structurally analogous to N7 guanine adducts
generated by antitumor nitrogen mustards, 1,2,3,4-diepoxybutane (Scheme 1) and
chlorooxirane.26

Experimental Procedures
General

Synthetic oligonucleotides containing 7-deaza-7-(2,3-dihydroxypropan-1-yl)-2′-deoxy-
guanosine (DHP-deaza-dG) and DHP-deaza-dG nucleoside were prepared as previously
described.27 Fluorescein-dT phosphoramidite, protected 2′-deoxyribo-nucleoside-3′-
phosphoramidites (dA-CE, Ac-dC-CE, dmf-dG-CE, dT-CE), Ac-dC-CPG ABI, dmf-dG-
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CPG ABI columns, and all other reagents required for automated DNA synthesis were
purchased from Glen Research (Sterling, VA). Synthetic DNA oligonucleotides were
synthesized by solid phase synthesis using an ABI 394 DNA synthesizer (Applied
Biosystems, CA). All solvents and chemical reagents were obtained from commercial
sources and used without further purification.

Preparation of Radiolabeled DNA Duplexes
Single stranded oligodeoxynucleotides 5′-G TCA CTG GTA DHP-deaza-dG CA AGC
ATT G-3′ and 5′-C AGT GAC CAT CDHP-deaza-dGT TCG TAA C-3′ (2 nmol in 12 μL
of water) were radiolabeled with γ-32P ATP using standard methods. Following heating at
65 °C for 10 min to inactivate the enzyme, excess γ-32P ATP was removed using Illustra
microspin G25 columns (GE Healthcare, Pittsburgh, PA). To obtain double stranded DNA,
5′-32P-enlabeled oligomers were mixed with equimolar amounts of the complementary
strands in 10 mM Tris buffer (pH 7) containing 50 mM NaCl and heated at 90 °C for 10
min, followed by gradual cooling overnight.

Reductive Amination to Generate DNA-Protein Cross-links
32P-endlabeled DNA duplexes (50 pmol in 8 μL water) were oxidized in the presence of 50
mM NaIO4 (5 μL) in 15 mM sodium phosphate buffer (pH 5.4, 5 μL) for 6 h at 4 °C in the
dark to unmask the aldehyde moiety on DHP-deaza-dG (Scheme 2). Excess NaIO4 was
quenched with 55 mM Na2SO3 (5 μL). Proteins and peptides of interest (0.5 – 2.5 nmol)
were incubated with the aldehyde-containing DNA duplexes (50 pmol) in the presence of 25
mM NaCNBH3 at 37 °C overnight to generate stable DNA-protein cross-links. Aliquots of
the reaction mixtures were withdrawn and resolved by 12% SDS-PAGE with or without
proteinase K digestion (6 units, 48 h at 37 °C).

Gel Electrophoretic Analysis of DNA-Protein Cross-links Generated by Reductive
Amination

12% SDS-PAGE gel plates were pre-run at a constant voltage of 150 V for 30 min in 1×
SDS running buffer. DPC reaction mixtures were dissolved in an equal volume of 0.1%
TFA or 10% SDS (2 μL). The samples were reconstituted in SDS loading buffer and heated
at 90 °C for 5 min prior to loading. The gels were run at a constant voltage of 150 V at
ambient temperature. Radiolabeled DNA strands and DPCs were detected with a Storm 840
phosphorimager (Amersham Biosciences Corp., Piscataway, NJ) or a Typhoon FLA 7000
instrument (GE Healthcare, Pittsburgh, PA). Covalent DPCs were observed as slowly
moving bands on the gel, and the reaction yields were calculated by volume analysis using
Image Quant TL 8.0 (GE Healthcare, Pittsburgh, PA).

To visualize the proteins participating in DPC formation to aldehyde-containing DNA,
NuPAGE Novex 12% Bis-Tris gels (Life Technologies, Grand Island, NY) was pre-run at a
constant voltage of 100 V for 30 min in 1× NuPAGE MOPS SDS running buffer (Life
Technologies, Grand Island, NY). The reaction mixtures obtained from DNA-protein cross-
linking were dissolved in 10% SDS (2 μL) and reconstituted in NuPAGE LDS sample
buffer (Life Technologies, Grand Island, NY). The samples were heated at 70 °C for 10 min
prior to loading onto a gel. The gels were run at a constant voltage of 100 V at ambient
temperature. The unreacted protein and DPC bands were visualized by staining with
SimplyBlue SafeStain (Life Technologies, Grand Island, NY).
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Sample Processing for Mass Spectrometry Analysis
DPCs were generated by reductive amination as described above using unlabeled DNA and
proteins (15 to 20-fold excess) and either directly processed for mass spectrometric analysis
or purified by PAGE as described below.

In direct processing experiments, the DNA component of DPCs was digested with PDE I
(120 mU), PDE II (105 mU), DNase (35 U) and alkaline phosphatase (22 U) in 10 mM Tris-
HCl/15 mM MgCl2 (pH 7) buffer containing at 37 °C overnight. The resulting protein-
nucleoside conjugates were dried in vacuo, reconstituted in 100 mM NH4HCO3 (pH 7.9) (90
μL), and subjected to trypsin digestion using MS grade Trypsin Gold (Promega, Madison,
WI) (2.5 μg) at 37 °C for 20 h. The digests were dried in vacuo, desalted using ZipTip with
0.6 μL C18 resin (Millipore, Billerica, MA), and the resulting peptides were reconstituted in
0.1% formic acid (10 μL) prior to MS analysis.

Alternatively, DNA-protein conjugates were first purified by 12% SDS-PAGE and stained
with SimplyBlue SafeStain (Life Technologies, Grand Island, NY). DPC-containing gel
bands were cut into slices and subjected to reduction using 300 mM DTT (10 μL) followed
by alkylation with iodoacetamide (10 μL in 100 μL of 25 mM NH4HCO3, pH 7.9). Gel
pieces were dehydrated with acetonitrile, dried under vacuum, reconstituted in 25 mM
NH4HCO3 (pH 7.9) (75 μL) and incubated with PDE I (120 mU) at 37 °C overnight. Next,
the samples were subjected to tryptic digestion and ZipTip desalting as described above,
followed by MS analysis.

Characterization of DNA-Protein Cross-links by Mass Spectrometry
All HPLC-ESI+-MS/MS analyses were conducted with a Thermo Scientific LTQ Orbitrap
Velos mass spectrometer interfaced with an Eksigent NanoLC-Ultra 2D HPLC system.
Peptide mixtures (5 μL) were loaded onto a nano HPLC column (75 μm ID, 10 cm packed
bed, 15 μm orifice) created by hand packing commercially purchased fused-silica emitters
(New Objective, Woburn, MA) with Luna C18 5 μm separation media (Phenomenex,
Torrance, CA). Liquid chromatography was carried out at an ambient temperature at a flow
rate 0.3 μl/min using 0.1% formic acid (A) and acetonitrile (B). The solvent composition
was changed linearly from 2% to 70% B over 60 min, then to 95% B over 1 min, kept at
95% B for further 5 min, and decreased to 2% B in 1 min. Finally, the flow rate was
increased to 1 μl/min and kept at 2% B for an additional 7 min. Mass spectrometry was
performed using the FTMS mass analyzer with a resolution of 60,000 ppm and with a scan
range of m/z 300 – 2000. Peptide MS/MS spectra were collected using data-dependent
scanning in which one full scan mass spectrum was followed by eight MS/MS spectra using
an isolation width of 2.5 m/z, normalized CID collision energy of 35%, 1 repeat count, 20 s
exclusion duration, with an exclusion mass width of ± 5 ppm.

Spectral data were analyzed using Thermo Proteome Discoverer 1.3 (Thermo Scientific, San
Jose, CA) that linked raw data extraction, database searching, and probability scoring. The
raw data were directly uploaded, without any format conversion, to search against the
protein FASTA database. Search parameters included trypsin specificity and up to 2 missed
cleavage sites. Protein N-terminus, lysine, or arginine residues were specified as possible
modification sites by specifying the following dynamic modifications: (A) ethan-1,2-diyl
cross-link to 7-deaza-7-ethan-1-yl-dG, +292.1172 Da (C13H16N4O4); (B) cross-link to 7-
deaza-7-ethan-1-yl-guanine,+176.0698 Da (C8H8N4O); or (C) cross-link to 7-deaza-7-
ethan-1-yl-dGMP, +372.0835 Da (C13H17N4O7P).
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Synthesis and Characterization of 7-Deaza-7-(2-(N-acetyllysine)ethan-1-yl)-2′-
deoxyguanosine and 7-deaza-7-(2-(N-acetylarginine)ethan-1-yl)-2′-deoxyguanosine
Conjugates

Synthetic 7-deaza-7-(2,3-dihydroxypropan-1-yl)-2′-deoxyguanosine27 (10 nmol) was
oxidized in the presence of 50 mM NaIO4 (4 μL) in 1 M sodium phosphate buffer (pH 5.4, 6
μl) for 6 h at 4 °C in the dark to generate 7-deaza-7-(formylmethan-1-yl)-2′-
deoxyguanosine. Excess NaIO4 was quenched with 55 mM Na2SO3 (4 μl). N-acetyl
protected Lys or Arg (4 μL of 5 mM solution) was added to the reaction mixture, followed
by 0.5 M NaCNBH3 (4 μL) at 37 °C overnight to generate amino acid-nucleoside
conjugates. The amino acid-nucleoside conjugates were isolated by HPLC on a Supelcosil-
LC-18-DB (4.6 × 250 mm, 5 μm) column (Sigma Aldrich, Milwaukee, WI) using a gradient
of 0.1% formic acid (A) and acetonitrile (B). The solvent composition was changed from 0
to 24% B over 24 min, then to 75% B over 6 min, and finally to 0% B over 2 min. HPLC
fractions containing major components were collected, concentrated in vacuo and analyzed
by capillary HPLC-ESI+-MSn on an Agilent 1100 capillary HPLC-ion trap mass
spectrometer (Agilent Technologies, Inc., Wilmington, DE).

Synthesis and Characterization of Nucleoside-Peptide Conjugates
Synthetic nucleoside-peptide conjugates were prepared using 7-deaza-7-(2,3-
dihydroxypropan-1-yl)-2′-deoxyguanosine and angiotensin I (DRVYIHPFHL) or substance
P (RPKPQQFFGLMNH2) peptides by reductive amination procedure as described above.
The reaction mixtures were dried in vacuo and desalted using ZipTip with 0.6 μL C18 resin
(Millipore, Billerica, MA). The resulting mixtures were reconstituted in 0.1% formic acid
(10 μL) and analyzed on a Thermo Scientific LTQ Orbitrap Velos mass spectrometer
interfaced with an Eksigent NanoLC-Ultra 2D HPLC system as described below.

Desalted reaction mixtures (2 μL) were loaded onto a nano HPLC column (75 μm ID, 10 cm
packed bed, 15 μm orifice) created by hand packing commercially purchased fused-silica
emitters (New Objective, Woburn, MA) with Zorbax SB-C18 5 μm separation media
(Phenomenex, Torrance, CA). Liquid chromatography was carried out using 0.1% formic
acid (A) and acetonitrile (B) as solvents at an ambient temperature at an initial flow rate 1
μl/min at 2% B for 5.5 min. The flow rate was reduced to 0.3 μl/min in 30 s and the solvent
composition was changed linearly from 2% to 50% B over 20 min, then to 95% B over 1
min, kept at 95% B for further 5 min, and decreased to 2% B in 1 min. Finally, the HPLC
flow rate was increased to 1 μl/min and kept at 2% B for an additional 6 min. Mass
spectrometry was performed using the FTMS mass analyzer with a resolution of 60,000 ppm
and with a scan range of m/z 300 – 2000 in the full scan mode. MS2 spectra were collected
using the iontrap with an isolation width of 2.5 m/z, normalized CID collision energy of
35%, while MS3 spectra were collected using the orbitrap with an isolation width of 2.5 m/z,
and a normalized HCD collision energy of 35%.

Results
Experimental strategy for the generation of hydrolytically stable model DPC substrates

Since N7-guanine alkylation introduces a positive charge on the alkylated base, it
destabilizes the N-glycosidic bond, leading to spontaneous depurination.28 Therefore, it is
not practical to employ N7-guanine adducts in DNA replication and repair experiments. To
avoid spontaneous degradation of our model DPC substrates, we have replaced the N-7
nitrogen of guanine with a carbon atom (7-deaza-G).27 To create a protein reactive group,
the 2,3-dihydroxyprop-1-yl group was introduced at the same position (DHP-deaza-dG,
compound 1 in Scheme 2). Treatment with periodate converts the diol group to the
corresponding aldehyde (2 in Scheme 2), which then reacts with free amino groups of
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proteins (e.g., Lys or Arg side chains) to form a Schiff base (3 in Scheme 2). The latter can
be quantitatively reduced with NaCNBH3 to produce a stable amine linkage (4 in Scheme
2). The aldehyde substrate (2 in Scheme 2) is a direct model for N7-(2-oxoethyl)-G, which is
the major DNA adduct from exposure to chlorooxirane,26 and the resulting model cross-
links are structurally analogous to DPCs formed by chlorooxirane and antitumor nitrogen
mustards in cells (Scheme 3).

Characterization of DPC formation by denaturing gel electrophoresis
Our initial experiments were conducted with recombinant human AlkB protein, a DNA
repair protein that contains multiple nucleophilic lysine and arginine residues and is known
to bind to DNA.29,30 The formation of covalent AlkB-DNA conjugates was monitored by
two independent methods. In the first approach, oligodeoxynucleotides containing the
convertible nucleoside (DHP-deaza-dG) were radiolabeled with 32P-ATP. Following the
cross-linking reaction, DPC formation was detected as the appearance of a new, low
mobility band on denaturing PAGE (Figure 1). Alternatively, free proteins and DNA-protein
conjugates were visualized by protein staining, and the presence of a cross-link was detected
as a new protein band with reduced mobility (Figure 2).

As shown in Figure 1, the cross-linking reaction between DHP-deaza-dG containing DNA
18-mer and recombinant AlkB protein leads to the formation of covalent DPC conjugates as
revealed by the appearance of a low mobility band on a denaturing polyacrylamide gel
(Lane 3). This band is not observed in control experiments conducted in the absence of
protein (Lane 1), and only trace amounts of conjugation are observed in the absence of the
reducing agent (Lane 2). The DPC band disappears when the reaction mixture is subjected to
proteinase K digestion, (Lane 4), confirming that it corresponds to covalent DNA-protein
conjugates.

These results were further confirmed using protein staining to visualize the protein and the
DPCs (Figure 2). Following reductive amination reaction between AlkB protein and DHP-
deaza-dG containing 18-mer, a new band was observed with an increased molecular weight
as compared to unreacted AlkB protein (22.9 kDa) (Lane 3). The size of the newly formed
conjugate (~ 29 kDa) is consistent with the addition of 18-mer oligodeoxynucleotide (6.2
kDa) to the protein, and the cross-linking yield is dependent on DNA:protein ratio (Lanes 3,
5 and 6). In addition, several higher molecular weight bands (> 40 kDa) were observed due
to the propensity of the GFP protein to oligomerize when present at a high concentration.

Effects of reaction conditions on DPC yields
The experimental conditions for each of the reaction steps (Scheme 2) were optimized by
varying the reaction temperature, reaction time, and molar ratios. We found that the highest
DPC yields are observed when the NaIO4-mediated oxidative cleavage (step a) is conducted
at 4 °C, and the optimal temperature for reductive amination reaction (steps b and c) was 37
°C (Figure S1).

When the effect of reaction times on DPC yields was assessed, the best results were
achieved when the time of periodate-mediated oxidative cleavage (step a) was limited to 2–6
h (Figure S2). This can be explained by a limited stability of aldehyde under oxidizing
conditions. In contrast, the best yields of reductive amination reaction (steps b and c) were
achieved at extended reaction times (12 to 24 h) (Figure S2).

The influence of DNA:protein molar ratios on reaction yields was examined by keeping the
concentration of one of the reagents (protein or DNA) constant while varying the
equivalents of the other. When protein amounts were varied in respect to constant amounts
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of radiolabeled DNA, the highest DPC yields (~ 85%) were achieved when using an excess
of the protein (Figure 3). When protein amounts were held constant and protein staining was
employed to follow the reaction, increasing DNA concentrations similarly has led to
increased DPC yields (Figure 2). These results suggest that the reversible Schiff base
formation between the aldehyde functionality within DNA and the basic amino acid side
chains of the protein can be driven forward towards product formation by employing a large
molar excess of the other reagent. In a practical sense, generation of DNA substrates for
replication and repair studies requires an excess of the protein in order to maximize the
yields of DPC-containing DNA.

Influence of protein identity on DPC formation
In theory, any protein containing lysine or arginine side chains can be cross-linked to DHP-
deaza-dG containing DNA using the reductive amination strategy (Scheme 2). However, the
reactivity and the accessibility of basic residues may vary depending on the protein identity.
Therefore, the general applicability of our approach was examined using a range of proteins
of different sizes and structures (Table 1 and Figure 4). We found that while some proteins
(AlkB, NEIL1, Histone H4, GAPDH,) formed DPCs in a high yield (75 – 95%),
significantly lower DPC yields (< 20%) were observed for others (trypsin, carboxypeptidase,
myoglobin) (Table 1). In general, DNA binding proteins such as those involved in chromatin
condensation and DNA repair produced DPCs in a higher yield than proteins that do not
have an affinity for DNA. These results suggest that the formation of DPCs by reductive
amination is facilitated by reversible DNA-protein interactions, which brings the two
biomolecules into a close proximity to each other. Additional low mobility bands were
observed for some proteins due to their dimerization (e.g. histone H4 and myoglobin, Figure
4).

To gain insight into the identities of the amino acid residues participating in DPC formation,
the cross-linking reactions were carried out with peptides of differing amino acid
composition. High abundance DPC bands were observed for Tat and Substance P, which are
rich in lysine and arginine residues (Figure S3, lanes 2 and 4) suggesting that amino groups
of Lys and Arg may be involved in crosslinking to DNA. In contrast, no covalent conjugates
were detected for pepstatin, which has no Lys or Arg residues (Figure S3, lane 5). A single
DPC band observed for hypertensin I, which has only one Arg residue and no Lys (Figure
S3, lane 3). Taken together, these results suggest that amino side chains of Lys and Arg
within proteins can participate in reductive amination reactions with DHP-deaza-dG
containing DNA.

Mass spectrometric characterization of DPCs—A mass spectrometry-based
approach was employed to further characterize the structures of DNA-protein conjugates
created by reductive amination and to identify the amino acids participating in reactions.
The DNA components of DPCs to selected proteins (AlkB, RNase A, histone H4 and
myoglobin) were digested with PDE I, PDE II, DNAse, and alkaline phosphatase. The
resulting protein-nucleoside conjugates were cleaved with trypsin, and the peptides were
analyzed by nano HPLC-ESI+-MS/MS on an Orbitrap Velos mass spectrometer. Tryptic
peptides containing cross-links to deaza-dG were identified, and the cross-linking sites were
determined by MS/MS sequencing (see an example in Figure 5). The mass spectral data
were processed using Thermo Proteome Discoverer 1.3 (ThermoScientific, San Jose, CA) to
identify the cross-linking sites. We found that for all four proteins examined, multiple lysine
and arginine residues were engaged in the cross-linking reaction to aldehyde-containing
DNA under reducing conditions (Tables 2, S1– S3, Figure S4).
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HPLC-ESI+-MS/MS analysis of AlkB-DNA conjugates was repeated several times, yielding
reproducible results. Peptide sequencing by HPLC-ESI+-MS/MS has revealed that two
lysine residues (K127, K166) and five arginine residues of AlkB (R35, R161, R167, R204,
R210) can participate in the AlkB-DNA cross-linking via reductive amination (Figure 6,
Table 2). Examination of published crystal structures suggests that K134, R204, and R210
are located in the active site of AlkB, while K127, K166, and R167 reside in the DNA
binding groove of the protein.29,30 These results suggest that specific AlkB-DNA binding
facilitates covalent DPC formation. However, some of the residues participating in cross-
linking (e.g. R35) are located outside of the DNA-binding domain. This can be explained by
partial denaturation of the protein under the strongly reducing conditions used in our
experiments.

Synthesis and Structural Characterization of 7-Deaza-7-(2-(N-acetyllysine)ethan-1-yl)-2′-
deoxyguanosine and 7-Deaza-7-(2-(N-acetylarginine)ethan-1-yl)-2′-deoxyguanosine
Conjugates

To confirm the exact chemical structure of the DNA-protein cross-links generated via
reductive amination (Scheme 2), synthetic 7-deaza-7-(2,3-dihydroxypropan-1-yl)-2′-
deoxyguanosine (DHP-deaza-dG) was allowed to react with N-acetyl protected Lys and
Arg, and the resulting nucleoside-amino acid conjugates were isolated by HPLC and
characterized by mass spectrometry. In the case of N-acetyl-Lys, the major conjugation
product was observed at m/z 503.2, corresponding to the [M + Na]+ ions of 7-deaza-7-(2-
(N-acetyl-lysine)ethan-1-yl)-2′-deoxyguanosine. MS/MS fragmentation pathway of this
conjugate (Figure 7) was dominated by the product ions at m/z 387.1 and m/z 485.2, which
correspond to the loss of deoxyribose, and a water molecule, respectively (Figure 7). Similar
results were observed for N-acetyl-Arg. MS2 fragmentation of protonated 7-deaza-7-(2-(N-
acetylarginine)ethan-1-yl)-2′-deoxyguanosine, [M+H]+, revealed the loss of water ([M+H-
H2O]+), acetylamine ([M+H-MeCONH2]+) and deoxyribose ([M+H-dR]+) (Figure S5).
Taken together, these results are consistent with the cross-linking mechanism shown in
Scheme 2, e.g. Schiff base formation between the lysine amino side chain and the aldehyde
functionality within oxidized DHP-deaza-dG, followed by imine reduction to generate a
stable amino linkage.

Synthesis and Characterization of Nucleoside-Peptide Conjugates
To further confirm the chemical structure and site of crosslinking of DPCs formed by this
reductive amination strategy, nucleoside-peptide conjugates of 7-deaza-7-(2,3-
dihydroxypropan-1-yl)-2′-deoxyguanosine (deaza-DHP-dG) to angiotensin I and substance
P were characterized by mass spectrometry. MS2 spectrum of angiotensin I conjugate
revealed that the site of crosslinking is side chain amino group of arginine (Figure 8A). The
MS2 spectrum further revealed that 7-deaza-7-(1-aminoethan-2-yl)-2′deoxyguanosine is lost
upon fragmentation of the doubly charged parent ion, [M+2H]+ = 794.9 m/z. The resulting
singly charged daughter ion, [M+H]+ = 1279.8 m/z was further fragmented to observe
additional b and y ions of the modified peptide that confirmed the site of crosslinking
(Figure 8B).

Discussion
Dynamic DNA-protein interactions are crucial for many cellular functions including
chromatin packaging,31 cell division, 32 DNA replication, gene expression,31,33 DNA
damage response, and DNA repair.31,33 Proteins reversibly interact with DNA by a
combination of electrostatic forces, hydrogen bonding, and stacking interactions, and their
ability to dissociate from DNA is critical for their cellular functions. However, exposure to
common antitumor drugs, environmental toxins, transition metals, UV light, ionizing

Wickramaratne et al. Page 8

Bioconjug Chem. Author manuscript; available in PMC 2014 September 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



radiation, and free radical-generating systems can result in proteins becoming covalently
trapped on DNA.1,4 This generates super bulky, highly heterogeneous DNA-protein cross-
links (DPCs) that can block DNA and RNA polymerases, causing toxicity and/or mutations
in affected cells.2,3,10,17,34–37

Our previous mass spectrometry-based proteomics studies have revealed that covalent
DNA-protein cross-links (DPCs) involving the N7 position of guanine are readily formed in
human cells treated with clinically relevant concentrations of chemotherapeutic drugs (e.g.,
platinum compounds and nitrogen mustards)2,3 and metabolically activated carcinogens
(e.g., 1,2,3,4-diepoxybutane).2,3 Additionally, covalent DPCs have been shown to
accumulate in an age-dependent fashion in the brain and heart tissues, probably a result of
exposure to endogenous reactive oxygen species, lipid peroxidation products, and transition
metals.17 If not repaired, DPCs may contribute to the development of cancer, cardiovascular
disease, and age-related neurodegeneration.16,17,37–41

Conflicting data exist in the literature regarding the mechanisms of cellular repair of DPC
lesions. Reardon et al. examined the ability of reconstituted bacterial and mammalian
excision nuclease systems to recognize the ring-open T4 pyrimidine DNA glycosylase-DNA
cross-links.42 While the excision of DNA-protein conjugates was not detected, DPCs to
short polypeptides were recognized and cleaved by mammalian protein extracts, leading to
the hypothesis that DPCs are proteolytically degraded prior to their repair via the NER
pathway.42 Similar conclusions were drawn by the Lloyd group when using a bacterial
UvrABC system21 and by Baker et al. who examined model DPCs containing bacterial
DNA methyltransferase-DPC (37 kDa) attached to the C-6 position of cytosine.23 Quievryn
et al. observed reduced rates of repair of formaldehyde-induced DPCs in the presence of a
protease inhibitor.43 In contrast, Nakano et al. reported that cytosolic ATP-dependent
proteases are not involved in DPC removal.44,45 These authors proposed that homologous
recombination repair is responsible for removing the majority of DPCs generated via
oxanine, while only DPCs involving small proteins (< 12 kDa in bacteria and < 8–10 kDa in
mammalian cells) are repaired by NER.44,45

Structural factors such as protein size, identity and lesion structures (e.g. major or minor
groove of DNA) are also likely to affect the DPC lesion′s ability to be bypassed by DNA
and RNA polymerases.1,46 For example, E. coli polymerase I and HIV-1 reverse
transcriptase were completely blocked by cis-[diamminedichloridoplatinum (II)] (cisplatin)
cross-link to histone H1.47 The A family human polymerase ν was blocked by DNA-peptide
cross-links located in the minor groove via N2-dG.25 In contrast, chemically and structurally
similar lesions located in the major groove of DNA via N6-dA were efficiently and
accurately bypassed by both human polymerase ν and E. coli polymerase I.25,48

It is likely that the discrepancies between the mechanisms of DPC repair and bypass
reported by different groups reflect structural differences between the model DPCs
examined. Indeed, these previous studies have employed DNA-conjugates of diverse
structure and size, including those where the protein was directly attached to ring open
abasic sites in DNA.4,44,49 This underlines the need to reexamine the replication and repair
of DPC-containing DNA using substrates resembling the lesions formed in cells. The most
common site of DNA involved in DPC formation is the N7 of guanine.2,4,6 However, to our
knowledge, no methods have been previously reported in the literature to generate N-7
guanine conjugated DPCs.

As mentioned in the introduction, currently available synthetic strategies to generate site-
specific DPCs are limited to several main strategies. Lloyd et al.21 and Sancar et al.21

employed a semi-enzymatic approach to trap T4 pyrimidine dimer glycosylase/AP lyase
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(T4-pdg) on abasic sites of DNA in the presence of sodium borohydrate. A similar
methodology has been used to attach oxoguanine glycosylase (Ogg) to DNA strands
containing 8-oxo-dG. DNA methyltransferase (Dnmt) has been trapped on DNA containing
5-fluoro-5-methylcytosine.23 Another approach involves the use of oxanine (Ox) in DNA
that spontaneously reacts with amino groups of proteins to give a pyrimidine ring-open
structure,41 a strategy that is specific to nitric oxide-induced Oxa lesion, requires a large
excess of the protein (425 to 3000-fold), as well as long incubation times (up to 48 h).41,45

Finally, Schiff base formation between acrolein-induced γ-HOPdG adducts and lysine
residues of proteins and peptides can be stabilized in the presence of NaCNBH3.15,24,25

Either the N2 guanine or N6 adenine aldehyde functionality derived from acrolein-induced
3-(2′-deoxyribos-1′-yl)-5,6,7,8-tetrahydro-8-hydroxypyrimido [1,2a]purin-10(3H)-one (γ-
HOPdG) can be reacted with proteins and peptides to produce a Schiff base, which was
subsequently reduced to the corresponding amine with sodium cyanoborohydride.24,25 To
our knowledge, no synthetic methodologies are available to generate N7-gianine DPCs such
as those formed in vivo upon exposure to environmental carcinogens and antitumor
agents.2,3

In the present study, a post-synthetic reductive amination strategy was employed to create
hydrolytically stable structural mimics of N-7 guanine conjugated DPCs by reductive
amination reactions between the Lys and Arg side chains of proteins and acetaldehyde
functionalities of modified 7-deazaguanine residues of DNA. The main advantage of this
approach is that it generates sequence specific DPC lesions structurally analogous to the
lesions formed in vivo. Reductive amination methodology is highly versatile, as it can be
used to generate DPCs to most proteins and peptides containing Lys and/or Arg residues
(Table 1). The resulting structurally defined and hydrolytically stable DPCs can be used to
study the biological fate of DPCs in vitro to better understand the effects of these lesions in
cells. Furthermore, experimental methods are being developed in our laboratory to
incorporate these substrates into plasmid DNA and study their repair in cells to identify the
mechanisms responsible for the removal of these lesions in vivo.

Model DPC lesions generated in this work resemble the adducts induced by antitumor
nitrogen mustards (Scheme 3).2,6 We have previously identified 39 proteins that form
covalent DPC in human fibrosarcoma (HT1080) cells treated with mechlorethamine.50

However, it is not known to what extent DPC formation contributes to toxicity of nitrogen
mustards in cancer cells. The availability of hydrolytically stable model DPCs substrates
will, for the first time, enable structural and biological evaluation of these super-bulky
lesions. Based on our recent studies with DNA-reactive protein reagents that specifically
induce DPCs in cells,20 we hypothesize that spontaneous and xenobiotic-induced DPCs, if
not repaired, compromise the efficiency and the accuracy of DNA replication and are
responsible for a major portion of the toxicity and mutagenicity induced by bis-alkylating
agents, UV light, reactive oxygen species, and γ-radiation.

The model DPC substrates created by reductive amination (Scheme 2) are site-specific in
respect to DNA, but may involve multiple possible cross-linking sites within the protein
(Figure 6, Tables 2, S1–S3). This limited specificity in respect to the protein side chains
should not affect the ability to employ these model conjugates in biological studies since the
“real” DPC lesions formed in cells are also heterogenous in nature. However, it may not be
practical to use this approach to generate DNA-protein conjugates for structural studies by
NMR or X-ray crystallography, especially in the case of proteins that contain multiple basic
residues available for reaction with DNA. Other types of conjugations that employ
bioorthogonal reactive groups in each biomolecule (protein and DNA) may be more
appropriate for this purpose. We are currently exploring the use of copper-catalyzed [3+2]
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Huisgen cycloaddition (click reaction) between azide-functionalized proteins51 and alkyne-
containing DNA to generate site specific DPC conjugates.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Denaturing SDS-PAGE analysis of DNA-protein cross-links generated by reductive
amination reaction (Scheme 2) between E. coli AlkB protein and aldehyde-containing DNA
20-mer, 5′-G TCA CTG GTA DHP-deaza-dG CA AGC ATT G-3′. DNA and DNA-protein
conjugation products were visualized by 32P-end labeling. The formation of covalent DPC is
revealed as a low mobility band on the gel. Lane 1: aldehyde containing oligonucleotide in
the presence of a reducing agent (negative control); Lane 2: aldehyde containing
oligonucleotide and AlkB protein in the absence of a reducing agent; Lane 3: reaction
mixture of aldehyde containing oligonucleotide and the protein in the presence of a reducing
agent; Lane 4: reaction mixture from lane 3 subjected to proteinase K digestion.
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Figure 2.
Reductive amination-mediated cross-linking between aldehyde-containing DNA 20-mer (5′-
G TCA CTG GTA DHP-deaza-dG CA AGC ATT G-3′) and E. coli AlkB protein
visualized via SimplyBlue protein staining. Lane 1: protein size markers; Lane 2: AlkB
protein (negative control); Lane 3: DPCs generated using 1:2 ratio of DNA to protein; Lane
4: proteinase K digested reaction mixture from lane 3; Lane 5: DPCs generated using 4:1
molar ratio of DNA to protein; Lane 6: DPCs generated using 1:10 ratio of DNA to protein.
Multiple bands observed in the region > 40 kDa are due to protein aggregation.
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Figure 3.
Variation of DPC yields with increased protein:DNA molar ratio. 32P-endlabeled DNA
strands containing site-specific DHP-deaza-dG were subjected oxidation to aldehyde and
reductive amination in the presence of recombinant AlkB protein as described in Figure 1.
The molar equivalents of AlkB protein to DNA were varied between 0.5:1 to 5:1, and DPCs
were visualized by phosphorimaging. The production of covalent conjugates is increased in
the presence excess of excess protein (Lanes 4–5).
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Figure 4.
Influence of protein identity on DPC yield for reductive amination. Denaturing PAGE
analysis of DPCs visualized via protein staining using SimplyBlue stain. Lane 1 and 10:
protein size markers; Lanes 2–9: DPC formation between aldehyde-containing DNA and
AlkB, histone H4, ribonuclease A, and myoglobin. Lanes 2, 4, 6, and 8 correspond to
reactions conducted in the absence of DNA and NaCNBH3 (negative controls). The cross-
linking reactions were conducted using the 2:1 protein:DNA molar ratio.
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Figure 5.
MS/MS spectra of AlkB tryptic peptides NDPLK* (m/z 439.7, doubly charged) and
R*NDPLK (m/z 557.8, doubly charged), where K* and R* contain an ethyl cross-link to 7-
deaza-2′-deoxyguanosine and 7-deaza-2′-deoxyguanosine 5′-monophosphate, respectively.
Protein-DNA conjugates were generated by reductive amination reaction of recombinant
AlkB protein with aldehyde-containing DNA 21-mer. The DNA component of the DPCs
was digested with phosphodiesterases and alkaline phosphatase, and the resulting protein-
nucleoside conjugate was subjected to tryptic digestion and peptide sequencing by nano
HPLC-ESI+-MS/MS on Orbitrap Velos.
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Figure 6.
Crystal structure of AlkB protein bound to double stranded DNA showing the amino acids
participating in DNA-protein crosslinking.
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Figure 7.
HPLC-ESI+-MS/MS spectrum of 7-deaza-7-(2-(N-acetyllysine)ethan-1-yl)-2′-
deoxyguanosine.
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Figure 8.
NanoLC-nanospary-MS2 (A) and MS3 (B) spectra of the peptide, Angiotensin I
(DRVYIHPFHL) crosslinked to 7-deaza-7-(ethan-1-yl)-2′-deoxyguanosine.
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Scheme 1.
Structures of DNA-protein cross-links induced by bis-electrophiles: N-[2-(guan-7-
yl)ethyl]alkylamine adducts formed by mechlorethamine (A); 4-(guan-7-yl)-2,3-butanediol
adducts formed by 1,2,3,4-diepoxybutane (B), and 1,1-cis-diammine-2-(5-amino-5-
carboxypentyl)amino-2-(2′-deoxyguanosine-7-yl)-platinum(II) adducts induced by cisplatin
(C).
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Scheme 2.
Synthesis of DPCs by a post-synthetic reductive amination strategy: (a) oxidative cleavage
to unmask the reactive aldehyde moiety on the 7-deaza-7-(2,3-dihydroxypropyl)-guanine of
the synthetic oligomer, (b) reaction of an amino group on the protein with the aldehyde on
the DNA to form a Schiff base, (c) reduction of the imine to form a stable amine linkage.
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Scheme 3.
Structural similarity between the model DNA-protein cross-links obtained by the reductive
amination of aldehyde containing DNA and proteins (A) and cellular DPCs formed in vivo
upon reaction of antitumor nitrogen mustards with N7 guanine of DNA and proteins (B).2

Synthetic DPC substrates (A) are also a direct model for crosslinking of proteins to N7-(2-
oxoethyl)-G, which is the major DNA adduct formed upon exposure to vinyl chloride.26
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Table 1

Proteins and peptides used to generate DPCs using the reductive amination reactions with DHP-deaza-dG
containing DNA.

Protein/peptide Molecular weight/kDa No. of Lys per monomer No. of Arg per monomer % Yield of DPC

Histones 11–15 14 9 99

Substance P 1.3 1 1 94

Tat 1.8 2 6 92

Ribonuclease A 14.7 8 4 89

Histone H4 11.5 11 14 89

GAPDH 38 26 11 74

Aprotinin 6.5 4 7 73

NEIL1 44.5 23 42 64

Apomyoglobin 17.3 19 2 63

Insulin 5.8 2 5 63

AlkB 22.9 8 13 59

RNase 14.7 8 4 56

Hypertensin I 0.9 0 1 43

Pepsin 34.6 11 4 25

AGT 21.9 12 6 20

Myoglobin 17.6 19 2 19

T4 PNK 132 29 19 18

Carboxypeptidase A 34 18 17 17

Proteinase K 28.9 14 17 9

Trypsin 23.3 8 3 4

Pepstatin 0.7 0 0 0

Leupeptin 0.5 0 1 <1

Note: The reactions were carried out under optimized conditions using a 20-fold excess of protein/peptide with respect to the starting
oligonucleotide.
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Table 2

Sites of reductive amination-mediated crosslinking between DHP-deaza-dG containing DNA and recombinant
AlkB protein as identified by nano HPLC-ESI+-MS/MS of tryptic digests.

Amino acid positions Amino acid sequence Site of modification Location within the protein

25 – 35 FAFNAAEQLIR R35 -

122 – 127 CVPGAK K127 DNA binding groove

122 – 134 CVPGAKLSLHQDK K127 DNA binding groove

161 – 166 RNDPLK R161 DNA binding groove

162 – 166 NDPLK K166 DNA binding groove

162 – 167 NDPLKR K166 DNA binding groove

162 – 183 RLLLEHGDVVVWGGESR R167 DNA binding groove

194 – 204 VGVHPLTTDCR R204 Active site

194 – 210 VGVHPLTTDCRYNLTFR R204 Active site

194 – 210 VGVHPLTTDCRYNLTFR R210 Active site

205 – 215 YNLTFRQAGKK R210 Active site
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