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Abstract

DNA-binding proteins are very important constituents of proteomes of all species and play crucial
roles in transcription, DNA replication, recombination, repair and other activities associated with
DNA. Although a number of DNA-binding proteins have been identified, many proteins involved
in gene regulation and DNA repair are likely still unknown because of their dynamic and/or weak
interactions with DNA. In this report, we described an approach for the comprehensive identification
of DNA-binding proteins with in vivo formaldehyde cross-linking and LC-MS/MS. DNA-binding
proteins could be purified via the isolation of DNA-protein complexes and released from the
complexes by reversing the cross-linking. By using this method, we were able to identify more than
one hundred DNA-binding proteins, such as proteins involved in transcription, gene regulation, DNA
replication and repair, and a large number of proteins which are potentially associated with DNA
and DNA-binding proteins. This method should be generally applicable to the investigation of other
nucleic acid-binding proteins, and hold great potential in the comprehensive study of gene regulation,
DNA damage response and repair, as well as many other critical biological processes at proteomic
level.
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Introduction

Although a number of proteins with specific or general affinity to nucleic acids have been
identified, numerous proteins involved in gene regulation, DNA repair and oncogenesis are
likely still unknown. Therefore, it has always been of interest to study proteins that interact
with nucleic acids, with the motivation to understand fundamental biological processes such
as chromatin organization, transcription, DNA replication, recombination and repair, which
are often regulated by proteins that bind to nucleic acids.1-3 Given the importance of nucleic
acid-binding proteins and their interactions with DNA, RNA, or each other, it is necessary to
develop a general analytical technique to identify comprehensively these proteins.

A classical technique used to detect nucleic acid-protein complexes is the electrophoretic
mobility shift assay (EMSA), which is based on the principle that the electrophoretic mobility
of a protein-nucleic acid complex is typically less than that of the free nucleic acid.* It is a core
technology underlying a wide range of qualitative and quantitative assays for the
characterization of protein-nucleic acid interactions.4-8 Although EMSA is commonly used to
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detect nucleic acid-interacting factors, this assay is usually limited to evaluate in vitro
interactions, by incubating a purified protein or a protein mixture with a radioactively labeled
DNA probe. Another widely used technique for characterizing DNA-binding proteins and their
associated factors is chromatin immunoprecipitation (ChlP), which is employed to study the
binding and interaction of post-translationally modified histones or transcription factors with
specific DNA sequences.’+ 8 ChIP assay allows the detection of in vivo interactions of specific
proteins with particular genomic regions in living cells with formaldehyde cross-linking.?: 10
However, both ChIP and EMSA are mainly restricted to known biological targets and have
low throughput, making these two methods not suitable for identifying unknown nucleic acid-
interacting factors or for studying the dynamics of gene regulation, a complex process requiring
the interaction of numerous factors.

Recent advances in mass spectrometry (MS) have greatly facilitated protein identification and
quantification.11: 12 In the past several years, hundreds of previously unknown proteins have
been identified as nuclear proteins that are potentially involved in the regulation of gene
expression, DNA replication and repair.13 The new field of nuclear proteomics has made some
promising advances in elucidating the composition and dynamics of protein expression in
nucleus and its subcompartments.14-12 For example, nucleolar proteomic studies facilitated
the identification of up to approximately 700 proteins from isolated nucleoli in HeLa cells.
20-24 However, most of these previous investigations were based on either crude nuclear pellets
or purified subcellular compartments. Recently, the nuclear proteome from human Raji
lymphoma cells was investigated by using 2D gel and MS.2 In addition, DNA-binding proteins
were isolated from the nuclear extracts by using agarose immobilized with calf thymus DNA,
where the in vitro interaction between the immobilized DNA and proteins constitutes the
principle for the isolation. So far, very few studies have focused on the function-based
comprehensive investigation of nucleic acid-binding proteins,2%: 27 probably owing to the
difficulty in capturing the in vivo DNA-protein interactions at a large scale.

Formaldehyde is a highly reactive reagent, which can freeze the DNA-protein interactions
occurring in living cells under physiological conditions in situ, thereby preventing subsequent
dissociation and redistribution of proteins while working on sample preparation.10: 27, 28
Formaldehyde cross-linking has been extensively used to study DNA-protein and protein-
protein interactions.28-31 Amino and imino groups of amino acids (lysine, arginine and
histidine) and DNA (primarily adenine and cytosine) react readily with formaldehyde, leading
to the formation of cross-links.19: 32: 33 An attractive feature of formaldehyde cross-linking is
that the cross-linking is fully reversible at high temperature (> 67 °C) in aqueous solution.

In this report, we describe an approach for the comprehensive investigation of DNA-binding
proteins with in vivo formaldehyde cross-linking. After the cross-linking reaction, cell nuclei
were isolated, and the covalently bound DNA-protein complexes were subsequently purified.
After purification, the DNA-protein cross-linking was reversed to release the DNA-binding
proteins and the liberated DNA was removed by DNase digestion and centrifugal filtration.
The purified DNA-binding proteins were resolved by SDS-PAGE, digested in-gel with trypsin,
and the digestion mixtures were interrogated by LC-MS/MS. By using this method, we were
able to identify more than one hundred DNA-binding proteins according to the Gene Ontology
(GO) annotations. In principle, thisapproach is not limited to the identification of DNA-binding
proteins; it is also applicable to the investigation of proteins that bind to RNA.

Materials and Methods

Cell Culture

HL-60 Human acute promyelocytic leukemia cells (ATCC, Manassas, VA) were cultured in
Iscove's modified minimal essential medium (IMEM) supplemented with 20% fetal bovine
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serum (FBS, Invitrogen, Carlsbad, CA), 100 1U/mL of penicillin and 100 pg/mL of
streptomycin in 75 cm? culture flasks. Cells were maintained in a humidified atmosphere with
5% CO, at 37 °C, with medium renewal of 2-3 times a week depending on cell density.

In Vivo Formaldehyde Cross-linking

HL-60 cells were collected by centrifugation at 300 g for 5 min at 4 °C, and washed with ice-
cold PBS to remove culture medium and FBS. In vivo cross-linking was achieved by adding
11% (w/v) formaldehyde to 5 ml of cell suspension in PBS to obtain a final concentration of
1% (wi/v). After incubating at room temperature for 10 min, formaldehyde was quenched by
the addition of 2.5 M glycine to a final concentration of 125 mM and incubated at room
temperature for 5 min. The cross-linked cells were collected by centrifugation (300 g at 4 °C
for 5 min) and the cell pellet was washed twice with cold PBS.

Isolation of Nuclei

Nuclei isolation was carried out using a protocol adapted from that reported by Henrich et al.
25 The cross-linked HL-60 cell pellet (~ 4x107 cells) was resuspended in 10 volumes of ice-
cold hypotonic lysis buffer A containing 10 mM HEPES (pH 7.4), 10 mM KCI, 1.5 mM
MgCly, 1mMDTT, 1 mM NaF, 1 mM NazgVOg4, 1 MM PMSF, and a protease inhibitor cocktail.
After incubation on ice for 30 min, NP-40 was added to the lysis buffer until its final
concentration reached 0.5% (v/v), and the mixture was incubated on ice for 5-min. Cells were
then gently lysed with a Dounce homogenizer with B type pestle (clearance ~ 0.7 mm) for 10
strokes on ice. The nuclear fraction was collected by centrifugation at 800 g at 4 °C for 5 min,
and the resulting crude nuclear pellet was resuspended in buffer B, which contained 250 mM
sucrose, 10 MM MgCly, 20 mM Tris-HCI (pH 7.4) and 1mM DTT. The nuclei suspension was
layered over a two-step sucrose gradient cushion [1.3 M sucrose, 6.25 mM MgCl,, 20 mM
Tris-HCI (pH 7.4), 0.5 mM DTT above 2.3 M sucrose in 2.5 mM MgCl, and 20 mM Tris-HCI
(pH 7.4)], and centrifuged subsequently at 5000 g at 4 °C for 45 min. The isolated nuclei were
washed with buffer A and collected by centrifugation at 1000 g.

Isolation of DNA-protein Complexes

DNA-binding proteins were isolated and copurified with genomic DNA as cross-linked DNA-
protein complexes. The purification of DNA-protein cross-links was carried out by using a
method described by Baker et al.34: 35 with modifications. The isolated nuclei were lysed in
500 DNAZzol (Invitrogen) by repeated pipetting with a wide-bore pipette tip. DNA was
precipitated by using a half volume of ice-cold 100% ethanol, and incubated at —20 °C for 1
hr. The precipitates were pelletted by centrifugation at 5,000 g at 4 °C for 5 min. The pellet
was washed with ice-cold 75% ethanol and resuspended in 50 mM Tris-HCI buffer (pH 7.4).
Urea and SDS were added to the suspension until their final concentrations reached 8 M and
2% (wi/v), respectively, to denature proteins and to dissociate the non-cross-linked proteins
from DNA-protein complexes. The sample was incubated at 37 °C for 30 min with gentle
shaking. To the sample solution, an equal volume of 5 M NaCl was added and the resulting
mixture was incubated at 37 °C for 30 min. The DNA and its associated proteins were
precipitated again by the addition of 0.1 volume of 3 M sodium acetate and 3 volumes of ice-
cold ethanol. Precipitated DNA and DNA-protein complexes were collected by centrifugation
at 5,000 g at 4 °C for 5 min and washed thrice with ice-cold 75% ethanol to remove salts and
detergents.

Cross-linking Reversal and DNA Removal

The purified DNA and DNA-protein complexes were resuspended in 0.5 M sodium acetate,
and incubated at 68 °C overnight to reverse the DNA-protein cross-linking. After incubation,
DNA was digested with 5 units of DNase | (Worthington Biochemical, Lakewood, NJ) and 5

J Proteome Res. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Qiu and Wang

Page 4

units of S1 nuclease (Invitrogen) in a solution bearing 0.1 M sodium acetate (pH 5.5), 10 mM
MgCl, and 10 mM ZnCl, at 37 °C for 1 h. The digested nucleotides were removed by using a
Microcon YM-10 centrifugal filter (Millipore, Billerica, MA). The purified DNA-binding
proteins were quantified with Bradford Protein Assay kit (Bio-Rad, Hercules, CA). The SDS-
PAGE results for the analyses of the purified DNA-protein complexes (i.e., before the reversal
of formaldehyde-induced cross-linking) and the purified DNA-binding proteins (i.e., after
cross-linking reversal) are shown in Figure S1.

SDS-PAGE Separation and Enzymatic Digestion

The purified DNA-binding proteins were separated by 1D SDS-PAGE using a 12% resolving
gel with a 4% stacking gel, and stained with Coomassie blue. The gel was cut into 10 bands,
in-gel reduced with dithiothreitol (DTT), alkylated with iodoacetamide (IAA) and digested
with trypsin (Promega, Madison, WI). The digested peptides were collected, dried in a Speed-
vac, and stored at —20 °C until further analysis.

Western Blotting

For Western blotting analysis, proteins were denatured and reduced by boiling in Laemmli
loading buffer containing 80 mM DTT. After SDS-PAGE separation, proteins were transferred
to a nitrocellulose membrane under standard conditions. The membrane was blocked with 2%
non-fat milk ECL Advance blocking reagent (GE Healthcare, UK) and incubated with primary
antibodies at 4 °C overnight. The rabbit polyclonal primary antibodies for MCM2 (Mini
chromosome maintenance protein 2, a.k.a. DNA replication licensing factor MCM2) and actin
were from Abcam (Cambridge, MA). The membrane was rinsed briefly with two changes of
PBS-T washing buffer [PBS with 0.1% (v/v) Tween-20, pH 7.5] and washed with a large
amount of washing buffer for 15 min, followed by 3 x 5 min wash with fresh changes of washing
buffer at room temperature. After washing, primary antibodies were recognized by incubating
with horse radish peroxidase (HRP)-conjugated goat anti-rabbit 1gG secondary antibody
(Abcam) at room temperature for 1 h. The membrane was washed thoroughly with PBS-T (1x
15 min, then 3 x 5 min). The antibody binding was detected by using ECL Advance Western
Blotting Detection Kit (GE Healthcare), and visualized with HyBlot CL Autoradiography Film
(Denville Scientific Inc., Metuchen, NJ).

Extraction and Enzymatic Digestion of Nucleic Acids

After the above in-vivo chemical cross-linking, nucleic acids and nucleic acid-protein
complexes were isolated from HL-60 cells using a standard phenol extraction protocol36 or the
above-described DNAzol method. For phenol extraction, the RNase digestion step was omitted
so that both RNA and DNA could be isolated, and this sample was used as a control to estimate
the relative amounts of RNA and DNA in the extract. Proteins present in the cross-linked
complexes were removed by proteinase K digestion, and the remaining nucleic acids were
precipitated by ethanol and digested to mononucleosides by using nuclease P1 (NP1, Sigma-
Aldrich, St. Louis, MO) and calf intestinal phosphatase (CIP, Sigma-Aldrich). In this respect,
2 units of NP1 was added to a solution containing 30 pg of DNA, 50 mM sodium acetate and
1.0 mM ZnCl;, (pH 5.5), and the digestion was continued at 37 °C for 12 h. The resulting sample
was treated with 20 units of CIP in 50 mM Tris-HCI (pH 8.5) at 37 °C for 3 h. The digestion
mixtures were passed through Microcon YM-10 centrifugal filter to remove enzymes and the
resulting aliquots were subjected to HPLC analysis.

HPLC Separation

Off-line HPLC separation of nucleoside mixtures was performed on an Agilent 1100 HPLC
pump with a 4.6 x 250 mm Grace Apollo C18 column (5 um in particle size and 300 A in pore
size). A solution of 10 mM ammonium formate (solution A) and a 10 mM ammonium formate/
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acetonitrile mixture (70/30, v/v, solution B) were used as the mobile phases, and the flow rate
was 0.8 mL/min. A gradient (0-5 min, 0-5% B; 5-45 min, 5-30% B, 45-50 min, 30-60% B)
was used for the separation of the above nucleoside mixtures. The effluents were monitored
by UV detection at 260 nm.

Nanoflow LC-MS/MS Analysis

Online LC-MS/MS analysis was performed on an Agilent 6510 Q-TOF system coupled with
an Agilent HPLC-Chip Cube MS interface (Agilent Technologies, Santa Clara, CA). The
sample enrichment, desalting, and HPLC separation were carried out automatically on the
Agilent HPLC-Chip with an integrated trapping column (40 nL) and a separation column
(Zorbax 300SB-C18, 75 um x 150 mm, 5 um in particle size). The peptide mixtures for LC-
MS/MS analysis were first loaded onto the enrichment column and desalted with a solvent
mixture of 0.1% formic acid in CH3CN/H,0 (2:98, v/v) at a flow rate of 4 pL/min by using
an Agilent 1200 capillary pump. After desalting, the peptide mixture was separated by using
an Agilent 1200 nanoflow pump at a flow rate of 300 nL/min with the following gradient:
0-2min, 2% B; 2-10 min, 2-10% B; 10-90 min, 10-30% B; 90-120 min, 30-40% B; 120-130
min, 40-90% B. The gradient was held at 90% B for 5 min, and then changed to 2% B for
equilibration for 15 min before the next sample injection. The mobile phases were 0.1% formic
acid in H,O (A) and 0.1% formic acid in CH3CN (B).

To maintain a stable nanospray during the whole analysis process, the capillary voltage (\VVcap)
applied to the HPLC-Chip capillary tip was 1900 V. For data collection, the Agilent Q-TOF
was operated in an auto (data-dependent) MS/MS mode, where a full MS scan was followed
by maximum of eight MS/MS scans (abundance-only precursor selection), with m/z ranges of
350-2000, and 60-2000 for MS and MS/MS scans, respectively. The active (dynamic)
exclusion feature was enabled to discriminate against ions previously selected for MS/MS in
two sequential scans. The acquisition rates were 6 and 3 spectra/s in MS and MS/MS modes,
respectively. For collision-induced dissociation (CID), the collision energy was set at a slope
of 3 /100 Da and an offset of 2.5 V to fragment the selected precursor ions and give MS/MS.

Data Processing

Agilent MassHunter workstation software (Version B.01.03, Agilent Technologies) was used
to extract the MS and MS/MS data from the LC-MS/MS results. The extracted LC-MS/MS
data were converted to mzData files with MassHunter Qualitative Analysis. Mascot Server 2.2
with Mascot Daemon 2.2.2 (Matrix Science, London, UK) was used for protein and peptide
identifications by searching LC-MS/MS data against UniProtKB/Swiss-Prot database (updated
weekly). Carbamidomethylation of cysteine residues was used as a fixed modification.
Methionine oxidation, serine, threonine and tyrosine phosphorylation were set as variable
modifications. Stringent criteria were employed for protein identification. The allowed
maximum miscleavages per peptide was one, with a precursor tolerance of 20 ppm and a MS/
MS tolerance of 0.6 Da (The average of absolute mass accuracy for all the identified peptides
was calculated to be 7.9 ppm). Peptides identified with individual scores at or above the Mascot
assigned homology score (p < 0.01 and individual peptide score > 40) were considered as
specific peptide sequences. The false discovery rates (FDR, number of random matches divided
by the total number of identified peptides) with homology or identity threshold, determined
by using decoy database search, were less than 0.95%.

The cellular localization and function of identified proteins were assessed using Gene Ontology
database (http://www.geneontology.org), Generic GO Term Mapper (http://go.princeton.edu)
and GORetriever (http://www.agbase.msstate.edu).37
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Results and Discussion

Strategy for the Identification of DNA-binding Proteins

DNA-binding proteins have a general or specific affinity for single- or double-stranded DNA.
Although a number of DNA-binding proteins have been identified, many proteins involved in
gene regulation and DNA repair are likely still unknown because of their dynamic and/or weak
interactions with DNA. DNA-protein cross-linking induced by ionizing radiation and
chemotherapeutic agents such as aldehydes, cisplatin and other metal complexes has been
studied as cytotoxic lesions.38 Instead of studying the toxicity of cross-linking between DNA
and proteins, we employed the in vivo DNA-protein cross-linking as a strategy to fix the DNA-
protein interactions, and used a standard DNA purification method to isolate DNA-binding
proteins from complex biological samples. The idea of using immobilized
oligodeoxyribonuleotides as probes has been demonstrated for purifying specific DNA-
binding proteins, followed by protein identification with MS-based techniques.3% 40 However,
the previous methods, such as affinity-DNA probes and EMSA, usually depend on in vitro
interactions with specific DNA sequences; therefore, they lack the ability to identify DNA-
binding proteins at large scale and with high throughput.

To identify proteins with potential interactions with DNA, in this report, we described an
approach for the comprehensive identification of DNA-binding proteins with formaldehyde
cross-linking, which can fix DNA-protein interactions in situ and has been widely used in ChIP
assays for probing in vivo chromatin structures and dynamics. As depicted in Figure 1, after
the cross-linking reaction, cell nuclei were isolated, followed by the purification of cross-linked
DNA-protein complexes. After DNA-binding proteins were copurified with genomic DNA,
the DNA-protein cross-linking was reversed to release the DNA-binding proteins from DNA.
The DNA was removed by using DNase digestion and centrifugation with Microcon centrifugal
filters; the released DNA-binding proteins were further fractionated with SDS-PAGE and
digested in-gel with trypsin. The extracted peptide mixtures from different gel bands were
analyzed using LC-MS/MS, and the LC-MS/MS data were searched against a protein database
for protein identification (Figure 1).

In Vivo DNA-protein Cross-linking

Formaldehyde-mediated DNA-protein cross-linking has been used for probing in vivo
chromatin structures for more than two decades.33 Formaldehyde is a tight and reactive reagent,
which can lead to efficient cross-linking between nucleic acids and proteins within short
distance in vivo. The formation of covalent DNA-protein complexes prevents the subsequent
dissociation and redistribution of proteins due to changes in physiological condition and/or in
the process of sample handling.2” It has been found that formaldehyde is incapable of inducing
protein-DNA cross-links in vitro even at extremely high concentrations.33 This suggests that
the formaldehyde-mediated in vivo DNA-protein cross-linking is due to physiological DNA-
protein interactions.

Aside from nucleic acid-protein cross-linking, protein-protein cross-linking can be generated
by formaldehyde in vivo, especially upon long-term incubation and/or with high concentrations
of cross-linking reagent. It is well-documented that nucleosomal proteins are normally
analyzed following a cross-linking time within 10 min.1% Longer exposure to formaldehyde
favors the binding of nucleosome-associated proteins and protein-protein interactions, and
most proteins are readily cross-linked following a 20-60 min cross-linking reaction with 1%
formaldehyde, based on the study of specific targets of interest.10: 31 However, in our
experiment, it is unrealistic to optimize the cross-linking conditions for all DNA-interacting
proteins based on specific DNA sequences and protein targets. We tested with different cross-
linking reaction time with HL-60 cells and found that longer cross-linking time leads to low
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yield and poor solubility of DNA-protein complexes. Therefore, we incubated HL-60 cells in
1% formaldehyde for 10 min to generate the DNA-protein cross-links.

Isolation of DNA-binding Proteins

The enrichment of DNA-binding proteins was achieved through the isolation of DNA-protein
complexes after in vivo chemical cross-linking. To evaluate the enrichment of DNA-binding

proteins, we performed Western blotting experiments to assess the amounts of two identified
proteins, MCM2 and actin, in whole cell lysates, nuclear fractions, and the enriched fraction

of DNA-binding proteins.

DNA replication licensing factor MCM2 belongs to the MCM family proteins, which are DNA-
dependent ATPases required for the initiation of eukaryotic DNA replication.#1 MCM2 is a
component of the prereplicative complex; it is essential for eukaryotic DNA replication and is
expressed only in proliferating cells.*2 Our Western blotting results revealed that MCMZ2, a
DNA-binding protein, can be enriched by at least 17 fold after the isolation of DNA-protein
complexes formed by in vivo chemical cross-linking compared to actin, which was used as an
internal standard for this comparison (Figure 2). However, the nuclear fraction showed no
significant enrichment of MCM2 with respect to actin. This could be attributed to the fact that
a relatively high concentration of actin is present in the nuclear fraction.*3 The background
signals of MCMZ2 in high mass ranges in DNA-binding protein fraction could emanate from
the undissociated cross-linked nucleotides/or proteins to MCM2. The presence of residual
DNA-protein cross-links may lead to the failure in identifying some DNA-binding proteins.
In this context, because of the heterogeneity of the cross-linking, i.e., different nucleobases
and amino acid residues may participate in the formaldehyde-mediated cross-linking,10: 32,
33t is difficult to incorporate the protein side-chain modifications, arising from the incomplete
cross-linking reversal, into the database search for protein identification.

It is interesting to observe that actin can also be detected in the isolated DNA-binding protein
fraction, which cannot be simply attributed to the contaminations from cytoplasmic or nuclear
actin. In fact, it has been reported that actin could be associated with DNA and RNA during
transcription.#3-45 An alternative explanation is that actin could cross-link to other proteins
that can bind to DNA. In a separate experiment, we followed the identical protocol for DNA-
protein complex purification and isolated the genomic DNA without chemical cross-linking
reaction. The result showed that a relatively small amount of MCM2 can be detected in the
DNA fraction (Supporting Information, Figure S2). By contrast, no obvious actin band was
visible in the same DNA fraction. This result indicates that the DNA-bound actin might be lost
during DNA isolation without cross-linking, or the amount of actin directly associated with
DNA, if any, could be very small.

The Selectivity of the Method toward the Isolation of DNA-binding Proteins

Several precautions were exerted to improve the selectivity of the above-described method
toward the isolation of DNA-binding proteins. First, we began with isolated nuclei rather than
the whole lysate of the formaldehyde-treated cells, which minimizes the contamination of
cytosolic proteins. Second, we incubated the isolated protein-DNA complexes in a solution
containing high concentrations of urea and SDS to dissociate and remove the non-cross-linked
proteins from DNA-protein complexes. Third, we adopted a DNAzol-based protocol for the
selective isolation of DNA and DNA-protein cross-links.34 The basis of the DNAzol procedure
lies in the use of a novel guanidine-detergent lysis solution that hydrolyzes RNA and allows
the selective precipitation of DNA and DNA-protein cross-links from a cell lysate.

While it is difficult to evaluate directly the selectivity of above-described strategy toward the
isolation of DNA- over RNA-binding proteins because many proteins can bind both DNA and
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RNA, we chose to use an indirect method to assess how selective the strategy is toward DNA-
binding proteins. In this respect, we isolated DNA and DNA-protein cross-links from HL-60
cells after formaldehyde-induced cross-linking reaction by using two different protocols, i.e.,
phenol extraction and the DNAzol method. We then removed the proteins by proteinase K
treatment, digested the remaining nucleic acids to nucleosides with two enzymes and analyzed
the resulting nucleosides by HPLC analysis (See Materials and Methods). As depicted in Figure
3, the amount of ribonucleosides present in the nucleoside mixture emanating from the DNAzol
method is much less than that of 2’-deoxynucleosides (<5%, Figure 3B), whereas
ribonucleosides are present at a much higher level in the nucleoside mixture arising from the
phenol extraction method (Figure 3A). This result, therefore, suggests that the DNAzol method
is highly selective toward the isolation of DNA and its associated proteins over RNA and its
binding proteins.

Identification and Characterization of Proteins with In Vivo DNA-Protein Cross-linking

The current protocol with in vivo DNA-protein chemical cross-linking enabled us to enrich the
DNA-binding proteins through the isolation of DNA-protein complexes. The cross-linking
generated by formaldehyde stabilizes DNA-protein complexes and allows the capture of
transient interactions between DNA and proteins. Based on this protocol, we were able to
identify 780 proteins with Mascot database search (Supporting Information, Table S1).

To further understand the distribution and function of the identified proteins, we investigated
the GO annotations of the identified proteins using Gene Ontology database
(http://www.geneontology.org), Generic GO Term Mapper (http://go.princeton.edu) and
GORetriever (http://www.agbase.msstate.edu).3” The comprehensive GO annotations for the
identified proteins were summarized in the Supporting Information (Table S2). Among the
proteins with GO annotations, 305 unique proteins were classified as nuclear proteins (GO:
0005634), which represented 39.1% of all proteins identified (Figure 4A). The presence of a
relatively high percentage of nuclear proteins in the purified fraction could be attributed to the
isolation of the DNA-protein complexes. In addition to the nuclear localization, 40.8% of the
identified proteins were annotated as cytoplasmic proteins (GO: 0005737), followed by
membrane (GO: 0016020, 15.4%), mitochondrial (GO: 0005739, 7.4%), ribosomal (GO:
0005840, 7.2%) proteins, etc. Because of the lack of annotation information, more than 10%
of the identified proteins cannot be classified based on GO slim terms. On the other hand, many
proteins can be grouped into multiple GO categories, which can cause overlaps. Therefore, the
sum of percentages of GO categories is over 100%. It is also worth noting that many proteins
were only annotated with their major cellular localizations and functions. For instance, actin
is also localized in the nucleus and is associated with gene regulation (Figure 2)*3-4%; however,
the current GO databases classify actin only as a cytoplasmic protein.

Apart from the classification of the cellular distribution of the identified proteins, we also
organized the identified proteins, according to their biological functions (Figure 4B). Among
the identified proteins with GO molecular function annotation, 111 proteins (14.2% of the
identified proteins) were clearly annotated as DNA-binding proteins (GO: 0003677), including
double-stranded/single-stranded DNA binding, damaged DNA binding, sequence-specific/
structure-specific DNA binding, transcription regulation, DNA helicase/ligase activity, etc.
More functional categories were shown as nucleotide-binding (GO: 0000166, 23.8%), RNA-
binding (GO: 0003723, 20.0%), hydrolase activity (GO: 0016787, 9.0%), etc. The
identification of proteins without known DNA-binding activity could arise from the cross-
linking of these proteins with DNA-binding proteins through protein-protein interactions.
Additionally, some of these proteins may bear DNA binding capabilities that have yet been
characterized. Furthermore, formaldehyde may also give rise to non-specific protein-protein
cross-links, thereby resulting in the isolation and identification of proteins that are not capable
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of binding to DNA or its associated proteins. Guisan et al.*® showed that the addition of dextran
could improve the specificity of aldehyde-induced cross-linking of purified proteins. In
addition, it was found that weakly bound protein-protein complexes could be selectively
adsorbed on lowly activated anionic exchange support, thereby preserving the weak protein-
protein interactions.’ These methods are, however, not applicable for the formaldehyde-
induced in-vivo cross-linking discussed in the current paper. In the future, it is important to
develop strategies which can further minimize or avoid the formation of non-specific protein-
protein complexes during the formaldehyde-induced in-vivo cross-linking.

To gain further knowledge about the identified DNA-binding proteins, we extracted the
comprehensive GO annotations including the molecular function and biological process, which
are summarized in the Supporting Information (Table S2). According to the GO annotations,
at least 67 identified proteins are involved in gene transcription, and 20 identified proteins are
involved in DNA replication. For instance, 23 transcription factors were identified in our
experiment (Table 1). In addition, almost a complete family of DNA replication licensing
factors was identified in our experiments, which include all six subunits of the MCM protein
complex, i.e., MCM2 through MCM?7. These six subunits form a ring-shaped heterohexameric
ATPase involved in DNA replication.42: 48

Besides the proteins involved in transcription and replication, we were able to identify at least
26 proteins involved in DNA damage and repair processes, such as base-excision repair,
nucleotide-excision repair and double-strand break repair, as shown in Table 2. It is worth
noting that some of identified proteins involved in DNA damage response and repair, however,
are not annotated as DNA-binding proteins in the current GO databases. These proteins include
MMS19 nucleotide excision repair protein homolog (MMS19), FACT complex subunit SPT16
(SUPT16H), transitional endoplasmic reticulum ATPase (VCP), etc. Because of the lack of
proper GO annotations, these proteins were not counted as DNA-binding proteins depicted in
Figure 4B.

Conclusions

We described an approach for the comprehensive investigation of DNA-binding proteins with
in vivo formaldehyde cross-linking. DNA-binding proteins can be purified via the isolation of
DNA-protein complexes and released from the complexes by reversing the DNA-protein cross-
linking. By using this method, we were able to identify more than one hundred DNA-binding
proteins, including those involved in transcription, gene regulation, DNA replication and
repair, and a large number of proteins which are potentially associated with DNA and DNA-
binding proteins. This method should be generally applicable to the investigation of other
nucleic acid-binding proteins, and hold great potential in the comprehensive study of gene
regulation, DNA damage response and repair, as well as many other important biological
processes at proteomic level. We believe that this function-oriented protein purification
strategy may serve as a valuable tool for studying in vivo DNA-protein interaction and dynamic
cellular responses to perturbations and stress, not only by identifying potential protein targets,
transcription factors or DNA repair enzymes, but also by determining protein modifications
and differential expression by incorporating other techniques, e.g., stable isotope labeling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Strategy for the identification of DNA-binding proteins with chemical cross-linking and LC-
MS/MS.
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Western blotting of MCM2 was performed in whole cell lysate (whole), nuclear fraction
(nuclear), and the DNA-binding protein fraction (DBP) of HL60 cells. Actin was used as the
internal standard for quantitative comparison.
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HPLC traces for the separation of nucleoside mixtures arising from the enzymatic digestion of
nucleic acids that were isolated from the in-vivo chemically cross-linked DNA-protein
complexes by the standard phenol extraction method (A) and the DNAzol method (B). The
identities of nucleosides were confirmed by HPLC analysis of authentic compounds. “A”, “C”,
“G”, “U” designate the four natural ribonucleosides, and “dA”, “dC”, “dG”, and “dT” represent
the four natural 2’-deoxyribonucleosides.
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The identified proteins were classified using GO annotations. (A) Distribution of proteins in
major cellular localizations; (B) Classification of proteins according to their function.
Percentages indicate the identified proteins in each category relative to the total number of
identified proteins.
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