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Abstract
C19ORF5 is a homologue of microtubule-associated protein MAP1B that interacts with natural
paclitaxel-like microtubule stabilizer and candidate tumor suppressor RASSF1A. Although
normally distributed throughout the cytosol, C19ORF5 specifically associates with microtubules
stabilized by paclitaxel or RASSF1A. At sufficiently high concentrations, C19ORF5 causes
mitochondrial aggregation and genome destruction (MAGD). The accumulation on
hyperstabilized microtubules coupled to MAGD has been proposed to mediate tumor suppression
by the taxoid drug family and RASSF1A. Here, we show that the C-terminus of C19ORF5
(C19ORF5C) interacts with mitochondria-associated DNA binding protein, LRPPRC, in liver
cells. Like LRPPRC, C19ORF5 also binds DNA with an affinity and specificity sufficient to be of
utility in DNA affinity chromatography to purify homogeneous recombinant C19ORF5C from
bacterial extracts. Homogeneous C19ORF5 exhibited no intrinsic DNase activity. Deletion
mutagenesis indicated that C19ORF5 selectively binds double stranded DNA through its
microtubule binding domain. These results suggest C19ORF5 as a DNA binding protein similar to
microtubule-associated proteins tau and MAP2.
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C19ORF5 is a multifunctional sequence homologue of microtubule-associated protein
MAP1B that interacts with the normally mitochondria-associated paclitaxel-like microtubule
stabilizer and candidate tumor suppressor RASSF1A [1–5]. Isoform-specific epigenetic
silencing of RASSF1A (3p21.3) by promoter-specific CpG-island hypermethylation occurs
at high frequency in human tumors [6–8]. While normally distributed throughout the
cytosol, C19ORF5 accumulates on hyperstabilized microtubules induced by either paclitaxel
or RASSF1A [2–4]. In addition to these functions, when C19ORF5 accumulates in cells, it
causes a unique form of cell death characterized by concentration on mitochondria, followed
by an intense perinuclear aggregation of mitochondria resulting in gross degradation of
genomic DNA within the aggregates. This cell death related process has been described as
mitochondrial aggregation and genome destruction (MAGD), and suggested to mediate
tumor suppression by the taxoid drug family and RASSF1A in response to catastrophic
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hyperstabilization of spindle microtubules during mitosis [3,4]. Structure function analysis
has revealed that both the microtubule binding and MAGD activities reside within distinct
domains in the C-terminal 192 amino acid residues of C19ORF5. The microtubule binding
and hyperstabilization domain is within a basic sequence of less than 100 residues (A867–
S945) while the MAGD activity resides further downstream in a distinct 25-residue
sequence (F967–A991) [4].

In addition to mitochondria-associated RASSF1 iso-forms, a yeast two-hybrid interaction
screen revealed that C19ORF5 potentially interacts with several other mitochondria-
associated proteins [1]. One of the interactions was with LRPPRC (leucine-rich PPR-motif
containing protein, AAA67549) [1,9], a nucleic acid binding protein [10,11] comprised of
modular domains homologous to proteins involved in cytoskeletal dynamics,
nucleocytosolic shuttling, and chromosome activity [9]. Here, we confirmed that C19ORF5
interacts with LRPPRC in mammalian cells. Since LRPPRC [10–12] and other microtubule-
associated proteins (MAP2 and tau) [13,14] have been reported to interact with DNA and
elevation of C19ORF5 caused massive degradation of DNA associated with its MAGD
activity, we investigated whether C19ORF5 might also be a DNA binding protein with DNA
degradation activity. We show that the C-terminus of C19ORF5 containing the microtubule
and MAGD activities binds DNA with sufficient affinity and selectivity to be of utility in
affinity purification. C19ORF5 binds specifically double stranded DNA through its
microtubule binding domain, but is free of DNase activity.

Materials and methods
Interaction of C19ORF5C and LRPPRC in mammalian cells

For interaction of differentially tagged recombinant products, about 15 μg of pCMV-C3
vector coding for GFP-LRPPRC [1] or GFP was transiently transfected into COS7 cells in
75 cm2 flasks and cells were harvested in 1 ml Buffer I (PBS with 1 mM PMSF, 2 μg/ml
pepstatin, 2 μg/ml leu-peptin, 10 μg/ml aprotinin, 1 mM EDTA, and 0.1 mM DTT) after 24
h. Cell free extract was prepared by 10 s of sonication followed by 10 min of centrifugation
at 10,000g at 4 °C, and then used immediately for assay or stored at −80 °C. About 20 μg of
GST-C19ORF5, GST or other GST-tagged control proteins bound to similar amounts of
GSH–Sepharose 4B beads was mixed with 200 μl cell free extract and incubated at 4 °C for
2 h after which beads were collected and washed three times with Buffer I. Beads were
extracted with 50 μl of gel loading buffer containing SDS, subjected to 7.5% SDS–PAGE,
and then analyzed by immunoblot with a polyclonal antibody against GFP.

The interaction of native C19ORF5 and LRPPRC was assessed by immunoprecipitation and
subsequent immunoblot using respective monoclonal antibodies against the human proteins.
About 1 × 106 HepG2 cells were lysed in 250 μl of immunoprecipitation buffer (IP buffer)
containing 50 mM Hepes (pH 7.5), 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 0.1%
Triton X-100, 10% glycerol, 1 mM NaF, 1 mM PMSF, 2 μg/ml pepstatin, and 2 μg/ml
aprotinin. C19ORF5 protein was precipitated with 9 μg of purified mouse monoclonal
antibody 4G1 and 50 μl of packed volume of protein G–agarose beads. A quarter of the
precipitate that was resuspended in 100 μl buffer (corresponding to 2.5 × 105 cells) was
subjected to immunoblot. Proteins were visualized with 1 μg/ml of 4G1 or monoclonal
antibody 4C12 against LRPPRC and 0.1 μg/ml of alkaline phosphatase-conjugated anti-
mouse antibody. Monoclonal anti-C19ORF5 antibody 4G1 was generated in collaboration
with A&G Pharmaceuticals (Baltimore, MD) using purified GST-C19ORF5C as antigen.
The authenticity of the antibody was confirmed by immunoblot of the purified GST-
C19ORF5C and other GST fused fragments and immunostain of GFP-C19ORF5C
transfected COS7 cells [4]. The epitope has been mapped to within D667–S767 as shown in
Fig. 5C. The reactive epitope for the mouse monoclonal anti-LRPPRC antibody Mab4C12
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(a gift from Dr. Pinol-Roma, Mount Sinai School of Medicine, New York) was mapped to a
sequence between amino acid residues 500 and 600 of LRPPRC by immunoprecipitation of
deletion constructs synthesized by in vitro transcription–translation and by immunoblots of
constructs expressed in Escherichia coli [1,10,15].

Expression and purification of recombinant GST-tagged C19ORF5C and subdomains
DNA coding for GST at the N-terminus of the C-terminal 393 amino acid residues of the
predicted full-length 1059 residue C19ORF5 was constructed. The 1.25 kb cDNA
C19ORF5-pACT2 [9] was digested with NcoI and BglII, filled into blunt ends, and then
ligated into a 5 kb pGEX-4T-1 vector (Pharmacia Biotech) coding for GST after a cut with
SmaI. The GST-C19ORF5 protein was expressed in E. coli BL21 cells harvested in Buffer I
containing 0.5 mg/ml lysozyme and purified by glutathione (GSH) affinity according to
manufacturer's recommendations. After dialysis in Buffer II (50 mM Tris-HCl, pH 8.0), the
solution was then applied to DNA–agarose beads (Amersham-Pharmacia Biotech) at 4 °C
overnight. Beads were collected, washed three times with Buffer II, and eluted with 0.5 M
NaCl in Buffer II. The eluate was dialyzed against Buffer II. Steps were repeated to achieve
homogeneity. Purity of product was assessed by SDS–PAGE. Purified product was
subjected to fragmentation and loss of activity upon storage at −4 °C or dilution and was
stored concentrated where possible in aliquots at −80 °C until immediate use in in vitro
assays.

The cDNA constructs coding for different sections of C19ORF5 fused to the C-terminus of
GST as described in the text were constructed through the ligation of the EcoRI–NotI cut 5
kb pGEX-4T-1 vector and PCR fragments were generated from template C19ORF5-pACT2
that carried the entire 393 amino acid residues of the C-terminal part of C19ORF5 [9].
Fidelity of constructs was verified by DNA sequence. Constructs were expressed in bacteria
and purified by GSH and DNA affinity chromatography as described in the text.

DNA binding and nuclease assays
The DNA aggregation and nuclease assays were developed based on previous reports [16–
19]. Aggregation reactions (20 μl) contained identical amounts of DNA (10 μg/ml) and
different amounts of purified GST-C19ORF5 protein in 50 mM Tris (pH 8.0), and were
incubated at 37 °C for 1 h and stopped by adding 5 μl DNA loading buffer. DNA substrates
used were supercoiled double stranded plasmid DNA prepared from the 3.0 kb plasmid
pBluescript SK using a Plasmid Midi Kit (Qiagen), EcoRI linearized pBluescript SK
plasmid DNA, genomic DNA isolated from cultured HepG2 cells, and the ϕX174 virion
single stranded DNA purchased from New England Biolabs. DNA was separated on 0.7%
agarose gel in 1× TBE buffer. For nuclease assays, 10 μg/ml of the unlabeled pBluescript
SK cut with EcoRI was incubated with 1 mg/ml GST-C19ORF5 or GST protein at 37 °C for
3 h and resolved on 1.5% agarose gel. The 32P-labeled linear pBluescript SK (125 ng/ml in
10 μl) prepared using the RadPrime DNA Labelling System from Gibco-BRL was incubated
with 1 mg/ml GST-C19ORF5 or GST protein at 37 °C for 3 h. The reaction mixture was
added with 40 μg of herring carrier DNA, adjusted to 200 μl, and precipitated with 200 μl
ice-cold 15% TCA. The acid-soluble radioactivity was quantified by scintillation counting
as a measure of DNase activity.

Results
C19ORF5 interacts with nucleic acid binding protein LRPPRC

We confirmed the interaction indicated in a yeast two-hybrid screen with a construct of the
393 C-terminal residues of C19ORF5 tagged at the N-terminus (GST-C19ORF5C) with the
nucleic acid binding protein LRPPRC in a mammalian cell context. Extracts of mammalian
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cells expressing either recombinant 26 kDa GFP (Fig. 1A, lane 3) or 160 kDa GFP-LRPPRC
(Fig. 1A, lane 4) were incubated with purified GST or a construct of the 393 C-terminal
residues of C19ORF5 tagged at the N-terminus and then potential complexes were
immobilized to GSH–agarose beads. The bead load was examined for capture of 160 kDa
GFP-LRPPRC by immunoblot with anti-GFP (lanes 5–8). The immobilized GST-C19ORF5,
but not immobilized GST, captured the GFP-LRPPRC as a band of 160 kDa from extracts of
GFP-LRPPRC-expressing cells (Fig. 1A, lane 5). Only the non-specific cross-reactive
antigen with anti-GFP present in uninfected cells was detected in extracts of cells expressing
only GFP (Fig. 1A, lane 7). The interaction of native C19ORF5 and LRPPRC was further
confirmed by co-immunoprecipitation from the whole lysates of HepG2 cells with a
monoclonal antibody prepared against GST-C19ORF5C (mAb4G1, for epitope see Fig. 5)
followed by immunoblot with both mAb4G1 and a monoclonal antibody against LRPPRC
(mAb4C12) (Fig. 1B). Analysis of the immunoprecipitates with mAb4G1 revealed that
C19ORF5 was present in two major bands, a 113 kDa band that corresponded to full-length
(FL) C19ORF5 deduced from cDNA and a short chain (SC) with an apparent mass of 56
kDa. Analysis with mAb4C12 indicated that a single 130 kDa band corresponding to full-
length LRPPRC appeared in the C19ORF5 immunoprecipitate.

Affinity of the C19ORF5 C-terminus for DNA and use in affinity purification
To determine whether C19ORF5 was a DNA binding protein similar to its interaction
partner LRPPRC, we tested its ability to bind to DNA on immobilized agarose beads. GST-
C19ORF5C exhibiting both microtubule and MAGD activities was expressed in bacteria and
first subjected to GSH affinity chromatography (Fig. 2). The product obtained by elution
with GSH was extremely heterogeneous ranging from the intact fusion product at 68 kDa to
GST at about 30 kDa (Fig. 2, lane 4). Extensive washing of the loaded GSH columns with
increasing ionic strength up to 2 M NaCl failed to reduce the number of bands. This
indicated that bands smaller than the full-length construct were bound tightly but reversibly
to the GSH column, carried the GST tag, and thus were likely to be C-terminally truncated
products of proteolysis of the N-terminally tagged GST-C19ORF5C. We then tested the
interaction of the mixture of GST-tagged products released from the GSH beads with GSH
for binding to immobilized DNA. Surprisingly, only the 68 kDa band corresponding to the
intact GST-C19ORF5C product bound to and was completely recovered from the DNA
affinity matrix (Fig. 2, lanes 5–8). We confirmed that the 68 kDa band extracted by DNA
affinity exhibited the GST tag in a second round of GSH affinity purification (Fig. 2, lane 7).
The intact GST-C19ORF5C was then purified free of lower molecular weight truncates
using multiple rounds of combined glutathione (GSH) and DNA affinity chromatography.
These combined steps provided homogeneous GST-C19ORF5C for biochemical studies and
monoclonal antibody production, and suggested that C19ORF5 is a DNA binding protein.

C19ORF5C preferentially binds double stranded DNA non-covalently at high protein/DNA
ratio

We then examined the interaction of the homogeneous C19ORF5 C-terminus with double
stranded supercoiled and linearized DNA in gel mobility shift assays (Fig. 3). GST-
C19ORF5C caused an electrophoretic mobility shift to apparent by higher molecular weight
of diverse double stranded DNA samples ranging from 3 to 13 kb in agarose gels. The
electrophoretic mobility of supercoiled 3.0 kb pBluescript SK plasmid DNA decreased
progressively with increasing amounts of purified GST-C19ORF5 (4–30 μM), but not GST
alone up to 80 μM (Fig. 3A). Incubation with linearized plasmid DNA resulted in a similar
mobility shift (Fig. 3B). In the presence of 0.5 mg/ml (8 μM) GST-C19ORF5, mammalian
genomic DNA failed to penetrate the 0.7% agarose gel (Fig. 3C). The shift in mobility was
also observed with 5.4 kb single stranded DNA of the ϕX174 virion, but to a much lesser
extent than the double stranded substrates (Fig. 3D). This indicated that C19ORF5C
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preferentially associates with double stranded DNA. The C19ORF5-induced decrease in
mobility of DNA occurred rapidly (Fig. 4A) and at 0 °C(Fig. 4B). The presence of MgCl2
slightly reduced, MnCl2 enhanced, and CaCl2 had no effect on the C19ORF5-dependent
decrease in DNA mobility (Fig. 4C). The fact that the mobility shift yielded a broad
dispersed band of DNA that was proportional to C19ORF5 concentration with no discrete
bands that indicated distinct DNA dimers or higher order oligomers suggested a large
binding ratio of C19ORF5 to DNA rather than catalysis of an intermolecular association of
DNA through promotion of cohesion or aggregation. No shift in DNA mobility was
observed with GST-C19ORF5C after treatment with the non-specific protein cross-linker
glutaraldehyde (Fig. 4C, lane GA) [20]. Separate experiments indicated that artificial
glutaraldehyde-induced protein aggregates formed a continuum of stained protein bands
spanning monomeric GST-C19ORF5 to the sample wells (not shown). This indicated that
either DNA is coated with monomeric C19ORF5 or that the cross-linker inactivated the
DNA binding activity of C19ORF5. The recovery of control naked DNA from reaction
mixtures by standard nucleic acid extraction procedures that remove protein ruled out
covalent interaction between DNA molecules catalyzed by C19ORF5 or covalent
C19ORF5–DNA complexes (Fig. 4C, lane NP).

Lastly, we extensively tested for an intrinsic DNase activity that might accompany the DNA
binding in vitro both by direct incubation and gel analysis as well as testing nucleotide
release from radiolabeled double stranded plasmid DNA as described under Materials and
methods. Although DNase could be detected in partially purified GST-C19ORF5C
preparations relative to GST controls, no activity under a variety of conditions could be
detected in the highest purity preparations repurified by GSH affinity after DNA affinity
purification. We conclude that the C-terminus of C19ORF5 does not exhibit an intrinsic
DNase activity. The residual DNase activity detected in some fractions likely comes from
small amounts of bacterial DNases that track with C19ORF5 in less than homogeneous
preparations.

The C19ORF5 microtubule binding domain also exhibits the DNA binding
Previously, we mapped the sequence domains for C19ORF5 microtubule binding and
MAGD activity, and have shown that they lie within distinct and independent domains in the
C-terminus downstream of residue A867 (Fig. 5A). To test whether DNA binding was
supported by the same or independent sequence domains, we tested a similar series of
constructs tagged with GST for DNA binding. Recombinant products were purified by GST
affinity chromatography and then analyzed by SDS–PAGE (Fig. 5B). Immunoblot with
monoclonal antibody mAb4G1 prepared against GST-C19ORF5C described earlier in Fig. 1
revealed that the epitope for mAb4G1 was within D667–S766 (Fig. 5C). Analysis of the
construct products for DNA binding revealed that neither D667–S766 nor S767–L866 bound
to immobilized DNA nor elicited a shift in electrophoretic mobility (Fig. 5D). Construct
A867–E966 exhibited both DNA binding activity indicated by binding to DNA affinity
columns and the gel shift assay (Fig. 5D). This was despite the fact that the A867–E966
product purified by both GSH and DNA affinity was truncated at the C-terminus by 20–30
residues estimated by apparent molecular weights in the electrophoretic analysis (Fig. 5A).
Insolubility of the F967–F1059 product prevented characterization of it in solution. An
additional construct S767–E966 that spanned both A767–L866 and A867–E966 confirmed
the DNA binding exhibited by A867–E966 (Fig. 5D). These results show that the
microtubule binding domain within the C-terminus of C19ORF5 also exhibits DNA binding.

Discussion
In the present study, we demonstrated DNA binding capacity similar to its interaction
partner, LRPPRC [10–12], in addition to the other multiple functions of the microtubule-
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associated homologue C19ORF5. In this respect, C19ORF5 is similar to two other
microtubule-associated proteins, tau and MAP2, whose DNA binding ability has been
reported [13,14]. The DNA binding characteristics of C19ORF5 appear most similar to
those reported for tau that also exhibited a high protein to DNA binding ratio and a
preference for double stranded DNA [21]. Whether C19ORF5 targets specific sequence
motifs within DNA as has been reported for LRPPRC [11,12] or MAP2 [13,22,23] requires
further study.

Like microtubule-associated proteins tau and MAP2, the role of the DNA binding capacity
of C19ORF5 in cellular regulation is unclear. C19ORF5 has recently been implicated in
mitochondrial aggregation associated cell death and condensation of genomic DNA
followed by massive DNA degradation [3,4]. The high capacity DNA binding suggests a
potential direct role in the observed genomic DNA condensation and degradation process.
The absence of detectable DNase activity in the homogeneous protein eliminated a direct
role in the observed DNA degradation. However, C19ORF5 could play an adaptor role for
attraction of mitochondrial and extramitochondrial DNases to the bound DNA similar to the
DNA binding activity of mitochondrial-associated apoptosis inducing factor (AIF) that is
required for chromatin condensation and large-scale DNA fragmentation during apoptosis
[24–26]. It should be noted that the microtubule binding and MAGD activities of C19ORF5
are underpinned by two distinct and independent sequence domains within the last 200
residues of the C-terminus of C19ORF5 [4]. Although we cannot eliminate the possibility of
additional DNA binding capacity in the minimal 25 amino acid residue MAGD domain
downstream of the microtubule binding sequence (Fig. 5A), our current results suggest that
the C19ORF5 DNA binding capacity may lie within the independent microtubule binding
domain.

Villasante et al. [27] discussed in detail the possibility that MAP2 and related proteins may
play a bridging role between spindle microtubules and the centromeric zone of
chromosomes that are enriched in repetitive DNA sequences and the consequences of
separate or overlapping microtubule and DNA binding domains. Although conceivably a
more detailed mutagenesis might separate the DNA binding and microtubule binding
domains within A867-S945, our results indicate that the two activities are likely
overlapping. This suggests a potential competition between DNA and microtubules for
binding to C19ORF5 rather than a role in bridging DNA and microtubules in a three-way
interaction.
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Fig. 1.
Interaction of C19ORF5 with DNA binding protein LRPPRC. (A) Interaction of
recombinant C19ORF5 and LRPPRC in mammalian extracts. GFP-LRPPRC [1] from cell
extracts was captured by purified GST-C19ORF5 immobilized on GSH beads and then
visualized by immunoblot with anti-GFP antibody in assays described under Materials and
methods. Cells were transfected with GFP-LRPPRC or GFP alone as indicated, extracts
containing about 200 μg of total protein were loaded directly (lanes 2–4), or incubated with
beads loaded with 20 lg of purified GST-C19ORF5 or GST prior to analysis as indicated
(lanes 5–8). Content of the agarose beads was analyzed in lanes 5–8. Lane 1, protein
standards. (B) Co-immunoprecipitation of native LRPPRC and C19ORF5 from HepG2
cells. C19ORF5 was immunoprecipitated (IP) with anti-C19ORF5 (monoclonal 4G1) from
lysates of HepG2 cells and then analyzed on immunoblot (IB) with 4G1 or anti-LRPPRC
(monoclonal 4C12). The indicated blots represent the lysate from 2.5 × 105 cells. FL, full-
length C19ORF5 predicted by translation; SC, 56 kDa short chain of C19ORF5; and Ab,
mouse IgG heavy chain.
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Fig. 2.
Purification of GST-C19ORF5C to homogeneity by combined GSH and DNA affinity
chromatography. GST-C19ORF5 (residues 667–1059) was expressed in bacteria, extracted,
and subjected to affinity chromatography on GSH or DNA immobilized to agarose beads as
described under Materials and methods. Fractions were analyzed by SDS–PAGE and the
protein was visualized by Coomassie blue stain. Lane 1, protein standards with the indicated
apparent molecular mass; lane 2, GSH eluate from GSH beads of extract from bacteria
expressing only the fusion tag GST; lane 3, whole extract of cells expressing GST-
C19ORF5; lane 4, GSH eluate of the extract in lane 3 from GSH beads; lane 5, GSH eluate
of the extract from lane 4 captured on DNA–agarose beads; lane 6, 0.5 M NaCl eluate from
DNA–agarose beads; lane 7, repurification of the eluate from lane 6 on GSH beads; and lane
8, residual DNA–agarose beads from lane 6 after the 0.50 M NaCl elution. About 10 μg
protein was applied to lane 3.
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Fig. 3.
Interaction of purified GST-C19ORF5C with different types of DNA. (A) Double stranded,
supercoiled pBluescript SK plasmid, (B) double stranded BamHI linearized pBluescript SK,
(C) double stranded HepG2 genomic DNA (10 μg/ml), and (D) single strand ϕ X174 virion
DNA were incubated with the indicated amounts of homogeneous GST-C19ORF5 or GST
for 1 h at 37 °C.
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Fig. 4.
Influence of time, temperature, divalent cations, and protein cross-linking on association of
purified GST-C19ORF5C with DNA. (A) Linearized pBluescript SK plasmid (10 μg/ml)
was incubated with GST-C19ORF5 (2 mg/ml) for the indicated times at 37 °C or (B) the
indicated temperature for 1 h. N, no GST-C19ORF5 added. (C) Effect of divalent cations
(10 mM) and glutaraldehyde-induced protein cross-linking (GA) on DNA mobility. Assays
contained 10 μg/ml of linearized pBluescript SK, 2 mg/ml GST-C19ORF5 protein for 1 h at
37 °C. No, GST-C19ORF5 with no divalent cations added; NP, a reaction mixture depleted
of protein with the QLAquick PCR purification kit for extraction of DNA.

Liu et al. Page 12

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 November 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Identification of the DNA binding domain of C19ORF5. (A) Sequence domain structure of
C19ORF5. Full-length C19ORF5 and the 393 amino acid residue C19ORF5C (D667–
F1059) with residues flanking constructs utilized in this study are indicated. Assignment of
the minimum DNA and microtubule binding domain is based on an estimate of the
minimum length of a truncated product of GST-A867–E966 that bound microtubules and
DNA, and homology with the microtubule binding domain of MAP1A and MAP1B [4].
F967–A991 is the MAGD domain. (B) Recombinant GST-tagged C19ORF5 subdomains
expressed in bacteria. GST, D667–S766, and S767–L866 were purified by GSH affinity.
A867–E966, S767–E966, and D667–F1059 were purified by both GSH and DNA affinity.
Insoluble F967–F1059 was extracted directly from cells with SDS buffer. Each lane was
loaded with about 10 μg protein that was visualized with Coomassie blue. (C) Specificity of
monoclonal antibody 4G1. About 40 μg of the indicated expression products was analyzed
by SDS–PAGE and stained with Coomassie blue. About 400 ng was subjected to
immunoblot with monoclonal antibody 4G1 as described under Materials and methods. (D)
DNA binding of C19ORF4 subdomains indicated by gel shift assay. The indicated purified
expression products (about 2 mg/ml) were added to 10 μg/ml of 3 kb linear pBluescript SK
DNA and incubated for 1 h at 37 °C prior to analysis.
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