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Previous studies suggest that histones H3 and H4 are posttranslationally modified by binding of the vitamin
biotin, catalyzed by holocarboxylase synthetase (HCS). Albeit a rare epigenetic mark, biotinylated histones
were repeatedly shown to be enriched in repeat regions and repressed loci, participating in the maintenance
of genome stability and gene regulation. Recently, a team of investigators failed to detect biotinylated
histones and proposed that biotinylation is not a natural modification of histones, but rather an assay artifact.
Here, we describe the results of experiments, including the comparison of various analytical protocols, anti-
bodies, cell lines, classes of histones, and radiotracers. These studies provide unambiguous evidence that
biotinylation is a natural, albeit rare, histone modification. Less than 0.001% of human histones H3 and H4
are biotinylated, raising concerns that the abundance might too low to elicit biological effects in vivo. We
integrated information from this study, previous studies, and ongoing research efforts to present a newwork-
ing model in which biological effects are caused by a role of HCS in multiprotein complexes in chromatin. In
this model, docking of HCS in chromatin causes the occasional binding of biotin to histones as a tracer for HCS
binding sites.
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1. Background

Chromatin comprises DNA, histones, and other chromatin proteins
[1]. In each nucleosomal core particle, about 146 basepairs of DNA are
wrapped around an octamer of core histones (one H3/H3/H4/H4 tetra-
mer and two H2A/H2B dimers). Amino acids in the N-terminal tails of
core histones and, to a lesser extent, amino acids in globular domains
and C-termini, are exposed at the nucleosomal surface [2]. The N-
terminal tails are subject to a multitude of posttranslational modifica-
tions, including acetylation and methylation [3]. These modifications
play crucial roles in gene regulation. For example, acetylation of lysine
(K)-9 in histone H3 (H3K9ac) is associated with transcriptionally
active chromatin, whereas dimethylation and trimethylation of K9
(H3K9me2, H3K9me3) are associated with transcriptionally repressed
chromatin [3]. Other, less abundant,modifications such as phosphoryla-
tion of serine-14 in histone H2B play critical roles in events such as pro-
grammed cell death [4].
Hymes et al. suggested that histones are alsomodified by covalent at-
tachment of the vitamin biotin, mediated by the enzyme biotinidase [5].
While the original report was based on in vitro studies, evidence soon
emerged that histone biotinylation is a natural phenomenon, based on
probing and tracing biotinylation with streptavidin, anti-biotin, and
[3H]biotin in primary human lymphoid cells [6]. While biotinidase
undoubtedly has histone biotinyl ligase activity in vitro [5,7], it is now
believed that holocarboxylase synthetase (HCS) is the enzyme responsi-
ble for biotinylation of histones in vivo. This conclusion is based on
observations that HCS is a nuclear, chromatin-associated protein
[8–11]; that phenotypes of HCS knockdown include shortened life span
and decreased heat tolerance in Drosophila melanogaster, while pheno-
types of biotinidase knockdown are relatively minor [9]; that both
human recombinantHCS (rHCS) and itsmicrobial ortholog BirA have en-
zymatic activity to biotinylate histones and histone-based peptides
[12,13]; and that HCS knockdown causes aberrant gene regulation in
human Jurkat lymphoblastoma cells and D. melanogaster [9,10].

Over the past several years, we have identified the following histone
biotinylation sites: K4, K9, K18, and perhaps K23 in histone H3 [13,14]
and K8 and K12 in histone H4 [7,15]. We provided evidence that K9,
K13, K125, K127, and K129 in histone H2A also are targets for biotinyla-
tion albeit only in trace amounts [16]. We raised target-specific anti-
bodies to many of these marks and to HCS [7,14–16]. Using these
antibodies, new roles of biotin in gene regulation and genome stability
have been discovered. In those studies, K12-biotinylated histone
H4 (H4K12bio) was the most prominently featured mark, primarily
due to the availability of an antibody of exceptional quality [7]. The
anti-H4K12bio used in those studies does not cross-react with non-
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biotinylated histones, does not cross-react with biotinylated histones
other than histone H4, and does not cross-react with biotinylation sites
other than K12. Evidence was provided that H4K12bio is enriched at re-
pressed loci and at repeat regions in the human genome [10,17,18], and,
further, that a low abundance of H4K12bio coincides with de-repression
of retrotransposons and increased frequency of chromosomal abnormal-
ities in biotin- and HCS deficient humans, human and murine cell lines,
and D. melanogaster [11].

In the early stages of these investigations, we proposed that bioti-
nylation of histones is a rare event; binding of biotin to histones is in
the order of only attomoles of biotin incorporated into histones
isolated from 106 human lymphocytes [6]. Subsequent studies by in-
dependent investigators confirmed that b0.03% of histones are
biotinylated in human cell cultures [19]. In a recent report, yet another
laboratory failed to detect histone biotinylation marks by using strep-
tavidin, antibodies, and mass spectrometry (MS); based on their neg-
ative results those investigators proposed that histone biotinylation is
an artifact caused by non-specific probes and purification procedures
[20]. Here, we conducted a thorough examination of probe specificity
and purification procedures to provide an unambiguous answer to the
question of whether biotinylation of histones is a rare event or simply
an artifact. In view of our findings that biotin is a natural although rare
histonemodification, we propose amechanism to explain the rarity as
well as the biological significance.

2. Methods

2.1. Cell culture

Jurkat human lymphoblastoma cells, IMR-90 human fibroblasts,
HepG2 human hepatocellular carcinoma cells, and U-937 human
monocytic cells were obtained from American Type Culture Collec-
tion (Manassas, VA). HeLa human cervical cancer cells and MCF-7
human breast cancer cells were gifts by Drs. Jennifer Wood and
Angela Pannier at the University of Nebraska-Lincoln. Cells were cul-
tured using media and conditions as recommended by the American
Type Culture Collection. In some experiments, cells were cultured in
biotin-defined media (0.025 nM, 0.25 nM, or 10 nM), representing bi-
otin concentrations in plasma from biotin-deficient, biotin-normal,
and biotin-supplemented individuals [21,22]. Biotin-defined media
were prepared using customized culture media and biotin-depleted
fetal bovine serum as previously described [23]. Where indicated, [3H]
biotin (specific activity=2.0535 TBq/mmol; Perkin Elmer, Boston,
MA) or custom-made [14C]biotin (specific activity=2.2052 GBq/
mmol; Moravek, Inc., Brea, CA) were substituted for unlabeled biotin
in culture media.

2.2. Purification of histones

Cell nuclei were released by treatment with detergent and collect-
ed by gradient centrifugation [6]; histones were extracted overnight
with 1 M HCl at 4 °C and the pH in the supernatant was adjusted to
~7.0 with 10 M NaOH. For comparison, we used the H2SO4-based ex-
traction protocol by Healy et al. [20]. For some experiments, histones
were further purified by high-performance liquid chromatography
(HPLC). Briefly, histones were desalted by using PD MidiTrap G-10
columns (GE Healthcare, Piscataway, NJ) and further purified by
using a C8 HPLC column (250 mm×4.6-mm inner diameter, 10 μm
particle size; Grace Vydac, Hesperia, CA). Proteins were eluted using
the following binary gradient (flow rate=0.7 mL/min) at room tem-
perature (solvent A=0.1% trifluoroacetic acid in water; solvent B=
0.1% trifluoroacetic acid in acetonitrile): 0% solvent B for 10 min; lin-
ear increase to 30.5% solvent B over 10 min; linear increase to 39%
solvent B over 10 min; 39% solvent B held for 5 min; linear increase
to 46.7% solvent B over 65 min; linear increase to 100% solvent B
over 1 min; 100% solvent B held for 5 min; linear decrease to 0%
solvent B over 1 min; and re-equilibration of the column with 0% sol-
vent B for 6 min. Elution of proteins was monitored at 214 nm using a
UV/Vis spectrometer, and HPLC fractions were collected at 1-min in-
tervals. The identities of histones in HPLC fractions were confirmed
by MS (data not shown) [7].

2.3. Streptavidin blots and western blots of carboxylases and histones

The following biotinylated carboxylases are markers for cellular
biotin status [24]: acetyl-CoA carboxylases (ACC) 1 and 2; 3-
methylcrotonyl-CoA carboxylase (MCC); propionyl-CoA carboxylase
(PCC); and pyruvate carboxylase (PC). Whole cell extracts were pre-
pared as previously described [23], using a buffer that contains protease
inhibitors and DNase. If the goal of an experiment was to analyze bioti-
nylated carboxylases (80–250 kDa) and histones (11–20 kDa) on one
single gel, whole cell extracts were resolved using 4–12% Bis–Tris gels
(Invitrogen, Carlsbad, CA); if the goal of an experiment was to analyze
only carboxylases, 3–8% Tris Acetate gels (Invitrogen) were used to im-
prove resolution of individual carboxylases. Transblots of gels were
probed with Immuno Pure Streptavidin Horseradish Peroxidase Conju-
gate (Thermo Scientific, Waltham, MA), diluted 4000-fold in phos-
phate-buffered saline (PBS) containing 0.05% Tween-20 (TPBS) to
detect protein-bound biotin [23]. Total (apo+holo) PCC and PC were
probed using an “in-house” rabbit anti-human PCC antibody (anti-
gen=keyhole limpet hemocyanin-conjugated KAGDTVGEGDLLVELE)
diluted 250-fold in 0.637 M NaCl/TPBS, and a commercial rabbit anti-
human PC antibody (Santa Cruz, Inc., Santa Cruz, CA) diluted 200-fold
in 0.537 M NaCl/TPBS before use.

Histones in nuclear extracts were typically resolved using 18%
Tris-Glycine gels (Invitrogen) [7]; histones in HPLC fractions were
lyophilized and dissolved in distilled water prior to gel electrophoresis.
HPLC fractions were resolved using Triton-Acid-Urea gel electrophore-
sis (TAU-PAGE) and electroblotted using N-cyclohexyl-3-aminopropa-
nesulfonic acid (CAPS) transfer buffer (25 mM CAPS, pH 10.0, and 20%
methanol). Transblots were probedwith streptavidin peroxidase; poly-
clonal goat anti-biotin peroxidase conjugate (30,000- to 200,000-fold
dilution in TPBS, Sigma); polyclonal rabbit anti-biotin (1000-fold
dilution in 0.637 M NaCl/TPBS, Abcam); polyclonal rabbit antibodies
to K9-biotinylated histone H3 (H3K9bio), K18-biotinylated histone H3
(H3K18bio) [14], K12-biotinylated histone H4 (H4K12bio) (250-fold
dilution in 0.637 M NaCl/TPBS) [7], and commercial rabbit anti-
H4K8bio (500-fold dilution in 0.637 MNaCl/TPBS, Abcam); commercial
antibodies to the C-termini in histones H3 (17,000-fold dilution in
0.637 M NaCl/TPBS, Santa Cruz, Inc; Santa Cruz, CA) and H4 (5000 fold
dilution in 0.637 M NaCl/TPBS, Abcam); anti-acetyl lysine (250-fold
dilution in 0.637 M NaCl/TPBS, Abcam); and anti-pan methyl lysine
(250-fold dilution in 0.637 M NaCl/TPBS, Abcam). In addition, a new
polyclonal antibody to H4K8bio was raised in rabbits as described be-
fore [7]. The secondary antibodies usedwere goat anti-rabbit IgG horse-
radish peroxidase conjugate (100,000-fold dilution; Sigma), donkey
anti-goat IgG horseradish peroxidase conjugate (100,000-fold dilution;
Sigma), goat anti-rabbit IgG IRDye800CW conjugate (100,000-fold
dilution; LI-COR, Lincoln, NE), and donkey anti-goat IgG IRDye800CW
conjugate (100,000-fold dilution; LI-COR) in 0.237 M NaCl/TPBS. Con-
trols included pre-immune serum, horseradish peroxidase-conjugated
streptavidin (Thermo Scientific), and IRDye 800CW Streptavidin
(LI-COR). Bandswere visualized using anOdyssey infrared imaging sys-
tem (LI-COR) or a chemiluminescence-based film developer, depending
on the antibodies used.

The target specificities of anti-H3K4bio, anti-H3K9bio, anti-
H3K18bio, and anti-H4K8bio were tested as described before [7],
using the following antigens: (i) synthetic peptides H3K4bio (denoted
N1–13bioK4), H3K9bio (N1–13bioK9), H3K18bio (N13–25bioK18), and a
non-biotinylated peptide spanning amino acids 1–25 in histone H3
(N1–25) [14]; (ii) synthetic peptides H4K8bio (N6–15bioK8), H4K12bio
(N6–15bioK12), and a non-biotinylated peptide spanning amino acids
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1–19 in histoneH4 (N1–19) [7]; (iii) synthetic peptides as described before
in which acetylation or methylation were substituted for biotinylation
(denoted N1–13H3K9ac, N5–14H3K9me2, N13–25H3K18ac, N6–15H4K8ac,
and N6–15H4K12ac); (iv) bulk extracts of nuclear histones from human
Jurkat cells [7]; and (v) bulk extracts of nuclear histones from which the
biotinylated fraction was removed by using avidin agarose [7]. In addi-
tion, competition studies were conducted in which peptides H3K4bio,
H3K9bio, H3K18bio, H4K8bio, and H4K12bio were preincubated with
anti-sera (0.3–12 μg peptide/μL serum) at 4 °C for 1 h in 0.637 M
NaCl/TPBS prior to probing transblots. Anti-H4K12bio passed these
stringent tests in previous studies [7] and was not re-tested, except
for testing its reactivity toward acetylationmarks. Biotinylated peptides
were titrated by using streptavidin [7] and equal loading of all peptides
was confirmed with Ponceau stain.

Note that it is absolutely critical to adhere to the following steps in
the various antibody protocols to ensure target recognition, while, at
the same time, minimize non-specific binding. We advise against
using modifications proposed elsewhere [20]. First, the concentration
of NaCl in regular TPBS is 0.137 M and should not be altered if trans-
blots are probed with streptavidin, anti-biotin peroxidase conjugate,
or anti-H4K8ac; the salt concentration should be increased to
0.537 M NaCl for incubations with anti-PC, and to 0.637 M for all
other primary antibodies. Second, the salt concentration should be
0.237 M NaCl in TPBS for diluting secondary antibodies. Third,
membranes should be incubated with streptavidin and anti-biotin
peroxidase conjugate at room temperature for 1 h, and with other
primary probes at 4 °C overnight; membranes should be incubated
with secondary antibodies at room temperature for 1 h. Fourth, mem-
branes should be washed using the same buffers that were used for
incubations with primary and secondary antibodies with the follow-
ing exception. For those primary antibodies that are used at 0.537 M
or 0.637 M NaCl, washing steps after secondary antibodies should
be conducted in TPBS containing 0.637 M NaCl. Fifth, after transblots
are incubated with primary and secondary antibodies, the mem-
branes should be washed three times each for 5 min.
Fig. 1. Comparison of histone extraction protocols, and specificity testing of streptavidin
and anti-biotin. Panel A: Nuclear histones were extracted from Jurkat cells (lanes 1, 5,
and 9) or HeLa cells (lanes 3, 7, and 11) by using HCl; for comparison histones were
extracted from Jurkat cells (lanes 2, 6, and 10) or HeLa cells (lanes 4, 8, and 12) by using
H2SO4+TCA+acetone/HCl+acetone. Histones were probed with coomassie blue
(lanes 1–4) and antibodies to the C-termini in histone H3 (lanes 5–8) and H4 (lanes
9–12). Panel B: HCl extracts of Jurkat cell histones (lanes 1, 4, 7, 10, and 13), recombinant
human histone H4 (lanes 2, 5, 8, 11, and 14), and chemically biotinylated histone H4
(lanes 3, 6, 9, 12, and 15) were probed with streptavidin without biotin competitor
(lanes 1–3) and with 5 mM free biotin (lanes 4–6), and with anti-biotin without biotin
competitor (lanes 7–9) and with 5 mM free biotin (lanes 10–12), and with coomassie
blue (lanes 13–15).
2.4. Radiotracer studies

Healy et al. cultured biotin-depleted HeLa cells in the presence of
8 nM [3H]biotin to trace biotinylation of histones; they observed no
meaningful binding of biotin to histones and a weak, yet detectable,
binding to carboxylases by using gel electrophoresis and radioima-
ging [20]. We re-examined their observations using a similar protocol
with the following important modifications. First, studies were con-
ducted in both HeLa and Jurkat cells, because we suspected that
HeLa cells degrade [3H]biotin by β-oxidation, which would cause a
substantial decrease in the amount of tritiated biotin (Online Supple-
mental Fig. 1). Second, in some experiments custom-made [14C]biotin
(Moravek, Inc., Brea, CA) was substituted for [3H]biotin. [14C]Biotin
was synthesized following the protocol by Brady et al. [25], yielding a
molecule in which the carbonyl-carbon is radiolabeled as opposed to
the carboxyl carbon in commercial [14C]biotin; also, the specific radio-
activity of the custom-made [14C]biotin (2.2052 GBq/mmol) is sub-
stantially greater than what is achieved in non-customized [14C]
biotin. Third, gel electrophoresis studies were supplemented with
studies in which radiotracer binding was quantified by liquid
scintillation counting in order to increase the signal size and to provide
a quantitative estimate of the percentage of histones that are biotiny-
lated. Streptavidin, anti-biotin, anti-PCC, and anti-PC were used to
demonstrate that the radioactivity in histone extracts is not due to a
contamination with carboxylases, contrary to previous claims [20].
Fourth, the percent distribution of biotin between histones and carbox-
ylases was quantified by streptavidin and gel densitometry in human
whole cell extracts. Fifth, the concentration of radiotracers was
increased 8 nM to 20 nM.
3. Results and discussion

3.1. Various extents of histone biotinylation in distinct human tissues

Commonly used probes for biotinylated proteins include streptavi-
din, avidin, and anti-biotin [6,8,20,26]. It has long been recognized that
the glycoprotein avidin from egg white does not have the same
level of specificity for biotin as the non-glycosylated streptavidin from
Streptomyces avidinii [26]. Not surprisingly, recent reports suggest that
avidin crossreacts with non-biotinylated histones [19], whereas strepta-
vidin and anti-biotin are specific for biotinylated histones [20]. While
none of these three probes can discriminate among histone biotinylation
sites (e.g., H4K8bio vs. H4K12bio), both streptavidin and anti-biotin are
robust probes for the overall biotinylation status of carboxylases and his-
tones [20]. Note that Bailey et al. report that even streptavidin shows
some cross-reactivity with non-biotinylated histones [19].

In a first series of experiments, streptavidin and anti-biotin were
used to compare the efficiency of HCl- and H2SO4-based procedures
for extracting biotinylated histones, and to compare the levels of
histone biotinylation in cells from various tissues. When histones from
Jurkat and HeLa cellswere extractedwith HCl or H2SO4, yield and purity
of histones were comparable for the two protocols (Fig. 1A), as judged
by staining with coomassie blue and probing with anti-H3 and anti-
H4. Unless noted otherwise, subsequent experiments were conducted
using the widely accepted HCl protocol, which does not require the se-
quential washing steps (TCA, acetone/HCl, acetone, acetone) of the
H2SO4 protocol.

When histones from Jurkat cells were probed with streptavidin and
anti-biotin, biotinylation signals were detected for histones H3 and H4
(Fig. 1B, lanes 1 and 7); the signals were substantially decreased if
probes were pre-incubated with 5 mM biotin to block biotin-binding
site (lanes 4 and 10), suggesting specificity.Wedid not use recombinant
histones as negative controls because of our previous observation that
microbial BirA catalyzes biotinylation of histones and that recombinant
histones contain detectable amounts of biotin [13]. This observationwas
confirmed here, using streptavidin and anti-biotin as probes for biotin in
recombinant histone H4 (Fig. 1B, lanes 2, 5, 8 and 11). Chemically
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biotinylated histone H4 was used as positive control; biotinylation sig-
nals were detected with both streptavidin and anti-biotin (lanes 3 and
9), and substantially decreased in the presence of 5 mM biotin (lanes
6 and 12). Equal loading of histones from Jurkat cells and recombinant
human histone H4 was confirmed by coomassie blue staining (lanes
13 and 14). Chemically biotinylated H4 produced a very strong signal
inwestern blots; hence, we loaded ~1000 times less chemically biotiny-
lated histone H4 than histone extracts from cells (lane 15).

Healy et al. did not detect biotinylated histone H2A in extracts from
HeLa cells by using streptavidin and anti-biotin as probes [20].We attri-
bute the absence of signal in their studies to modifications in analytical
protocols as described below.

In a second series of experiments, histone extracts from various cell
lineages were probed with streptavidin and anti-biotin. Biotinylation of
histones H3 and H4 was detectable in all cells tested, i.e., Jurkat cells,
U937 cells, HeLa cells, HepG2 cells, MCF-7 cells, and IMR-90 fibroblasts
(Figs. 2A and B). Although the degrees of H3 and H4 biotinylation were
moderately different among cell lines, clear biotinylation signals were
detectable in histones from each cell. Histone integrity, identity, and
equal loading and transfer were confirmed by using coomassie blue
(Fig. 2C) and antibodies to the C-termini in histones H3 (Fig. 2D) and
H4 (Fig. 2E). In contrast to histones H3 and H4, histones H2A and H2B
produced only weak biotinylation signals, suggesting that histone H2A
is not a goodmodel to investigate histone biotinylation. This observation
is consistent with our previous observations using anti-biotin as a probe
[6]. The findings in the Healy et al. paper are largely based on studies
with histone H2A [20].

Previous studies suggest that HCS interacts directly with histones
H3 [12] and H4, but not with histones H2A and H2B (Bao et al., unpub-
lished observation). Evidence suggests that biotinylation of histone
H2A depends on the diffusion of the energy-rich intermediate in HCS
Fig. 2. Biotinylation marks can be detected in bulk extracts from human cells, using
streptavidin and anti-biotin as probes. Bulk extracts of histone extracts from various
cell lineages were probed with streptavidin (panel A), anti-biotin (panel B), and the
loading and transfer controls coomassie blue (panel C), anti-H3 (panel D), and anti-
H4 (panel E). Panel F: Histones from HeLa cells were extracted with H2SO4+TCA+
acetone/HCl+acetone. Ten or five microgram of histones were loaded per well.
Blots were blocked with PBS containing 5% BSA. After probing with horseradish peroxidase-
conjugated anti-biotin or Nutravidin, the blots were washed for 6 h, and exposed to auto-
radiography film for 1 min.
catalysis, biotinyl-AMP, to histone H2A [27]. Taken together, the prox-
imity of HCS to target histones might explain why histones H3 and H4
are better targets for biotinylation than H2A and H2B. Consistent with
this theory, no biotinylation sites have been reported for histone H2B
as of today. Based on these observations, we focused our subsequent
studies on histones H3 and H4 in this paper.

Next, we isolated and probed histones following the protocol by
Healy et al. [20]. That protocol differs from our protocol by the use of
H2SO4 for histone extraction, the use of BSA in blocking and washing
buffers, and washing membranes for up to 6 h while exposing autora-
diography films for only 5–30 s [20]. HeLa cell histones prepared by
using the Healy protocol produced a substantially lower biotinylation
signal (Fig. 2F) compared to our protocol (Figs. 2A and B). We propose
that the extensive wash times of membranes in combination with
short exposure of films produced false negative findings in the study
by Healy et al. [20]. An independent laboratory also succeeded with
detecting biotinylated histones in human embryonic palatal mesen-
chymal cells by using streptavidin [28].

3.2. Biotinylation site-specific antibodies

In previous studies we generated polyclonal rabbit anti-human
H3K4bio, H3K9bio, H3K18bio, H4K8bio, and H4K12bio [7,14]. Anti-
H4K12bio passed a series of stringent specificity tests (see below)
and was shown to be target specific; anti-H4K12bio was not
re-tested here, with the exception of re-examining a possible cross-
reaction with acetylated H4. The latter test was conducted based on
observations by Healy et al. that commercial anti-H4K5bio and anti-
H4K8bio (Abcam, Inc.) cross-react with acetylation marks [20].
Because previous batches of antibodies were exhausted, new batches
of anti-H3K4bio, anti-H3K9bio, anti-H3K18bio, and anti-H4K8bio
were raised in rabbits as described before [7,14]; their target specific-
ities were tested as follows.

First, we examined the specificities of antibodies to biotinylated
histone H3. Synthetic peptides (antigens) H3K4bio, H3K9bio, and
H3K18bio [14] were titrated with streptavidin (Fig. 3A) to ensure
equal masses of the various synthetic peptides in subsequent specific-
ity tests. Titration of peptide N1–25 (negative control) was not
possible due to the absence of biotin [14]; thus, N1–25 was quantified
gravimetrically to normalize for loading. Please note that only
H4K8bio, but not H4K8ac, produced a signal with streptavidin and
anti-biotin (Online Supplemental Fig. 2). In a first series of tests,
peptides H3K4bio, H3K9bio, H3K18bio, and N1–25 were probed with
anti-H3K4bio, anti-H3K9bio, and anti-H3K18bio in all possible com-
binations; pre-immune sera were included as negative controls.
Anti-H3K4bio cross-reacted consistently with peptides H3K9bio and
H3K18bio (but not N1–25), and this pan-H3bio antibody was excluded
from further testing (Fig. 3B, left panel). Anti-H3K9bio produced a
strong signal with peptide H3K9bio; weak signals were produced
with peptides H3K4bio and H3K18bio, but not with N1–25 (Fig. 3B,
middle panel). Anti-H3K18bio was specific for peptide H3K18bio
(Fig. 3B, right panel). None of the pre-immune sera produced a signal
with any of the peptides (not shown). Both anti-H3K9bio and anti-
H3K18bio were included in additional specificity tests. In a second se-
ries of testing, HCl extracts of histones from Jurkat cells were probed
with anti-H3K9bio and anti-H3K18bio. Histone extracts contained all
five major classes of biotinylated histones, as judged by probing with
streptavidin (Fig. 3C). Integrity of proteins was further confirmed by
staining with Coomassie blue (not shown). Both anti-H3K9bio and
anti-H3K18bio reacted only with histone H3 and did not cross-react
with any of the other classes of histones present in the sample
(Fig. 3C). When the biotinylated fraction of histones was removed
by using avidin beads, streptavidin, anti-H3K9bio, and anti-
H3K18bio produced no signal with the remaining fraction of non-
biotinylated histones (Fig. 3C). Recombinant histones may contain
some biotin [13], and are not good negative controls (see Section
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Fig. 3. Specificity of antibodies toH3K4bio, H3K9bio andH3K18bio. Panel A: Confirmation of equal loading of peptidesH3K4bio, H3K9bio, andH3K18biowith streptavidin. Panel B: Trans-
blots of peptides N1–25 (non-biotinylated negative control), H3K4bio, H3K9bio, and H3K18bio were probedwith anti-H3K4bio (left), anti-H3K9bio (middle), and anti-H3K18bio (right).
Panel C: HCl extracts of histones from Jurkat cells were probed using streptavidin, anti-H3K9bio, and anti-H3K18bio; samples of biotin-free histones (“-”) were generated by using avidin
agarose. Panel D: Bulk HCl extracts of histones from Jurkat cells were probed with anti-H3K9bio (top) and anti-H3K18bio (bottom) after pre-incubation of antibodies with increasing
amounts of competing peptides H3K4bio, H3K9bio, and H3K18bio; controls (“C”) were prepared without peptide competitors. Note the difference in the order of peptide competitors
in the two gels. For some gels, bands from the same analytical runs were electronically re-arranged to facilitate comparisons. Panel E: Peptides H3K9bio, H3K9ac, and H3K9me2 were
probed with streptavidin (lanes 1, 2, 9 and 10), anti-H3K9bio (lanes 3, 4, 11 and 12), anti-H3K9ac (lanes 5 and 6), and anti-H3K9me2 (lanes 13 and 14); Ponceau S was used as loading
control (lanes 7, 8, 15 and 16). Panel F: Peptides H3K18bio and H3K18acwere probedwith streptavidin (lanes 1 and 2), anti-H3K18bio (lanes 3 and 4) and anti-H3K18ac (lanes 5 and 6);
Ponceau S was used as loading control (lanes 7 and 8).
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3.1). In a third series of testing, extracts of biotinylated human
histones were probed with anti-H3K9bio and anti-H3K18bio in the
presence of increasing amounts of peptide competitors (Fig. 3D).
For anti-H3K9bio, peptide H3K9bio competed with histone H3 for
binding to the antibody, whereas competition by peptides H3K4bio
and H3K18bio was quantitatively minor. For anti-H3K18bio, only
peptide H3K18bio, but not H3K4bio and H3K9bio, competed with his-
tone H3 for binding to the antibody. In a fourth series of testing, we
expanded our original array of tests by including acetylated peptides
and methylated peptides as potential targets. We focused on modifi-
cations that are known to target the same lysine residues as biotiny-
lation, i.e., acetylation of K9 and K18, and dimethylation of K9 [3].
Anti-H3K9bio produced a signal only with peptide H3K9bio, but not
with H3K9ac or H3K9me2 (Fig. 3E, lanes 3, 4, 11 and 12); likewise
anti-H3K9ac (lanes 5 and 6) and anti-H3K9me2 (lanes 13 and 14)
bound only to acetylated and methylated peptides, respectively.
Equal loading and transfer of peptides was confirmed by using Pon-
ceau stain (lanes 7, 8, 15, 16). Anti-H3K18bio produced a signal
only with peptide H3K18bio, but not with H3K18ac (Fig. 3F, lanes 3
and 4); likewise anti-H3K18ac bound only to H3K18ac (lanes 5 and
6). Equal loading and transfer of peptides was confirmed by using
Ponceau stain (lanes 7 and 8). Collectively, these validation experi-
ments suggest that both anti-H3K9bio and anti-H3K18bio are specific
for their designated targets, and that both biotinylation marks exist in
human cells.

Next, we examined the specificity of the new preparation of anti-
H4K8bio raised in this study. The new preparation of anti-H4K8bio
was target specific. In a first series of testing, peptides H4K8bio,
H4K12bio, and N1–19 were probed with anti-H4K8bio; pre-immune
sera were included as negative controls. Anti-H4K8bio produced a
strong signal with peptide H4K8bio, although peptide H4K12bio
also produced a weak signal; no signal was detectable with peptide
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Fig. 4. Specificity of antibodies to H4K8bio and H4K12bio. Panel A: Transblots of peptides N1–19 (non-biotinylated negative control), H4K8bio, and H4K12bio were probed with anti-
H4K8bio; pre-immune serum was used as negative control. Panel B: HCl extracts of histones from Jurkat cells were probed using streptavidin and anti-H4K8bio; samples of biotin-
free histones (“-”) were generated by using avidin agarose. Panel C: HCl extracts of histones from Jurkat cells were probed with anti-H4K8bio after pre-incubation of antibodies with
increasing amounts of competing peptides H4K8bio and H4K12bio; controls (“C”) were prepared without peptide competitors. For some gels, bands from the same analytical runs
were electronically re-arranged to facilitate comparisons. Panel D: Peptides H4K8bio and H4K8ac were probed with streptavidin (lanes 1 and 2), anti-H4K8bio (lanes 3 and 4) and
anti-H4K8ac (lanes 5 and 6); Ponceau S was used as loading control (lanes 7 and 8). Panel E: Peptides H4K12bio and H4K12ac were probed with streptavidin (lanes 1 and 2), anti-
H4K12bio (lanes 3 and 4) and anti-H4K12ac (lanes 5 and 6); Ponceau S was used as loading control (lanes 7 and 8).
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N1–19 (Fig. 4A). None of the pre-immune sera produced a signal with
any of the peptides (Fig. 4A). In a second series of testing, HCl extracts
of histones from Jurkat cells were probed with anti-H4K8bio. Histone
extracts contained all five major classes of biotinylated histones, as
judged by probing with streptavidin (Fig. 4B). Integrity of proteins
was further confirmed by staining with Coomassie blue (not
shown). Anti-H4K8bio reacted only with histone H4 (Fig. 4B). If the
biotinylated fraction of histones was removed by using avidin beads
prior to western blot analysis, anti-H4K8bio produced no signal
with the remaining fraction of non-biotinylated histones (Fig. 4B).
In a third series of testing, HCl extracts of histones from Jurkat cells
were probed with anti-H4K8bio in the presence of increasing
amounts of peptide competitors. For anti-H4K8bio, peptide H4K8bio
competed with histone H4 for binding to the antibody, whereas com-
petition by peptide H4K12bio was quantitatively minor (Fig. 4C). Fi-
nally, we determined whether H4K8bio and H4K12bio are specific
for the biotin mark or if they cross-react with acetylation marks at
K8 and K12. Anti-H4K8bio produced a signal only with peptide
H4K8bio, but not with H4K8ac (Fig. 4D, lanes 3 and 4); likewise,
anti-H4K8ac bound only to H4K8ac (lanes 5 and 6). Equal loading
and transfer of peptides was confirmed by using Ponceau stain
(lanes 7 and 8). Anti-H4K12bio produced a signal only with peptide
H4K12bio, but not with H4K12ac (Fig. 4E, lanes 3 and 4); likewise,
anti-H4K12ac bound only to H4K12ac (lanes 5 and 6). Equal loading
and transfer of peptides was confirmed by using Ponceau stain
(lanes 7 and 8). Collectively, these validation experiments and previ-
ous studies [7] suggest that both anti-H4K8bio and anti-H4K12bio are
specific for their designated targets, and that both biotinylation marks
exist in human cells. Finally, we re-examined whether commercial
anti-H4K8bio (Abcam) cross-reacts with acetylated histones, as sug-
gested by previous studies [20]. We could not reproduce the findings
from those previous studies and observed that the commercial anti-
H4K8bio is specific for biotin (data not shown). We attribute these
apparently conflicting results to the procedures used for preparing
targets for specificity testing. Healy et al. conducted acetylation and
biotinylation of recombinant histone H4 by using recombinant his-
tone acetyl transferase and recombinant BirA, respectively, to pro-
duce targets for anti-H4K8bio [20]. In contrast, in this study we
used chemically defined acetylated and biotinylated peptides to test
for possible cross-reactivities of antibodies to biotinylated histones
with acetylated histones. Only the use of synthetic peptides permits
to control for the extent and site of acetylation and biotinylation,
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Fig. 5. Detection of biotinylated histone H4 by TAU-PAGE. Histone H4 fraction from Jur-
kat cells was separated by TAU-PAGE. Transblots were probed with anti-H4, anti-
H4K8bio, anti-H4K12bio, anti-acetyl Lysine (anti-Kac), and anti-pan methyl Lysine
(anti-Kme).
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whereas the enzymatic modification of recombinant histones by
Healy et al. produces a poorly characterized mix of various com-
pounds that are acetylated or biotinylated at unidentified lysine resi-
dues. In addition, in previous studies we reported that the
biotinylation of histones by recombinant BirA in vitro is an extremely
slow process [13] whereas it is conceivable that acetylation by recom-
binant acetyl transferase proceeds at a much faster rate.

Additional experiments were conducted using HPLC-purified
histone H4 and TAU-PAGE to further corroborate that anti-H4K8bio
and anti-H4K12bio are specific for biotin and do not cross-react
with acetyl and methyl residues. When H4 was probed with an anti-
body to its C-terminus, four distinct bands were detectable in addi-
tion to a few faint bands (Fig. 5). When the same extract was
probed with anti-H4K8bio and anti-H4K12bio, two and four bands,
respectively, were detectable that were distinct from those observed
Fig. 6. Detection of biotinylated histones in human cells by immunoblots. Histones
were extracted from Jurkat, U937, HeLa, HepG2, MCF-7 and IMR-90 cells by using
HCl. Transblots were probed with anti-H3 (panel A), anti-H3K9bio (panel B), anti-
H3K18bio (panel C), anti-H4 (panel D), anti-H4K8bio (panel E) and anti-H4K12bio
(panel F). Sample integrity, and equal loading of histones were confirmed using coo-
massie blue staining (panel G).
with anti-acetyl lysine. There was some overlap among bands probed
with anti-H4K12bio and anti-pan methyl lysine.

Finally, we probed histone extracts from various cells with anti-
H3K9bio, anti-H3K18bio, anti-H4K8bio, and anti-H4K12bio. All four
biotinylation marks were detectable in all cell lines, although the abun-
dance of individual biotinylation marks varied among cell lines (Fig. 6).
Samples were also probed with coomassie blue, and antibodies to the
C-termini in histones H3 and H4 to permit evaluation of sample integri-
ty, loading and transfer, and purity.

3.3. Radiotracer studies

In previous studies, radiolabeled biotinwas used to tracehistone bio-
tinylation; these studies produced controversial results. In one study,we
cultured human lymphocytes ex vivowith [3H]biotin anddetected a sig-
nal that clearly exceeded background noise [6]. In a second study, Healy
did not detect binding of [3H]biotin to histones in biotin-depleted HeLa
cells in culture [20]. In a third study, commercial carboxyl-labeled [14C]
biotin was used in an attempt at quantifying histone biotinylation; the
binding of [14C]biotin to histones was low [19]. Commercial carboxyl-
labeled [14C]biotin (as opposed to carbonyl-labeled [14C]biotin) is not
an appropriate radiotracer for histone biotinylation due to the possible
loss of radiolabel in the β-oxidation of biotin in some cell lines (see
below).

A series of radiotracer studies was conducted to determine wheth-
er radiolabeled biotin is bound to histones in Jurkat lymphoid cells
and HeLa adenocarcinoma cells. In a first step, both cell lines were
biotin-depleted using a protocol similar to that by Healy [20] with
the following modifications. For depletion, cells were maintained in
media containing 0.025 nM biotin rather than the biotin-free
medium. Our rationale was that we did not want to abolish essential
metabolic pathways by using biotin-free medium, and we intended to
maintain a near-normal expression of HCS, which is known to depend
on biotin [10,28,29]. Also, we extended the depletion period to two
Fig. 7. Validation of the biotin depletion and repletion protocol. Panel A: Jurkat cells
after a 2-wk depletion in biotin-deficient medium (0.025 nM, lane 1) compared with
cells cultured in medium containing a physiological concentration of biotin
(0.25 nM) (lane 2), and cells after a 1-wk repletion in medium containing a pharmaco-
logical concentration of biotin (10 nM) (lane 3). Biotinylated carboxylases were probed
using streptavidin (SA). Equal expression, loading, and transfer of carboxylases were
confirmed using anti-PC and anti-PCC. Panel B: As described for panel A, but HeLa
cells (lanes 4–6) were substituted for Jurkat cells.
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Fig. 8. Binding of radiolabeled biotin to histones. Panel A: Whole cell extracts prepared by using our protocol (lanes 1, 4, 7 and 10), prepared according to Healy's protocol (lanes 2,
5, 8 and 11), and acid histones extracts (lanes 3, 6, 9 and 12) from Jurkat cells were resolved using 4–12% Bis-Tris gels and probed with streptavidin (SA). Protein identities were
verified by using antibodies to PC, histone H3, and histone H4. Panel B: As described for panel B, but HeLa cells were substituted for Jurkat cells. Lanes loaded with acid extracts were
electronically combined with those loaded with whole cell extracts.
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weeks to account for a possible slow turnover of biotinylated his-
tones. After the 2-wk depletion period, the abundance of biotinylated
carboxylases was substantially lower in Jurkat cells compared with
cells cultured in media containing a physiological concentration
(0.25 nM) of biotin (Fig. 7, lane 1 vs. 2); when cell cultures were con-
tinued in medium containing 10 nM biotin for a 1-wk repletion peri-
od, the abundance of biotinylated carboxylases increased to levels
similar to those observed in physiological medium (lane 1 vs. 3).
The changes in holocarboxylase abundance were due to decreased
availability of biotin, not to decreased expression of carboxylases, as
judged by probing with anti-PC and anti-PCC. Results were similar
in HeLa cells (Fig. 7, lanes 4–6), confirming the observations by
Healy et al. [20].

We then asked why Healy et al. detected a faint [3H]biotinylation
signal in carboxylases but no signal in histones [20]. We hypothesized
that biotinylated carboxylases are more abundant than biotinylated
histones in human cells, and that there was enough intact [3H]biotin
to trace carboxylases but not histones. To test this theory, cells were
cultured in media containing 10 nM of unlabeled biotin; whole cell
extracts of proteins were prepared using our routine protocol [23] or,
where indicated, by following the protocol by Healy et al. [20]. Carbox-
ylases and histones have very different molecular weights
(80–250 kDa and 11–20 kDa, respectively) and do not separate well if
run on a single electrophoresis gel. However, it is very clear in Jurkat
cells that the amount of carboxylase-bound biotin exceeds histone-
bound biotin substantially, using streptavidin as probe for whole cell
extracts (Fig. 8A, lane 1); the total carboxylase signal was about 14
times the total histone signal, as judged by gel densitometry. If whole
cell proteins were extracted following the protocol by Healy et al. [20],
the histone biotinylation signal was lost (lane 2). Importantly, acid ex-
tracts of Jurkat cell histones revealed no meaningful contamination
with carboxylases, if run on 4–12% Bis–Tris gels and using streptavidin
(lane 3) and anti-PC (lane 6) as probes. The identities of carboxylases
and histones in these blots were confirmed using antibodies to PC,
histone H3, and histone H4 (lanes 4–12). Taken together, we conclude
that biotinylated carboxylases are more abundant than biotinylated
histones and that acid extracts of Jurkat cell histones are free of contam-
ination with carboxylases. This is not consistent with the proposal by
Healy et al. that binding of radiolabeled biotin to histones and quantita-
tion by liquid scintillation counting is an artifact due to contamination
with carboxylases [20].

Next, we tested the hypothesis that the cell model used by Healy et
al. (HeLa cells) contains untypically high concentrations of carboxyl-
ases, and that contamination of histone extracts with carboxylases are
specific for this cell line. Our experiments in HeLa cells produced results
similar to those reported by Healy et al., i.e., a faint carboxylase signal
was detectable in acid extracts (Fig. 8B, lane 3), while no histone signal
was detectable in whole cell extracts (lane 1) and carboxylase extracts
(lane 2). Identities of proteins were confirmed as described for above
(Fig. 8B, lanes 4–12). Importantly, the abundance of PC in HeLa cells
greatly exceeds that in Jurkat cells (compare lanes 4 and 5 in panel A
to panel B). This observation is consistent with our hypothesis that
the great abundance of holo-carboxylases in HeLa cells is specific for
this cell type but does not apply to studies conducted in Jurkat cells.

Given that acid histone extracts from Jurkat cells are essentially
free of carboxylases, we proceeded with the quantitation of radiola-
beled histones by liquid scintillation counting. Biotin-depleted Jurkat
and HeLa cells were repleted with 20 nM [3H]biotin and histones
were collected by HCl extraction. To exclude firmly the contamination
of carboxylases, histones (11–20 kDa) were purified by gel electro-
phoresis and electroelution. Eluted proteins were lyophilized and dis-
solvedwith 1 mL purewater, mixedwith 5 mL liquid scintillation fluid
and counted for 5 min. In Jurkat cells, 5.7±0.4 Bqwas bound per 1 mg
protein, suggesting that 2.6±0.2 fmol of biotin were bound per mg of
histones. In the case of HeLa cells, 230±27 Bq was bound per 1 mg of
proteins, suggesting that 104±12 fmol of biotin were bound per mg
of histones.

We used the following calculation to estimate the percentage of his-
tones that is biotinylated in cells. Each nucleosome contains one mole-
cule of H1 (20 kDa), and two molecules each of H2A (14 kDa), H2B
(14 kDa), H3 (15 kDa), and H4 (11 kDa). Thus, 1 mg of total histones
equals about 7.8 nmol of histones.Wemade the following assumptions:
(i) Jurkat cells contain ~2.6 fmol [3H]biotin/1 mg (7.8 nmol) histone;
(ii) [3H]biotin binds to H3 and H4, but not to H1, H2A, H2B; and (iii)
the molar ratio of H3 and H4 equals 1 in histone extracts. Based on
these assumptions, about 0.0000082% of histones H3 and H4 are
biotinylated. In case of HeLa cells, we estimate that 0.0003% of histones
H3 and H4 are biotinylated. Clearly, this is consistent with previous re-
ports that histone biotinylation is a rare epigenetic mark [6,19].

Previous studies suggest that cell from the lymphoid lineage, e.g.,
Jurkat cells, do not catabolize biotin by β-oxidation in meaningful
quantities [30]; no information is available for HeLa cells. Hence, in
some studies, we substituted [14C]biotin for [3H]biotin. The binding
of [14C]biotin to histones was similar to that described for [3H]biotin,
judged by liquid scintillation counting (data not shown). This
observation suggests that biotin catabolism is not a meaningful
confounder.

The abundance of an epigenetic mark cannot be directly correlated
with importance. Epigenetic marks may be locally enriched in distinct
loci. For example, serine-14 phosphorylation in histone H2B and
histone poly(ADP-ribosylation) are detectable only after induction of
apoptosis and major DNA damage, respectively, but the role of these
epigenetic marks in cell death is clear [4,31,32]. Evidence suggests
that about one out of three histone H4 molecules might be biotiny-
lated at K12 in telomeric repeats [18]. Importantly, biotinylation of
K12 in histone H4 causes chromatin condensation [33], consistent
with previous reports that H4K12bio is enriched in repressed loci
[10,11,15,17]. Also, please note that a recent Ph.D. thesis in an inde-
pendent laboratory provides evidence that up to 50% of histone H4 is
biotinylated in Candida albicans [34]. These observations suggest that
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further studies with other model organisms is needed to clarify the bi-
ological roles of histone biotinylation.

We agree with Healy et al. that biotinylated histones are difficult to
detect by usingMS [20], as described in a companion paper (T. Kuroishi
et al., in preparation). In about one out of three analytical runs, we ob-
served H4K79bio by using LC/MS/MS, but the signal was barely above
background noise and not reproducible in all sample preparations.
This observation suggests that histone biotinylation is a modification
mark that is at the detection limits of MS analysis. Please note that
K79 in histone H4 is a known histone acetylation site [35], consistent
with previous observations that biotinylation and acetylation compete
for the same residues in histones [7,14,15].

Even if biotinylation is a natural histonemodification, questions re-
main as to how such a rare event can cause gene repression and partic-
ipate in the maintenance genome stability. We devised the following
working hypothesis that is consistent with previous reports and ongo-
ing research in our laboratory. In this model, the effects of biotin and
HCS in epigenetic pathways of gene regulation are mediated by
physical interactions of HCS with other chromatin proteins rather
than by biotinylated histones. For example, we have demonstrated
that HCS physically interacts with histone H3 [12] and we have gener-
ated evidence that HCS interactswith themethylated cytosine binding
protein MeCP2 and the histone H3 K9-methyl transferase EHMT-1 by
using yeast-two hybrid assays, co-immunoprecipitation, and limited
proteolysis assays {[36]; Yong et al., unpublished; Liu et al., unpub-
lished}. We propose that HCS is an integral part of a gene repression
complex that may also include histone deacetylases and the nuclear
co-repressor N-CoR. Marks and patterns such as DNA methylation,
H3K9me2, and histone deacetylation are associated with gene repres-
sion [3]. In this model, histone biotinylation marks are created occa-
sionally at HCS docking sites.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ymgme.2011.08.030.
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