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Heterochromatin protein 1 (HP1) family members (�, �,
and �) bind histone H3 methylated at Lys-9, leading to
gene silencing and heterochromatin formation. Several
previous reports have suggested that HP1s are post-
translationally modified, yet sites of modification have not
yet been exhaustively determined. Here we perform the
first comprehensive proteomic analysis of all HP1 iso-
forms using tandem mass spectrometry. Our data reveal
that all HP1 isoforms are highly modified in a manner
analogous to histones including phosphorylation, acety-
lation, methylation, and formylation, including several
sites having multiple different types of modifications. Ad-
ditionally, many of these modifications are found in both
the chromo- and chromoshadow domains, suggesting
that they may have an important role in modulating HP1
interactions or functions. These studies are the first to
systematically map the abundant sites of covalent modi-
fications on HP1 isoforms and provide the foundation for
future investigations to test whether these modifications
are essential in heterochromatin maintenance or other
nuclear processes. Molecular & Cellular Proteomics 8:
2432–2442, 2009.

The mammalian HP1�, �, and � proteins are a family of
chromatin-associated proteins that are homologs of the Dro-
sophila heterochromatin protein 1 (HP1)1, originally identified
as a protein required for position effect variegation. Position
effect variegation is the silencing phenomenon that occurs
when a block of euchromatin is placed adjacent to a region of
heterochromatin (1). HP1�, �, and � proteins all contain a
N-terminal chromodomain (CD) and a C-terminal chro-
moshadow domain (CSD) that are linked together by a flexible
hinge region (2). The CD in HP1 is one of many specialized
domains found in a number of other chromatin-associated

proteins that recognizes histone post-translational modifica-
tions (PTMs). In particular, x-ray crystallographic studies have
demonstrated that the HP1 chromodomain binds directly to
the histone H3 protein trimethylated on Lys-9 (3).

The C-terminal CSD domain is structurally similar to the CD
and is thought to be responsible for dimerization and interac-
tions with other proteins. The mammalian HP1�, �, and �

proteins have been shown to form both homo- and het-
erodimers with each other (4). Although the HP1�, �, and �

proteins have similar structures and dimerize with each other,
studies suggest they have non-overlapping functions. As the
name implies, the HP1 proteins are generally associated with
constitutive heterochromatic loci; however, HP1� localizes
with both hetero- and euchromatin (5). Moreover, although
microscopy analysis has demonstrated that HP1� and HP1�

localize together at many heterochromatic loci, they do not
completely overlap, further suggesting that they can function
independently (6). Furthermore, HP1� was found to be asso-
ciated with the DNA of actively transcribed genes by chroma-
tin immunoprecipitation (7).

All three of the mammalian HP1 proteins can complex with
the co-repressor protein, KAP-1/Tif1�. Interestingly, this protein
is also a post-translational code-reading protein that contains a
bromodomain (acetyl-lysine binding) and a plant homeodomain
(methyl-lysine binding). While the majority of KAP-1/Tif1� co-
localizes with HP1� and HP1�, there are some non-overlapping
foci, suggesting the bromodomain and plant homeodomain of
KAP-1/Tif1� is reading a sub-code found within some hetero-
chromatic loci (8, 9). Although it is not clear how the HP1
proteins complex with KAP-1/Tif1�, the CSD is required for this
interaction (10). Interestingly, it has been reported that KAP-1/
Tif1� is a protein kinase that can phosphorylate all three of the
mammalian HP1s and autophosphorylate itself (11). The HP1
proteins have also been shown to interact with a number of
other proteins/complexes that are involved with chromatin me-
tabolism such as; the CAF-1 complex, a histone deposition
chaperone; the origin recognition complex, a protein complex
required for DNA replication that binds to origins of replication;
and the BRG1 complex, an ATP-dependent chromatin remod-
eling machine (12–14).

Like the target histones, the HP1 proteins themselves have
been suggested to contain numerous PTMs such as phos-
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phorylation, acetylation, or methylation. For example, it is well
known that there are phosphorylation sites within a Drosoph-
ila HP1 protein mediated by several kinases, and that hyper-
phosphorylation of this HP1 is associated with heterochroma-
tin formation and affects chromosomal localization (15).
Meanwhile, mutations at these HP1 phosphorylation sites
attenuate or abolish silencing activity (16). Interestingly, a
hypophosphorylated form of Drosophila HP1 has also been
shown to associate with the subunits of the origin recognition
complex, while the hyperphosphorylated form is more tightly
associated with interphase chromatin indicating that phos-
phorylation may regulate HP1 function (17). HP1� phospho-
rylation at Ser-83 is found to be an exclusive euchromatin
mark interacting with the regulatory protein Ku70 and this
modified HP1� isoform also demonstrates impaired silencing
properties and is targeted to areas of transcriptional elonga-
tion (18). Recently, HP1� phosphorylation at Thr-51 has been
shown to be important during initiation of the DNA damage
response mechanism, as suppression of the relevant kinase
(casein kinase 2) causes a reduction in HP1 mobilization at
repair sites and further inhibits downstream events (19). The
HP1 proteins have also been shown to possess other co-
valent modifications such as acetylation, methylation, and
ubiquination by immunoassay with various non-residue
specific antibodies (18).

Despite all this evidence, only a handful of actual HP1
modification sites have ever been characterized. Therefore, as
no comprehensive mass spectrometric analysis has hereto-
fore identified all HP1 PTMs, we sought to systematically map
the PTMs on the three mammalian HP1 homologs (�, �, and
�) using nanoflow liquid chromatography coupled to a high-
resolution Orbitrap mass spectrometer. Our results showed
that all HP1s are highly modified on many sites with many
distinct types of modifications. Several of the sites we found
are sites within the chromo- and chromoshadow domains.
Interestingly, many HP1 residues were found to be multiply
modified with different PTMs, a feature reminiscent of his-
tones. This data will be useful for future studies designed to
differentiate the functions of the individual HP1�, �, and �

proteins as well as their targeting to different regions of
chromatin.

EXPERIMENTAL PROCEDURES

Cell Culture and Protein Isolation—HP1�, HP1�, and HP1� coding
sequences were amplified by PCR from a human cDNA library. Ex-
pression of the corresponding cDNAs cloned into the C�F expression
vector with an N-terminal FLAG tag was directed by the hCMV
promoter (20). The vectors were transfected into HEK293 cells grown
in 10% calf serum/Dulbecco’s modified Eagle’s medium by calcium
phosphate precipitation. After 36 h the FLAG-tagged proteins were
isolated. All buffers used in the purification process contained histone
deacetylase and phosphatase inhibitors (3 mM sodium butyrate, 1 mM

sodium pyrophosphate, 1 mM �-phosphoglycerate, and 1 mM sodium
vanadate). For protein purification, nuclei were prepared by hypotonic
lysis in TMSD buffer (10 mM Tris-HCl, pH 7.8, 1.5 mM MgCl2, 0.25 M

sucrose, 1 mM dithiothreitol, and 0.5 mM phenylmethylsulfonyl fluoride

(21). Proteins were then extracted from the nuclei by dounce homo-
genation in immunoprecipitation buffer (20 mM Tris-HCl, 0.5 M NaCl,
0.1 mM phenylmethylsulfonyl fluoride, 0.2 mM EDTA, and 10% glyc-
erol (v/v) pH 7.5). The extract was clarified by centrifugation at 13000
rpm for 15 min, and the FLAG-tagged proteins were purified by
incubating the extracts with M2 FLAG beads (Sigma) overnight at
4 °C with rotation. The beads then were washed three times with IP
buffer, and the proteins were eluted by incubation with FLAG peptide
at 4 °C for 12 h. The eluted proteins were then resolved by 15%
SDS-PAGE and visualized after staining with Coomassie Blue. Form-
aldehyde was not utilized in any step.

Sample Preparation for Mass Spectrometry—HP1s were subjected
to both in-solution and in-gel digestion with multiple enzymes. For
in-solution digestion, HP1 was diluted with 50 �l of 100 mM ammo-
nium bicarbonate and reduced with 10 mM dithiothreitol for 1 h at
51 °C followed by alkylation with iodoacetamide (25 mM) for 45 min at
room temperature in the dark. At this point, HP1 was digested for
6–12 h at 37 °C using either trypsin at a protein:enzyme ratio of 20:1,
LysC at a protein:enzyme ratio of 10:1, or chymotrypsin at a protein:
enzyme ratio of 20:1. Additionally, HP1 was separated on a 15%
SDS-polyacrylamide gel, and in gel digested after dithiothreitol and
iodoacetamide treatment (same concentrations as above) with tryp-

FIG. 1. Purification of HP1. Left panel, immunoprecipitated HP1s
(�5 pmol each) separated on a 15% SDS-PAGE gel with Coomassie
Blue staining. Right panel, Western blot of immunoprecipitated HP1s
using anti-FLAG antibody. Peptide digests were then analyzed using
nanoflow LC-MS/MS experiments on an LTQ-Orbitrap mass
spectrometer.

FIG. 2. PTM maps of HP1 modifications. Over 90% sequence
coverage was obtained on all isoforms (shown in red). Residues with
PTMs are shown in black bold type. PTMs identified include phos-
phorylation (phos), acetylation (ac), monomethylation (me1), and
formylation (fml).
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sin, LysC, or chymotrypsin as described previously (22). The resulting
peptides were extracted according to standard in-gel digestion pro-
tocols (22). All peptide digests were desalted using homemade C18
STAGE tips (23), dried to near dryness in a vacuum centrifuge, and
diluted in 10 �l of 0.1% acetic acid for MS analysis. Formic acid was
not employed in any preparation step.

Liquid Chromatography and Mass Spectrometry—Nanoflow liquid
chromatography tandem mass spectrometry (LC-MS/MS) was per-
formed on a hybrid linear quadrupole ion trap-Orbitrap mass spec-
trometer (Thermo Electron, San Jose, CA) coupled to an Agilent 1200
Series binary HPLC pump (Agilent Technologies, Palo Alto, CA) and
an Eksigent AS2 autosampler (Eksigent Technologies). Peptides sam-
ples (2 �l) were loaded on 75-�m inner diameter-fused silica capillary
columns constructed with an integrated electrospray tip that were
packed with 15 cm of C18 reversed phase resin (Magic C18, 5-�m
particles, 200-Å pore size; Michrom BioResources, Auburn, CA). Pep-
tides were separated by RP-HPLC using a gradient from 2 to 45%
Buffer B (Buffer A, 0.1 M acetic acid; Buffer B, 70% acetonitrile in 0.1
M acetic acid) at a flow rate of �200 nl/min for 70 min. The Orbitrap
instrument was operated in data-dependent mode using a resolu-
tion setting of 30,000 to obtain a full MS spectrum followed by ten
MS/MS spectra obtained in the ion trap. Peptides selected for
MS/MS interrogation were then placed on an exclusion list for 30 s
to limit duplicate spectra. The MS scans were collected with an
automatic gain control target value of 5 � 105 and maximum
injection time of 100 ms over a mass range of 300–1650 m/z.
MS/MS scans were collected using an automatic gain control value
of 4 � 104 and a threshold energy of 35% for collision-activated
dissociation.

Data Analysis—All MS/MS spectra were processed with a demo
on-line version of the SorcererTM software (Sage-N Research, Inc.,
San Jose, CA) or through the Bioworks 2.0 program both utilizing the
Sequest algorithm. Parameters for MS/MS database searching in-
cluded a precursor tolerance of 0.1 Da and fragment tolerance of 0.5
Da. Searches were performed using the appropriate enzyme (with up
to 3 missed cleavages) or no enzyme specifications against a data-
base created from downloading the HP1 protein sequences from the
NCBI protein database and against the human protein database. A
static modification of 57 Da for cysteine iodoacetamide treatment and
dynamic lysine modifications of 14 Da (methylation), 28 Da (dimeth-
ylation or formylation), and 42 Da (trimethylation or acetylation), and
serine/threonine phosphorylation (80 Da) were used in the database
searches. The Scaffold program (version Scaffold_2.1.03, Proteome
Software Inc., Portland, OR) was used to validate MS/MS-based
peptide and protein identifications. Peptide identifications were ac-
cepted at greater than 95% probability as specified by the Peptide
Prophet algorithm (24) or better than 0.01 peptide probability (Bio-
works 2.0 program). MS/MS spectra were also searched against the
reverse HP1 database to examine the false positive rate of peptide
identifications (no modified peptides were found). Lastly, all data from
modified peptides were manually inspected afterward.

RESULTS

HP1-FLAG fusion proteins were immunoprecipitated from
asynchronously growing HEK (human embryonic kidney) cells
using an anti-FLAG antibody. SDS-PAGE separation and

Western blot of the IP eluant (Fig. 1) revealed that relatively
pure protein isolations were achieved. Both HP1� and HP1�

have slightly higher molecular mass (�29 kDa) compared with
HP1� (�24 kDa). When we subjected HP1 peptides to
nanoLC-MS/MS experiments on an Orbitrap mass spectrom-
eter, we achieved 95.3%, 93.5%, and 92.9% sequence cov-
erage for HP1�, HP1�, and HP1�, respectively (Fig. 2). Each
isoform immunoprecipitation additionally isolated the other
endogenous HP1 isoforms as well (data not shown), this is in
agreement with previous biological data that HP1 isoforms
interact with one another potentially via the chromoshadow
domain (2). Searching of the MS data acquired using the
Sequest algorithm detected a variety of PTMs on all three HP1
isoforms (Fig. 2 and supplemental Table 1). It should be noted
that we also detect the same PTMs on endogenous HP1
isoforms that are pulled down with the FLAG-tagged HP1
proteins, thus we observe that our observations on the FLAG-
HP1 PTMs are consistent with endogenous modification
of HP1.

Consistent with previous reports, we found the HP1 pro-
teins to be phosphorylated at various residues (15, 16, 25–27).
Fig. 3A shows the tandem mass spectrum (MS/MS) of a
peptide from HP1� that was found to be phosphorylated, and
Ser-95 was localized as the primary phosphorylation site in-
dicated by the y9 fragment at 1049.08 m/z and also by the b2

fragment at 201 m/z (indicating the phosphate group was not
primarily on Ser-93). However, it should also be noted that
upon close inspection of the lower abundance fragments, we
indeed have evidence in this tandem mass spectrum for a
much lower level Ser-93 phosphorylation as well (b2 fragment
ion at 281 m/z and y9 fragment ion at 969.16 m/z-labeled as
asterisks in mass spectrum (Fig. 3A). Ser-93 phosphorylation
(Ser-83 in Drosophila) has been previously found on HP1� that
is localized to euchromatin (18). We additionally found phos-
phorylation sites on other HP1 isoforms as well. The MS/MS
of the peptide SNFSNSphosADDIK from HP1� is shown in Fig.
3B. Interestingly, all phosphorylation sites we found belong to
the unstructured hinge regions. Another cluster of phospho-
rylation sites were detected near the N terminus of HP1� (Fig.
2), and peptides with multiple phosphorylation sites in differ-
ent combinations were also detected (supplemental Table 1).

Lomberk et al. (18) used antibody-based methods to sug-
gest that HP1 proteins can be modified with other non-phos-
phorylation PTMs reminiscent of the “Histone Code” including
acetylation, methylation, ubiquitination, and sumoylation. To
explore this possibility, we also searched our data against
various PTMs and discovered that HP1s were extensively

FIG. 3. Identification of HP1 phosphorylation sites. A, MS/MS spectrum of the 2� charged precursor ion at 625.221 m/z corresponding
to the SLSphosDSESDDSK peptide (Ser-95 phosphorylation) from HP1� generated from a trypsin digest. Evidence for minor phosphorylation
of Ser-93 can also be observed (b2 ion at 281 m/z). B, MS/MS spectrum of the phosphorylated 2� charged precursor peptide at 639.257 m/z,
corresponding to the peptide SNFSNSphosADDIK from HP1� generated from a trypsin digest. It should be noted that values above and below
the sequence refers to nominal masses for predicted b and y fragment ions, respectively, with masses underlined indicating the observed
fragments.
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modified on lysines with several types of modifications. Fig.
4A shows the MS/MS spectrum of a peptide at 684.324 m/z
from HP1�. The peptide was found to have a �42 Da shift on
the N terminus, which the accuracy of the Orbitrap mass
spectrometer revealed to be an acetylation (2.92 ppm error)
rather than a methylation mark (23 ppm error). In general,
HP1� was found to be highly acetylated compared with the
other HP1 isoforms in agreement with the Lomberk et al.
study (18). Lysine methylation was also found on the various
isoforms as shown in Fig. 4B for a peptide at 655.382 m/z
generated from HP1� (VVNGKme1VEYFLK). Fragment ions
show that a monomethylation modification is located on Lys-
44. Overall, monomethylation was found to be the most fre-
quently identified degree of lysine methylation on the three
isoforms. Unlike phosphorylation, the lysine acetylation and
methylation sites were mostly localized to either the chro-
moshadow or chromodomains.

Initially, our database searches yielded a large amount of
dimethylated lysine residues on all of the HP1 proteins. Given
the unusual low occurrence of monomethylated peptides
from the same searches, a closer inspection of the accurate
peptide masses was warranted. We determined that the ly-
sine residues were not dimethylated, but rather formylated
(�m � 0.0364 Da). Fig. 5A shows an MS/MS spectrum com-
ing from the sequence GKfmlVEYLLK from HP1�. The accu-
rate mass of this peptide (489.289 m/z) agrees with formyla-
tion (489.287 m/z calculated) rather than dimethylation
(489.305 m/z calculated). The MS/MS spectrum of another
formylation from HP1�, (LTWHAYPEDAENKfmlEK) is shown in
Fig. 5B. Fragment ions show that Lys-184 is the modified
lysine residue. As we did not use formaldehyde or formic
acid in any stage of the experiment, we concluded that
these formylation modifications must be generated in vivo.
The majority of the formyl groups were detected on pep-
tides from the chromoshadow and chromodomain, often
on the same sites where acetylation or methylation were
found. Lastly, we detected serine and threonine formyla-
tions on HP1 proteins. Fig. 6A shows the MS/MS spectrum
of the 722.294 m/z precursor ion, and accurate mass of the
precursor and fragment ions point to the formylation of
HP1� at Ser-176 as the modified site. Interestingly, Ser-176
was also found to be phosphorylated (Fig. 6B). Formylation
of proteins has recently emerged as an in vivo covalent
modification on histones and other nuclear proteins (28, 29),
and these findings will fuel future work on the subject in the
context of its importance in epigenetic silencing through
nuclear- or chromatin-mediated pathways.

DISCUSSION

HP1 is an important nuclear protein first shown to be re-
quired for position-effect variegation and is enriched in het-
erochromatic regions of the genome. The CD of HP1 has been
shown to bind histone H3K9 methylation, particularly trimethyl
(3), as well as histone H1.4K26 methylation (30), which trigger

a silencing mechanism. Since its discovery, researchers have
suggested that the role of HP1 in heterochromatin formation
may be influenced by post-translational modifications. Early
studies have indeed focused on the function of HP1 phos-
phorylation under a variety of physiological conditions. Using
32P labeling and two-dimensional gel electrophoresis, Eis-
senberg et al. (15) showed that in Drosophila embryos, HP1 is
initially hypophosphorylated, but that phosphorylation levels
increase during development (with multiple phosphorylated
HP1 isoforms present). Additionally, HP1 phosphorylation is
first seen during the nuclear 10–11 cycle, which is the exact
time when heterochromatin first becomes cytologically visi-
ble. This suggests a role for HP1 phosphorylation in hetero-
chromatin assembly. Our proteomic data are consistent with
HP1 being phosphorylated at multiple sites in vivo, and we
have even identified multiply phosphorylated HP1 peptides
(such as near the N-terminal of HP1�). Inspection of the HP1
general sequences indicates that HP1 might be a target by
several kinases such as casein kinase II and cAMP-depend-
ent kinase or protein kinase C. Pim-1 has been implicated as
a kinase involved in HP1� phosphorylation that was identified
through a yeast two-hybrid screen and shown to bind HP1�

via the chromoshadow domain (25). Pim-1 promotes the
phosphorylation around the sequence KSLSDSESDDSKS,
and abolishing this sequence enhanced transcriptional re-
pression activity (25). We have mapped two phosphorylation
sites in this region, supporting the in vivo phosphorylation of
this serine cluster.

Casein kinase II also has been shown to phosphorylate
Drosophila HP1 near both the N terminus and also C terminus
and that some of these sites have an influence on the silenc-
ing activity of HP1 or interfere with HP1-mediated heterochro-
matin formation (27). We have confirmed these are potential
sites of phosphorylation on HP1�; many of those sites are
near an acidic patch (the preferred casein kinase II motif)
further supporting this association. None of the detected
phosphorylation sites were found in either the chromodomain
or chromoshadow domain, but rather in the hinge regions
suggesting that phosphorylation may not be a mechanism for
modulating HP1 interactions with histones or itself. In agree-
ment, Kellum and co-workers (31) previously found that site-
directed mutagenesis targeting the few suspected sites of
phosphorylation in those regions does not affect Drosophila
HP1 binding to H3K9me2 or homo-dimerization of HP1. Ad-
ditionally, those studies also determined that mutations mim-
icking constitutively phosphorylated HP1 in the hinge actually
affect the binding of HP1 to the proteins involved in the origin
recognition complex.

Recent reports have identified a single key phosphorylation
site each on HP1� and HP1� (18, 19). Mammalian HP1� was
found to be phosphorylated at Ser-83 (Ser-93 human), and
this mark was found only on a small population of HP1� that
was exclusively located in euchromatin and had impaired
silencing activity. Our mass spectrometric analyses indeed

HP1 Post-translational Modifications
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FIG. 4. Characterization of lysine modifications on HP1. A, MS/MS spectrum of the 2� charged peptide ion at 684.324 m/z corresponding
to the peptide with the sequence KacSNFSNSADDIK from HP1� generated from a trypsin digest. B, MS/MS spectrum of the [M�2H]2� ion showing
that Lys-44 is monomethylated on HP1� (VVNGKme1VEYFLK peptide generated from a LysC digest). Values above and below the sequence refers
to nominal masses for predicted b and y fragment ions, respectively, with masses underlined indicating the observed fragments.
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FIG. 5. Characterization of lysine formylation on HP1. A, MS/MS spectrum of the 2� charged precursor peptide ion at 489.289 m/z
corresponding to the peptide with the sequence GKfmlVEYLLK from HP1� generated from a LysC digest. B, MS/MS spectrum produced from
the 3� charged peptide ion at 620.293 m/z from HP1� generated from a trypsin digest. Values above and below the sequence refers to nominal
masses for predicted b and y fragment ions, respectively, with masses underlined indicating the observed fragments.
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validate that Ser-83 (Ser-93 human) is a modification site on
HP1�. However, we found that this site was phosphorylated
at a very low level, and another nearby residue (Ser-95) was
actually much more abundant. This might signify that Ser-83
(Ser-93) may be truly limited to a small population of euchro-
matic HP1�, whereas Ser-95 might be a mark that is needed
on the more abundant HP1� heterochromatin population.
Lastly, Thr-51 was found to be phosphorylated on HP1�

during DNA damage by casein kinase II and upon phospho-
rylation was found to be released from chromatin influencing
H2A.X phosphorylation (a hallmark signal of DNA damage).
Unfortunately, we did not identify this site as an in vivo phos-
phorylation site, perhaps due to its role in DNA damage path-
ways and hence low level in asynchronously growing cells. In
agreement with Lomberk et al. (18), we found that HP1� had
the lowest general level of phosphorylation of all the HP1
isoforms. Lastly, we note that two large-scale mass spec-
trometry-based phosphoproteomic analyses of human cells
have also yielded data on the phosphorylation of HP1� on the
peptides (RTADSSSSEDEEEYVVEK, multiple sites) and on
HP1� at Ser-93, Ser-95, and Ser-176, in support of our results
(32, 33).

Urrutia and co-workers (18) showed by non-residue specific
antibody methods that certain HP1 isoforms seem to be
acetylated, methylated, ubiquitinated, or sumoylated. In our
experiments, we also identified several sites of acetylation
and methylation on all HP1 isoforms. We did not detect any
sites of sumoylation or ubiquitination on any HP1 isoform,
presumably due to their low abundance in asynchronously
grown HEK cells causing them to be expressed at levels
below our current detection limits. Additionally, these sumoy-
lated or ubiquitinated HP1 forms may also be biological con-
dition-specific as well. Interestingly, in agreement with results
from Lomberk et al. (18), we found that the largest number of
acetylation sites is on the HP1� isoform. Acetylation and
methylation sites were more evenly distributed throughout the
protein sequences including the hinge domains, chromodo-
mains, and chromoshadow domains. The significance of
these modifications remains to be uncovered. All HP1 iso-
forms are known to complex with the histone H3K9 methyl-
transferase Suvar39H1 through a CSD interaction (34), so it is
tempting to speculate that the methylation sites on HP1 in that
region may be a direct result of that interaction. Alternatively,
all HP1 isoforms directly interact with the co-repressor KAP-
1/Tif1�, and KAP-1/Tif1� binds SETDB1, a SET domain pro-
tein with histone H3K9-specific methyltransferase activity
(35). Therefore, a secondary effect of the KAP-1/Tif1�:
SETDB1 interaction may be the methylation of HP1. Recently,
Eskeland et al. (36) showed that while HP1 binds strongly to

methylated H3 peptides, it only seems to bind weakly to
methylated chromatin. However, adding recombinant methyl-
transferases seems to increase HP1 binding affinity for chro-
matin, and the researchers propose that HP1 may have other
binding sites on chromatin besides H3K9 that are enhanced
with the methyltransferase addition. These results could also
be explained if methylation of HP1 itself is needed before it
can bind chromatin. Our data also clearly showed that HP1
methylation and acetylation often occur on the same residue,
sparking comparisons to similar observations on histones
(such as histone H3K9 or H3K27 acetylation or methylation).
These different modifications occurring at the same residues
may act as “switches” to alter HP1 function in the way that
certain “switches” may regulate histone H3 function, as in the
case of H3K9ac (associated with gene activation), and
H3K9me3 (associated with transcriptional repression and het-
erochromatin) (37, 38).

This study demonstrated that HP1 proteins are also highly
formylated on multiple residues. The formylation of proteins
can occur in sample preparation by the use of formaldehyde
described under “Experimental Procedures” (39) or gel silver
staining protocols (40), and by using excessive formic acid
(41). Thus, we did not use any of these reagents in any of our
preparations. Endogenous protein formylation has been re-
ported on histones, high mobility group proteins, and other
nuclear proteins (28). Jiang et al. (29) demonstrated that the
reactive 3�-formylphosphate residues produced from the 5�-
oxidation of deoxyribose in DNA under oxidative stress can
cause a secondary modification on the side chains of lysine
residues on histones. While this could be a potential source of
formylation on HP1 proteins, especially since HP1 has re-
cently been shown to be involved in DNA damage initiation (or
be associated with the DNA methyltransferase Dmnt3a/b) (19,
42), another intriguing possibility could occur with regards to
HP1 biology since HP1 proteins themselves do not bind DNA
directly. HP1 is well known to bind histone H3K9me3 and in
the last several years, many histone demethylases have
been described with varying specificity. Many of the dem-
ethylases known catalyze the removal of higher degrees of
methylation from Lys-9 on histone H3 yielding a final by-
product of formaldehyde per methyl reduction (43). We
postulate that as histones are demethylated by demethy-
lases, they release formaldehyde, elevating local concen-
tration of formaldehyde that could react with nearby pro-
teins, including histones and HP1.

Recently, it has been published that Drosophila HP1� in-
teracts with the histone H3K36 demethylase dKDM4A
through its chromoshadow domain and stimulates the activity
of dKDM4A (44). Loss of HP1� also leads to increased

FIG. 6. Serine 176 on HP1� is multiply modified. A, MS/MS spectrum of the precursor peptide ion at 722.294 m/z generated from a trypsin
digest clearly showing that the formylation modification is on the serine residue (LTWHSfmlCPEDEAQ). B, MS/MS spectrum of the precursor
ion at 748.286 m/z with the sequence LTWHSphosCPEDEAQ generated from a trypsin digest. Values above and below the sequence refers to
nominal masses for predicted b and y fragment ions, respectively, with masses underlined indicating the observed fragments.
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H3K36me3 in vivo. It is interesting to note that many of the
formylation sites we detected lie in the chromodomains on
HP1s, including the sequence (…VEYLLKfmlWKfml…) that di-
rectly binds H3K9me3. Formylation of this region may poten-
tially sterically hinder HP1 from further binding to H3K9me3
marks. The majority of the formylated sites were seen on
lysine residues that are also methylated and/or acetylated, as
previously noted for histone formylation (28). These observa-
tions imply that HP1 lysine formylation may potentially inter-
fere with epigenetic mechanisms controlling chromatin struc-
ture depending on the frequency and reversibility of this
reaction. Finally, we gather evidence for the formylation of Ser
and Thr residues on HP1, which to our knowledge has not
been described to date. Again, we demonstrate that the Ser
residues observed to be formylated can also be phosphoryl-
ated as well, bringing up the possibility that these residues
may influence HP1 function through two distinct PTMs.
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9. Bártová, E., Pacherník, J., Kozubík, A., and Kozubek, S. (2007) Differenti-
ation-specific association of HP1alpha and HP1beta with chromocentres
is correlated with clustering of TIF1beta at these sites. Histochem. Cell
Biol. 127, 375–388

10. Lechner, M. S., Schultz, D. C., Negorev, D., Maul, G. G., and Rauscher,
F. J., 3rd (2005) The mammalian heterochromatin protein 1 binds diverse
nuclear proteins through a common motif that targets the chro-
moshadow domain. Biochem. Biophys. Res. Commun. 331, 929–937

11. Nielsen, A. L., Ortiz, J. A., You, J., Oulad-Abdelghani, M., Khechumian, R.,
Gansmuller, A., Chambon, P., and Losson, R. (1999) Interaction with
members of the heterochromatin protein 1 (HP1) family and histone

deacetylation are differentially involved in transcriptional silencing by
members of the TIF1 family. EMBO J. 18, 6385–6395

12. Pak, D. T., Pflumm, M., Chesnokov, I., Huang, D. W., Kellum, R., Marr, J.,
Romanowski, P., and Botchan, M. R. (1997) Association of the origin
recognition complex with heterochromatin and HP1 in higher eukaryotes.
Cell 91, 311–323

13. Nielsen, A. L., Sanchez, C., Ichinose, H., Cerviño, M., Lerouge, T., Cham-
bon, P., and Losson, R. (2002) Selective interaction between the chro-
matin-remodeling factor BRG1 and the heterochromatin-associated pro-
tein HP1alpha. EMBO J. 21, 5797–5806

14. Murzina, N., Verreault, A., Laue, E., and Stillman, B. (1999) Heterochromatin
dynamics in mouse cells: interaction between chromatin assembly factor
1 and HP1 proteins. Mol. Cell 4, 529–540

15. Eissenberg, J. C., Ge, Y. W., and Hartnett, T. (1994) Increased phospho-
rylation of HP1, a heterochromatin-associated protein of Drosophila, is
correlated with heterochromatin assembly. J. Biol. Chem. 269,
21315–21321

16. Zhao, T., Heyduk, T., and Eissenberg, J. C. (2001) Phosphorylation site
mutations in heterochromatin protein 1 (HP1) reduce or eliminate silenc-
ing activity. J. Biol. Chem. 276, 9512–9518

17. Huang, D. W., Fanti, L., Pak, D. T., Botchan, M. R., Pimpinelli, S., and
Kellum, R. (1998) Distinct cytoplasmic and nuclear fractions of Drosoph-
ila heterochromatin protein 1: their phosphorylation levels and associa-
tions with origin recognition complex proteins. J. Cell Biol. 142, 307–318

18. Lomberk, G., Bensi, D., Fernandez-Zapico, M. E., and Urrutia, R. (2006)
Evidence for the existence of an HP1-mediated subcode within the
histone code. Nat. Cell Biol. 8, 407–415

19. Ayoub, N., Jeyasekharan, A. D., Bernal, J. A., and Venkitaraman, A. R.
(2008) HP1-beta mobilization promotes chromatin changes that initiate
the DNA damage response. Nature 453, 682–686

20. Nikiforov, M. A., Chandriani, S., Park, J., Kotenko, I., Matheos, D., Johns-
son, A., McMahon, S. B., and Cole, M. D. (2002) TRRAP-dependent and
TRRAP-independent transcriptional activation by Myc family oncopro-
teins. Mol. Cell. Biol. 22, 5054–5063

21. Conaway, R. C., and Conaway, J. W. (1989) An RNA polymerase II tran-
scription factor has an associated DNA-dependent ATPase (dATPase)
activity strongly stimulated by the TATA region of promoters. Proc. Natl.
Acad. Sci. U. S. A. 86, 7356–7360

22. Shevchenko, A., Wilm, M., Vorm, O., and Mann, M. (1996) Mass spectro-
metric sequencing of proteins silver-stained polyacrylamide gels. Anal.
Chem. 68, 850–858

23. Rappsilber, J., Ishihama, Y., and Mann, M. (2003) Stop and go extraction
tips for matrix-assisted laser desorption/ionization, nanoelectrospray,
and LC/MS sample pretreatment in proteomics. Anal. Chem. 75,
663–670

24. Keller, A., Nesvizhskii, A. I., Kolker, E., and Aebersold, R. (2002) Empirical
statistical model to estimate the accuracy of peptide identifications made
by MS/MS and database search. Anal. Chem. 74, 5383–5392

25. Koike, N., Maita, H., Taira, T., Ariga, H., and Iguchi-Ariga, S. M. (2000)
Identification of heterochromatin protein 1 (HP1) as a phosphorylation
target by Pim-1 kinase and the effect of phosphorylation on the tran-
scriptional repression function of HP1(1). FEBS Lett. 467, 17–21

26. Minc, E., Allory, Y., Worman, H. J., Courvalin, J. C., and Buendia, B. (1999)
Localization and phosphorylation of HP1 proteins during the cell cycle in
mammalian cells. Chromosoma 108, 220–234

27. Zhao, T., and Eissenberg, J. C. (1999) Phosphorylation of heterochromatin
protein 1 by casein kinase II is required for efficient heterochromatin
binding in Drosophila. J. Biol. Chem. 274, 15095–15100

28. Wisniewski, J. R., Zougman, A., and Mann, M. (2008) Nepsilon-formylation
of lysine is a widespread post-translational modification of nuclear pro-
teins occurring at residues involved in regulation of chromatin function.
Nucleic Acids Res. 36, 570–577

29. Jiang, T., Zhou, X., Taghizadeh, K., Dong, M., and Dedon, P. C. (2007)
N-formylation of lysine in histone proteins as a secondary modification
arising from oxidative DNA damage. Proc. Natl. Acad. Sci. U. S. A. 104,
60–65

30. Daujat, S., Zeissler, U., Waldmann, T., Happel, N., and Schneider, R. (2005)
HP1 binds specifically to Lys26-methylated histone H1.4, whereas simul-
taneous Ser27 phosphorylation blocks HP1 binding. J. Biol. Chem. 280,
38090–38095

31. Badugu, R., Yoo, Y., Singh, P. B., and Kellum, R. (2005) Mutations in the

HP1 Post-translational Modifications

Molecular & Cellular Proteomics 8.11 2441

http://www.mcponline.org/cgi/content/full/M900160-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900160-MCP200/DC1


heterochromatin protein 1 (HP1) hinge domain affect HP1 protein inter-
actions and chromosomal distribution. Chromosoma 113, 370–384

32. Olsen, J. V., Blagoev, B., Gnad, F., Macek, B., Kumar, C., Mortensen, P.,
and Mann, M. (2006) Global, in vivo, and site-specific phosphorylation
dynamics in signaling networks. Cell 127, 635–648

33. Molina, H., Horn, D. M., Tang, N., Mathivanan, S., and Pandey, A. (2007)
Global proteomic profiling of phosphopeptides using electron transfer
dissociation tandem mass spectrometry. Proc. Natl. Acad. Sci. U. S. A.
104, 2199–2204

34. Melcher, M., Schmid, M., Aagaard, L., Selenko, P., Laible, G., and Jenu-
wein, T. (2000) Structure-function analysis of SUV39H1 reveals a domi-
nant role in heterochromatin organization, chromosome segregation, and
mitotic progression. Mol. Cell. Biol. 20, 3728–3741

35. Schultz, D. C., Ayyanathan, K., Negorev, D., Maul, G. G., and Rauscher,
F. J., 3rd (2002) SETDB1: a novel KAP-1-associated histone H3, lysine
9-specific methyltransferase that contributes to HP1-mediated silencing
of euchromatic genes by KRAB zinc-finger proteins. Genes Dev. 16,
919–932

36. Eskeland, R., Eberharter, A., and Imhof, A. (2007) HP1 binding to chromatin
methylated at H3K9 is enhanced by auxiliary factors. Mol. Cell. Biol. 27,
453–465

37. Fischle, W., Wang, Y., and Allis, C. D. (2003) Binary switches and modifi-
cation cassettes in histone biology and beyond. Nature 425, 475–479

38. Strahl, B. D., and Allis, C. D. (2000) The language of covalent histone
modifications. Nature 403, 41–45

39. Lu, K., Boysen, G., Gao, L., Collins, L. B., and Swenberg, J. A. (2008)
Formaldehyde-induced histone modifications in vitro. Chem. Res. Toxi-
col. 21, 1586–1593

40. Osés-Prieto, J. A., Zhang, X., and Burlingame, A. L. (2007) Formation of
epsilon-formyllysine on silver-stained proteins: implications for assign-
ment of isobaric dimethylation sites by tandem mass spectrometry. Mol.
Cell. Proteomics 6, 181–192

41. Duewel, H. S., and Honek, J. F. (1998) CNBr/formic acid reactions of
methionine- and trifluoromethionine-containing lambda lysozyme: prob-
ing chemical and positional reactivity and formylation side reactions by
mass spectrometry. J. Protein Chem. 17, 337–350

42. Bachman, K. E., Rountree, M. R., and Baylin, S. B. (2001) Dnmt3a and
Dnmt3b are transcriptional repressors that exhibit unique localization
properties to heterochromatin. J. Biol. Chem. 276, 32282–32287

43. Shi, Y., and Whetstine, J. R. (2007) Dynamic regulation of histone lysine
methylation by demethylases. Mol. Cell 25, 1–14

44. Lin, C. H., Li, B., Swanson, S., Zhang, Y., Florens, L., Washburn, M. P.,
Abmayr, S. M., and Workman, J. L. (2008) Heterochromatin protein 1a
stimulates histone H3 lysine 36 demethylation by the Drosophila KDM4A
demethylase. Mol. Cell 32, 696–706

HP1 Post-translational Modifications

2442 Molecular & Cellular Proteomics 8.11


