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A B S T R A C T

Background: Human Sp140 protein is a leukocyte-specific member of the speckled protein (Sp) family (Sp100,
Sp110, Sp140, Sp140L), a class of multi-domain nuclear proteins involved in intrinsic immunity and tran-
scriptional regulation. Sp140 regulates macrophage transcriptional program and is implicated in several hae-
matologic malignancies. Little is known about Sp140 structural domains and its post-translational modifications.
Methods: We used mass spectrometry and biochemical experiments to investigate endogenous Sp140
SUMOylation in Burkitt's Lymphoma cells and Sp140 SUMOylation sites in HEK293T cells, FLAG-Sp140 trans-
fected and His6-SUMO-1T95K infected. NMR spectroscopy and in vitro SUMOylation reactions were applied to
investigate the role of Sp140 PHD finger in the SUMOylation of the adjacent BRD.
Results: Endogenous Sp140 is a SUMO-1 target, whereby FLAG-Sp140 harbors at least 13 SUMOylation sites
distributed along the protein sequence, including the BRD. NMR experiments prove direct binding of the SUMO
E2 ligase Ubc9 and SUMO-1 to PHD-BRDSp140. In vitro SUMOylation reactions show that the PHDSp140 behaves as
SUMO E3 ligase, assisting intramolecular SUMOylation of the adjacent BRD.
Conclusions: Sp140 is multi-SUMOylated and its PHD finger works as versatile protein-protein interaction
platform promoting intramolecular SUMOylation of the adjacent BRD. Thus, combinatorial association of Sp140
chromatin binding domains generates a multifaceted interaction scaffold, whose function goes beyond the ca-
nonical histone recognition.
General significance: The addition of Sp140 to the increasing lists of multi-SUMOylated proteins opens new
perspectives for molecular studies on Sp140 transcriptional activity, where SUMOylation could represent a
regulatory route and a docking surface for the recruitment and assembly of leukocyte-specific transcription
regulators.

1. Introduction

Human Sp140 is a nuclear leukocyte-specific protein, preferentially
expressed in mature B cells, plasma cell lines, macrophages and gran-
ulocytes [1]. It is a member of the speckled protein (Sp) family (Sp100,
Sp110, Sp140 and Sp140L), a class of multi-domain nuclear proteins
mainly involved in intrinsic immunity and transcriptional regulation. It
localizes to sub-nuclear structures containing Sp100 but devoid of PML
[2]. In line with its leukocyte specificity, Sp140 is implicated in several
immunological disorders, working as autoantigen in the serum of Pri-
mary Biliary Cirrhosis patients [2,3] and contributing to the innate

immune response to HIV-1 by its interaction with the viral Vif protein
[4]. Moreover, genome wide association studies have linked the SP140
locus to different autoimmune diseases, such as multiple sclerosis [5–7]
and Crohn's disease [8,9]. Finally, increasing evidences support its in-
volvement in haematologic malignancies, including chronic lympho-
cytic leukemia (CLL) and multiple myeloma (MM). Indeed, nucleotide
polymorphisms in SP140 gene have been correlated with lower mRNA
expression and higher CLL incidence [10–13] and several truncations or
missense-mutations within SP140 in the mutational profiles of MM
patients suggest a possible onco-suppressor activity for Sp140 [14].
Despite its involvement in numerous immuno-pathological conditions,
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Sp140 function is highly elusive and its role in immune response in
physiological and pathological conditions is just starting to be eluci-
dated [1]. Recent ChIP-Seq analysis has shown that Sp140 plays an
essential role in repressing lineage-inappropriate genes in macrophages
[1] and that it participates in chromatin-mediated regulation of gene
expression [2,15]. Sp140 involvement in transcriptional regulation is
well in keeping with the presence of several chromatin related modules.
Similarly to Sp100C, the longest Sp100 isoform [16], Sp140 harbors a
nuclear localization signal (NLS), a domain Caspase activation and re-
cruitment (CARD) domain, a Sp-100 –AIRE- NucP41/75- and DEAF1
(SAND) domain [17] and a plant homeodomain (PHD) finger domain
immediately followed by a Bromodomain (BRD). Both PHD finger and
BRD are evolutionary conserved domains present in human chromatin-
associated proteins, typically working as reader/effector modules able
to recognize different histone post-translational modifications (PTMs)
[18–20]. These two domains are often found in close sequence proxi-
mity (with less than 30 amino-acids as linker) and can thus form a
structural-functional unit with diversified activities [21]. The PHD-BRD
cassette allows for the combinatorial recognition of multivalent histone
PTMs such as lysine methylation and acetylation [22], as observed for
PHD-BRDTRIM24 [23,24] or PHD-BRDTRIM33 [25]. PHD-BRDSp140 has
been shown to bind to unmodified histone H3 tail in vitro, whereby the
BRDSp140 binds to acetylated histones Lysines without any specificity
towards particular histone Lysines, possibly because of the absence of a
conserved Asparagine in the BRD histone binding pocket [20,26]. The
PHD-BRD cassette can also work as structural platform to facilitate
intramolecular SUMOylation, as reported for Kap1/TRIM28, where
intramolecular SUMOylation of the BRD promotes Kap1/TRIM28
mediated transcriptional silencing [27]. SUMOylation consists in the
covalent attachment of the ubiquitin-like SUMO (Small Ubiquitin-re-
lated MOdifier) protein to Lysines of a target substrate. It is a highly
dynamic post-translational modification involved in a wide range of
nuclear processes, such as gene expression, genome stability [28], DNA
damage response [29], protein trafficking [30] and cell cycle control
[28]. The phylogenetic proximity of PHD-BRDSp140 with PHD-BRDKap1/

TRIM28 [20], along with the high sequence homology between Sp140
and Sp100 protein, a well-known target of nuclear SUMOylation [31],
prompted us to ask whether Sp140, and in particular its BRD, could be
SUMOylated. Here we report for the first time that endogenous Sp140 is
a SUMO-1 target in Daudi (Burkitt's Lymphoma) cell line. Moreover,
using a proteomic strategy we demonstrate that FLAG-Sp140 is multi-
SUMOylated in HEK293T cells infected with His6-SUMO-1T95K, with at
least 13 SUMOylation sites distributed along the protein sequence, in-
cluding the BRD. Furthermore, NMR experiments, proving direct
binding of the SUMO E2 ligase Ubc9 and SUMO-1 to PHD-BRDSp140,
and in vitro SUMOylation reactions show that PHD-BRDSp140 is a SUMO-
1 target and PHDSp140 works as versatile protein-protein interaction
platform, assisting intramolecular SUMOylation of the adjacent BRD.

2. Materials and methods

Details on immunofluorescence, cell cultures, subcellular fractio-
nation, cellular transfections, lentiviral infections, quantitative real
time PCR analysis, plasmids, immunoblotting and antibodies,
SUMOplot™ analysis, sample preparation for mass spectrometry ana-
lysis, purification of His6-SUMO-1T95K from infected HEK293T cells,
peptides and proteins identification by database searching are de-
scribed in Supporting Information.

2.1. Endogenous SUMO-1 immunoprecipitation

Daudi cells were fractionated as described in Supporting
Information. For immunoprecipitation of endogenous SUMO-1, nuclear
extracts (10mg) were incubated with 10 μg of anti SUMO-1 antibody
and then 40 μl slurry of Sepharose Protein G beads were added for 2 h at
4 °C. IgG were used as negative control. Beads were washed with NEB

buffer (details in Supporting Information) and immunocomplexes were
eluted in Laemmli buffer and resolved on NuPAGE 4–12% precast
protein gels (Invitrogen).

2.2. Identification of SUMOylated di-Gly peptides in HEK293 cells infected
with His6-SUMO-1T95K and transfected with pFLAG-SP140-CMV-5a

After protease digestion by Lys-C, di-Gly peptides were enriched by
immunoaffinity purification using the PTMScan® Ubiquitin Remnant
Motif (K-ε-GG) Kit protocol (Cell Signaling). Briefly, digested peptides
were purified by Sep-Pak®C18 (WAT051910, Waters Corporation),
lyophilized for two days, re-suspended in appropriate IAP buffer
(PTMScan® Ubiquitin Remnant Motif (K-ε-GG) Kit) and im-
munoprecipitated using anti di-Gly antibody coupled to beads for 2 h at
4 °C on the wheel. Then, beads were centrifuged at 2000g for 30 s and
washed twice with Milli-Q water. Enriched peptides were then eluted
from beads using 0.15% TFA at room temperature for 10min. Eluted
peptides were concentrated by vacuum concentrator and further pur-
ified by using C18 StageTip, as described above. Approximately 5 μl of
purified peptide mixture were subjected to RP-HPLC on-line coupled
with ESI-MS/MS. The same procedure was adopted for the double di-
gested sample.

Purified peptides were analyzed as technical duplicate on a
LC–ESI–MS-MS quadrupole Orbitrap Q-Exactive mass spectrometer
(Thermo Fisher Scientific). Peptides were separated on a linear gradient
from 95% solvent A (2% ACN, 0.1% formic acid) to 30% solvent B (80%
acetonitrile, 0.1% formic acid) over 90min and from 30 to 95% solvent
B in 10min at a constant 0.25 μl/min flow rate on UHPLC Easy-nLC
1000 (Thermo Scientific) connected to a 25-cm fused-silica emitter of
75 μm inner diameter (New Objective, Inc. Woburn, MA, USA), packed
in-house with ReproSil-Pur C18-AQ 1.9 μm beads (Dr Maisch Gmbh,
Ammerbuch, Germany) using a high-pressure bomb loader
(Proxeon,Odense,Denmark).

MS data were acquired using a data-dependent (DDA) top 12
method for HCD fragmentation. Survey full scan MS spectra (300–1800
Th) were acquired in the Orbitrap Q-Exactive with 70,000 resolution,
AGC target 3e6, IT 10ms. For HCD spectra, resolution was set to 35,000
at m/z 200, AGC target 5e4, IT 120ms; NCE 25% and isolation width
2.5 m/z.

2.3. Expression and purification of recombinant proteins

pETM11 expression vector (EMBL) was used for bacterial expression
in BL21(DE3) E. coli cells of human PHDSp140 finger (residues M660-
S711, NCBI accession code NP_001265380) and PHD-BRDSp140 (re-
sidues M660-N840; NCBI accession code NP_001265380). PHDSp140

was expressed and purified as described in [32]. PHD-BRDSp140 was
similarly expressed and purified [32], using HiLoad 16/60 Superdex
75 pg column (GE Healthcare) for size exclusion chromatography and
home-made His6-TEV protease for cleavage of the His6 tag. Both TEV
and tag were subsequently removed by purification on Ni-NTA column.
The final buffer contained 20mM Na2HPO4/NaH2PO4 pH 6.3, 50mM
NaCl, 10mM DTT and 50 μM ZnCl2. His6-GST tagged PHD-BRDSp140

(SP140PB) and His6-GST-PHDSp140 (SP140PHD) were expressed in
BL21(DE3) cells using pETM30 vector (EMBL) and purified like PHD-
BRDSp140 but without tag cleavage. The double mutation K769R-K808R
of SP140PB (SP140PB-K769R-K808R) was generated in the pETM30
vector by Genewiz and the mutant protein was expressed and purified
as described for the wild type protein. Proteins identity was confirmed
by mass spectroscopy. For NMR titration studies, uniformly 15N-la-
belled PHDSp140 and PHD-BRDSp140 were expressed in E. coli BL21(DE3)
cells in minimal media containing 15NH4Cl as sole nitrogen source, the
His6-tag was cleaved with TEV protease.

Mouse Ubc9 coding sequence was cloned from pET23a vector (kind
gift by Dr. F. Melchior, DKFZ-ZMBH Alliance, Heidelberg, Germany)
into the NcoI/KpnI sites of pETM11 vector (EMBL), after removal of an
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internal NcoI site through PCR-site direct mutagenesis and conserving
the coding sequence. Protein expression was obtained by BL21(DE3) E.
coli induction for 4 h at 30 °C with 0.2mM IPTG. Ubc9 was purified
similarly to PHD-BRDSp140, with a final NMR buffer containing 20mM
Na2HPO4/NaH2PO4 pH 6.3, 150mM NaCl, 5 mM DTT. Protein identity
was confirmed by mass spectroscopy. Uniformly 15N- and 15N/13C-la-
belled Ubc9 was expressed in E. coli BL21(DE3) cells in minimal media
containing 15NH4Cl and 13C-glucose as sole nitrogen and carbon source.

The plasmid encoding wild type His6-SUMO-1 was obtained by
cloning SUMO-1 cDNA from pGEX-SUMO-1 vector (kind gift by Dr. R,
Hay, Wellcome Trust Centre for Gene Regulation and Expression,
Dundee, UK) into a pET-28a vector. His6-SUMO-1 was purified like
PHD-BRDSp140 without cleavage of the His6-tag. The final NMR buffer
contained 20mM Na2HPO4/NaH2PO4 pH 6.8, 100mM NaCl, 1 mM
DTT. His6-SUMO-1T95R mutant was obtained by standard overlap ex-
tension method and purified from infected HEK293T cells as described
in Supporting Information.

The plasmids encoding His6-Aos1 subunit and Uba2 subunit (kindly
provided by Dr. F. Melchior, DKFZ-ZMBH Alliance, Heidelberg,
Germany) were cloned into pET-28a and pET-11d vectors, respectively.
Purification of Aos1-Uba2 complex (SUMO E1 enzyme) was performed
as described in [33].

2.4. In vitro SUMOylation reactions

In vitro SUMOylation reactions of His6-GST-PHD-BRDSp140

(SP140PB) immobilized on Glutathione-Sepharose (GS) beads were
performed at 30 °C, for 2 h under shaking, in a 40 μl reaction mix
containing: 1.2 μg His6-SUMO-1, 3 μg SP140PB, 1.4 μg Ubc9, 0.2 μg
Aos1-Uba2 (E1 enzyme), 5 mM ATP, 5mM NaCl, 20mM HEPES pH 7.5,
5 mM MgCl2, 0.05% Tween 20. Reactions without SP140PB, Ubc9 or E1
enzyme were used as controls. Reactions were stopped with 10 μl of
reducing sample buffer and the samples were first boiled for 5min at
95 °C and then loaded on Bolt 4–12% Bis-Tris Plus Gels precast protein
gels (Invitrogen). Western blot was performed using Hybond™-ECL™
Amersham Biosciences nitrocellulose membrane, Tris-Glycine Transfer
Buffer (25mM Trizma base, 192mM Glycine, 20% methanol, 0.1%
SDS), TBS-T buffer (20mM Tris-HCl, 0.5 M NaCl, 0.005% Tween 20),
anti GST-HRP-conjugated antibody (Santa Cruz Biotechnology, dilution
1:2000) and ECL-Plus™ Western Blotting Reagents (Amersham
Biosciences).

For cation chelation, SP140PB was immobilized on GS beads and
extensively washed to eliminate ZnCl2 from the buffer. Then, the pro-
tein was incubated with 100 μM of TPEN (N,N,N′,N′-tetrakis (2-pyr-
idinylmethyl)-1,2-ethanediamine) or DMSO in reaction buffer, for
120min at 30 °C. After extensive washings, the immobilized protein
was used for in vitro SUMOylation, as described before. Control reac-
tions with 3 μg of human GST-tagged RanGAP1 fragment (GST-
RanGAP1, residues 418–587, Enzo Life Sciences), His6-GST-PHDSp140

(SP140PHD) and SP140PB-K769R-K808R were performed as described
for Sp140PB.

2.5. NMR spectroscopy

NMR experiments were performed at 298 K on a Bruker Avance
600MHz spectrometer equipped with inverse triple resonance cryop-
robe (TCI) and pulsed field gradients. Data were processed with
Topspin 3.2 (Bruker) and analyzed with CcpNmr Analysis 2.1.5 [33].
Binding experiments were performed acquiring at each titration point a
2D water-flip-back 15N-edited HSQC spectrum with 512 (100) complex
points, 55ms (60ms) acquisition times, apodized by 60° shifted sine-
bell squared (qsine) window function and zero filled to 1024 (512)
points for 1H (15N), respectively. For 15N PHD-BRDSp140, 1H-15N Trosy-
HSQC experiments (bruker pulseprogram trosyf3gpphsi19.2) were ac-
quired at 308 K, with 2048 (180) complex points, 100ms (46ms) ac-
quisition times, apodized by 60° shifted sine-bell squared (qsine)

window function and zero filled to 2048 (1024) points for 1H (15N),
respectively. To investigate the effect of TPEN on PHDSp140 and PHD-
BRDSp140 fold, we first removed ZnCl2 in the protein buffer by dialysis,
we incubated at room temperature for 3 h the sample with a 3-fold
excess of TPEN and then we acquired 1H-15N HSQC (PHDSp140) and
1H-15N Trosy-HSQC (PHD-BRDSp140) experiments. Amides backbone
assignment for free Ubc9 was obtained from CBCA(CO)NH and HNCA
experiments [34,35] acquired on 15N-13C Ubc9 (1.34 mM, in 20mM
Na2HPO4/NaH2PO4 pH 6.3, 150mM NaCl, 5 mM DTT). Amides back-
bone assignment for free PHDSp140 has been previously obtained [32].
Assignment of the resonances during all titrations series was made by
following individual cross-peaks. For titration of 15N PHDSp140

(0.2 mM) and 15N PHD-BRDSp140, (0.38mM) stock solutions of Ubc9
(6.7 mM) or His6-SUMO-1 (3.7 mM) were stepwise added reaching the
following molar ratios: 15N PHDSp140:SUMO-1 1:2, 15N PHDSp140:Ubc9
1:3, 15N PHD-BRDSp140: Ubc9 and 15N PHD-BRDSp140:His6-SUMO-1
1:1.5. For titration of 15N Ubc9 (0.1 mM), PHDSp140 (1.3 mM) or PHD-
BRDSp140 (1.6 mM) were stepwise added up to a 4 fold excess. The
weighted average of the 1H and 15N chemical shifts perturbation (CSP)
upon binding was calculated as CSP= [(Δ2 HN+ Δ2N/25)/2]1/2 [36].
Residues considered with significant CSP were those with normalized
CSP > AVG+ σcorr, with σcorr as defined in [37]. Protein concentra-
tions were determined by UV spectroscopy using the following extinc-
tion coefficients at 280 nm: 5500M−1 cm−1, 22,920M−1 cm−1,
29,450M−1 cm−1 and 4470M−1 cm−1 for PHDSp140, PHD-BRDSp140,
Ubc9 and His6-SUMO-1, respectively.

2.6. Circular dichroism spectroscopy

CD spectra were acquired at 20 °C on a Jasco J-815 spectro-
polarimeter, equipped with a thermostatically controlled cell holder
stabilized by circulating 20% ethanol. A rectangular quartz cuvette with
1mm pathlength was used (Hellma). Each spectrum was averaged
using four accumulations collected in 0.1 nm intervals with an average
time of 0.5 s. Samples concentrations were 5 μM PHD-BRDSp140 and
20 μM PHDSp140 in 150mM NaF, 20mM NaH2PO4/Na2HPO4 pH 6.3.
The observed ellipticity (mdeg) was converted into molar residue el-
lipticity [θ] (deg cm2 dmol−1). To monitor the effect of cation chelation
on protein secondary structure, spectra were acquired after overnight
incubation of the samples with 3-fold excess of TPEN.

2.7. Loops modelling of PHD-BRDSp140

We used the crystallographic structure of PHD-BRDSp140 in complex
with short-chain variable fragment (Fv) (PDB ID: 6G8R) to map the
PHD finger interaction with SUMO-1 and Ubc9 and to highlight the
SUMOylation sites identified within the BRD. As the coordinates of the
BC and the ZA loops and the one connecting the PHD and the BRD were
not present in the pdb file, they were modelled with SWISSMODEL
[38].

3. Results and discussion

3.1. Endogenous Sp140 is SUMOylated in Daudi cells

Inspired by the sequence homology between Sp140 and the
SUMOylated proteins Sp100 [16,31] and Sp110 [39] (Supporting In-
formation Fig. S1a) and prompted by SUMOPlot™ bioinformatics ana-
lysis predicting several putative SUMOylation sites within Sp140 se-
quence (Supporting Information Fig. S1b), we investigated whether also
Sp140 was a SUMOylation substrate. We tested different cell lines for
SP140 expression and we chose Daudi cells as model system to study
endogenous Sp140, as they showed the highest SP140 mRNA levels
(Supporting Information Fig. S2a) and Sp140 protein expression in the
nucleus (Supporting Information Fig. S2b). To demonstrate that en-
dogenous Sp140 is modified by SUMO-1, Daudi nuclear extract lysate
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was immunoprecipitated using an anti-SUMO-1 antibody and rabbit
IgG as a control. Endogenous SUMO-1 immunoprecipitation, followed
by immunoblot analysis with an antibody against Sp140, revealed a
slower migrating, higher molecular weight band corresponding to the
SUMOylated Sp140 protein (Fig. 1a, lane IP) that was absent in the
control lane (lane IgG).

3.2. Mass spectrometry analysis enables identification of Sp140
SUMOylation sites

To date, the mass spectrometric identification of endogenous
SUMOylation sites within a substrate is hampered by the large SUMO-1
branched peptide produced upon tryptic digestion. Therefore, to un-
ambiguously identify SUMOylated peptides, we adopted a two-step
strategy previously applied for SUMO-2 detection [40]. Briefly, SUMO-
1 Threonine 95 was mutagenized into Lysine (SUMO-1T95K) to in-
troduce a Lys-C cleavage site upon enzymatic digestion producing a
shorter GlyGly (di-Gly) SUMO-1 signature peptide containing the ac-
ceptor Lysine of the target protein (Supporting Information Fig. S3a).
This strategy has also the advantage to avoid the identification of di-Gly
containing peptides derived from ubiquitination that can be produced
only by trypsin or Arg-C digestion. The di-Gly containing peptides are
then enriched with an anti-Lys-di-Gly (KεGG) antibody and sequenced
by mass spectrometry (MS) (Supporting Information Fig. S3b). As len-
tiviral infection of His6-SUMO-1T95K in Daudi had a very low efficiency,
we selected HEK293T cells, which do not express endogenous SP140
(Supporting Information Fig. S2a), as model system to investigate
Sp140 SUMOylated sites. We transfected HEK293T cells with FLAG-
Sp140 vector and we verified that the overexpressed protein behaves
like the endogenous one, localizing to nuclear dots not overlapping
with PML nuclear bodies, as observed for endogenous Sp140 in Daudi
cells (Supporting Information Fig. S4a,b). Next, HEK293T cells were
infected for the stable expression of His6-SUMO-1T95K and then trans-
fected to overexpress FLAG-Sp140 (Supporting Information Fig. S4c).
Enrichment of His6-SUMO-1T95K modified proteins through NiNTA af-
finity purification revealed the presence of two slower migrating bands
corresponding to the SUMOylated fractions of Sp140 (Fig. 1b), con-
firming the results on endogenous Sp140 in Daudi cells (Fig. 1a). To
precisely identify the SUMOylation sites within Sp140 sequence, we
performed Lys-C digestion, followed by immunoprecipitation of di-Gly
peptides and subsequent LC-MS/MS analysis (Supporting Information
Fig. S3b). Herewith, we identified 13 SUMOylation sites in the full-
length protein (Table 1, third column), whereby 6 were in agreement
with the SUMOplot™ prediction.

The highest scored SUMO site predicted by SUMOplot™ (K735) was
not identified by Lys-C digestion, but it was found in an independent
experiment performed using Trypsin digestion (Table 1, the fourth
column). This might be due to the length of the di-Gly peptide gener-
ated by Lys-C digestion, which prevents its identification by MS. In
conclusion, the SUMOylation sites identified by MS span along the
entire Sp140 sequence, mapping around the NLS, within the SAND
domain and, most interestingly, within the BRD (K769, K808) (Table 1,
Fig. 1c). K769 and K808 are in optimal position for post-translational
modifications, as they are highly accessible and located on the flexible
ZA (K769) and BC (K808) BRD loops (Fig. 1d), the latter in a position
reminiscent of one of the sites identified in PHD-BRDKap1/Trim28 [27].

3.3. PHD-BRDSp140 is SUMOylated in vitro

The identification of two SUMOylation sites within the BRD sup-
ports the notion that this domain constitutes a suitable target for
SUMO-1 conjugation. Therefore, as a step forward in the molecular
understanding of Sp140 as SUMOylation substrate, we focused our at-
tention on its PHD-BRD cassette and asked whether the isolated tandem
domain, similarly to PHD-BRDKap1/Trim28 [27] could be SUMOylated.
We thus performed in vitro SUMOylation reactions using equal amounts

Fig. 1. Sp140 nuclear protein is SUMOylated.
(a) Immunoprecipitation of endogenous SUMO-1 in Daudi cells was performed
with SUMO-1 antibody. Unrelated antibody (IgG) was used as negative control.
The immuno-precipitated lysate was probed with anti-Sp140 antibody (upper
panel) and with an anti-SUMO-1 antibody (bottom panel). The asterisk (*) in-
dicates Heavy Chain (HC). The arrow indicates Sp140 SUMOylated fraction.
Total lysate (Input), flow-through (FT), immunoprecipitation (IP). (b) Nickel
Nitrilotriacetic acid affinity (NiNTA) purification was performed on HEK293T
cells infected with His6-SUMO-1T95K, transfected or not (control) with FLAG-
Sp140 vector and probed against Sp140. The arrows indicate Sp140
SUMOylated fractions. Total lysate (Input), Affinity enrichment of His
SUMOylated proteins (NiNTA). (c) Sp140 domain architecture: CARD (Caspase
activation and recruitment domain), SAND (Sp100, AIRE-1, NucP41/45, and
DEAF-1 domain), PHD finger (plant homeodomain), BRD (Bromodomain) do-
mains. Red stars indicate Lys-C-cleaved SUMOylation sites as determined by MS
in cells. (d) Cartoon representation of PHD-BRDSp140 structure (PDB ID: 6G8R)
highlighting in blue and grey the PHD and BRD domains, respectively. Zn2+

ions are represented in spheres. K769 and K808 SUMOylation sites, located
respectively on the so-called ZA and BC loops, are represented in cyan sticks.
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of recombinant His6-GST-PHD-BRDSp140 (SP140PB) and His6-SUMO-1
plus all the components of the SUMOylation pathway (Fig. 2a–d).

Herein, amongst several bands corresponding to multimeric forms

of SP140PB (likely due to the high protein concentration in the reac-
tion) present in all lanes and to intermediates of the SUMOylation re-
action, we observed a slow migrating band (~66 kDa), decorated by
both anti GST (Fig. 2b) and anti SUMO antibodies (Fig. 2c), consistent
with the conjugation to SP140PB (~48 kDa) of one His6-SUMO-1
moiety (~18 kDa), whose formation was time dependent (Supporting
Information Fig. S5a,b). Negative control reactions without the SU-
MOylation enzymes E1 or E2 (Ubc9) did not show any SUMOylation
product. Importantly, in vitro SUMOylation reaction on the isolated His-
GST tagged PHD finger of Sp140 (SP140PHD) did not present any
evidence of SUMO-1 conjugation, in agreement with SUMOplot™ pre-
dictions and MS data (Fig. S5c, Table 1), thus supporting the notion that
the PHD domain of Sp140 is not a substrate of SUMO-1. Conversely,
mutations into Arginine of both K769 and K808 SUMOylation sites
(SP140PB-K769R-K808R), located on the flexible ZA and BC BRD loops,
abrogated SUMO-1 conjugation (Fig. 2e). Taken together, MS data and
reconstituted SUMOylation reactions clearly show that the BRD within
the context of full length Sp140 and of the isolated PHD-BRDSp140

tandem domain is a suitable SUMOylation target both in cells and in
vitro.

3.4. PHD-BRDSp140 and PHDSp140 interact with Ubc9 and SUMO-1

Next, we used NMR to assess PHD-BRDSp140 direct interaction with
the fundamental components of the SUMOylation reaction (Ubc9 and
SUMO-1). To this aim we produced 15N labelled PHD-BRDSp140. The
good peaks dispersion of the 1H-15N Trosy-HSQC spectrum indicated
that the domain was folded. Superposition of the 2D 1H-15N-HSQC
spectra of PHD-BRDSp140 and PHDSp140 alone showed that the PHDSp140

finger was strongly influenced by the BRDSp140 presence, as only few
peaks of the PHDSp140 alone matched with those of the tandem domain
(Supporting Information Fig. S6a,b). This observation is in agreement
with the presence of extensive hydrophobic interactions between
PHDSp140 and the adjacent BRDSp140, which together form an integrated
structure (Supporting Information Fig. S6c). At variance to PHDSp140,

Table 1
Sp140 is SUMOylated at multiple sites. Identification of SUMOylation remnant peptides within FLAG-Sp140 protein expressed in HEK293T cells infected with His6-
SUMO-1T95K. Some identified SUMOylation sites overlap with those predicted by SUMOplot™, whereas others are non-canonical (np=not predicted). For each
identified GlyGly (di-Gly) peptide are reported: Gly-Gly positioning probabilities on Lysine (indicated in brackets), GlyGly (di-Gly) peptide position within Sp140
sequence, Posterior Error Probability (PEP) of the identified peptides after Lys-C digestion, Posterior Error Probability (PEP) of the identified peptides after Lys-
C+Trypsin digestion and SUMOplot™ score.

GlyGly (K) probabilities GlyGly (K) position PEP Lys-C PEP Lys-C+Trypsin SUMOPlot score

LLPYGK(1)QENSNACHEMDDIAVPQEALSSSPR 162 – 0.000336325 0.67
CEPGFSSESCEQLALPK(1)AGGGDAEDAPSLLPGGGVSCK 204 – 4.58E-61 0.43
AGGGDAEDAPSLLPGGGVSCK(1)LAIQIDEGESEEMPK 225 5.56E-08 3.80E-27 np
LAIQIDEGESEEMPK(1)LLPYDTEVLESNGMIDAAR 240 – 4.17E-38 np
EK(1)YQESPEGRDKETFDLK 287 0.00000659 1.27E-07 np
YQESPEGRDK(1)ETFDLK 297 0.00000257 6.21E-69 np
ETFDLK(1)TPQVTNEGEPEK 303 2.74E-26 3.98E-75 0.8
CGSVSCLSAETFDLK(1)TPQVTNEGEPEK 303 – 2.85E-15 0.8
TESDQACGTMDTVDIANNSTLGK(0.982)PK(0.018) 467 – 2.10E-08 np
TESDQACGTMDTVDIANNSTLGK(0.166)PK(0.834)R 469 – 0.000604775 np
ADGQVVSSEK(0.974)K(0.026) 508 0.000351 4.08E-06 np
K(1)ANVNLK 509 0.000305 3.69E-15 np
ANVNLK(1)DLSK 515 0.000367 5.97E-06 np
RGK(1)PGTRFTQSDRAAQK 527 0.008314 – 0.5
K(0.998)HK(0.002)DETVDFK 550 2.64E-74 np
HK(1)DETVDFK 552 0.044537 5.82E-49 0.52
HKDETVDFK(1)APLLPVTCGGVK 559 0.013456 1.92E-05 0.74
APLLPVTCGGVK(0.998)GILHK(0.002) 571 – 0.000863385 np
K(1)LQQGILVK 578 – 0.000138752 np
CIQTEDGK(1)WFTPTEFEIK 594 0.015629 1.73E-37 0.32
RILK(1)SQNNSSVDPCMR 649 – 0.00952374 np
MK(1)ESPGSQQCCQESEVLER 709 – 0.0303255 np
QMCPEEQLK(1)CEFLLLK 735 – 1.72E-20 0.91
IPYYYYIREACQGLK(1)EPMWLDK 769 1.45E-10 0.000973155 0.8
RLNEHGYPQVEGFVQDMRLIFQNHRASYK(0.929)YK(0.071) 808 3.57E-11 – np
YK(1)DFGQMGFR 810 – 6.89E-13 np

Fig. 2. PHD-BRDSp140 is SUMOylated in vitro.
In vitro SUMOylation reaction of immobilized His6-GST-PHD-BRDSp140

(SP140PB) incubated for 120min at 30 °C with His6-SUMO-1 (2-fold excess), as
shown by (a) Ponceau staining, (b) anti-GST, (c) anti-SUMO-1 and (d) anti-
Ubc9 immunoblot analysis. Bands corresponding to the unmodified and
SUMOylated protein are indicated with arrows. Reactions without E1 or E2
(Ubc9) enzymes were used as controls. (e) In vitro SUMOylation of immobilized
SP140PB wild type and K769R-K808R mutant (SP140PB-K769R-K808R).
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the isolated BRDSp140 (both in His-tagged and GST form) was not so-
luble, supporting a role for PHDSp140 in shielding BRDSp140 exposed
hydrophobic residues. However, several peaks in the 1H-15N Trosy-
HSQC of PHD-BRDSp140 suffered of line-broadening effects, most likely
deriving from conformational exchange phenomena (Supporting
Information Fig. S6d). Accordingly, enhanced carbon R2 relaxation
rates of several resonances in triple resonance experiments hampered
backbone assignment of the tandem domain. Nevertheless, the spectra
were sufficiently well resolved to observe a substantial number of PHD-
BRDSp140 backbone amide resonances in the 1H-15N Trosy-HSQC spec-
trum shifting or disappearing upon Ubc9 addition (Fig. 3a,b). These
effects, in strong analogy to BRD-PHDKap1/TRIM28 [27], suggested the
presence of slow-intermediate exchange phenomena in the NMR time
scale, indicative of low micro-molar binding affinity. Similarly to
PHDKap1/TRIM28 [41], the isolated PHDSp140 was also able to weakly
interact with Ubc9, as proved by small but significant chemical shift

perturbations (CSPs) upon addition of Ubc9 to 15N PHDSp140 (Sup-
porting Information Fig. S7a,b).

When mapped on PHD-BRDSp140 structure (PDB ID: 6G8R),
PHDSp140 residues showing significant CSP (N662, E665, C666, E667,
F685, H686, H690, I691, C703, C706) clustered around the Zn2+ co-
ordination sites and on the side facing the BRD in the tandem domain
context (Fig. 3c). This interaction surface was reminiscent of the one
observed for PHD-BRDKap1/TRIM28, where the Zn2+ binding residues of
the PHD finger and part of its interface with the adjacent BRD domain
were mostly affected, implying a structural rearrangement of the
tandem domain to accommodate Ubc9 [27,41]. Reversed NMR titra-
tions, performed adding PHD-BRDSp140 (Fig. 4a,b) or PHDSp140

(Fig. 4d,e) into 15N labelled Ubc9, confirmed binding, as assessed by
peaks disappearance and CSPs, mainly around the Ubc9 catalytic C97
(Fig. 4c,f).

Finally, line-broadening effects along with small but significant

Fig. 3. 15N PHD-BRDSp140 interacts with Ubc9 and SUMO-1.
(a) Superposition of the 1H-15N Trosy-HSQC spectra of 0.38mM 15N PHD-BRDSp140 without (black) and with (red) 1.5-fold excess of Ubc9. (b) A zoomed region of the
overlaid spectra showing peaks shifting or disappearing. (c) Surface and cartoon representation of PHD-BRDSp140, PHDSp140 residues with CSP > AVG+ σcorr upon
Ubc9 addition are labelled and highlighted in red (d) Superposition of the 1H-15N Trosy-HSQC spectra of 0.38mM 15N PHD-BRDSp140 without (black) and with (red)
1.5-fold excess of SUMO-1. (e) Zoomed region of the overlaid spectra showing peaks shifting or disappearing. (f). Surface and cartoon representation of PHD-
BRDSp140, PHDSp140 residues with CSP > AVG+ σcorr upon SUMO-1 addition are labelled and highlighted in red.
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CSPs observed in NMR titrations of SUMO-1 into 15N PHD-BRDSp140

(Fig. 3d,e) and 15N PHDSp140 (Supporting Information Fig. S7c,d)
proved interaction with SUMO-1. PHDSp140 residues significantly af-
fected by SUMO-1 binding (N662, D664, E665, C666, F676, E697,
R698, N702, F705, C706, K709) when mapped on the PHD-BRDSp140

(Fig. 3f) partially differed from the one involved in Ubc9 interaction, in
line with the ability of PHD fingers to work as structural hubs for
multiple interactions [42–45]. Collectively, these results support the
notion that the PHD finger and the PHD-BRDSp140 cassette can work as
suitable docking platform for the fundamental components of the SU-
MOylation machinery.

3.5. The PHD finger integrity is required for the SUMOylation of the
adjacent BRD domain

To assess the functional importance of the structural integration
between PHD and BRD tandem domains, we asked whether the PHD
finger within the context of the PHD-BRDSp140 cassette was necessary to
promote the SUMOylation of the adjacent BRD domain. Indeed pre-
vious in vitro SUMOylation experiments performed on PHD-BRDKap1/

Trim28 showed that the PHD finger integrity was required to promote
intramolecular BRD SUMOylation [41]. To verify this hypothesis, we
performed in vitro SUMOylation of His6-GST-PHD-BRDSp140 (SP140PB)

Fig. 4. 15N Ubc9 interacts with PHD-BRDSp140 and PHDSp140.

(a) Overlaid 1H-15N HSQC spectra of 0.1 mM 15N Ubc9 without (black) and with (red) 4-fold excess of PHD-BRDSp140 In the inset is represented a zoomed region of
the overlaid spectra, with residues showing peaks displacement/disappearance upon binding. (b) Histograms showing the averaged amide CSPs observed for 15N
Ubc9 residues upon PHD-BRDSp140 addition. Missing bars correspond to either prolines or to amides exchanging with the solvent. The triangles indicate peaks
disappeared upon binding. Residues with CSP > AVG+ σcorr (horizontal line) are labelled. (c) Surface representation of Ubc9 (PDB ID:1A3S), residues showing
significant CSP (CSP > AVG+ σcorr) upon PHD-BRDSp140 addition are reported in red, the catalytic C97 is reported in yellow and explicitly labelled. (d) Overlaid
1H-15N HSQC spectra of 0.1 mM 15N Ubc9 without (black) and with (red) 4-fold excess of PHDSp140. In the inset is represented a zoomed region of the overlaid
spectra, with residues showing peaks displacement/disappearance upon binding. (e) Histograms showing the averaged amide CSPs observed for 15N Ubc9 residues
upon PHDSp140 addition. Missing bars correspond to either prolines or to amides exchanging with the solvent. The triangles indicate peaks disappeared upon binding.
Residues with CSP > AVG+ σcorr (horizontal line) are labelled. (f) Surface representation of Ubc9 (PDB ID:1A3S), residues showing significant CSP
(CSP > AVG+ σcorr) upon PHDSp140 addition are reported in red, the catalytic C97 is reported in yellow and explicitly labelled.
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after having treated it with 100 μMN,N,N′,N′-tetrakis (2-pyr-
idinylmethyl)-1,2-ethanediamine (TPEN). TPEN is a well-established
Zn2+-chelator, commonly used to destabilize PHD fingers or RING
fingers working as E3 ligase [46]. Indeed TPEN destabilized the Zn2+-
dependent PHDSp140 fold while maintaining the BRD integrity, as
shown by CD and NMR spectroscopy (Supporting Information Fig
S8a,b,c). As a consequence, PHD finger destabilization by TPEN abro-
gated its interaction with Ubc9, as indicated by the absence of pertur-
bations in the 1H-15N HSQC spectrum of TPEN-treated 15N PHDSp140

upon Ubc9 addition (Supporting Information Fig. S8d). Accordingly,
sample pre-treatment with TPEN abrogated in vitro SUMOylation of
Sp140PB, as pointed out by the absence of the high molecular weight
SUMO-1 conjugate (Fig. 5, Supporting Information Fig. S9a). Of note,
TPEN pre-treatment of the well-known positive control substrate GST-
RanGAP1 fragment did not affect substrate SUMOylation (Supporting
Information Fig. S9b), thus excluding any TPEN interference in E1 or E2
enzymatic activities. Collectively, these data indicate that in the context
of the PHD-BRDSp140 cassette the PHDSp140 integrity is required as Ubc9
docking surface for the SUMOylation of the adjacent BRD.

4. Conclusions

As a contribution to Sp140 molecular characterization, we have
reported here for the first time, that endogenous Sp140 is a SUMO-1
target. Moreover, using a sophisticated proteomic strategy we have
provided the first site-specific molecular evidence that Sp140 is a strong
substrate for multiple SUMO-1 conjugation. We identified 13
SUMOylation sites distributed along the entire protein sequence be-
tween and within its chromatin binding domains SAND and BRD,
suggesting a modulatory effect of Sp140 chromatin recruitment upon
SUMOylation. In particular, in vitro SUMOylation experiments and NMR

titrations performed on PHD-BRDSp140 cassette demonstrated that this
tandem domain is an interaction platform suitable for SUMOylation,
whereby the PHD finger works as a versatile protein-protein interaction
module assisting intramolecular SUMOylation of the adjacent BRD.
Interestingly, very recently a direct involvement of PHD fingers in
SUMOylation reactions has been also observed in other PHD-BRD
containing proteins, such as TRIM24 [24], or the CREB-binding protein
catalytic core. In the latter, NMR titrations and in vitro SUMOylation
assays demonstrated that BRD, PHD, and ZZ domains function in sy-
nergism as SUMO E3 ligase to promote intramolecular SUMOylation of
the cysteine rich domain CRD1 [47]. Collectively, our results
strengthen the concept that combinatorial association of chromatin
binding domains, such as PHD and BRD domains, generates a multi-
faceted interaction scaffold, whose function goes beyond the canonical
histone binding activity. SUMOylation is turning out as a general im-
portant process in the regulation of immunity [48] and in a broader
context, as a many-sided PTM that can cross-talk with other chromatin
epigenetic modifications, herewith regulating gene expression [24].
Moreover, multi-SUMOylation is emerging as a new mechanism for the
specific recruitment of coregulatory proteins that contain multi-SUMO
Interaction motifs (SIMs) [49]. The addition of Sp140 to the increasing
lists of multi-SUMOylated proteins opens therefore new perspectives for
molecular studies on Sp140 transcriptional activity, where multi-SU-
MOylation could represent a regulatory route and a docking surface for
the recruitment and assembly of leukocyte-specific transcription reg-
ulators endowed with multi-SIMs. In conclusion, this work and a pre-
vious study, demonstrating PIN1-mediated peptidyl-prolyl isomeriza-
tion upon threonine phosphorylation of PHDSp140 E3 loop [32], support
the notion that Sp140 is regulated by post-translational modifications.
More work is needed to further explore how these PTMs orchestrate
Sp140 cellular function.
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