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SUMOylation is a critical regulator of a broad range of
cellular processes, and is thought to do so in part by
modulation of protein interaction. To comprehensively
identify human proteins whose interaction is modulated
by SUMOylation, we developed an in vitro binding assay
using human proteome microarrays to identify targets of
SUMO1 and SUMO2. We then integrated these results
with protein SUMOylation and protein-protein interaction
data to perform network motif analysis. We focused on a
single network motif we termed a SUMOmodPPI (SUMO-
modulated Protein-Protein Interaction) that included
the INO80 chromatin remodeling complex subunits TFPT
and INO80E. We validated the SUMO-binding activity of
INO80E, and showed that TFPT is a SUMO substrate both
in vitro and in vivo. We then demonstrated a key role for
SUMOylation in mediating the interaction between these
two proteins, both in vitro and in vivo. By demonstrating a
key role for SUMOylation in regulating the INO80 chroma-
tin remodeling complex, this work illustrates the power of
bioinformatics analysis of large data sets in predicting
novel biological phenomena. Molecular & Cellular Pro-
teomics 16: 10.1074/mcp.M116.063719, 812–823, 2017.

The functional protein microarray is a powerful and versatile
systems biology and proteomics tool that allows the profiling
of the activity of thousands of proteins in parallel. Applications

of functional protein microarrays range from the profiling of
protein interactions, construction of enzyme-substrate net-
works, and identification of novel enzymatic activities. Since
the development of the yeast proteome microarray over 15
years ago (1), more recent work has seen the development of
complete and near-complete proteome arrays representing
viruses, bacteria and plants (2–4). However, most existing
human protein microarrays are comprised of only a minority of
the human proteome (5–9). We have recently developed a
human proteome microarray, the HuProt array, which in-
cludes �17,000 full-length human proteins (10). The proteins
used to generate this microarray were expressed in yeast and
purified under native conditions. Expressing recombinant eu-
karyotic proteins in yeast improves the likelihood that proteins
will retain their biological activity relative to prokaryotic and in
vitro expression systems.

Numerous studies have harnessed the power of the HuProt
array to profile a wide range of protein activities, including
protein-protein interactions (11, 12), protein-RNA interactions
(13, 14), analysis of monoclonal antibody specificity (10), bio-
marker discovery (15), identification of substrates of protein
kinases (16), and S-nitrosylation (17).

Recently, we have conducted SUMOylation assays using
the HuProt microarray to identify numerous previously un-
characterized SUMO E3 ligase-dependent substrates using a
subset of human SUMO E3 ligases.1 Protein SUMOylation is
an essential post-translational modification in most organ-
isms, including yeast (19), C. elegans (20), Arabidopsis (21),
and mice (22, 23). The reversible SUMO-modification of target
proteins involves an enzymatic cascade chemically similar to
ubiquitylation, involving E1 activating, E2 conjugating, and E3
ligating enzymes, and SUMO proteases. As the only classes
of SUMOylation enzymes for which multiple members have
been identified, the SUMO E3 ligases and the SUMO pro-
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teases have been proposed to be the major factors determin-
ing substrate specificity.

Although SUMOylation can regulate a diverse array of pro-
tein activities, at the molecular level SUMOylation alters pro-
tein surfaces and their ability to interact with other proteins
(23). It has been proposed that SUMO acts like a “molecular
glue” that mediates noncovalent interactions between modi-
fied substrates and SUMO-binding proteins (24). This is illus-
trated by the interaction between the promyelocytic leukemia
(PML) protein and thymine DNA glycosylase (TDG), in which
SUMO-modification as well as SUMO-interaction motifs
(SIMs)2 on both proteins contribute to binding (24). Similarly,
SUMO1 modification of RanGAP1 promotes its interaction
with RanBP2 (25). The canonical SIM contains a hydrophobic
core consisting of four hydrophobic amino acids that can be
either preceded or followed by multiple negatively charged
amino acids. Recently, other protein motifs have been shown
to mediate SUMO-binding, including MYM-type and ZZ-type
zinc finger domains (26, 27).

Previous efforts to identify SUMO-binding proteins were
limited either by their focus on a small number of cell or tissue
types, or else were restricted to identifying nuclear proteins
that bound to only a single SUMO isoform (24, 28, 29). One
such study relied on the use of an MS-coupled pulldown (30),
whereas others used yeast two-hybrid analysis, which typi-
cally correlates only moderately well with biochemical protein-
protein interaction assays (24, 28). These methods, although
powerful, often do not distinguish between direct and indirect
interactions.

For our studies, we utilized the HuProt microarray contain-
ing �17,000 individually purified human proteins, thus avoid-
ing bias in favor of a particular cell or tissue type or subcellular
compartment, and allowing identification of direct and/or low-
abundance target proteins. We also looked at binding to both
SUMO1 and SUMO2 monomers, as well as SUMO1 and
SUMO2 trimers, which were used as model SUMO chains.
Our data set represents a nearly 2-fold increase in the number
of known SUMO-interacting proteins. The vast majority of
these proteins had not been previously reported as having
SUMO binding activity.

To use our data set to make novel predictions about
SUMOylation function, we integrated our SUMO-binding and
SUMOylation data with protein-protein interaction data from
publicly available databases to perform network motif analy-
sis. We identified 21 three-component network motifs. Nine of
these network motifs were significantly enriched in this data
set, whereas four network motifs were significantly depleted.
We focused on a single network motif containing a SUMO-
binding protein and a SUMO-modified protein that were pre-
viously reported to interact, along with SUMO itself (31, 32).
This specific network motif suggests a potential role for
SUMO in modulating the protein-protein interaction between

the other two nodes; and we thus termed this motif a SUMO-
modPPI (SUMO-modulated Protein-Protein Interaction). We
then validated an example of this network motif that com-
prised the INO80 chromatin remodeling complex subunits
INO80E and TFPT, along with SUMO2. We found that TFPT
could be SUMOylated in transfected cells and identified the
relevant SUMOylation site on the protein. We also validated
the SUMO-binding activity of INO80E and identified the region
of INO80E important for this interaction. Finally, we demon-
strated that SUMO helps facilitate the interaction between
INO80E and TFPT. This work demonstrates the power of
integrative analysis of large data sets in predicting novel bio-
logical phenomena.

MATERIALS AND METHODS

SUMO Binding Assay on Human Proteome Microarrays—
SUMO binding experiments were conducted with four probes
representing the SUMO1, SUMO2, and the SUMO1 and
SUMO2 trimers, all in triplicate. Protein chips were incubated
overnight in blocking buffer (20 mM HEPES-KOH pH 7.3, 100
mM potassium acetate, 2 mM magnesium acetate, 1 mM

EGTA, 0.05% Tween-20, 2% BSA) at 4 °C. Chips were then
incubated with SUMO1 or SUMO2 monomer or trimer in
assay buffer (20 mM HEPES-KOH pH 7.3, 100 mM potassium
acetate, 2 mM magnesium acetate, 1 mM EGTA, 0.05%
Tween-20) for 1 h at room temperature. Following incubation
with SUMO, chips were washed 3� with assay buffer and 3�

with PBS, followed by incubation with DyLight 549-anti-
SUMO1 (21C7) or DyLight 649-anti-SUMO2 (8A2). Negative
control experiments were done in parallel using antibodies
only without SUMO. Chips were then washed 3� with 1�

TBS with 0.05% Tween-20, 1� with water, then spun to dry
and scanned.

Immunoprecipitation and Immunoblotting—HEK 293T cells
were transfected with Fugene 6 (Promega Madison, WI) and
HCT 116 cells were transfected with Fugene HD (Promega).
Both cell types were plated in 6-well plates, and harvested
24–48 h following transfection. In order to detect protein
SUMOylation, cells were washed with 1X PBS, then lysed in
SUMO IP lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2
mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 20
mM N-ethyl-maleimide, 1% SDS, and Roche protease inhibi-
tor mixture) for 10 min at 4 °C. Then SUMO IP binding buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100, 0.5% sodium deoxycholate) was then added to dilute
the lysate 10-fold, and lysates were transferred to cold micro-
centrifuge tubes. Cells were then sonicated on ice and cen-
trifuged at 15,000 � g at 4 °C for 10 min. Soluble cell lysates
were incubated with Dynabeads (Life Technologies Carlsbad,
CA) pre-bound to either anti-Flag (F1804, Sigma St. Louis,
MO), anti-myc (R95025, Life Technologies), or anti-V5 (R9605,
Life Technologies) antibodies for 2 h at 4 °C and washed 3
times with SUMO IP wash buffer (50 mM Tris-HCl pH 7.4, 150
mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.5% sodium deoxy-2 The abbreviations used are: SIM, SUMO-interaction motif.
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cholate, and 0.1% SDS). Bound proteins were eluted with 1�

LDS-sample buffer (NP0008, Life Technologies) with 5% be-
ta-mercaptoethanol. In order to look at protein interactions
between INO80E and TFPT by coimmunoprecipitation, cells
were transfected and harvested as above, but lysed in INO80
lysis buffer (40 mM HEPES-NaOH pH 7.9, 0.3 M NaCl, 0.2%
Triton X-100, and 10% glycerol), followed by centrifugation.
Lysate supernatants were then bound to Dynabeads linked to
anti-FLAG or anti-V5 for 2 h at 4 °C and then washed 3� with
INO80 wash buffer (40 mM HEPES-NaOH 7.9, 0.25 M NaCl,
0.2% Triton X-100, and 10% glycerol). In both immunopre-
cipitation to detect SUMOylated proteins and coimmunopre-
cipitation experiments to detect interacting proteins, samples
were resolved on 4–12% NuPage Bis-Tris gels (Life Technol-
ogies) in MES buffer and subject to immunoblotting using
HRP-anti-V5 and HRP-anti-myc antibodies (Life Technologies).

Recombinant Proteins—GST, GST-tagged SUMO1, SUMO2,
and SUMO1 and SUMO2 trimers were expressed in bacteria
and GST-INO80E was expressed in yeast. All GST-tagged
proteins were purified by affinity chromatography on glutathi-
one-Sepharose 4B beads (GE Healthcare Chicago, IL) ac-
cording to manufacturer’s instructions.

In Vitro Binding Assays—Recombinant GST, GST-tagged
SUMO1, SUMO2, or SUMO2 trimer were diluted into 100 �l of
1� PBS, 0.05% Tween 20 and incubated with either glutathi-
one-Sepharose or alternatively glutathione-coated 96-well
plates (Thermo Fisher Scientific, Waltham, MA). Following
overnight incubation at 4 °C, wells were blocked for 1 h at
room temperature with 2% bovine serum albumin in assay
buffer (20 mM HEPES-KOH pH 7.3, 100 mM potassium ace-
tate, 2 mM magnesium acetate, 1 mM EGTA, 0.05% Tween-
20). INO80E and TFPT were produced by in vitro transcription
and translation in rabbit reticulocyte lysate in the presence of
[35S] methionine according to manufacturer’s instructions
(Promega). In vitro translated proteins (10 �l) were diluted into
100 �l of assay buffer, when appropriate, incubated with
SUMO1 or SUMO2 and the SUMO E1 and E2 enzymes, then
incubated with the immobilized GST-tagged proteins for 1 h
at room temperature. Unbound proteins were removed by
washing, and bound proteins were eluted with SDS sample
buffer and resolved by SDS-PAGE and autoradiography.
Equal loading of immobilized proteins was verified by stain-
ing with SimplyBlue SafeStain (Life Technologies). Quantita-
tive binding was determined by scanning densitometry meas-
urements of radiolabeled protein relative to the amount of
binding partner protein as indicated by Coomassie stain.

In Vitro SUMOylation Assays—TFPT was produced by in
vitro transcription and translation in rabbit reticulocute lysate
in the presence of [35S] methionine according to manufactu-
rer’s instructions (Promega). Radiolabeled protein was then
incubated either with or without SUMO1 or SUMO2 and the
SUMO E1 and E2 enzymes for 1 h at 37 °C to yield a mixture
of SUMOylated and unmodified TFPT for subsequent binding
experiments.

Protein Microarray Data Analysis—To identify positive hits
for each chip, uninformative spots, such as those in damaged
or high-background regions of the chip, were first identified as
having a coefficient of variation (CV) value �1.5, and excluded
from analysis. A background correction was then applied to
the remaining spots, defined as the signal intensity (SI) value
of each spot as the odds ratio of the foreground median
divided by the background median. If a spot has a weak
signal, foreground median and background median signal
intensity will be similar, and its SI will thus be �1. To normalize
the signal, we assumed that true hits are relatively rare and
almost evenly dispersed in each block, thus we force each
block on a chip to have a median SI of 1. To be considered a
positive hit, the duplicate spots of each protein need to both
have signal intensities (foreground/background ratio) 5 S.D.
above the mean value. Additionally, positive hits need to be
detected in 2 out of 3 triplicate experiments to be considered
positive. Positive hits that were detected in negative control
chips were also excluded from analysis.

Network Motif Analysis—Protein microarray data from both
SUMO-binding experiments and SUMOylation experiments
(18) was integrated with protein-protein interaction data from
publicly available databases, including BioGRID, DIP, MIPS,
IntAct, and HPRD and network motifs were identified and
analyzed as previously described (38). The Z-value of a motif
is calculated as the difference of its observed occurrence in a
real network and its averaged occurrence in several hundred
random networks, normalized with the standard deviation.

RESULTS

Identification of SUMO-binding Partners Using HuProt Ar-
rays—Previous work reported that the first alpha helix and
second beta strand of both SUMO1 and SUMO2 can act as a
SUMO paralog recognition region that interacts with the SIMs
of SUMO paralog-specific binding proteins (26, 33, 34). Al-
though only a handful of SUMO paralog-specific binding pro-
teins have been identified to date, this suggests that more
paralog-specific binding proteins remain to be discovered. In
order to identify novel SUMO paralog-specific binding pro-
teins, we purified SUMO1 and SUMO2 monomers, as well as
SUMO1 and SUMO2 trimers, to be used as polySUMO chain
mimics (Fig. 1A). We then used these protein probes in a novel
human proteome microarray-based SUMO-binding assay
(Fig. 1B). For detection of SUMO binding proteins on the
HuProt microarrays, we prepared fluorescently labeled SUMO
isoform-specific monoclonal antibodies. We then performed
SUMO-binding assays in triplicate for each of the four probes.
Among 457 total SUMO binding proteins that were identified
by our assay, only 13 had been previously identified, among
270 previously known SUMO-binding proteins (supplemental
Data Set S1 and supplemental Fig. S1). Eleven of these 13
previously identified SUMO-binding proteins were found by
two SUMO2-focused affinity purification and mass spectrom-
etry based screens (29, 35). The four SUMO protein probes
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that we tested showed wide variation in their binding speci-
ficity (Fig. 2A). The SUMO2 monomer probe bound to the
largest number of proteins (306), as well as the largest number
of unique proteins (128). The SUMO1 trimer bound 197, the
SUMO1 monomer bound 183, and the SUMO2 trimer bound
139 proteins in total. The pairwise probe combinations of
SUMO1 trimer and SUMO2 monomer, and SUMO1 monomer
and SUMO2 monomer, each bound the largest number of
proteins (108). On the other hand, the SUMO1 trimer and
SUMO2 trimer bound to the smallest number of shared pro-
teins (66). Thirty-nine proteins bound to all four SUMO probes.

GO Analysis Reveals Potential New Function of SUMOyla-
tion—We next conducted gene ontology (GO) analysis on the
novel SUMO binding proteins (Fig. 2B). This analysis revealed
several notable properties of these proteins. With regard to
cellular component, we observed significant enrichment for
cytoplasmic localization among proteins that were bound by
all four probes. Considering that many previously identified
SUMO-modified proteins are localized to the nucleus, includ-
ing many transcription factors, this enrichment of cytoplasmic
proteins suggests that the importance of SUMOylation in the
cytoplasm may be underappreciated.

We also found that some GO categories that were selec-
tively enriched among proteins that bound to all 4 probes,
different combinations of 2 or 3 probes, or else a single probe.
For example, proteins associated with the GO categories of
“actin binding,” “catalytic activity” and “oxidoreductase ac-
tivity” were selectively enriched among targets bound by all 4
probes. A particularly surprising result of this analysis was the
finding that of all pairwise combinations of probes tested,
proteins that bound the SUMO1 trimer and SUMO2 monomer,
which are two of the most dissimilar probes, shared the
largest number of molecular function GO terms.

With regard to biological process, enriched GO terms com-
mon to proteins that bound all four probes included three
terms: “metabolic process,” “muscle contraction,” and “oxi-
dation reduction.” Among the proteins that we identified that
are associated with muscle contraction, including myoglobin,
myosin light chain 6B, sarcospan and alpha-1-syntrophin,
each of these contained at least one predicted canonical SIM.
Sarcospan and alpha-1-syntrophin are members of the dys-
trophin-glycoprotein complex (DGC), which plays a role in
membrane integrity and signal transduction in heart and skel-
etal muscle and links the actin cytoskeleton to various recep-
tors. Although a role for SUMO in muscle function has been
largely unexplored, skeletal muscle actin is SUMOylated and
altered cellular localization of SUMO1 has been observed in
skeletal muscle in response to physical exercise (36, 37). As
with molecular function, the SUMO1 trimer and SUMO2 mon-
omer binding proteins likewise shared the largest number
of GO categories compared with any other pairwise probe
combination.

Analysis of Integrated SUMO Networks—We recently con-
ducted SUMOylation assays using the HuProt microarray to

FIG. 1. Design of protein microarray-based assay for identifi-
cation of human SUMO binding proteins. A, (Top) SUMO1 and
SUMO2 protein surfaces generated using MacPyMOL with previ-
ously reported crystal structures (SUMO1 PDB ID 2PE6 and
SUMO2 PDB ID 4BKG). The surfaces corresponding to the first
alpha-helix and second beta-strand for both SUMO1 and SUMO2
are shown in color (nitrogens are shown in red, oxygens in blue and
carbons in green). This surface has been reported to be important
for interactions with other proteins. (Bottom) Cartoon showing 4
probes that were used in our experiments. SUMO1 and SUMO2
monomer probes were based on the proteolytically processed (ma-
ture) forms of SUMO1 and SUMO2. The SUMO1 and SUMO2 trimer
probes, described previously (Zhu 2008), were expressed as tri-
meric fusion proteins. B, Schematic of the SUMO-binding protocol
used with the human proteome microarray. C, Representative mi-
croarray images showing human proteome microarray visualized
with an antibody to GST, showing all proteins (left, in green), and an
antibody to SUMO2 following a SUMO-binding experiment with the
SUMO2 trimer (right, in red).

Global Identification of SUMO-Binding Proteins

Molecular & Cellular Proteomics 16.5 815



identify numerous previously uncharacterized SUMO E3 li-
gase-dependent substrates using a subset of human SUMO
E3 ligases (supplemental Data Set S2). We hypothesized that
by integrating our SUMO-binding data with our in vitro
SUMOylation data (18), as well as protein-protein interaction
data from publicly available databases, we could make novel
predictions about SUMOylation function. This combined data
set includes a total of 2910 high-confidence SUMOylation
substrates, 489 high-confidence SUMO binding proteins, and

6121 reported protein interactions for proteins that are either
SUMOylation substrates or SUMO binding proteins, or both.
The integration of these three types of data sets resulted in a
network of 2503 nodes, connected by 9520 edges. To gain
biological insights from this complex network, we searched
for tripartite network motifs that were statistically overrepre-
sented. These network motifs can be considered to be the
basic building blocks for the network and provide the infor-
mation underlying the design principle of SUMO-dependent

FIG. 2. Identification of SUMO binding proteins using human proteome microarrays. A, Venn diagram showing the number of
SUMO-binding experiment hits for each probe tested. B, Gene ontology analysis on proteins identified in our screen for SUMO-binding
proteins. Gene ontology categories that are significantly enriched among proteins that bound to one of our four probes are shown as a colored
box, color-coded by probe.
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networks. We can describe each network motif using two
parameters, n, the number of occurrences of the motif, and Z,
an enrichment score (Fig. 3, supplemental Fig. S4 and sup-
plemental Data Set S3). This enrichment score reflects the
difference between the observed occurrence of this network
motif in the integrated SUMOylation network and its expected
occurrence in a set of random networks (38). In these network
motifs, at least one node represents SUMO and at least one
node represents a protein from either the SUMO-binding or
SUMOylation data sets. These three proteins are then con-
nected by edges that represent one of three types of protein-
protein interaction, including (1) noncovalent SUMO-binding
identified in our assay or (2) covalent SUMOylation, or (3) a
protein-protein interaction from one of several publicly avail-
able databases. Among the 21 classes of tripartite network
motifs, we found nine enriched (Z�0) and four depleted (Z�0)
motifs (Fig. 3). One representative example is shown for each
class of the tripartite motif. For example, network motif class
10 represents two interacting proteins that are both SUMOylat-
ed. One such instance of this network motif includes the
proteins TWF2 and CAPZA2, which interact with each other
and are both SUMOylated by SUMO1. In total, we found
4,377 instances of this motif (n � 4377), and this number of

occurrences is significantly more than what we would expect
from a random network, as indicated by a positive enrichment
score (Z � 3.9).

INO80E, TFPT, and SUMO2 Form the SUMOmodPPI Net-
work Motif—We then selected one network motif that in-
cluded two proteins previously reported to interact and in-
cluded a novel SUMO-binding protein (this data set) and a
SUMOylated protein (38). This network motif immediately
suggests a potential role for SUMO in modulating this protein-
protein interaction and thus, we termed this network motif a
“SUMO-modulated protein-protein interaction” (SUMOmod-
PPI). One such SUMOmodPPI consists of the INO80 chroma-
tin remodeling complex subunits INO80E and TFPT, and
SUMO2 (Fig. 3). Our proteome microarray assay revealed that
INO80E binds specifically to the SUMO2 monomer and the
SUMO2 trimer. The other protein in this triad, TFPT, was
previously found to be specifically modified by SUMO2 in the
presence of the SUMO E3 ligases PIAS1 and PIAS3 (38). As a
candidate SUMOmodPPI, we hypothesized that SUMO may
play a role in modulating the interaction between INO80E and
TFPT. Before we could proceed with testing our hypothesis,
we first set out to validate their SUMO-binding and SUMOyla-
tion properties, using conventional assays.

FIG. 3. Network analysis of SUMO binding and SUMO-conjugated human proteins. Schematic of network motif analysis approach
showing the three data sets that were used and all the enriched and depleted network motifs. The “SUMOmod PPI” network motif that was
the focus of subsequent experiments is boxed in orange.
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INO80E Preferentially Interacts with SUMO2 Via Its SIM
Domain—First, we evaluated the binding of INO80E, trans-
lated in vitro in rabbit reticulocyte lysate in the presence
of [35S]-methionine, to immobilized GST-tagged SUMO1 or
SUMO2 polymers. We observed a strong interaction between
INO80E and the SUMO2 polymer in contrast to a very weak
interaction between INO80E and the SUMO1 polymer (Fig.
4A), in close agreement with our human proteome microarray
data.

Visual inspection of the amino acid sequence of INO80E
revealed a canonical SIM at the protein C terminus containing
a hydrophobic core “VIDI” preceded by three negatively
charged aspartate residues (Fig. 4B). In order to test whether
this predicted SIM was important for SUMO binding, we made
two mutant forms of the INO80E protein. In the first mutant,
we mutated the hydrophobic residues in the hydrophobic
core of the SIM to alanines (mtSIM). In the second mutant, we
made a truncation mutant that lacked the ten C-terminal
residues, including the hydrophobic core sequence and the
preceding negatively charged residues (�C10). The mtSIM
mutant showed a 70% reduction in binding of INO80E to
GST-SUMO2, whereas binding to GST-SUMO1 was un-
changed (Fig. 4C). However, although the INO80E truncation
mutant (�C10) lacking the ten C-terminal amino acids showed

a 20% reduction in binding to GST-SUMO1, it showed an
80% reduction in binding to GST-SUMO2, approaching the
lower limit of detection in our assay. This stands in contrast to
previous work reporting the importance of acidic residues
specifically in SUMO1 binding (28). This result demonstrates
the importance of both the charged and hydrophobic residues
in mediating interaction between INO80E and SUMO, both for
SUMO1 and, particularly, for SUMO2.

TFPT is SUMOylated at Lys216—Next, we turned to the
other protein in this network, TFPT, and tested whether it
could be SUMO-modified. Amino acid sequence analysis using
GPS-SUMO software (39) revealed the presence of a consen-
sus SUMOylation motif at K216 near the C terminus of the
protein. To test whether this lysine residue was important
for SUMOylation, we created a lysine-to-arginine TFPT mu-
tant, TFPTK216R. Then we conducted in vitro SUMOylation
assays by expressing TFPT in rabbit reticulocyte lysate in the
presence of [35S]-methionine, followed by incubation with or
without the E1 and E2 SUMOylation enzymes with either
SUMO1 or SUMO2 (Fig. 5A). When wildtype TFPT was incu-
bated with the SUMOylation enzymes and either SUMO1 or
SUMO2, we observed a strong band representing a 20-kDa
molecular weight shift consistent with a SUMO-modified form
of TFPT. However, when we incubated the in vitro translated
TFPTK216R with the SUMOylation enzyme cocktails in the
presence of either SUMO1 or SUMO2, no such shifted band
was observed. This observation indicated that Lys216 is the
major lysine residue for TFPT SUMO-modification by both
SUMO isoforms SUMO1 and SUMO2.

To validate this result in vivo, we tested the ability of TFPT
to be SUMOylated in transfected mammalian cells. We
cotransfected V5-tagged TFPT with or without myc-tagged
SUMO2 into HEK 293T cells, then immunoprecipitated V5-
TFPT using an anti-V5 antibody, followed by immunoblotting
using an anti-myc antibody to detect SUMOylated TFPT. In
the absence of myc-SUMO2, no bands were observed in the
anti-myc Western blot (Fig. 5B). However, when we cotrans-
fected SUMO2, we saw a strong band representing SUMO2-
modified TFPT. Next, we tested the ability of TFPTK216R to be
SUMOylated in mammalian cells. Although TFPTK216R was
expressed (see input anti-V5 blot) at equal levels and immu-
noprecipitated (see IP:V5/IB:V5 blot) with equal efficiency, we
failed to see any signals in the anti-myc blot, indicating that
TFPTK216R was not SUMOylated. This shows that Lys216 is
essential for SUMOylation of TFPT in mammalian cells.

TFPT SUMOylation at Lys216 is Enhanced by PIAS1 and
PIAS3 In Vivo—Our group had shown significant enhance-
ment of TFPT SUMOylation in the presence of the SUMO E3
ligases PIAS1 and PIAS3 using HuProt microarray based
SUMOylation assays (18). In order to test whether PIAS1 and
PIAS3 enhanced SUMOylation of TFPT in mammalian cells,
we cotransfected TFPT constructs with either FLAG-tagged
PIAS1 or untagged PIAS3 constructs (Fig. 5B). In cells
cotransfected with TFPT, SUMO2 and PIAS1 constructs, we

FIG. 4. INO80E binds to SUMO1 and SUMO2 through a C-ter-
minal SIM domain. A, Cartoon showing INO80E, the location of the
SUMO interaction motif (SIM) at the C-terminus of the protein, and the
two SIM-deficient INO80E mutants generated for this study. B, Re-
sults from in vitro binding assay. INO80E, the INO80E SIM mutant and
the INO80E�C10 were generated by in vitro translation in the pres-
ence of [35S]-methionine and incubated with glutathione sepharose-
bound GST-SUMO1 and GST-SUMO2. C, INO80E mtSIM shows
reduced binding to GST-SUMO2, but not GST-SUMO1.
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observed a strong signal corresponding to mono-SUMO-
ylated TFPT with several additional bands representing several
higher molecular weight forms of SUMOylated TFPT, presum-
ably because of either poly SUMOylation at multiple lysine
residues or modification by polymeric SUMO2. However, in
cells cotransfected with TFPTK216R, SUMO2 and PIAS1 con-
structs, the anti-myc immunoblot showed only weak signal
corresponding to the highest range of molecular weights.
Consistent with our above observation, Lys216 is the major
site in TFPT to be SUMOylated by PIAS1. Finally, we tested
the ability of TFPT SUMOylation to be enhanced by the SUMO
E3 ligase PIAS3. As with PIAS1, we saw a strong band rep-
resenting mono-SUMOylated TFPT as well as a laddering
band pattern representing several higher molecular weight
forms of SUMOylated TFPT. This pattern was not observed
when transfecting TFPTK216R. Taken together, these results
indicate that both SUMO E3 ligases PIAS1 and PIAS3 could
effectively enhance TFPT’s SUMOylated on Lys216 in mam-
malian cells, and that PIAS1 and PIAS3 could further stimulate
formation of higher molecular weight forms of SUMOylated
TFPT.

SUMOylation Enhances Interaction Between TFPT and
ION80E—INO80E and TFPT are known subunits of the human
INO80 chromatin-remodeling complex and interact with the
N-terminal domain of the INO80 ATPase (31). The SUMOmod-
PPI network motif containing INO80E, TFPT and SUMO2

predicts that SUMOylation may enhance interaction between
INO80E and TFPT. Considering that the INO80E C-terminal
SIM is important for the ability of INO80E to interact with
SUMO2, and that TFPT is modified by SUMO2, we hypothe-
sized that the INO80E SIM may mediate the interaction be-
tween INO80E and SUMOylated TFPT. In order to test this
hypothesis, we conducted an in vitro binding assay to allow
us to measure binding between INO80E and SUMO-modified
TFPT. We first generated recombinant radiolabeled TFPT us-
ing in vitro translation in the presence of [35S]-methionine,
then incubated the reaction with or without SUMO1 or
SUMO2 and the E1 and E2, to give us a mixture of unmodified
and SUMO-modified TFPT (Fig. 6A). We then used the result-
ing protein mixture to conduct binding assays with purified
recombinant GST-INO80E bound to glutathione Sepharose.
Although the mixture of TFPT and SUMO2-modified TFPT
forms contained a larger fraction of the unmodified form than
the SUMOylated form, following binding to GST-INO80E, we
only recovered the SUMO2-modified form of TFPT, suggest-
ing that INO80E preferentially interacts with the SUMOylated
form of TFPT.

When we conducted a binding reaction using the
INO80E�C10 mutant lacking the C-terminal SIM, we saw a
reduction in the recovery of SUMOylated TFPT. We then
repeated this experiment in triplicate. We found a significant
reduction in binding of the INO80E�C10 mutant to the SUMO2-

FIG. 5. PIAS1 and PIAS3 induce
modification of TFPT by SUMO2. A,
Results from in vitro SUMOylation assay
for TFPT. Wildtype TFPT and the K216R
mutant were translated in vitro in the
presence of [35S]-methionine and incu-
bated either with or without the E1 and
E2 SUMOylation enzymes, and with ei-
ther SUMO1 or SUMO2. B, Results from
the in vivo SUMOylation assay for TFPT.
HEK 293T cells were cotransfected
with TFPT and the K216R mutants both
in the presence or absence of SUMO2,
and in the presence or absence of ei-
ther PIAS1 or PIAS3. We immunopre-
cipitated V5-tagged TFPT and immuno-
blotted against myc-tagged SUMO2 to
detect SUMOylated TFPT.
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modified form of TFPT, whereas binding to the SUMO1-
modified form of TFPT was not significantly reduced (Fig. 6B).
Additionally, the INO80E�C10 mutant did not show any dif-
ference in its interaction with unmodified TFPT, relative to
wildtype INO80E (data not shown). This suggests that the
C-terminal SIM of INO80E is specifically required for interact-
ing with the SUMO2-modified form of TFPT.

Next, we wanted to determine whether the INO80E C-ter-
minal SIM was important for the interaction between INO80E
and TFPT in mammalian cells. We conducted coimmunopre-

cipitation experiments in HEK293T cells to investigate the
interaction between INO80E and TFPT. We transfected cells
with myc-INO80E and V5-TFPT, then conducted immunopre-
cipitation using anti-myc, and Western blotting using anti-V5
(Fig. 6C). This showed that wildtype INO80E could coimmu-
noprecipitate both wildtype TFPT and TFPTK216R (lanes 9 and
10). However, when we cotransfected the INO80E�C10 mutant
with TFPT, we observed a greatly reduced ability of mutant
INO80E to coimmunoprecipitate both TFPT and TFPTK216R

(lanes 11 and 12). We were unable to detect the SUMO-

FIG. 6. INO80E selectively binds to SUMO-conjugated TFPT. A, Results from in vitro binding assay of [35S]-methionine-labeled TFPT to
wildtype and SIM-deficient INO80E in the presence and absence of E1/E2 enzymes and SUMO. B, Quantitative analysis of these results by
scanning densitometry. C, Results from in vivo binding assay of wildtype and mutant TFPT and INO80E the presence and absence of SUMO2.
Myc-tagged INO80E was immunoprecipitated, then immunoblotted with anti-V5 to detect coimmunoprecipitated TFPT.
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modified form of TFPT in the coimmunoprecipitated fraction,
likely because of the low stoichiometry of this form in trans-
fected cells.

Finally we cotransfected INO80E wildtype and INO80E�C10

mutant with TFPT and SUMO2. We observed enhanced in-
teraction between INO80E and TFPT under conditions of
SUMO2 overexpression, and this was observed for both the
wildtype INO80E and the INO80E�C10 mutant (lanes 13 and
14). However, by calculating the ratio of coimmunoprecipi-
tated TFPT relative to the amount of INO80E, we observed a
greater than 3-fold increase in the amount of TFPT bound to
wildtype INO80E compared with the amount of TFPT bound
to INO80E�C10. These results suggest that SUMO2 promotes
the INO80E-TFPT interaction, and that the INO80E C-terminal
SIM is important for this interaction.

DISCUSSION

Harnessing the power of the human proteome microarray,
we performed the most comprehensive and unbiased search
to date for novel SUMO-binding partners. Furthermore, by
integrating this SUMO-binding data with SUMO substrate
data, as well as protein-protein interactions, we have gener-
ated an extensive list of SUMO-centered networks that sug-
gest new functions of SUMO, particularly in mediating pro-
tein-protein interactions. This fits with previously proposed
models of SUMO functioning as molecular glue that stabilizes
protein-protein interaction (24, 40). We have found that a
combination of SUMOylation and SUMO-binding mediate the
interaction between INO80 complex subunits. SUMOylation
of the INO80 complex subunit TFPT primes the protein for
interaction with INO80E, via its SUMO interaction motif.

However, there are some important caveats to this model.
For example, we observed that INO80E has the ability to
interact with unmodified TFPT and that this interaction is
enhanced when SUMOylated TFPT is absent from the reac-
tion mixture. Under in vitro conditions in which SUMOylated
TFPT is present, there is only limited binding of INO80E to
unmodified TFPT. This suggests to us that both SUMO-mod-
ified and unmodified forms of TFPT may compete for binding
to a single site on INO80E, and that TFPT interaction with this
site may be enhanced by TFPT SUMOylation. In mammalian
cells, we found that the interaction between INO80E and TFPT
may be dependent on the INO80E SIM, regardless of whether
the SUMOylation site on TFPT that we identified has been
mutated. This could indicate that the INO80E SIM may be
required for interaction with unmodified TFPT. Another pos-
sibility is that TFPT could be SUMOylated on multiple addi-
tional sites that these minor SUMOylation sites may also
contribute to the interaction with INO80E. Alternatively, the
INO80E SIM may interact with other endogenous SUMO-
modified proteins, which may in turn mediate the interaction
between INO80E and TFPT.

Although the roles of the INO80E and TFPT subunits in
INO80 complex function are unknown, and thus the signifi-

cance of their interaction is unclear, these proteins have
been proposed to serve a regulatory function that is likely
specific to metazoans, as there are no known orthologs of
these subunits in yeast (32). We propose that the SUMO-
SIM interaction may be an important regulator of the INO80
complex.

Furthermore, we confirmed the results of a human pro-
teome microarray-based screen to identify SUMO E3 li-
gase-dependent SUMOylation substrates that showed that
SUMOylation of TFPT is enhanced by the SUMO E3 ligases
PIAS1 and PIAS3 (18). Previously, PIAS1 and PIAS3 were
identified as upstream regulators of chromatin remodeling
through their role in stimulating SUMOylation of the protein
MBD1, thus affecting its ability to interact with the histone
methyltransferase SETDB1 (41). Thus, regulation of chroma-
tin-associated protein-protein interactions may be a general
role of the PIAS1 and PIAS3 SUMO E3 ligases.

There is some evidence to suggest TFPT may function as a
transcription factor. TFPT was reported to contain a b-ZIP
domain (31), and it was found to possess sequence-specific
DNA binding activity in a screen to identify DNA binding
proteins using a transcription factor protein microarray (8).
The transcription factor YY1, a known SUMO target, was
shown to recruit the INO80 complex to specific gene promot-
ers (42, 43). SUMOylated TFPT may play a similar role, by
binding to both the genome and to the INO80 complex via the
SUMO-binding subunit INO80E, in order to recruit the com-
plex to specific genomic locations. This in turn should regu-
late chromatin conformation and gene transcription. This is a
particularly attractive hypothesis considering the well-estab-
lished role of SUMOylation in regulating transcription factors
by directing the assembly of specific multiprotein complexes.

A recent study found that knockdown of the INO80 ATPase,
as well as the other INO80 complex subunits INO80E and
TFPT, resulted in embryonic stem cell differentiation (44).
Additionally, knockdown of INO80E in mouse embryonic stem
cells resulted in significant gene expression changes in
�1200 genes as measured by microarray analysis (44). Inter-
estingly, the INO80 complex was found to regulate the gene
Sox2 and occupy multiple locations in the Sox2 gene in
mouse embryonic stem cells. Interestingly, a YY1 binding site
identified by the ENCODE project also overlaps with a TFPT
DNA sequence motif identified previously (8) in the ortholo-
gous region of the human genome. This points to a potential
role of both TFPT and YY1 working redundantly to recruit the
INO80 complex to regulatory elements of Sox2 to sustain
embryonic stem cell pluripotency.

This work extends the list of known SUMO-binding proteins
10-fold. Considering that many previously identified SUMO-
modified proteins are localized to the nucleus, including many
transcription factors, this enrichment of cytoplasmic proteins
suggests that the importance of SUMOylation in the cyto-
plasm may be underappreciated. There are alternative expla-
nations for the observed enrichment of cytoplasmic proteins
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among the SUMO-interacting proteins identified by our ap-
proach. It is possible that SUMO’s interaction with nuclear
proteins could be dependent on the presence of other nuclear
proteins or DNA that is not present in the reaction mixture
incubated on the protein microarray, thus hindering our ability
to identify nuclear SUMO-interacting proteins. Additionally, it
is possible that in some cases, other proteins or biomolecules
were copurified with proteins that were spotted in the array.
Although our analysis of randomly chosen purified proteins
indicates that these proteins are generally of high quality and
high purity, and we estimate that 98% of proteins have the
correct band size, it is impractical to analyze every protein that
we have purified and spotted on our protein arrays. Uniden-
tified contaminants, including other interacting proteins, could
interact strongly with our SUMO probes, thus giving us a false
positive result. We believe that every experimental approach
to identify SUMO-interacting proteins has their own inherent
biases. Previous analysis of protein quantities spotted on our
arrays versus protein subcellular localization and function
showed that there are higher amounts of cytoplasmic proteins
on our protein arrays compared with proteins localized to
other parts of the cell. Additionally, transcription factors,
which have frequently been associated with SUMOylation in
the literature, are expressed at lower levels in our yeast ex-
pression system, which may contribute to the low number of
transcription factors identified in our assay.

The in vivo role of the SUMO-binding activity of these
proteins must be determined through systematic identifica-
tion of the relevant SUMO interaction motifs, mutagenesis,
and further study of the downstream consequences. We be-
lieve that our network motif analysis approach further contrib-
utes an important context in which to look at the role of the
SUMO-binding activity of these proteins.
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