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SUMOylation, an essential posttranslational protein modification,
is involved in many eukaryotic cellular signaling pathways. The
identification of SUMOylated proteins is difficult, because SUMOy-
lation sites in proteins are hard to predict, SUMOylated protein
states are transient in vivo and labile in vitro, only a small
substrate fraction is SUMOylated in vivo, and identification tools
for natively SUMOylated proteins are rare. To solve these prob-
lems, we generated knock-in mice expressing Hiss&-HA-SUMO1. By
anti-HA immunostaining, we show that SUMO1 conjugates in neu-
rons are only detectable in nuclei and annulate lamellae. By anti-
HA affinity purification, we identified several hundred candidate
SUMO1 substrates, of which we validated Smchd1, Ctip2, TIF1y,
and Zbtb20 as novel substrates. The knock-in mouse represents
an excellent mammalian model for studies on SUMO1 localization
and screens for SUMO1 conjugates in vivo.
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UMOylation is a conserved posttranslational protein modi-

fication in eukaryotes, akin to ubiquitylation, and can affect
the localization, interactions, function, or stability of substrates
(1). SUMOylation processes participate in many cellular signal-
ing pathways, where they intersect with other posttranslational
regulatory processes such as phosphorylation, ubiquitylation, or
acetylation. Consequently, many cellular processes, from nuclear
transport to neuronal synaptic transmission, are controlled by
SUMOylation (2), and key SUMOylation substrates or altered
SUMOylation are involved in many diseases, from cancer to
neurological disorders (3).

Reflecting the prominent nuclear role of SUMOylation, most
known SUMOylation substrates are nuclear proteins (1, 2).
However, SUMOylation appears to play a much more pervasive
regulatory role in cells; recent studies have shown SUMOylation
of ion channels, membrane-bound receptors, solute carriers, and
mitochondrial or neuronal scaffolding and signaling proteins (4—
6), leading to the notion that SUMOylation is a core regulatory
process in all cellular subcompartments. This triggered substan-
tial activities to develop tools for the discovery and validation of
SUMOylation substrates in cells, which has proven difficult.

Mammalian genomes contain four SUMO genes, encoding
SUMO1, SUMO2, SUMO3 (7, 8), and SUMO4, of which
SUMOA4 is poorly characterized (9). SUMO2 and SUMO3 are
almost identical, whereas SUMOI1 is 50% homologous to
SUMO?2 and SUMO3. The 3D structure of SUMOs is similar to
that of ubiquitin (10), and like ubiquitylation, SUMOylation
involves an E1l activating enzyme, E2 conjugating enzymes, and
E3 ligases (1, 2, 7, 8).

SUMGOs are conjugated to lysine residues, often within a pKxD/E
motif (¢, hydrophobic residue; x, any amino acid) (1), but in general
SUMO acceptor lysines cannot be predicted, which prevents the
identification of SUMO substrates by bioinformatics (1). Further,
SUMOylated states of proteins are transient in vivo and labile in
vitro because of isopeptidases that revert SUMOylation (1), and
usually only a small fraction of a given substrate protein is
SUMOylated (7), which confounds the discovery and validation
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of new substrates. Finally, reliable antibody tools for the af-
finity purification of natively SUMOylated proteins have been
lacking. To solve these problems, cell lines, yeast cells, and other
models expressing tagged SUMOs in an otherwise wild-type
(WT) background were used to affinity-purify SUMOylation
substrates and to generate databases of putatively SUMOylated
proteins (11-17). However, possible overexpression artifacts and
the restriction to cell lines pose limitations to such approaches.
Hence, subsequent studies used genetic replacement of endog-
enous SUMO by affinity-tagged SUMO variants to purify,
identify, and characterize novel SUMOylation substrates (18—
23). Advantages of such genetic approaches are the close-to-
endogenous expression level of the affinity-tagged SUMO,
eliminating the risk of overexpression artifacts, and the fact that
all cell types of multicellular organisms can be screened. How-
ever, corresponding mammalian models are lacking.

We generated a knock-in (KI) mouse line that expresses
double affinity-tagged Hise-HA-SUMO1 instead of WT SUMO1
from the Sumol locus. Focusing on brain tissue, we show that the
Hisc-HA-SUMO1 KI mouse line represents an excellent mam-
malian model for studies on SUMOL1 localization and new
SUMO1-conjugated proteins in vivo.

Results

Basic Characterization of His¢-HA-SUMO1 Kis. KI mice expressing N-
terminally Hise-HA-tagged SUMO1 were generated by ho-
mologous recombination in embryonic stem cells (Fig. S1).
Heterozygous and homozygous Kls showed no overt phenotyp-
ic changes. To generate sufficient numbers of mice for screening
experiments, we established homozygous KI and WT mouse
lines from heterozygous KI littermates. Mice of the same gen-
erations from these lines were used for all experiments.

We focused on SUMOylation in the brain because recent evi-
dence indicates that extranuclear brain proteins are SUMOylated
and SUMOylation may be involved in various physiological and
pathophysiological brain processes (3). Nissl staining of brain
sections revealed a normal brain anatomy and cytoarchitecture in
adult KIs (Fig. S1D). For the quantification of Hise-HA-SUMO1
expression in KIs and the determination of the His¢-HA-SUMO1
conjugate complement, we characterized two monoclonal anti-
SUMOTL antibodies, anti-SUMO1(21C7) and anti-SUMO1(aa76—
86), by Western blotting of mouse brain homogenates. The anti-
bodies yielded similar band patterns, with a prominent 90-kDa
band (SUMOylated RanGAP1) and a ladder of larger protein
bands typical of SUMOI1 conjugates. Because anti-SUMO1(aa76—
86) was more specific, with hardly any background detection below
70 kDa (Fig. S1E), it was used further analyses.
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Western blotting of KI mouse brain homogenates with anti-
HA antibodies yielded a band pattern that was very similar to
the one obtained with anti-SUMO1(aa76-86) (Fig. 14) but not
detected with WT samples (Fig. 14). This indicates that the
substrate specificity of SUMO1 conjugation is largely unper-
turbed in KI brain. Upon longer blot exposure, smaller proteins
(<90 kDa) were detected by anti-HA antibodies (Fig. 14), which
mostly represent nonspecific bands because they appeared at
equal intensity in WT and KI samples upon anti-HA detec-
tion (Fig. 14).

Whereas the staining intensity of the RanGAP1 band detected
with anti-SUMO1(aa76-86) was identical in WTs and KlIs, bands
of higher molecular weight showed a slightly lower staining in-
tensity in KIs (78 + 3% of WT levels, P = 0.011,n =3; Fig. 1 4
and B), indicating slightly less efficient SUMOylation with Hisg-
HA-SUMOIL. In turn, detection of SUMO?2 conjugates yielded
similar band patterns in WTs and KlIs but slightly higher SUMO2
conjugation levels in KIs (118 + 6% of WT levels, P = 0.045,n = 3;
Fig. 1 C and D), indicating that the reduced SUMO1 conjugation
in KIs is compensated by SUMO2 conjugation, as in SUMO1
knock-outs (24). Expression levels of neuronal marker proteins
were not different between WTs and Kls (Fig. S1F).
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Fig. 1. SUMO1 and SUMO2 conjugation. (A) Homogenates of adult WT and
Kl brains, analyzed by SDS/PAGE and Western blotting (WB) using anti-
SUMO1 and anti-HA antibodies. Brackets indicate the range of SUMO1
conjugates quantified in B. Arrows indicate SUMOylated RanGAP1. (B)
Quantification of SUMO1 conjugates (Left; see brackets in A) and SUMO1-
conjugated RanGAP1 (Right). Data were normalized to WT levels and are
expressed as mean + SEM (n = 3; *, significant difference between WT and
Kl, P =0.015 in Student t test). (C) Homogenates of adult WT and Kl brains,
analyzed by SDS/PAGE and Western blotting using anti-SUMO2 antibodies.
Brackets indicate the range of SUMO2 conjugates quantified in D. (D)
Quantification of SUMO2 conjugates (see brackets in C). Data were nor-
malized to WT levels and are expressed as mean + SEM (n = 3; *, significant
difference between WT and KI, P = 0.045 in Student t test).
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SUMO1 Conjugates in Brain. Western blotting of brain homoge-
nates from mice of different ages (postnatal days PO-P56)
revealed stable, high levels of SUMOI1 conjugates between PO
and P15 and decreased levels from P20 onward, when brain cell
proliferation and synaptogenesis are largely completed (Fig. S2
A and B). As expected, because most known SUMOL substrates
are transcription factors or nuclear components (1, 8), Western
blotting of brain subcellular fractions showed that SUMO1 con-
jugates are most abundant in nuclei. Substantial amounts of
SUMOI1 conjugates were also detected in cytosol, synaptic cy-
tosol, or synaptic vesicle fractions (Fig. S2C). However, synaptic
membrane fractions [lysed synaptosomal membrane (LP1) and
synaptic plasma membrane (SPM)] were devoid of SUMO1
conjugates, except for some RanGAP1, which likely represents
a contamination (Fig. S2C).

Because biochemically purified subcellular fractions do not
unequivocally report subcellular protein distribution, we used
the HA tag of Hise-HA-SUMOL to localize SUMO1 conjugates
in brain tissue and cultured neurons by immunostaining. Anti-
HA-stained brain sections of Kls revealed a strong nuclear
staining in all KI brain regions, whereas WT samples showed no
or weak background labeling (Fig. S3). Higher-resolution anal-
yses of Hisg-HA-SUMOI localization in the hippocampal CA3
region of KIs showed strong staining of the nuclear envelope and
intranuclear structures in pyramidal cells (Fig. S3 D and E).
MAP2-positive proximal dendrites of KI CA3 pyramidal cells
showed diffuse and punctate staining that was not observed or
only weakly present in WTs (Fig. S3E) and not detectable in
dendrites of CA1 pyramidal cells or dentate gyrus granule cells
(Fig. S3F). Double-labeling experiments showed that the extra-
nuclear His¢-HA-SUMO1-positive structures in KIs do not
colocalize with the presynapse markers Synapsin (all synapses),
VIAAT, or VGIuT1 (inhibitory and excitatory synapses, re-
spectively) (Fig. S4), and confocal line scans through cell bodies
and dendrites of CA3 pyramidal cells indicated an intracellular
localization of these structures within MAP2-positive dendrites
(Fig. S5), indicating that extranuclear Hiss-HA-SUMO1—positive
structures are not synaptic.

We next turned to hippocampal neuron cultures, which exhibit
less background staining and allow the use of a larger marker
antibody set. Strong Hisg-HA-SUMOL1 staining was observed in
the nuclear envelope and intranuclear structures of KI neurons
(Fig. 2 and Fig. S6), which were otherwise indistinguishable from
WT cells. In addition, 10% of KI cells showed extranuclear
punctate labeling that did not colocalize with Synapsin-positive
presynapses, GABAay2-positive GABAergic postsynapses, or
ProSAP1-positive glutamatergic postsynapses and was absent in
WT cells (Fig. 2 and Fig. S6). Also, many MAP2-negative cells,
which likely represent astrocytes, showed strong nuclear and
distinct extranuclear Hiss-HA-SUMOL labeling (Fig. 2G).

Because our immunolabeling data indicated a nonsynaptic
localization of Hisg-HA-SUMO1-positive extranuclear struc-
tures in neurons and their presence in astrocytes, we studied
their localization relative to markers of the endoplasmic re-
ticulum (Calnexin), the Golgi complex (GM130), and endosomes
(EEAL), which are shared by neurons and glia cells, but did not
detect any colocalization (Fig. S6). The nuclear pore compo-
nents RanGAP1 and RanBP2 are among the most prominent
SUMOylated proteins. In many cells, they are not only present
in the nuclear envelope but also in extranuclear annulate la-
mellae (AL), which are thought to serve as reservoirs of excess
nuclear membrane components (25). To test whether the extra-
nuclear Hisc-HA-SUMOL1 structures represent AL, we performed
double-staining experiments with antibodies to HA, RanGAP1,
and RanBP2. We detected abundant RanGAP1- and RanBP2-
positive punctate structures in the somatic cytoplasm and prox-
imal dendrites. Most Hisg-HA-SUMO1-positive extranuclear
structures coincided with RanGAP1 (91.34 + 1.45%, n = 18
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Fig. 2. Subcellular localization of SUMO1 conjugates in cultured hippo-
campal neurons. Cultured hippocampal neurons were stained for HA (red),
MAP2 (blue, somata and dendrites), and Synapsin (green, presynapses).
Images are representative of three independent experiments. (A and B)
Overview of a KI (A) and a WT culture (B). (Scale bar, 10 pm.) (C and E)
Higher-resolution images of a Kl cell. Extranuclear, punctate HA-immuno-
positive staining in the Kl cell (red) is prominent in proximal dendrites (blue)
but does not colocalize with Synapsin-positive presynapses (green). (Scale
bar, 5 pm.) (D and F) Higher-resolution images of a WT cell. Conditions as in
C and E. No HA-immunopositive (red) signals were detectable. (Scale bar,
5 pm.) (G) HA-immunopositive signals (red) in a MAP2-negative (presumed
astrocytic) cell body. (Scale bar, 10 pm.)

cells) (Fig. 3) and RanBP2 (56.2 + 2.3%, n = 35 cells) staining
(Fig. S7), indicating that they represent AL.

Purification and Identification of SUMO1 Conjugates in Brain. In us-
ing the KI to affinity-purify SUMOI1 conjugates from brain, we

21124 | www.pnas.org/cgi/doi/10.1073/pnas.1215366110

opted for a single-step anti-HA affinity purification procedure to
maximize the yield and to accelerate the purification procedure
and thus minimize deSUMOylation. In addition, Ni-NTA-based
affinity purification of His-SUMO-conjugated proteins from
transgenic mice is confounded by the background of brain pro-
teins that bind to Ni-NTA (Ni-nitrilotriacetic acid) (26). Apart
from adult brains, we also studied P10 mouse brains because
SUMOL1 conjugates are abundant in this developmental stage.
Affinity purification experiments were conducted with co-
valently linked anti-HA antibodies as affinity matrix and HA
peptide to elute bound proteins. SDS/PAGE and Western blot
analyses of the different fractions obtained during purification
showed that Hiss-HA-SUMOL1 conjugates were depleted from
the flow-through of the anti-HA column and enriched in the
peptide eluate (Fig. S8). However, Coomassie staining of SDS/
PAGE gels loaded with eluted material obtained from Kls and
WTs also revealed the presence of contaminants, particularly
in adult brain samples (Fig. S8), probably because detergent
extracts of brain contain many proteins that are known to bind

Hise-HA-SUMO1 WT

Fig. 3. Colocalization of extranuclear HA-immunopositive signals with
markers of annulate lamellae in cultured hippocampal neurons. Neurons
from Kl (Left) and WT (Right) were stained for HA (red) and RanGAP1
(green). Images are representative of three independent experiments. The
bottom panels in each column represent an enlargement of the areas boxed
in white above. Arrows indicate colocalization of HA with RanGAP1 in the
nuclear envelope and cytoplasm. (Scale bar, 5 pm.)
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nonspecifically to agarose matrices and large amounts of lipids
and DNA that facilitate nonspecific protein interactions with
agarose matrices.

For comparative proteomic analyses, peptide eluates obtained
from KI and WT samples were separated by SDS/PAGE, and gel
lanes were excised and cut into 23 slices. Each slice was subjected
to in-gel tryptic digestion, and the resulting peptides were ana-
lyzed by liquid chromatography coupled with mass spectrometry
(LC-MS/MS). Reflecting the background binding of WT proteins
to the anti-HA affinity matrix as assessed by Coomassie staining
of SDS/PAGE gels, we detected a substantial number of proteins
in WT samples using mass spectrometry. Therefore, candidate
Hise-HA-SUMOL1 conjugates among the proteins identified in
KI samples were initially selected based on their detection in
KI samples in at least two out of four independent biological
experiments and their absence from WT samples. Several known
SUMOylated proteins, such as RanBP2 and RanGAP1, were
eliminated by this selection due to their presence in WT samples,
which is likely caused by their high abundance and partial non-
specific binding to the affinity matrix. Thus, additional candidate
proteins were selected based on their significant enrichment in
KI samples using an algorithm for advanced spectral count
quantification. In this manner, 147 candidate His¢-HA-SUMO1
conjugates from adult KI samples and 304 candidate proteins
from P10 KI samples were selected (Dataset S1). Many identi-
fied candidate proteins are transcription factors, but in general
they are associated with a wide variety of biological processes
(Fig. S94) and show very low connectedness, with only 16 of 147
proteins in the adult brain sample and 33 of 304 proteins in the
P10 brain sample exhibiting one or more known interactions with
other candidate proteins (Fig. S9B). This indicates that second-
ary interaction-dependent copurification of non-SUMOylated
proteins by our method is negligible, which is supported by the
fact that the average clustering coefficient for the networks C(p)
is on the order of the average clustering coefficient from 1,000
random subsets from the brain mouse protein interaction net-
work, with C(p) ~0.07.

Our selection of candidate proteins contained multiple known
or previously proposed SUMOL1 substrates (Dataset S1), in-
cluding RanGAP1 and RanBP2. Using ChopNSpice (27), the
SUMO1-conjugated lysine residue of RanGAP1 was identified
(Fig. S9C). These findings validate our screening approach. In
selected cases, we performed Western blotting analyses of the
starting material and HA peptide eluates obtained from KIs and
WTs to validate the selective presence of the corresponding
known SUMOL1 substrates in KI samples. In this manner, we
identified SUMOylated RanGAP1 (28), MEF2A (29) (not
identified in our proteomic analyses), KAP1 (30), Wiz (31), Sipl
(32), and Ctip1 (33) (only detected in proteomic analyses of P10
KI brain) in brain samples of KI mice, whereas they were either
absent or much less abundant in WT (Dataset S1). In all cases,
the validated proteins showed a band pattern indicative of con-
jugation of one or several Hisg-HA-SUMO1 moieties, which
further validates our screening approach (Fig. 4 A and B). Sev-
eral previously proposed SUMOI1 conjugates were not detected
in our proteomic screen (e.g., GluK2, CASK, and CtBP1). In
analyses of HA peptide eluates from KIs and WTs by Western
blotting for GluK2 and CASK, we were unable to demonstrate
GluK2 or CASK conjugation with SUMO1. GluK2 bound non-
specifically to the anti-HA affinity matrix, but we found no in-
dication of SUMOI1-conjugated GluK2 in HA peptide eluates
from KI samples. However, CASK was not immunopurified by
the anti-HA affinity matrix at all. Even very long exposures of the
corresponding blots showed only trace amounts of CASK. They
were present at similar levels in the HA peptide eluates from WT
and KI samples, and no indication of SUMO1-conjugated CASK
was found (Fig. S104).

Tirard et al.

A EL B EL
INP WT Kl INP WT Kl WB
kDa kDa —
o
| 95| -~ <
el 2l AESE .
ol o
95— - 95— [r— - §
Sl e
55— 55_ =
170 - 170— -
130— P
190 | g — = - - <
95—
170—
170 - ~ -
130- . 130 . (%
m—
95— . 95— | ==
268 — [N}
238" | o = |2es_ - po3
171 — 238 - O
170 - >
170 — u A
90| ! 130- | & ) s =
170 - 170 - N
130— -~ . e 2
130— | - "
170—| _ -- %
130— : 170 - | e - E’
85— 130 - o
170—'. 170 | .- 2
- 130 -
130 -
130 - 9
g o)
os— | =B o £
N

Fig. 4. Western blot analysis of candidate SUMO1 conjugates. (A and B)
Representative detergent extract input sample (INP, from WT) and specific
HA-peptide eluates (EL) of HA-immunoaffinity purified samples from WTs
and Kls were analyzed by SDS/PAGE and Western blotting (WB) with anti-
bodies to the indicated proteins. Images are representative of three in-
dependent experiments. (A) Adult brain. (B) P10 brains.

To identify new SUMOylated proteins, we focused on samples
from P10 KI brains because these contained fewer con-
taminants. We first analyzed Smchd1, Ctip2, TIF1y, and Zbtb20
(Fig. 4B). All four proteins were selectively enriched in the eluates
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of KI samples and absent from WT eluates and showed a band
pattern indicative of conjugation of one or several Hiss-HA-
SUMOI1 moieties, demonstrating that Smchdl, Ctip2, TIFly,
and Zbtb20 are new SUMOI conjugates in P10 mouse brain
(Dataset S1). SUMOylated Smchd1, Ctip2, and TIF1y were also
selectively detected in HA peptide eluates from adult KI brain
samples (Fig. 44 and Dataset S1). The available tools allowed us
to immunoprecipitate Ctip2 from adult KI brain and test for the
presence of Hiss-HA-SUMO1-conjugated Ctip2 in the purified
fraction. Western blotting showed that the specific immunopre-
cipitate contains Hise-HA-SUMO1-conjugated Ctip2 as judged
by immunodetection with anti-HA and anti-SUMO1 antibodies
(Fig. S10B), providing independent support for the validity of
our screening approach and further establishing Ctip2 as a new
SUMOL1 substrate in the brain in vivo. However, several candi-
dates that we identified could not be verified by subsequent
Western blotting analyses (Dataset S1).

Discussion

To generate a KI mouse expressing tagged SUMO1, we opted
for a Hiss-HA tag because it is known to leave SUMOI function
in vitro unaffected (34, 35) and has been used without negative
side effects in multiple cell lines and organisms to purify
SUMOylated proteins (11-23). The KIs show no obvious phe-
notypic changes; KI brains show normal morphology and cell
layering; and KI neurons exhibit normal cytoarchitecture, sub-
cellular organization, and expression and localization of marker
proteins. Thus, Hise-HA tagging of SUMOL1 has no deleterious
effect on brain or neuronal development and function, which is
expected because even SUMOI loss can be compensated by
other SUMOs (24).

KI brains revealed a slight deviation from WT with regard to
SUMOL1 conjugate levels, which were reduced by 22% along with
an up-regulation of SUMO?2 conjugation by 18%, indicating that
SUMO?2 can replace SUMO1 (24). The reduced SUMOI1 con-
jugate levels in KIs may be due to slightly faster deSUMOylation
of His-HA-SUMO1 conjugates, for instance, because inter-
actions that mask covalently bound SUMO1 and protect from
deSUMOylation are slightly perturbed. The SUMOylation ma-
chinery appears to operate with normal efficiency and specificity
in the KI because the pattern of SUMO1-conjugated proteins is
unchanged and RanGAP1 is SUMOylated normally. The re-
duced SUMOL1 conjugation levels in KIs may somewhat reduce
the threshold for detection of conjugates, but this does not
confound the use of the KIs as a tool to localize SUMOL1 in situ
or to screen for SUMO1-conjugated proteins.

Our KI has several advantages over previously published
models. First, our KI strategy excludes overexpression artifacts.
In many published cases where expression of tagged SUMOs was
used to purify SUMOylated proteins, the tagged SUMOs were
expressed in a WT background (11-17). This bears the risk of
overexpression artifacts such as “off-target” SUMOylation.
Second, extremely well established, highly specific, and com-
mercially readily available anti-HA antibodies can be used for
the localization and immunoaffinity purification of SUMOylated
proteins from Kls, along with WT mice as an ideal negative
control. This is important because specific anti-SUMO1 anti-
bodies are rare and most are unsuitable for affinity purification
protocols. Third, our KI is a unique tool for in-depth analysis of
specific SUMOL1 targets in vivo. By performing immunoprecipi-
tation experiments using specific antibodies, followed by anti-HA
Western blotting, it is possible to study the SUMOylation of low-
abundance substrates (Fig. S10). Importantly in this context,
commercially available anti-HA antibodies have much higher
epitope affinity than anti-SUMO1 antibodies. Fourth, our KI is
a unique genetic mammalian model for SUMOL1 localization and
the identification of SUMOL1 substrates in vivo. Along with the
possibilities of using WT mice as optimal negative control and of
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crossing the KI mutation into any desired genetic background,
the KI allows for systematic analyses of SUMO1 localization
and conjugation in any tissue and any physiological or patho-
physiological state that can be induced in mice. Thus, our KI is
a valid tool to study SUMOL1 localization and conjugation in
mice in vivo. Data on the subcellular distribution of Hiss-HA-
SUMOT1 reflect the native state, and information on candidate
SUMOL1 substrates purified from Kls is a valuable basis for
further studies.

Most SUMOL1 substrates, particularly the best-established and
most abundant ones, function in the nucleus (1, 2, 7, 8), which is
supported by our immunostaining data. Punctate, extranuclear
Hise-HA-SUMO1 immunopositive structures were apparent in
proximal dendrites of neurons and in glia cells. These structures
contain RanBP2 and RanGAP1 and likely represent AL (25).
Apart from extranuclear SUMOL1 in AL, we found no evidence
of other neuronal structures containing SUMOI1. This is in
conflict with published data indicating the presence of the
SUMOylation machinery in nonnuclear neuronal compartments
such as synapses or the existence of multiple extranuclear SUMO
substrates (4), but we cannot exclude that the corresponding
SUMOylated proteins escaped our detection. In extranuclear
compartments, our immunolabeling mainly detects RanGAP1,
which is the most abundant SUMOI target. Its SUMOylation is
stable and resistant to isopeptidases, and SUMOylated Ran-
GAP1 is strongly enriched at nuclear pore complexes, which are
part of AL and contain multiple SUMOylated RanGAP1 mol-
ecules. In view of this, the fact that we readily detected Hisg-HA-
SUMOL1 conjugates only in AL does not unequivocally exclude
the possibility that we failed to detect structures containing
fewer Hise-HA-SUMO1 conjugates, such as synapses. It is also
possible that the corresponding extranuclear substrates are
only SUMOylated under particular physiological conditions that
we did not mimic, or that they are de-SUMOylated swiftly and
escape detection by our methods. Finally, we might have been
unable to detect certain candidate SUMO1 substrates because
they have a different paralog specificity in vivo than the one found
in vitro after SUMO1 overexpression. Conversely, most com-
mercially available antibody tools for the detection of SUMOy-
lated proteins have limitations, particularly regarding specificity
and the design of stringent controls. In light of this and in view of
the present study, it is likely that subsets of previously published
data on extranuclear SUMOylation should be reassessed. Here,
our KI represents an ideal test system because it can be crossed
with SUMO isopeptidase knock-outs, or cells derived from Kls
could be treated with isopeptidase inhibitors to localize and iden-
tify rare SUMOL targets.

Our screens for Hise-HA-SUMO1-conjugated proteins in
adult and P10 KI brains yielded a substantial collection of can-
didate proteins. Analysis of their connectedness indicates that
interaction-dependent copurification of non-SUMOylated pro-
teins is negligible. Further, the candidate Hise-HA-SUMO1 con-
jugates did not contain noncovalent interactors of SUMOs, in-
dicating that we mainly detected true conjugates. Our screen
identified a large number of known SUMOL substrates, of which
we validated several. Other well-known SUMO substrates (Ubc9,
TIF1la, DNA topoisomerase 2f3, LARP4B, and BRCA1) were also
found but not subjected to validation. Beyond established SUMO
substrates, many candidates we identified had been detected in
previous proteomics studies (13, 17, 23, 31, 36). These findings
provide convincing proof-of-principle for the use of our KI as
a discovery tool to identify SUMO1 conjugates.

Our validation studies on new SUMOL substrates were guided
by the spectral count data, the plausibility of the candidates
based on SUMOylation of homologs, and the availability of
suitable antibodies. We validated Smchdl, Ctip2, TIFly, and
Zbtb20 as new SUMOIL substrates, which documents the power
of our discovery approach. However, we were unable to validate
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several candidate proteins that we identified, indicating that
candidates identified by proteomic screens cannot be taken at
face value even if they were purified with rather stringent
methods. Conversely, some very well established SUMO1 sub-
strates, such as MEF2A, were not identified in our screen, as was
the case for most of the SUMOylated extranuclear proteins de-
scribed so far (4). Exceptions to the latter include focal adhesion
kinase 1 and mGluR7, which were not analyzed further. Thus,
the fact that a candidate SUMO1 substrate was not detected
in our proteomic screen does not necessarily imply that it is
not SUMOpylated in vivo. Instead, the corresponding Hisg-HA-
SUMOL1 conjugates might be poorly accessible to mass spectro-
metric analysis or of too low abundance. In the future, it may
be possible to circumvent such problems by enriching relevant
subcellular fractions for affinity purification of Hisc-HA-SUMO1
conjugates or by direct testing of candidate proteins. Of note,
we directly tested the SUMOylation of selected published can-
didate substrates (e.g., CASK) in our KI and failed to detect
SUMO1-conjugated variants. This is a matter of concern and
emphasizes the need for further studies, for which our KI model
is ideally suited.

Altogether, our KI is a valuable, universally applicable, and
reliable tool to localize SUMO1 conjugates in cells and tissues,
to screen for SUMO1 conjugates in vivo and to validate candi-
date SUMO1 substrates in any mouse tissue. In combination
with genetic, pharmacological, or environmental perturbations,
the KI can be used to study SUMOylation in a multitude of
physiological and pathophysiological contexts.

Materials and Methods

A complete description of the materials and methods used in this study is
provided in S/ Materials and Methods.
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Hisg-HA-SUMO1 KI Mice. His¢-HA-SUMO1 KI mice were generated by homol-
ogous recombination in ES cells (Fig. S1). We generated WT and KI litter-
mates that were used to establish separate WT and Kl lines for experiments.
All experiments were approved by the responsible local government orga-
nization (Bezirksregierung Braunschweig).

Immunohistochemistry and Immunocytochemistry. Immunohistochemical,
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Immunoaffinity Purification. For anti-HA immunoaffinity purification, pro-
teins from powdered frozen brains were solubilized with a buffer containing
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were visualized by Fast Green FCF (Sigma) staining of blots and analyzed with
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blots with secondary antibodies conjugated to IRDye800 (Biomol) were
quantified using an Odyssey reader (LI-COR).

Mass Spectrometry and Data Analysis. Mass spectrometry and data analyses
were performed essentially as described previously (27), with the exception
that an Orbitrap Velos instrument was used.
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