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ABSTRACT

Post-translational modifications control the physio-
logical activity of the signal transducer and activator
of transcription STAT1. While phosphorylation at
tyrosine Y701 is a prerequisite for STAT1 dimeriza-
tion, its SUMOylation represses the transcriptional
activity. Recently, we have demonstrated that
SUMOylation at lysine K703 inhibits the phosphory-
lation of nearby localized Y701 of STAT1. Here,
we analysed the influence of phosphorylation of
Y701 on SUMOylation of K703 in vivo. For that
reason, an Ubc9/substrate dimerization-dependent
SUMOylation (USDDS) system was developed,
which consists of fusions of the SUMOylation sub-
strate and of the SUMO-conjugating enzyme Ubc9
to the chemically activatable heterodimerization
domains FKBP and FRB, respectively. When FKBP
fusion proteins of STAT1, p53, CRSP9, FOS,
CSNK2B, HES1, TCF21 and MYF6 are coexpressed
with Ubc9-FRB, treatment of HEK293 cells with the
rapamycin-related dimerizer compound AP21967
induces SUMOylation of these proteins in vivo.
For STAT1-FKBP and p53-FKBP we show that
this SUMOylation takes place at their specific
SUMOylation sites in vivo. Using USDDS, we then
demonstrate that STAT1 phosphorylation at Y701
induced by interferon-f treatment inhibits
SUMOylation of K703 in vivo. Thus, pY701 and
SUMO-K703 of STAT1 represent mutually exclusive
modifications, which prevent signal integration at
this molecule and probably ensure the existence of
differentially modified subpopulations of STAT1
necessary for its regulated nuclear cytoplasmic
activation/inactivation cycle.

INTRODUCTION

Functions of proteins are often controlled by post-
translational modifications, such as phosphoryl-
ation, myristoylation, acetylation, ubiquitination and
SUMOylation. These modifications can be constitutively
or regulated and often prime or hinder further modifica-
tions (1). Protein SUMOylation is a reversible conjuga-
tion process with strong similarity to ubiquitination
where the SUMO protein is attached in a process of
three enzymatic steps via an isopeptide bond to the
g-amino group of a lysine residue of the substrate protein.
In a fourth step, SUMOylation can be released by SUMO-
specific proteases (2). SUMOylation is involved in the
regulation of several proteins and, consequently, poten-
tially interferes with other regulatory protein modifica-
tions. Interestingly, some transcription factors, such as
HSF1, GATA-1 and MEF2A, are regulated by phosphor-
ylation-dependent SUMOylation (3-5), while MEF2D,
HIC1, NF-IL-6 and SP-3 show an interplay between
SUMOylation and acetylation (6-9). Furthermore,
SUMOylation competes with IkBa ubiquitination (10)
and, as we have demonstrated recently using Ubc9
fusion-directed SUMOylation (UFDS), SUMOylation
inhibits STATI1 phosphorylation at Y701 (11).

The in vivo analysis of the interplay between different
protein modifications mentioned above is often hampered
by the low level of the specific modifications in the
cell and by the lacking possibilities to manipulate a spe-
cific protein modification independently of other modi-
fications. To increase the low level of SUMOylation
in vivo, we have developed Ubc9 fusion-directed
SUMOylation (UFDS) (11). However, because of the
static fusion of Ubc9 to the substrate protein of interest,
this method is not suited to study the kinetics of
SUMUOylation or the sequential SUMOylation after
different preceding modification events. To overcome
these limitations, we now introduce the Ubc9/substrate
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dimerization-dependent SUMOylation (USDDS) system.
Instead of a static fusion, this system makes use of a
chemically inducible interaction between Ubc9 and the
substrate  of interest allowing substrate-directed
SUMOylation in vivo at a controlled time point.
USDDS now enables us to study induced SUMOylation
in dependence on other pre-existing modifications. Here,
we demonstrate USDDS with eight substrate proteins and
used USDDS to analyse the effect of STAT1 phosphory-
lation at Y701 on its SUMOylation at K703.

MATERIALS AND METHODS
Plasmids

We amplified the cDNA encoding for the FKBP domain
from pC4EN-FIE and the FRB (T2098L) domain
from pC4-RHE (ARGENT Regulated Heterodimeriza-
tion Kit) by PCR using the primers FKBP-EcoRI (5'-G
CGCGAATTCTCCAGAGGAGTGCAGGTGGAAAC

CATC-3") and FKBP-Xbal (5-GCGCTCTAGATTAAC
TAGTTTCCAGTTTTAGAAGCTC-3') or the primers
FRB-EcoRI (5-GCGCGAATTCTCCAGAATCCTCTG
GCATGAGATGTGG-3) and FRB-Xbal (5-GCGCTC
TAGATTAACTAGTCTTTGAGATTCGTCGGAACA

CATGATA-3) and cloned it into the EcoRI and
Xbal sites of pcDNA3 (Invitrogen) to obtain the
pcDNA3-MCS-FKBP/FRB expression vectors. We have
taken the cDNA-encoding human STATIla from the
pcDNA3-STATI1-Ubc9 plasmid (11) by BamHI/EcoRI
digestion, and cloned it into the BamHI and EcoRI sites
of pcDNA3-MCS-FKBP/FRB to generate the mamma-
lian STATI-FKBP/FRB expression vectors. Dependent
on an EcoRI site in the coding sequence, seven C-terminal
amino acids of the human STAT1a in the STAT1-FKBP/
FRB fusion proteins are missing. We then have taken the
cDNA coding for human p53 from the plasmid
pcDNA3-p53-Ubc9 by BamHI/EcoRI digestion, and
cloned it into the BamHI and EcoRI sites of
pcDNA3-MCS-FKBP/FRB to generate the mammalian
pS3-FKBP/FRB expression vectors. For generation of
the destination vector (pcDNA3-RfB-FKBP) for fusion
of open reading frames to the N-terminus of FKBP, we
amplified the cDNA encoding the FKBP domain from
pC4EN-FI1E by PCR using the primers FKBP-EcoRV
(5-GCGCGATATCTCCAGAGGAGTGCAGGTGGA

AACCATC-3') and FKBP-Xhol (5-GCGCCTCGAGTT
AACTAGTTTCCAGTTTTAGAAGCTC-3') and cloned
it into the EcoRV and Xhol sites of pcDNA3 (Invitrogen)
to obtain the pcDNA3-MCS-FKBP2 expression vector.
We then inserted the Gateway RfB recombination cas-
sette (Invitrogen) into the EcoRYV site of the pcDNAS3-
MCS-FKBP2. The ORF-FKBP fusion protein expression
vectors were obtained by recombination of the above
described destination vector with the ORF (Table 1) har-
bouring entry plasmids using the Gateway recombination
system (Invitrogen).

Transfection, cell lysis and western blotting

HEK?293 cells were cultured in Dulbecco’s modified
Eagle’s medium with high glucose, complemented with
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Table 1. Comparison of protein SUMOylation by USDDS and UFDS

Potential substrate
protein

SUMOylation
in USDDS

SUMOylation
in UFDS

STATI
pS3
CRSP9
FOS
CSNK2B
EDF1
TCF21
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MYF6
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SUMOylation of the candidate proteins chosen in this study is com-
pared with SUMOylation of the same proteins in the static UFDS
system analysed before (11,12). For USDDS, the coding sequences of
all listed genes have been fused with the C-terminus to FKBP. (+),
SUMOylation; (+/—) weak SUMOylation; (—) no detectable
SUMOylation.

10% fetal calf serum, 2mM L-glutamine, 100 U/ml peni-
cillin and 100 mg/ml streptomycin. We performed trans-
fection of 50-80% confluent HEK293 cells in 12-well
plates using the polyethylenimine transfection reagent
according to Christina Ehrhardt ez al. (13). We grew the
transfectants for 24h, then lysed them in 150 ul of gel
loading buffer [160mM Tris-HCL, pH 6.8, 4% (w/v)
sodium dodecyl sulphate (SDS), 20% (v/v) glycerol,
0.5% B-mercaptoethanol (v/v), 0.008% (w/v) bromophe-
nol blue] and incubated them for 10min at 95°C. For
western blot analysis, we separated the proteins by SDS—
PAGE, blotted the proteins on a PVDF membrane and
detected them with specific primary antibodies [o-Ubc9
(H81, Santa Cruz), o-pY701-STAT1 (Tyr701, Cell
Signaling), a-STATI1 (Cell Signaling), a-p53 (1C12, Cell
Signaling), «-SUMO1 (Cell Signaling), a-FKBP (1-026A,
Affinity Bioreagents)], a horseradish peroxidase-conju-
gated secondary antibody, the Immobilon™ Western
(Millipore) and the LAS-3000 imaging system (Fuji).
For the interferon-stimulation experiments, we grew the
transfectants for 24 h and then either stimulated them with
1000 U/ml of interferon-f or left them unstimulated for
1 h. Then the cells were incubated further 0, 1, 2 or 4h in
the medium with the interferon-f without or after adding
AP21967 to a final concentration of 1 uM. Then we lysed
the cells and analysed the proteins by western blotting.

RESULTS

AP21967-dependent binding of Ubc9 to various substrate
proteins induces their SUMOylation

Post-translational protein modifications can act sepa-
rately, together or even counteract each other to integrate
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Figure 1. Schematic representation of the USDDS. The SUMOylation
substrate of choice is fused to one of the heterodimerization domains
(FRB) and Ubc9 to the other (FKBP). When the fusion proteins are
coexpressed in HEK 293 cells, incubation with the membrane permeable
compound AP21967 induces heterodimerization of the two fusion pro-
teins. As a result, the SUMO-loaded conjugating enzyme Ubc9 is
brought in close proximity to the substrate of interest and effective
SUMO conjugation of the substrate occurs.

extracellular signals and to ensure a specific function of a
protein (1). To characterize the interplay of SUMOylation
with other covalent modifications in a direct and controlled
way, we generated an inducible USDDS system (Figure 1).
USDDS replaces the static protein fusion-immanent
properties of UFDS (11) with the ‘protein matchmaker’
approach utilizing rapamycin-induced heterodimer
formation between the 12kDa-FK506-binding protein
(FKBP12) and the 12 kDa-FKBP12-rapamycin-associated
protein (FRB) which together form a relatively stable
ternary complex (14). Accordingly, we fused the appropri-
ate protein domains of FKBP and FRB, which can be
heterodimerized by the synthetic rapamycin derivative
AP21967 (15), to Ubc9 and the SUMOylation substrate
of interest, respectively.

As proteins of interest we have chosen STAT1 and, the
tumour suppressor protein p53, which displays significant
SUMOylation in vivo (16-19). To generalize the approach,
we also analysed three SUMOylation substrates identified
previously by UFDS and verified without Ubc9 fusion,
CRSP9, FOS and CSNK2B (12), as well as further poten-
tial nuclear proteins and SUMOylation substrates in
USDDS (summarized in Table 1). All fusion proteins
were expressed in HEK?293 cells to detectable levels
(Figure 2A-J and data not shown). When p53-FRB or
STATI1-FRB were coexpressed with Ubc9-FKBP together
with EGFP-SUMOI, no significant EGFP-SUMOylation
of STATI-FRB and of p53-FRB could be detected
(Figure 2A and B). In contrast, incubation of the
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transfected cells with the dimerizer AP21967 leads to a
strongly enhanced SUMOylation of STATI-FRB and
p53-FRB already after 1h, which reaches saturation
after 2-4h (Figure 2A and B). The estimated stoichio-
metry of the SUMOylation of STATI and p53 in
USDDS is similar to that of UFDS. However, USDDS
clearly functions in an inducible manner. We also tested
STATI1-FKBP, p53-FKBP and FKBP fusions of the
proteins listed in Table 1 in combination with
Ubc9-FRB. Again, we found an even slightly stronger,
AP21967-induced SUMOylation of the STATI- and
p53-FKBP fusion proteins (Figure 2C and D).
Furthermore, we found AP21967-induced SUMOylation
of the CRSP9-FKBP, FOS-FKBP, TCF2I1-FKBP,
CSNK2B-FKBP, MYF6-FKBP and HESI-FKBP
(Figure 2E-J). Overall, the results by the USDDS system
summarized in Table 1 resemble the data obtained using
the UFDS system. However, there are clear differences in
SUMOylatability at least for HES1 or MYF6, which are
SUMUOylated in USDDS only. These differences could
result from structural constrains of the static UFDS
system, which are not present in the more flexible
USDDS approach.

USDDS targets the specific SUMQOylation sites

To prove that USDDS displays specificity for the
in vivo SUMOylation sites of p53 and STATI, we coex-
pressed the mutant proteins pS3K386R-FRB and
STATIK703R-FRB with Ubc9-FKBP and EGFP-
SUMOI. In HEK293 cells, we could not identify any
SUMOylation of STATIK703R-FRB (Figure 3A) but
only weak second site SUMOylation of p53K386R-FRB
(Figure 3B) which was also detected with the UFDS
system (11). Obviously, the induced heterodimerization
of the Ubc9 fusion protein with the substrate fusion pro-
teins leads preferentially to a modification at their specific
SUMUOylation sites. This let us suppose that USDDS is a
useful tool to analyse the dynamic interplay between
SUMUOylation and other protein modifications.

USDDS demonstrates that pY701 excludes K703
SUMOylation of STAT1

It has been shown that interferon-y stimulation of
STATI-transfected COS7 cells, a treatment which also
increases STAT1 phosphorylation (20), leads to an
enhanced SUMOylation of STATI1 (21,22). This let us
postulate that STATI phosphorylation at Y701 might
directly enhance the SUMOylatability of STATI at
K703. Using UFDS, we have already demonstrated that
STATI SUMOylation at K703 inhibits Y701 phosphory-
lation (11), but it was not possible to study the opposite
effect by UFDS (data not shown), possibly due to the
static SUMOylation of STATI in this experimental set-
ting. Because of that, we now used USDDS to study the
effect of STATI phosphorylation at Y701 on K703
SUMOylation in vivo (Figure 4). Therefore, we first coex-
pressed STAT1-FRB, Ubc9-FKBP and EGFP-SUMOI in
HEK?293 cells. After 24h, we stimulated the cells with
interferon-f for 1h to induce STAT! phosphorylation
and subsequently incubated the cells with 1 uM AP21967
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Figure 2. AP21967-induced in vivo SUMOylation of STATI and p53. (A) STATI-FRB and EGFP-SUMOI or (B) p53-FRB and EGFP-SUMOI
were cotransfected into HEK?293 cells either alone (—) or together with Ubc9-FKBP (+). (C) STAT1-FKBP and EGFP-SUMOI1 or (D) p53-FKBP
and EGFP-SUMOI or (E) CRSP9-FKBP and EGFP-SUMOI or (F) TCF21-FKBP and EGFP-SUMOI or (G) FOS-FKBP and EGFP-SUMOL or
(H) CSNK2B-FKBP and EGFP-SUMOI or (I) MYF6-FKBP and EGFP-SUMOI1 or (J) HESI-FKBP and EGFP-SUMOI1 were cotransfected
into HEK293 cells either alone (—) or together with Ubc9-FRB (+). After 24 h, the cells were stimulated with the AP21967 (1 uM) for the indicated
times. Fusion proteins in the extracts of the transfectants were detected by western blot using (A and C) a STATI antibody (¢-STAT1), (B and D)
a p53 antibody (a-p53) or (E-J) a FKBP antibody (a-FKBP). E-SI-STATI-FRB(FKBP) = STATI1-FRB(FKBP) fusion protein conjugated

with coexpressed EGFP-SUMOL;

E-S1-p53-FRB(FKBP) = p53-FRB(FKBP) conjugated with coexpressed EGFP-SUMOI;

E-S1-CRSP9-

FKBP = CRSP9-FKBP conjugated with coexpressed EGFP-SUMOI; E-S1-TCF21-FKBP = TCF21-FKBP conjugated with coexpressed EGFP-
SUMOL; E-S1-FOS-FKBP = FOS-FKBP conjugated with coexpressed EGFP-SUMOI; E-S1-CSNK2B-FKBP = CSNK2B-FKBP conjugated with
coexpressed EGFP-SUMOL; E-SI-MYF6-FKBP = MYF6-FKBP conjugated with coexpressed EGFP-SUMOI1; E-SI-HES1-FKBP = HES1-FKBP

conjugated with coexpressed EGFP-SUMOI; and E = EGFP-Tag.
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Figure 3. USDDS results in SUMOylation of STATI and p53 at their specific SUMOylation sites. EGFP-SUMOI and (A) STAT1-FRB or STATI-
K703R-FRB, (B) p53-FRB or p53-K386R-FRB were coexpressed in HEK 293 cells either alone (—) or together with Ubc9-FKBP (+). After 24 h, the
cells were stimulated with AP21967 (1 uM) for the indicated times. Fusion proteins in the extracts of the transfectants were detected by western blot
using (A) a STATI antibody (a-STATI1) or (B) a p53 antibody (a-p53). After stripping the Ubc9-FKBP was detected with the Ubc9 antibody
(o-Ubc9) and after a second stripping EGFP-SUMOI and SUMOylated proteins (EGFP-SI proteins) were detected with the SUMOI1 antibody
(x-SUMOL1). E-S1-STATI-FRB = STATI1-FRB fusion protein conjugated with coexpressed EGFP-SUMOI1; E-S1-p53-FRB = p53-FRB conjugated

with coexpressed EGFP-SUMOI; and E = EGFP-Tag.

to induce STAT1 SUMOylation by the heterodimeriza-
tion of STATI1-FRB with Ubc9-FKBP. The transfectants
were lysed after different incubation times and the proteins
were analysed by a pY701-STAT1 specific antibody that
recognizes the tyrosine 701 phosphorylation also in
SUMOylated STATI1 (11) (Figure 4A). It can be seen
that interferon-f stimulation induced Y701 phosphoryla-
tion of endogenous STAT1 and of the STAT1-FRB fusion
protein. However, pY701 could not be detected in the gel
region where SUMOylated STAT1-FRB migrates, neither
after 1 h nor 2h or 4h of interferon-f stimulation. A sub-
sequent western blot using a STATI specific antibody
clearly detects SUMOylated STAT1-FRB after 1, 2 and
4h incubation with AP21967. Hence, STAT1 phosphory-
lation at Y701 excludes K703 SUMOylation.

Y701 phosphorylation and K703 SUMOylation are mutually
exclusive

The results obtained by UFDS (11) and USDDS (above)
let us suppose that Y701 phosphorylation and K703
SUMOylation are mutually exclusive modifications. To
further characterize the dynamic interplay between Y701
phosphorylation and K703 SUMOylation of STAT1 by
USDDS in vivo, we applied USDDS to analyse the influ-
ence of K703 SUMOylation on Y701 phosphorylation of
both STATI-FRB and STATI1-FKBP (Figure 4B and C)
and extended to analysis of the influence of Y701 phos-
phorylation on K703 SUMUOylation on STATI-FKBP
(Figure 4C). Therefore, we transfected HEK293 cells
with the respective expression plasmids and stimulated
the transfectants first with interferon-f and then with
AP21967, or vice versa. Western blot analysis of the trans-
fectants for the STATI-FRB (Figure 4B) or
STATI1-FKBP (Figure 4C) revealed that no double

modification of STAT1 by SUMOylation and Y701 phos-
phorylation is detectable under any of the stimulation sce-
narios although single Y701 phosphorylation or
SUMUOylation are clearly detectable. Hence, STATI is
phosphorylated at Y701 or SUMOylated at K703 but
cannot carry both modifications at the same time.

A closer inspection of the blots also shows a weak
decrease in the pY701 signal of STATI-FRB and
STATI-FKBP when the cells were stimulated first with
interferon-B and then with AP21967 (Figure 4A and B,
P-STATI-FRB; Figure 4C, P-STAT1-FKBP). This is pos-
sibly due to the kinetics of the interferon-f8 stimulation in
HEK?293 where the induced tyrosine 701 phosphorylation
declines after about 2h of stimulation. Furthermore,
SUMUOylation of STAT1-FRB (FKBP) could reduce the
amount of protein that can be re-phosphorylated at Y701.
Apart from this, we cannot completely rule out that there
is also an effect of AP21967 on dephosphorylation or deg-
radation of pY701-STATI-FRB. However, USDDS
clearly reveals that STAT1 SUMOylation at K703 and
STATI1 phosphorylation at Y701 are mutually exclusive
while interferon-f stimulation does not inhibit overall
SUMOylation in the cell (Figure 4).

DISCUSSION

In the control of protein function, post-translational pro-
tein modifications can act separately, together or even
counteract each other to integrate extracellular signals
and to ensure a specific function of a protein at the appro-
priate localization within the cell (1). Here, we have char-
acterized the dynamic interplay between Y701
phosphorylation and K703 SUMOylation of STATI by
USDDS. The results obtained together with the finding
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Figure 4. Mutually exclusive in vivo phosphorylation of Y701 and SUMOylation of K703 in STATI. (A-C) For USDDS, STATI1-FRB or STATI-
FKBP was coexpressed with Ubc9-FKBP or Ubc9-FRB and EGFP-SUMOI1 in HEK293 cells. After 24 h, the transfectants were stimulated with
interferon-f (1/2h or 1h) or left unstimulated (-) and were subsequently treated with AP21967 (1 uM). (B and C) Where indicated transfectants were
treated (2h) with AP21967 (1 uM) first and subsequently stimulated with interferon-f (1 h). The proteins of the transfectants were immunoblotted
with a phospho (p)Y701 STATI antibody (a-pY701 STATI), stripped and re-probed with a STATI antibody (a-STATI) to detect also non-
phosphorylated and SUMOylated STAT1. (D) Schematic representation of the role of mutually exclusive STAT1 modifications. The phosphorylation
site Y701 of STATI and the SUMOylation site K703 are in close proximity. Receptor activation, e.g. by interferon-f induces phosphorylation at
Y701. This is a prerequisite for the STAT1 dimerization, nuclear import and transcriptional activation and inhibits SUMOylation at K703. STATI is
inactivated by a nuclear phosphatase (PPase). Dephosphorylated STATI is then a potential substrate for SUMOylation that inhibits nuclear
re-phosphorylation of Y701 of STATI and is possibly involved in transcriptional reprogramming, nuclear export or regulation of further STATI
modifications such as acetylation. SUMOylation of cytoplasmic STAT1 inhibits Y701 phosphorylation and could be involved in nuclear import and
regulation of preceding STAT1 modifications like acetylation. E-SI-STATI-FRB or -FKBP = STATI1-FRB or -FKBP fusion protein conjugated
with coexpressed EGFP-SUMOI1, P-STATI1-FRB or -FKBP = STATI1-FRB or -FKBP phosphorylated at Y701, E = EGFP-Tag. E-SI-STAT1-FRB
or -FKBP, P-STATI1-FRB or -FKBP, endogenous P-STATI, STATI-FRB or -FKBP and endogenous STATI are indicated by black arrow heads.
In the upper blot, the open arrow head indicates the positions of the E-SI-STAT1-FRB or -FKBP that are not decorated by the pY701-STATI

antibody (a-pY701-STATI).

that SUMOylation of STATI at K703 inhibits the phos-
phorylation at Y701 (11) support a model where phos-
phorylation of tyrosine 701 und SUMOylation of lysine
703 of STATI represent mutually exclusive modifications
which prevent signal integration at these molecule
and probably ensure the existence of differentially modi-
fied subpopulations of STATI, pY701-STATI and
SUMO-K703-STATI, necessary for its regulated nuclear
cytoplasmic activation/inactivation cycle (Figure 4D).
pY701-STATI1 dimerizes, translocates to the nucleus
and becomes part of the transcriptional initiation complex
at STATl-specific genes. Generation of SUMO-
K703-STATI1 possibly takes place in the nucleus after
dephosphorylation of STAT1 and could be necessary to
inhibit a fast re-phosphorylation of STATI directly in the
nucleus before it is exported to the cytoplasm. Hence, a
second round of STATI transcriptional activation can

only begin in the cytoplasm. We can also not exclude
that the two differently modified STATI1 populations,
pY701-STATI and SUMO-K703-STATI1, are essential
components of different transcriptional complexes at
different subsets of genes. Accordingly, generation
of SUMO-K703-STAT1 after dephosphorylation of
pY701-STATT1 in the nucleus could lead to transcriptional
reprogramming where SUMOylation could also act as
prerequisite for further modifications such as acetylation
(23). Apart from this, it is possible that the STATI
SUMUOylation takes place in the cytoplasm, where it
could inhibit the Y701 phosphorylation or is involved in
an alternative nuclear import. USDDS will be probably
helpful in answering these open questions in further stu-
dies, where a detailed characterization of the functional
properties of the overexpressed STATI fusion proteins
will be also required.
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Our results are partially confirmed by recent data that
show a reduced SUMOylation of a STATI1 pY701-peptide
in vitro (24) and are apparently in contrast to the described
enhancement of STAT1 SUMOylation by interferon-y
stimulated phosphorylation of STATI1. However, very
recently an interferon-y induced STAT! phosphorylation
of S727 by the MKK6/p38 pathway has been described,
which enhances SUMOylation at K703 (25). Hence, the
intriguing possibility exists that, depending on the phos-
phorylated site, STAT1 K703 SUMOylation can be stimu-
lated or inhibited offering the possibility for a complex
regulation.

The analysis of the interplay of different modifications
at one protein will be one of the difficult tasks to be solved
in future description of signalling processes. We have
developed the USDDS system that combines the effective
and specific SUMOylation of UFDS with an inducible
heterodimerization that makes it possible to reach con-
trolled SUMOylation of a substrate protein at any time
point within a sequential scenario of modification events.
Although we can not exclude some forced artificial
SUMOylation by the USDDS, we have demonstrated
that this is a unique method for studying the kinetics
and the dynamic interplay of protein SUMOylation with
other post-translational modifications.

ACKNOWLEDGEMENTS

We thank Alexey Kotlyarov for helpful discussions,
Astrid Jacobs for help in cell culture and ARIAD for
providing the ARGENT Regulated Heterodimerization
system (www.ariad.com/regulationkits).

FUNDING

Institute for Physiological Chemistry/Biochemistry; the
HiLF program of the Hannover Medical School
(to R.N.). Funding for open access charge: Medizinische
Hochschule Hannover, Institut fiir Physiologische
Chemie.

Conflict of interest statement. None declared.

REFERENCES

1. Seet,B.T., Dikic,I., Zhou,M.M. and Pawson,T. (2006) Reading
protein modifications with interaction domains. Nat. Rev. Mol. Cell
Biol., 7, 473-483.

2. Hay,R.T. (2005) SUMO: a history of modification. Mol. Cell, 18,
1-12.

3. Hietakangas,V., Ahlskog,J.K., Jakobsson,A.M., Hellesuo,M.,
Sahlberg,N.M., Holmberg,C.I., Mikhailov,A., Palvimo,J.J.,
Pirkkala,L. and Sistonen,L. (2003) Phosphorylation of serine 303 is
a prerequisite for the stress-inducible SUMO modification of heat
shock factor 1. Mol. Cell. Biol., 23, 2953-2968.

4. Grégoire,S., Tremblay,A.M., Xiao,L., Yang,Q., Ma,K., Nie,J.,
Mao,Z., Wu,Z., Giguere,V. and Yang,X.J. (2006) Control of MEF2
transcriptional activity by coordinated phosphorylation and
sumoylation. J. Biol. Chem., 281, 4423-4433.

5. Hietakangas,V., Anckar,J., Blomster,H.A., Fujimoto,M.,
Palvimo,J.J., Nakai,A. and Sistonen,L. (2006) PDSM, a motif for

10.

12.

13.

16.

17.

20.

21.

22.

23.

24.

25.

Nucleic Acids Research, 2009, Vol. 37, No. 4 e30

phosphorylation-dependent SUMO modification. Proc. Natl Acad.
Sci. USA, 103, 45-50.

. Grégoire,S. and Yang,X.J. (2005) Association with class Ila histone

deacetylases upregulates the sumoylation of MEF2 transcription
factors. Mol. Cell. Biol., 25, 2273-2287.

. Stankovic-Valentin,N., Deltour,S., Seeler,J., Pinte,S., Vergoten,G.,

Guerardel,C., Dejean,A. and Leprince,D. (2007) An acetylation/
deacetylation-SUMOylation switch through a phylogenetically
conserved psiKXEP motif in the tumor suppressor HIC1
regulates transcriptional repression activity. Mol. Cell. Biol., 27,
2661-2675.

. Wang,J.M., Ko,C.Y., Chen,L.C., Wang,W.L. and Chang,W.C.

(2006) . Functional role of NF-IL6 and its sumoylation and
acetylation modifications in promoter activation of cyclooxygen-
ase 2 gene. Nucleic Acids Res., 34, 217-231.

. Ross,S., Best,J.L., Zon,L.I. and Gill,G. (2002) SUMO-1 modifica-

tion represses Sp3 transcriptional activation and modulates its
subnuclear localization. Mol. Cell, 10, 831-842.
Desterro,J.M., Rodriguez,M.S. and Hay,R.T. (1998) SUMO-1
modification of IkappaBalpha inhibits NF-kappaB activation.
Mol. Cell, 2, 233-239.

. Jakobs,A., Koehnke,J., Himstedt,F., Funk,M., Korn,B., Gaestel,M.

and Niedenthal,R. (2007) Ubc9 fusion-directed SUMOylation
(UFDS): a method to analyze function of protein SUMOylation.
Nat. Methods, 4, 245-250.

Jakobs,A., Himstedt,F., Funk,M., Korn,B., Gaestel, M. and
Niedenthal,R. (2007) Ubc9 fusion-directed SUMOylation
identifies constitutive and inducible SUMOylation. Nucleic Acids
Res., 35, ¢109.

Ehrhardt,C., Schmolke,M., Matzke,A., Knoblauch,A., Will,C.,
Wixler,V. and Ludwig,S. (2006) Polyethylenimine, a cost-effective
transfection reagent. Signal Transduct., 6, 179—184.

. Choi,J., Chen,J., Schreiber,S.L. and Clardy,J. (1996) Structure of

the FKBP12-rapamycin complex interacting with the binding
domain of human FRAP. Science, 273, 239-242.

. Rivera,V.M., Clackson,T., Natesan,S., Pollock,R., Amara.J.F.,

Keenan,T., Magari,S.R., Phillips,T., Courage,N.L., Cerasoli,F. Jr
et al. (1996) A humanized system for pharmacologic control of gene
expression. Nat. Med., 2, 1028-1032.

Gostissa,M., Hengstermann,A., Fogal,V., Sandy,P., Schwarz,S.E.,
Scheffner,M. and Del Sal,G. (1999) Activation of p53 by conjuga-
tion to the ubiquitin-like protein SUMO-1. EMBO J., 18,
6462-6471.

Rodriguez,M.S., Desterro,J.M., Lain,S., Midgley,C.A., Lane,D.P.
and Hay,R.T. (1999) SUMO-1 modification activates the tran-
scriptional response of p53. EMBO J., 18, 6455-6461.

. Muller,S., Berger,M., Lehembre,F., Seeler,J.S., Haupt,Y. and

Dejean,A. (2000) c-Jun and pS53 activity is modulated by SUMO-1
modification. J. Biol. Chem., 275, 13321-13329.

. Kwek,S.S., Derry,J., Tyner,A.L., Shen,Z. and Gudkov,A.V. (2001)

Functional analysis and intracellular localization of p53 modified by
SUMO-1. Oncogene, 20, 2587-2599.

Thle,J.N., Witthuhn,B.A., Quelle,F.W., Yamamoto,K.,
Thierfelder,W.E., Kreider,B. and Silvennoinen,O. (1994) Signaling
by the cytokine receptor superfamily: JAKs and STATSs. Trends
Biochem. Sci., 19, 222-227.

Ungureanu,D., Vanhatupa,S., Kotaja,N., Yang.,J., Aittomaki,S.,
Janne,O.A., Palvimo,J.J. and Silvennoinen,O. (2003) PIAS
proteins promote SUMO-1 conjugation to STATI. Blood, 102,
3311-3313.

Rogers,R.S., Horvath,C.M. and Matunis,M.J. (2003) SUMO mod-
ification of STATI and its role in PIAS-mediated inhibition of gene
activation. J. Biol. Chem., 278, 30091-30097.

Kriamer,0.H., Baus,D., Knauer,S.K., Stein,S., Jager,E.,
Stauber,R.H., Grez,M., Pfitzner,E. and Heinzel,T. (2006)
Acetylation of Statl modulates NF-kappaB activity. Genes Dev., 20,
473-85.

Song,L., Bhattacharya,S., Yunus,A.A., Lima,C.D. and Schindler,C.
(2006) Statl and SUMO modification. Blood, 108, 3237-3244.
Vanhatupa,S., Ungureanu,D., Paakkunainen,M. and
Silvennoinen,O. (2007) MAPK-induced Ser727 phosphorylation
promotes sumoylation of STATL. Biochem. J., 409, 179-185.



