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ABSTRACT  SUMOylation, reversible attachment of small ubiquitin-related modifier (SUMO), 
serves to regulate hundreds of proteins. Consistent with predominantly nuclear targets, en-
zymes required for attachment and removal of SUMO are highly enriched in this compart-
ment. This is true also for the first enzyme of the SUMOylation cascade, the SUMO E1 en-
zyme heterodimer, Aos1/Uba2 (SAE1/SAE2). This essential enzyme serves to activate SUMO 
and to transfer it to the E2-conjugating enzyme Ubc9. Although the last 40 amino acids in 
yeast Uba2 have been implicated in its nuclear localization, little was known about the import 
pathways of Aos1, Uba2, and/or of the assembled E1 heterodimer. Here we show that the 
mammalian E1 subunits can be imported separately, identify nuclear localization signals 
(NLSs) in Aos1 and in Uba2, and demonstrate that their import is mediated by importin α/β 
in vitro and in intact cells. Once assembled into a stable heterodimer, the E1 enzyme can still 
be efficiently imported by importin α/β, due to the Uba2 NLS that is still accessible. These 
pathways may serve distinct purposes: import of nascent subunits prior to assembly and re-
import of stable E1 enzyme complex after mitosis.

INTRODUCTION
Posttranslational modification with ubiquitin-related proteins of 
the SUMO (small ubiquitin-related modifier) family is an essen-
tial mechanism in most eukaryotes. It regulates fate and func-
tion of many target proteins by changing their interactions with 
other macromolecules (reviewed in Hay, 2005; Geiss-Friedlander 
and Melchior, 2007; Wilkinson and Henley, 2010). Covalent at-
tachment of SUMO requires an enzymatic cascade consisting of 
a single E1-activating enzyme (see below), a single E2-conjugat-
ing enzyme (Ubc9), and one of several E3 ligases that facilitate 
transfer of SUMO from Ubc9 to the substrate. Specific SUMO 
isopeptidases make this modification reversible and highly dy-
namic (reviewed in Kim and Baek, 2009). The majority of known 
SUMO targets are nuclear proteins, and, consistent with this, 

most of the known SUMO enzymes are enriched in this 
compartment.

The SUMO E1-activating enzyme is a heterodimer consisting of 
the two subunits: Aos1 (SAE1) and Uba2 (SAE2) (Dohmen et al., 1995; 
Johnson et al., 1997; Desterro et al., 1999; Gong et al., 1999; Okuma 
et al., 1999). Aos1 resembles the N-terminal, and Uba2 the C-termi-
nal, part of the ubiquitin E1 enzyme (Lois and Lima, 2005; Schulman 
and Harper, 2009). In addition, Uba2 contains a C-terminal extension 
of ∼80 amino acids. This region contains a cluster of basic amino acids 
reminiscent of a classical nuclear localization signal (NLS), and its de-
letion in Saccharomyces cerevisiae leads to cytoplasmic mislocaliza-
tion (Dohmen et al., 1995). Although S. cerevisiae Uba2 (S.c. Uba2) is 
essential, partial or complete deletion of its C-terminal extension has 
only minor or no growth defects (Dohmen et al., 1995; del Olmo 
et al., 1997; Lois and Lima, 2005). Consistent with this, SUMOylation 
patterns are largely unchanged (Lois and Lima, 2005). One possible 
explanation for this finding is that sufficient levels of Uba2 still reach 
the nuclear compartment, for example, in association with Aos1. This 
is consistent with the finding that some Uba2 was still present in the 
yeast nuclei (Dohmen et al., 1995). An NLS in Aos1, however, has not 
been described, and it is unknown whether the SUMO E1 enzyme 
heterodimer assembles before or after nuclear import. To gain in-
sights into these questions, we decided to characterize the nuclear 
import of mammalian SUMO E1 subunits and of the holo-enzyme.
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A cluster of basic amino acids reminiscent of an NLS has already 
been identified in S.c. Uba2 and was implicated in nuclear transport 
due to partial mislocalization of a GFP-tagged C-terminal deletion 
fragment (Δ551–626) in the cytoplasm (Dohmen et al., 1995). This 
cluster is conserved among Uba2 proteins from different species 
(Supplemental Figure 1) and consists of two stretches of basic amino 
acids, reminiscent of a classical bipartite NLS. Mutational analysis of 
Uba2-YFP (Figure 1B, underlined residues) revealed distinct roles for 
both clusters of basic amino acids, RKRK610–613 and KRSR623–
626, in mediating nuclear import (Figure 1C). Whereas replacement 
of the first cluster by alanines resulted only in partial mislocalization 
of Uba2, Uba2-KR623, 624A2, and Uba2-KRSR623–626A4 showed 
strong cytoplasmic accumulation. This was most apparent in cells 
expressing low levels of the protein.

An NLS in Aos1 has not yet been described. Sequence align-
ment of Aos1 from different species (Supplemental Figure 2) re-
vealed two conserved clusters of basic amino acids, again matching 
the characteristics of classical NLSs. To test whether these conserved 
residues are indeed required for nuclear import of CFP-Aos1, we 
substituted amino acids of the potential NLSs by alanines (Figure 1B, 
underlined residues). Analysis upon transfection revealed that CFP-
Aos1-KR195196A2 and CFP-Aos1-KRAK195–198A4 strongly mislo-
calized to the cytoplasm (Figure 1C). In clear contrast, CFP-Aos1-
KKKV207–210A4 showed no localization defect. These findings 
implicate the first basic cluster in nuclear import of Aos1 and point 
toward a monopartite NLS. Comparison with known import se-
quences revealed a striking similarity of the identified region in Aos1 
with conserved residues of the NLS in c-Myc, 320PxxKRxKLD328 
(Stone et al., 1987; Dang and Lee, 1988; Makkerh et al., 1996). This 
NLS deviates from typical monopartite (SV40-type) and bipartite 
(nucleoplasmin-type) types of NLSs, as it contains only three basic 
residues and requires proline, leucine, and aspartate residues for 
efficient import. To explore the possibility that the Aos1 NLS con-
tains characteristics of a c-Myc-type NLS, we also analyzed Aos1-
LD199200A2, which indeed showed partial mislocalization. Aos1-
P192A, on the other hand, had no apparent localization defect. 
Taken together, these findings point to an NLS in Aos1 (amino acids 
195–200) that largely matches the NLS of c-Myc.

Translocation of proteins through nuclear pore complexes (NPCs) 
is mediated by import and export receptors and requires the 
GTPase Ran (reviewed in Mattaj and Englmeier, 1998; Fried and 
Kutay, 2003; Weis, 2003; Pemberton and Paschal, 2005; Conti et al., 
2006; Stewart, 2007). Whereas nuclear import via classical NLSs 
(one or two short clusters of basic amino acids; first identified in 
SV40 large T antigen [Kalderon et al., 1984] and in nucleoplasmin 
[Robbins et al., 1991], respectively) is mediated by importin β to-
gether with the adaptor protein importin α (Adam and Gerace, 
1991; Gorlich et al., 1995; Moroianu et al., 1995; Weis et al., 1995), 
cargos bearing a nonclassical NLS (e.g., an M9 [Siomi and Dreyfuss, 
1995], BIB [Jäkel and Gorlich, 1998], or RS domain [Kataoka et al., 
1999; Lai et al., 2001]) can directly interact with distinct members of 
the importin β family.

Here we show that Aos1 and Uba2 have distinct functional NLSs 
and demonstrate that the Uba2 NLS is required for import of the 
holo-enzyme. Importin α/β functions as the main transport receptor 
for both individual subunits and the assembled E1 enzyme.

RESULTS
Aos1 and Uba2 both contain distinct functional NLSs
Endogenous Aos1 and Uba2 are highly concentrated in the nuclei 
of mammalian cells (Azuma et al., 2001; Pichler et al., 2002). Al-
though some Aos1 can be detected in the cytoplasm of adherent 
HeLa cells, virtually no Uba2 is detected in this compartment 
(Figure 1A; confocal microscopy). Based on gel filtration experi-
ments, both subunits are expressed at comparable levels and form 
a stable complex, at least in cell extracts (Azuma et al., 2001). Con-
sequently, intranuclear localization of both subunits may be due to 
import of the complex.

However, overexpression of either subunit (CFP-tagged Aos1 or 
Uba2-YFP) in HeLa cells resulted in clear intranuclear localization 
(Figure 1C, wt). No cytoplasmic pool of CFP-Aos1 could be de-
tected. Endogenous Aos1 has a size (38 kDa) compatible with slow 
diffusion into and out of the nucleus, but the CFP-tagged version 
should only be transported by active processes. Taken together, 
these findings suggest that Aos1 and Uba2 may have distinct 
NLSs.

Figure 1:  Aos1 and Uba2 both contain functional NLSs. (A) Localization of endogenous Aos1 and Uba2 in HeLa cells, 
detected by indirect immunofluorescence with affinity-purified polyclonal goat-α-Aos1 and goat-α-Uba2 antibodies. Bar, 
20 μm. (B) Schematic illustration of potential NLSs in Aos1 and Uba2. Underlined are amino acids that were changed to 
alanines in Aos1 and Uba2 mutants. (C) HeLa cells were transiently transfected with pET28a-CFP-Aos1 (left panel) or 
pET28b-Uba2-YFP (right panel) variants. At 24 h posttransfection, intracellular localization was detected by fluorescence 
microscopy. For two Uba2 variants, different expression levels are shown, as these influenced localization. Bar, 10 μm.
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196A2 and Uba2-KR623, 624A2). Figure 3A 
shows the analysis of Aos1 interactions: Het-
erodimeric importin α/β (Gorlich et al., 
1995), transportin (Pollard et al., 1996), and 
importin 13 (Mingot et al., 2001) interacted 
with Aos1 in a RanGTP-sensitive manner. 
Importin β alone did not bind. Although im-
portin 13 bound to wt and to mutant Aos1, 
transportin and importin α/β did not interact 
with the import-incompetent variant. Taken 
together, these findings pointed to both 
transportin and importin α/β as potentially 
relevant for import of Aos1 in HeLa cells; 
moreover, importin 13 could contribute to 
Aos1 import, even if it would not play a ma-
jor role in HeLa cells. However, neither trans-
portin nor importin 13 was capable of medi-
ating import of CFP-Aos1 in vitro 
(Supplemental Figures 3 and 4A). Finally, we 
tested whether importin 13 could synergize 
with importin α/β to make transport more 
efficiently. Precedence for cooperation of 
import receptors comes, for example, from 
the finding that histone H1 can be imported 
by an importin β/importin 7 heterodimer 
(Jäkel et al., 1999). However, importin 13 im-

paired, rather than stimulated, CFP-Aos1 import under rate-limiting 
concentrations of importin α/β (Supplemental Figure 4B).

As shown in Figure 3B, Uba2 wt was specifically recognized by 
the importin α/β heterodimer. This interaction was inhibited in the 
presence of RanGTP and required the intact NLS in Uba2. Although 
importin β alone did not bind, a weak but specific interaction was 

Intracellular distribution of proteins 24 h after transfection re-
flects a steady-state situation that does not allow conclusions about 
efficiency of nuclear import. Moreover, multiple point mutations 
may cause folding problems that may influence import indirectly or 
artificially. We therefore turned next to in vitro nuclear import assays 
(Adam et al., 1990). For this, we generated recombinant CFP-Aos1 
and Uba2-YFP wild-type (wt) and mutant variants from bacteria. 
Wild-type and mutant proteins behaved identically during expres-
sion and purification, which included gel filtration, excluding signifi-
cant folding defects. On purification, they were analyzed for their 
accumulation in nuclei of semipermeable HeLa cells in the presence 
of cytosol and ATP. As shown in Figure 2A, wt proteins were effi-
ciently imported in dependence of ATP, but the double mutants 
CFP-Aos1-KR195, 196A2 and Uba2-KR623, 624A2-YFP both failed 
to be imported.

To confirm these findings also in the context of intact cells, we 
then used microinjection experiments (Figure 2B). Recombinant wt 
proteins were fully competent for rapid nuclear import after injec-
tion into the cytoplasm of adherent Hela cells, whereas the CFP-
Aos1 and the Uba2-YFP mutants remained in the cytoplasm through-
out the course of the experiment. In conclusion, Aos1 and Uba2 
both have functional nuclear import sequences.

The importin α/β heterodimer recognizes both Aos1 
and Uba2
To identify transport receptors capable of recognizing the SUMO E1 
subunits, we performed pull-down assays with His-CFP-Aos1 and 
Uba2-YFP-His immobilized on CNBr activated sepharose, and a va-
riety of soluble import receptors (Figure 3, A and B). To control for 
specificity of the detected interactions, binding assays were carried 
out in the absence or presence of RanGTP. Inhibition of binding in 
the presence of RanGTP is characteristic for bona fide import recep-
tor/cargo complexes (Rexach and Blobel, 1995; Izaurralde et al., 
1997). To test whether the interactions depend on the putative NLSs 
identified in Aos1 and Uba2, binding was tested for both wt E1 
subunits and for the import-deficient double mutants (Aos1-KR195, 

Figure 2:  Aos1 and Uba2 are independently imported into HeLa cell nuclei. (A) In vitro import 
of CFP-Aos1 or Uba2-YFP using semipermeable HeLa cells and cytosolic extract. Nuclear 
accumulation of wt proteins (CFP-Aos1-wt, Uba2-wt-YFP) and of NLS mutants (CFP-Aos1-KR195, 
196A2, Uba2-KR623, 624A2-YFP) was analyzed by fluorescence microscopy. +ATP, in the 
presence of ATP-regenerating system; –ATP, in the presence of ATP-depleting system. Bar,10 
μm. (B) Microinjection of CFP-Aos1 or Uba2-YFP into the cytoplasm of HeLa cells. Wild-type 
proteins, Aos1-KR195, 196A2, and Uba2-KR623, 624A2 were injected together with TRITC-
dextran, incubated for 30 min, fixed, and analyzed by fluorescence microscopy. Bar, 10 μm.

Figure 3:  Importin β binds to Aos1 and to Uba2 via the adaptor 
importin α. Immobilized Aos1 wt and the NLS mutant Aos1-KR195, 
196A2 (A) or Uba2 and the Uba2 mutant Uba2-KR623, 624A2 (B) were 
incubated with recombinant import factors importin α, β, α/β, 
transportin, importin 5, 7, or 13. Bound proteins were eluted by SDS 
sample buffer and compared with 20% of the input by SDS–PAGE and 
silverstaining. To control for specificity of binding, experiments were 
also performed in the presence of RanGTP, which interferes with 
formation of receptor–cargo complexes.
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antibody into the cytoplasm of HeLa cells 
and analyzed for intranuclear accumula-
tion. As shown in Figure 4B, import of both 
E1 subunits was completely abolished in 
the presence of the anti–importin β anti-
body. Translocation of YFP-M9, a cargo for 
the import receptor transportin (Siomi and 
Dreyfuss, 1995; Nakielny et al., 1996), was 
not affected by the antibodies (Figure 4B, 
bottom panel). Together with the in vitro 
finding that importin β binds and imports 
Aos1 or Uba2 only in the presence of im-
portin α (Figures 3 and 4), these data dem-
onstrate that efficient nuclear import of the 
SUMO E1 subunits in cells is mediated via 
the importin α/β import pathway.

The SUMO E1 holo-enzyme can be 
imported via the NLS  
of Uba2
Although import of single subunits may be 
sufficient to explain intracellular localization 
of the SUMO E1 enzyme, this would require 
dissociation of the E1 complex for reimport 
after mitosis. Therefore, we wanted to test 
whether the assembled Aos1/Uba2 het-
erodimer is also competent for nuclear im-
port. For this, we reconstituted the heterodi-
mer from recombinant CFP-Aos1 and 
Uba2-YFP and purified the stable complex 
by gel filtration. It was then used as cargo 
for in vitro import assays in the presence of 
HeLa cytosol (Supplemental Figure 5) and 
for microinjection studies (Figure 5B). These 
experiments showed rapid accumulation of 
both subunits in the nucleus, suggesting 
that the E1 enzyme can be imported as a 

holo-enzyme. However, these experiments did not fully rule out the 
possibility that the E1 enzyme dissociated prior to import of indi-
vidual subunits. We addressed this issue by using different combina-
tions of wt and import-incompetent subunits of the E1 enzyme. 
When the complex was assembled from mutant Aos1 and wt Uba2, 
both subunits entered the nucleus; in contrast, when wt Aos1 was 
combined with mutant Uba2, both subunits remained in the cyto-
plasm (Figure 5 and Supplemental Figure 5). These findings demon-
strate that the holo-enzyme remains stable throughout the experi-
ments and reveal that the NLS of Uba2, but not of Aos1, is required 
for nuclear import of the E1 complex.

Importin α/β mediates nuclear import of the SUMO E1 
holo-enzyme
The finding that the Uba2 NLS is required for import of the Aos1/
Uba2 complex suggested that the Uba2 NLS, but not the Aos1 NLS, 
is accessible for import receptor binding in the heterodimer. To test 
this directly, we incubated different variants of purified E1 com-
plexes with a twofold molar excess of recombinant importin α/β and 
tested for formation of complexes by analytical gel filtration. Frac-
tions of 300 μl were collected and subsequently analyzed by SDS–
PAGE (Figure 6). Whereas an E1 complex in which both NLSs had 
been mutated failed to interact significantly with importin α/β (Fig-
ure 6B, compare panels 1 and 2 with bottom panel), complexes that 
contained wt Uba2-YFP and either wt or mutant Aos1 clearly formed 

also observed for importin α alone, pointing to a rather strong NLS 
in Uba2. As expected, the interaction of the adaptor protein impor-
tin α with Uba2 was not inhibited by RanGTP.

Importin α/β mediates nuclear import of Aos1 and Uba2 in 
vitro and in vivo
To test whether importin α/β can indeed mediate import of Aos1 
and Uba2, we again carried out in vitro import assays but replaced 
cytosol with the GTPase Ran and recombinant transport receptors 
(Figure 4A). As a control for active transport, the hydrolysis-deficient 
Ran mutant RanQ69L was included in some experiments. Whereas 
importin α and importin β alone were not sufficient for nuclear ac-
cumulation of CFP-Aos1 and Uba2-YFP, the heterodimeric importin 
α/β complex mediated efficient import of both SUMO E1 subunits 
in the presence of wt Ran. In contrast to wt proteins, neither Aos1-
KR195, 196A2 nor Uba2-KR623, 624A2 enriched in the nucleus. 
Taken together, these experiments reveal that the putative NLSs of 
Aos1 and Uba2 are indeed functional signals for import by the het-
erodimeric importin α/β transport receptor.

We next wanted to find out whether transport by importin α/β 
is the main import pathway for SUMO E1 subunits in intact HeLa 
cells. To address this question, we made use of a monoclonal anti–
importin β antibody that had previously been described to inhibit 
importin β–dependent nuclear import (Chi et al., 1995). CFP-Aos1 
and Uba2-YFP were microinjected with or without this inhibitory 

Figure 4:  Importin α/β mediates nuclear import of Aos1 and Uba2. (A) In vitro import of 
CFP-Aos1 or Uba2-YFP using semipermeable HeLa cells and recombinant import factors 
(importin α, importin β, or importin α/β). Nuclear accumulation of wt proteins and NLS mutants 
(Aos1-KR195, 196A2, Uba2-KR623, 624A2) was analyzed by fluorescence microscopy. 
Experiments were performed in the presence of wt Ran or the hydrolysis-defective mutant 
RanQ69L. Bar, 10 μm. (B) Microinjection: Inhibitory α-importin β antibodies interfere with nuclear 
import of CFP-Aos1 or Uba2-YFP in HeLa cells. Import cargo, TRITC-dextran and either 
monoclonal inhibitory anti–importin β antibody 3E9 (α−imp β+) or transport buffer (α-imp β−) 
were injected into the cytoplasm of HeLa cells. After 30 min, cells were fixed and analyzed by 
fluorescence microscopy. The transportin-dependent cargo YFP-M9 (Siomi and Dreyfuss, 1995; 
Nakielny et al., 1996) was included as a control for importin β–independent transport cargo. Bar, 
10 μm.
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a complex with importin α/β, as indicated by the appearance of all 
four proteins in lanes 2–4 (Figure 6B, panels 3 and 5). Consistent 
with this, importin α/β mediates efficient import of SUMO E1 com-
plexes that contain wt Uba2 (in vitro import assays; Supplemental 
Figure 6). Gel-filtration experiments involving a complex formed 
from wt Aos1 and mutant Uba2 (Figure 6B, panel 4) suggest that the 
Aos1-NLS might still be partially accessible in the complex; the E1 
complex shifts by two fractions in the presence of importin α/β, 
whereas transport receptor elution appears largely unaffected. This 
weak interaction at high protein concentrations, however, does not 
suffice for nuclear protein import by importin α/β (Supplemental 
Figure 6). Taken together, these data reveal that the Uba2 NLS is 
necessary and sufficient for recognition and import of the E1 com-
plex by importin α/β in vitro.

Finally, we wanted to test whether the importin α/β pathway is 
also the main import pathway for assembled E1 in intact cells. For 
this, we again turned to microinjection in the presence of inhibitory 
antibodies. Indeed, import of the assembled E1 complex (Figure 7) 
was efficiently blocked when anti–importin β antibodies were coin-
jected. This suggests that the importin α/β pathway is the major 
import pathway not only for single E1 subunits but also for the 
holo-enzyme.

DISCUSSION
The findings described here reveal two pathways for the generation 
of intranuclear E1 enzyme, both of which depend on importin α/β 
(Figure 8). First, both subunits contain an NLS and can be trans-
ported separately, prior to heterodimerization in the nucleus (left). 
Second, E1 complexes may already assemble in the cytoplasm, 
prior to being imported. Although the NLS in Aos1 is not functional 
in the heterodimer, the NLS in Uba2 is available for recognition and 

import by importin α/β (right). Because E1 
complexes don’t seem to dissociate in cells, 
the latter pathway is required at least for re-
import of the E1 complex after mitosis.

A strong NLS in Uba2
Although deletion analysis of yeast Uba2 
had already implicated a basic cluster 
within the last 82 amino acids in import 
(Dohmen et al., 1995), detailed analysis of 
its NLS had not yet been carried out. Se-
quence alignment of Uba2 from yeast to 
human (Supplemental Figure 1) revealed 
two short stretches of basic amino acid 
residues separated by a short linker of 
9–12 amino acids, suggesting a nucleo-
plasmin-type bipartite NLS. However, 
Uba2 from Drosophila melanogaster con-
tains two clusters separated by 26 amino 
acids, perhaps more consistent with one or 
two independent monopartite NLSs. Our 
analysis revealed unequal contributions of 
both clusters to intranuclear localization of 
human Uba2, with mutations in the first 
cluster causing only a minor, and mutations 
in the second cluster causing a major, de-
fect. Binding assays, in vitro import analy-
sis, and import after microinjection all 
demonstrated that mutation of two amino 
acids in the second cluster (K623 and R624) 
abolish interaction with, and import by, 

Figure 5:  The Uba2 NLS is required and sufficient for import of the 
SUMO E1 holo-enzyme. Microinjection: E1 complexes reconstituted 
from wt proteins (CFP-Aos1-wt, Uba2-wt-YFP) and/or NLS mutants 
(CFP-Aos1-KR195, 196A2, Uba2-KR623, 624A2-YFP) were injected into 
the cytoplasm of HeLa cells with TRITC-dextran. After incubation for 
30 min, cells were fixed and analyzed by fluorescence microscopy. Bar, 
10 μm.

Figure 6:  Importin α/β binds to the Uba2 NLS of the SUMO E1 holo-enzyme. Wild-type and 
mutant CFP-Aos1/Uba2-YFP complexes (5 μM) were incubated with a twofold molar excess of 
importins α and β (10 μM each), and subjected to gel filtration. Aos1 mut, Aos1-KR195, 196A2; 
Uba2 mut, Uba2-KR623, 624A2. (A) Elution profiles from the superose6-HR10/30 column were 
recorded by the Äkta purifier system (GE Healthcare) and processed with sigma plot 8.02 (Systat 
Software). (B) Fractions were analyzed by SDS–PAGE and Coomassie staining.
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The NLS in human Aos1 resembles the NLS of c-Myc
With a molecular weight of 38 kDa, Aos1 could slowly diffuse into 
the nucleus or may be imported in association with Uba2. Human 
Aos1 can indeed be efficiently imported via association with Uba2 
(Figure 5 and Supplemental Figures 5 and 6). However, we also 
identified an NLS in Aos1 that facilitates efficient import of the iso-
lated subunit by importin α/β. This NLS is conserved in orthologues 
from mouse, zebrafish, Xenopus, and Drosophila, but is not detect-
able in Aos1 from S. cerevisiae. Whether S.c. Aos1 can also be im-
ported as a single subunit remains to be tested. The NLS in human 
Aos1 (PDTKRAKLD) fullfills the minimal sequence requirements for 
cNLSs, K-K/R-x-K/R (reviewed in Lange et al., 2007). Interestingly, it 
shares additional features with the NLS of the oncoprotein c-Myc 
(320PAAKRVKLD328) (Stone et al., 1987; Dang and Lee, 1988), a hy-
drophobic amino acid that interrupts the basic cluster, and a C-ter-
minal leucine and aspartate motif. Whereas the latter are required 
for efficient import of both, c-Myc and CFP-Aos1, the N-terminal 
proline is required only for nuclear accumulation of c-Myc (Makkerh 
et al., 1996; Figure 1C). This difference may be due to structural 
features: Pro-320 in c-Myc may serve to ensure structural flexibility 
required for interaction with importin α, whereas in Aos1 this func-
tion may be carried out by other flanking residues. In line with this, 
crystallographic analysis revealed that the main interactions be-
tween the c-Myc NLS and importin α occur via the cluster 323KRVKL327, 
whereas the side chain of Pro-320 does not contribute directly to 
binding (Conti and Kuriyan, 2000). The NLS in Aos1, however, is lo-
cated in a disordered region that starts several residues N-terminal 

of Pro-192 (amino acids 178–203), based on 
the crystal structure of the Aos1/Uba2 com-
plex (Lois and Lima, 2005). Identification of 
a c-Myc-related NLS in human Aos1 raises 
the interesting possibility that this NLS vari-
ant might be more frequently used than pre-
viously anticipated.

Efficient import of the stable 
holo-enzyme via the NLS of Uba2
The SUMO E1 enzyme is a stable complex in 
vitro and in cells (see above). It can be effi-
ciently imported by importin α/β, which spe-
cifically binds to the Uba2 NLS. The C-termi-
nus of Uba2 (amino acids 551–640 in human) 
is specific for the SUMO E1 enzyme and is 
not part of the core catalytic domain that 
Aos1/Uba2 shares with other E1 enzymes. It 
was not resolved in the crystal structure of 
the SUMO E1 complex (Lois and Lima, 
2005), indicating structural flexibility. In con-
trast to the Uba2 NLS, which is always acces-
sible for importin α binding, the NLS in Aos1 
is not productively recognized in the context 
of the holo-enzyme. The most likely inter-
pretation for this is that it is largely inacces-
sible in the heterodimeric complex. Indeed, 
while residues spanning the Aos1 NLS were 
disordered in the crystal, its predicted posi-
tion is in a cavity-like topology formed by 
both subunits (Lois and Lima, 2005).

Alternative pathways for Uba2 import?
Although in vitro import assays and microin-
jection studies clearly showed that the Uba2 

importin α/β. The NLS in Uba2 seems remarkably strong, based 
on our observation that importin α stably interacts with Uba2 even 
in the absence of importin β (Figure 3B). Interaction of importin α 
with targets usually requires the presence of importin β, which 
prevents autoinhibition of importin α (Kobe, 1999). Structural 
analysis of the Uba2/importin α interaction could provide interest-
ing insights into the exact nature (monopartite vs. bipartite) of this 
efficient NLS.

Figure 7:  Inhibition of importin β prevents nuclear import of SUMO 
E1 holo-enzyme. Microinjection: Mixtures of CFP-Aos1/Uba2-YFP 
complex, TRITC-dextran, and either inhibitory anti–importin β 
antibody (+) or transport buffer (−) were injected into the cytoplasm of 
HeLa cells. After incubation for 30 min, cells were fixed and analyzed 
by fluorescence microscopy. Bar, 10 μm.

Figure 8:  Two mechanisms for generation of active nuclear E1 complex. (A) The single subunits 
Aos1 and Uba2 are independently imported by importin α/β via their distinct NLSs. After 
translocation into the nucleus, active SUMO E1 complex is formed by heterodimerization. 
(B) Alternatively, E1 enzyme assembles in the cytoplasm, or reaches the cytoplasm upon nuclear 
envelope breakdown, and is imported as a complex by importin α/β. This mechanism requires 
the NLS of Uba2, whereas the NLS of Aos1 is masked.
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induced with 1 mM IPTG for 6 h at 25°C. Bacteria were lysed in buf-
fer A (50 mM Na-phosphate, pH 8.0, 300 mM NaCl, 10 mM imida-
zole, 1 mM β-mercaptoethanol, 1 mg/ml each of aprotinin, leupep-
tin, and pepstatin, and 0.1 mM phenylmethylsulfonyl fluoride) using 
an EmulsiFlex (Avestin, Ottawa, Ontario, Canada). After centrifuga-
tion at 100,000 × g at 4°C for 1 h, the supernatant was subjected to 
ProBond Nickel-chelatin resin (Invitrogen). Bead-bound proteins 
were eluted with 250 mM imidazole. Final purification was by gel 
filtration (HiLoad 26/60 Superdex 200 pg column; GE Healthcare) in 
buffer B (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM dithiothreitol 
[DTT], 1 mg/ml each of aprotinin, leupeptin, and pepstatin). Expres-
sion and purification of Uba2-YFP-His followed the same procedure 
but included an additional purification step: After gel filtration, 
Uba2-containing fractions were subjected to a MonoQ anion-ex-
change column (GE Healthcare) in buffer B and eluted with 
50–500  mM NaCl. His-CFP-Aos1/Uba2-YFP-His complexes were 
obtained either by mixing equimolar amounts of subunits and sub-
sequent gel filtration or by incubating Uba2-YFP-His with 1.5-fold 
excess of His-CFP-Aos1 on ice for 2 h, followed by MonoQ ion ex-
change chromatography and gel filtration (Figure 6). Purified sub-
units and complexes were dialyzed against transport buffer (20 mM 
HEPES, pH 7.3, 110  mM KOAc, 2  mM Mg(OAc)2, 1  mM EDTA), 
flash-frozen in liquid nitrogen, and stored at −80°C. Purification of 
His-tagged transport receptors, His-YFP-M9, and GST-Ubc9 fol-
lowed standard procedures and included a final gel filtration 
step (S200 analytical column) in transport buffer. GST-Ubc9 was la-
beled with Alexa Fluor 488 following manufacturer’s instructions 
(Molecular Probes, Eugene, OR).

Binding assays
Pull-down assays.  His-CFP-Aos1 or Uba2-YFP-His was immobilized 
on CNBr-activated sepharose (Sigma Aldrich, St. Louis, MO) 
according to manufacturer’s instructions at concentrations of 1 μg/μl 
beads (Aos1) or 1.3 μg/μl beads (Uba2). Then 15 μl beads was 
incubated for 1.5 h at 4°C in 500 μl pull-down buffer (50 mM Tris, 
pH 7.4, 200 mM NaCl, 1 mM MgCl2, 5% glycerol) with 2 mg/ml 
bovine serum albumin (BSA) or ovalbumin and 1 μM (final 
concentration) recombinant import receptor. Where indicated, 
reactions contained 1 μM RanQ69L loaded with GTP (Kehlenbach 
et al., 1999). After washing with pull-down buffer, bound proteins 
were eluted with SDS-sample buffer and subjected to SDS–PAGE 
followed by silver staining.

Solution assays.  In these assays, 5 μM purified His-CFP-Aos1/Uba2-
YFP-His complex was incubated with 10 μM of recombinant importin 
α and importin β in a total volume of 250 μl transport buffer with 1 mM 
DTT overnight at 4°C, prior to analytical gel-filtration on a 
Superose6-HR10/30 column (GE Healthcare). Then, 300 μl fractions 
were collected, separated on 5–20% SDS–PAGE gradient gels, and 
stained with Coomassie.

Mammalian cell culture
HeLa cells were cultured in DMEM (Life Technologies, Carlsbad, CA) 
containing 10% fetal bovine serum (FBS) and maintained in a 
humidified incubator with 5% CO2 at 37°C.

Immunofluorescence
Transfection of fluorescent proteins.  HeLa cells were grown on 
12-mm glass coverslips 24 h prior to transfection with 0.75 μg DNA 
using Polyfect transfection reagent (QIAGEN, Valencia, CA) according 
to manufacturer’s instructions. After 24 h, cells were fixed for 15 min 

NLS is necessary for efficient import of the E1 complex into the nu-
cleus, some intranuclear localization of overexpressed Uba2 NLS 
mutants was detectable 24 h after transfection (Figure 1C). More-
over, a C-terminal deletion fragment of yeast Uba2 that lacks both 
clusters of basic amino acids also remains partially nuclear (Dohmen 
et al., 1995). This cannot be explained by import in association with 
Aos1, because its c-Myc-like NLS, which is masked in the E1 com-
plex, seems to be the only relevant NLS, at least in HeLa cells. Alter-
native explanations may be additional, less efficient import path-
ways for Uba2 or “piggy-back” transport in association with an 
unknown binding partner. Whether this is physiologically relevant, 
however, is unclear.

Is the intranuclear localization of the E1 enzyme essential?
SUMOylation is an essential process in most eukaryotes (including 
bakers yeast and humans) and affects predominantly nuclear pro-
teins. Consistent with this, the E1 enzyme is highly enriched in the 
nuclear compartment. The finding that yeast Uba2 can be largely 
mislocalized to the cytoplasm without severe phenotypes (Dohmen 
et al., 1995; del Olmo et al., 1997; Lois and Lima, 2005) is therefore 
rather surprising. One explanation that could be addressed experi-
mentally (e.g., by replacing endogenous S.c. Uba2 by a variant that is 
stably anchored in the cytoplasm) is that residual nuclear Uba2 is suf-
ficient for essential functions. An intriguing alternative is that the 
SUMO E1 enzyme may carry out its essential function of SUMO acti-
vation and E2 (Ubc9) loading also in the cytoplasm. If Ubc9 itself is 
able to shuttle efficiently between both compartments even when 
charged with SUMO, the localization of the E1 enzyme may not be 
rate limiting for efficient SUMOylation in either compartment. Prece-
dence for this idea, which we will follow up in the future, comes from 
the finding that several class III ubiquitin E2 enzymes require ubiq-
uitin charging for nuclear import by importin 11 (Plafker et al., 2004).

MATERIALS AND METHODS
Plasmid constructs
For generation of pET28a-His6-CFP-Aos1, CFP was PCR-amplified 
from pECFP-C1 (Clontech, Mountain View, CA) and cloned into 
NheI and BamHI sites of pET28a (Novagen, Madison, WI). Aos1 was 
PCR-amplified from pET28a-Aos1 (Pichler et al., 2002) and cloned 
into EcoRI and HindIII sites of pET28a-His6-CFP. pcDNA3.1-CFP-
Aos1 was generated by cloning the NheI–BamHI fragment from 
pET28a-His6-CFP-Aos1 into pcDNA3.1(−) (Invitrogen, Carlsbad, 
CA). For generation of pET28b-Uba2-YFP-His6, YFP was PCR-ampli-
fied from pEYFP-C1 (Clontech) and cloned into NheI and BamHI 
sites of pET28b (Novagen). Uba2 was PCR-amplified from pET11d-
Uba2 (Pichler et al., 2002) and cloned into NcoI and NheI sites of 
pET28b-YFP-His6. pcDNA3.1-Uba2-YFP was generated by PCR am-
plification of Uba2-YFP from pET28b-Uba2-YFP-His6 and cloning 
into XhoI and EcoRI sites of pcDNA3.1(−). Single-point mutants were 
generated by site-directed mutagenesis. For generation of pGEX-
6P-1-Ubc9, mouse Ubc9 coding sequence was PCR-amplified from 
pET23a-mUbc9 (Pichler et al., 2002) and cloned into BamHI and 
XhoI sites of pGEX-6P-1 (GE Healthcare, Uppsala, Sweden). The 
importin β open reading frame was cloned into pET23a. Bacterial 
expression plasmids pQE32-His transportin, pRSETb-His importin α, 
pQE80-His importin13, and pET28a-His-YFP-M9 were kindly pro-
vided by Ralph Kehlenbach (University of Göttingen).

Protein expression and purification
YFP- and CFP-tagged SUMO E1 subunits were expressed and puri-
fied as described for His-Aos1 and Uba2-His (Werner et al., 2009). 
Briefly, His-CFP-Aos1 expression in Escherichia coli BL21(DE3) was 
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in 3.7% formaldehyde, and proteins were visualized by confocal 
microscopy with a Zeiss confocal microscope (LSM 510meta) using a 
Plan-Neofluar 63×/1.3 Imm Korr DIC objective.

Indirect immunofluorescence.  HeLa cells grown on coverslips 
were fixed with 3.7% formaldehyde for 15 min, washed, and 
permeabilized with 0.2% Triton X-100. After blocking with 2% BSA 
in phosphate-buffered saline (PBS) for 30 min, cells were incubated 
with 10 μg/ml affinity-purified anti-Aos1 or anti-Uba2 antibody 
(Bossis and Melchior, 2006) in PBS/BSA for 1 h at room temperature, 
washed, and incubated for 1 h with 2 μg/ml Alexa488-coupled 
donkey anti–goat antibody (Molecular Probes). Fluorescence was 
visualized by confocal microscopy (Zeiss LSM 510meta) using a 63× 
objective (Plan-Neofluar 63×/1.3 Imm Korr DIC).

Microinjection
HeLa cells were seeded on 12-mm glass coverslips 24 h prior to 
microinjection, and medium was changed to CO2-independent me-
dium (Life Technologies) 1 h before the experiment. Microinjection 
with an Eppendorf Femtojet was carried out with 1.4–2.4 μM His-
CFP-Aos1/Uba2-YFP-His complexes and 1.5 μM TRITC-Dextran, or 
with 4.5 μM TRITC-Dextran and 17 μM His-CFP-Aos1 or 8 μM Uba2-
YFP-His. Inhibition experiments with monoclonal anti–importin β 
antibody clone 3E9 (Abcam, Boston, MA) were carried out with 
2:1:1 (vol:vol:vol) mixtures of antibody, TRITC-dextran (final 1.6 μM) 
and His-CFP-Aos1 (final 5.6 μM), Uba2-YFP-His (final 3.3 μM), His-
YFP-M9 (final 8.3 μM), or His-CFP-Aos1/Uba2-YFP-His complex (fi-
nal 3 μM). Cells were incubated for 30 min at 37°C and 5% CO2 in 
DMEM (Life Technologies) containing 10% FBS, prior to fixation and 
analysis with a Zeiss confocal microscope (LSM510meta, Plan-Neo-
fluar 63×/1.3 Imm Korr DIC objective).

In vitro nuclear import assays
In vitro import reactions were performed using semipermeabilized 
HeLa cells as described (Adam et al., 1990). In brief, HeLa cells 
grown on 12-mm glass coverslips to 40–70% confluency were 
washed with transport buffer supplemented with 1 mg/ml AP, LP, 
and 2 μg/ml DTT, and permeabilized with digitonin. Permeabilized 
cells were incubated for up to 45 min at 30°C or 37°C with 30 μl of 
a mix containing fluorescently labeled cargo protein (5 μM of single 
E1 subunits or 1 μM of E1 complexes), 15 μl cytosolic HeLa extract, 
and either 1.5 μl of an energy-regenerating system (final concentra-
tions 1 mM ATP, 5 mM creatinephosphate and 100 U/ml creatine 
phosphokinase) or 2 μl of an energy-depleting system (final concen-
tration 16 U hexokinase and 5 mM glucose in transport buffer). Im-
port assays with recombinant import receptors were performed with 
1 μM cargo protein, 1.5 μM importin α, and/or 1 μM importin β and 
either 12 μM Ran or 11.6 μM RanQ69L, loaded with GTP as previ-
ously described (Kehlenbach et al., 1999). After import, nuclear ac-
cumulation was analyzed by fluorescence microscopy with a Zeiss 
confocal microscope (LSM 510meta) using a Plan-Neofluar 
63×/1.3 Imm Korr DIC objective, or a Leica SP2 confocal microscope 
using an HCX PL APO 63×/1.4 OIL BD UV objective.
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