
I
E

T
S
1

R

h
R
s
t
e
t
S
i
c
v
m
U
a
h
i
a
i
t
t
q

h
u
d
e
a
fi
S
N
c
t
R
c
g

7

Biochemical and Biophysical Research Communications 254, 693–698 (1999)

Article ID bbrc.1998.9995, available online at http://www.idealibrary.com on
n Vitro SUMO-1 Modification Requires Two
nzymatic Steps, E1 and E2

oru Okuma, Reiko Honda, Genya Ichikawa, Noriko Tsumagari, and Hideyo Yasuda1

chool of Life Science, Tokyo University of Pharmacy and Life Science,
432-1 Horinouchi, Hachioji, Tokyo 192-0392, Japan

eceived December 21, 1998
SUMO-1 to PML also modulates the cellular localiza-
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The SUMO-1 has been identified as a protein that is
ighly similar to ubiquitin and shown to conjugate to
anGAP1, PML, Sp200 and I k B a. The conjugation

teps are thought to be similar to those of ubiquitina-
ion; and human Ubc9, which is homologous to the E2
nzyme for the ubiquitin conjugation step, was iden-
ified and shown to be necessary for the conjugation of
UMO-1 to its target protein. Other essential enzymes

nvolved in this modification, however, remain to be
larified. Here we cloned human Sua1 (SUMO-1 acti-
ating enzyme) and hUba2, which are human ho-
ologs of yeast Saccharomyces cerevisiae Aos1 and
ba2, respectively. The recombinant proteins, Sua1p
nd hUba2p, formed a complex. In this complex,
Uba2 bound SUMO-1 and this complex had the activ-

ty of the SUMO-1 activating enzyme. Furthermore, in
n in vitro system, RanGAP1 was modified by SUMO-1
n the presence of Sua1p/Uba2p and hUbc9p, showing
hat the modification of SUMO-1 could be catalyzed by
wo enzyme steps, although ubiquitination usually re-
uires three enzyme steps. © 1999 Academic Press

SUMO-1 has been identified as a protein that is
ighly similar to ubiquitin (1–5). Conjugation of ubiq-
itin to certain proteins is a signal to promote the
egradation of such proteins by proteasomes (7). How-
ver, protein modification by SUMO-1 has a role in
nother pathway rather than protein degradation. At
rst, RanGAP1 was shown to be a protein modified by
UMO-1 (4, 6). RanGAP1 associates with RanBP2/
mp358, which is a component of the nuclear pore

omplex (NPC), and the stable complex is required for
he import of proteins into the nucleus (8). Although
anGAP1 is predominantly localized in the cytosol,

onjugation of SUMO-1 to RanGAP1 promotes the tar-
eting of RanGAP1 to the NPC (4, 6). Conjugation of

1 To whom correspondence should be addressed. Fax: (81) (426)
6-7249. E-mail: yasuda@ls.toyaku.ac.jp.
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ion of the latter (9, 10). Thus post-translational mod-
fication by SUMO-1 seems to regulate the structure
nd intracelluar localization of certain proteins.
The protein modification by SUMO-1 is performed by

nzymatic reactions, which seem to be similar to those
nvolved in the ubiquitination reaction. Attachment of
biquitin to proteins requires three enzymes, ubiquitin
ctivating enzyme (E1), ubiquitin conjugating enzyme
E2), and ubiquitin ligase (E3) (7). If the conjugation
ystem of SUMO-1 to proteins is similar to that of ubiq-
itin, there may exist E1, E2 and E3 enzymes for the
UMO-1 system. Actually, human Ubc9 is able to bind
UMO-1, not ubiquitin, through a thioester bond, sug-
esting that hUbc9 is a SUMO-1 conjugating enzyme
11–16). Furthermore, Smt3p, which is a SUMO-1 ho-
olog in the budding yeast Saccharomyces cerevisiae,
as been shown to cooperate with Aos1p/Uba2p het-
rodimer (17, 18). Uba2 and Aos1 are sequentially simi-
ar to the C-terminus and N-terminal of Uba1, the yeast
biquitin activating enzyme, E1 (19), respectively. The
os1p/Uba2p heterodimer seems to be a Smt3p activat-

ng enzyme and to promote Smt3p conjugation to other
roteins. However, it is still unknown whether an E3-like
olecule for Smt3 exists or not. In this study we iso-

ated human SUMO-1 activating enzyme genes, Sua1
SUMO-1 activating enzyme) and hUba2, and showed
hat RanGAP1 is modified by SUMO-1 in the presence of
UMO-1 activating enzyme (Sua1/hUba2) and hUbc9.

ATERIALS AND METHODS

Cloning and sequencing. DNA probes were phosphorylated by
egaprime DNA labelling system (Amersham, Co.) according to the
anufacturer’s protocol. Three million plaques of a lZAP HeLa cell

DNA library, which was kindly provided by Dr. H. Nozima, Osaka
niv., Japan, were screened by use of the probes. The positive clones

btained were converted to pSK plasmids, and both strands were
equenced with a dye termination kit and automatic sequencer ABI
RISM 310 ( Applied Biosystems).

Plasmid construction and protein expression. SUMO-1 (G) cDNA,
hich encodes from the first methionine to glycine 97, was obtained
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



by the reverse transcript polymerase chain reaction (RT-PCR)
m
R
c
s
w
f
(
p
(
F
p
e
g
c
S

p
T
y
1
t
w
T
l
b
e
b
t
m
(
e
p

o
r
p
A
G
S
p
5
o
r
(
p
p
C
u
E
p
o

c
s
g
1
a
f
u

R

p
s

S
U
w
t
t
t
h
t
H

t
S
s
i
a

Vol. 254, No. 3, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ethod using total RNA from HeLa cells. Human Ubc9 cDNA and
anGAP1 were also obtained by RT-PCR methods. The SUMO-1(G)
DNA was subcloned into a pET3 vector. The hUbc9 cDNA was
ubcloned into a pET3 vector or pET11dGST vector, the latter of
hich was modified pET11d vector having a glutathione-S-trans-

erase gene. These recombinant proteins were expressed in E.coli
BL21, LysS) by the addition of isopropyl b-D(2)-thiogalacto-
yranoside (IPTG) to the medium. RanGAP1 cDNA, APP-BP1 cDNA
20) Sua1 cDNA and hUba2 cDNA were subcloned into pGST-
astBac or pFastBacHT vectors (GibcoBRL) and the recombinant
roteins were expressed in Sf-9 cells by use of a baculovirus protein
xpression system. When two recombinat proteins were used to-
ether, for example when the Sua1p/hUba2p complex was used, Sf9
ells were co-infected with two kinds of viruses, one expressing
ua1p and the other, hUba2p.

Protein purification. E. coli (BL21, LysS) expressing SUMO-1
rotein was disrupted by sonication in a buffer containing 10 mM
ris-HCl (pH 7.4), 1 mM EDTA, 0.1% NP40, and 1 mM phenylmeth-
lsulfonyl fluoride (PMSF). The resultant lysate was centrifuged at
2,000g for 10 min. Ammonium sulfate was added to the superna-
ant at a final concentration of 80%, and the precipitated proteins
ere discarded. The clear supernatant was dialyzed against 50 mM
ris-HCl (pH7.4) containing 1 mM PMSF and the dialysate was

oaded onto a DEAE-TOYOPEARL (TOSOH, Co.) column equili-
rated with 50 mM Tris-HCl, pH7.4. The SUMO-1 protein was
luted from the column at 50 mM NaCl. The purified SUMO-1 was
iotinylated as described previously (21). The recombinant GST-
agged proteins were bound to glutathione Sepharose 4B resin (Phar-
acia, Co.), washed twice with a buffer containing 10 mM Tris-HCl

pH 7.4), 3 mM MgCl2, 0.01% Brij 35, and 1 mM PMSF, and then
luted from the resin with 5 mM glutathione, pH 8.0. The eluted
roteins were dialyzed against 10 mM Tris-HCl, pH 7.4.

In vitro SUMO-1 modification assay. For detecting of the activity
f the SUMO-1 activating enzyme, Sf-9 cell lysates expressing
ecominant protein(s) were incubated at 25°C for 30 min in the
resence of 50 mM Tris-HCl (p7.4), biotinylated SUMO-1 (G), 5 mM
TP, 10 mM MgCl2, and 0.2 mM dithiothreitol (DTT). When Ran-
AP1 modification by SUMO-1 was tested, purified RanGAP1,
ua1p/hUba2p, and hUbc9 were incubated at 25°C for 30 min in the
resence of 50 mM Tris-HCl (pH 7.4), biotinylated SUMO-1 (G),
mM ATP, 10 mM MgCl2, and 2 mM DTT. After incubation, the GST
r GST-tagged protein was retrieved by glutathione sepharose 4B
esin and washed twice with a buffer containing 10 mM Tris-HCl
pH7.4), 3 mM MgCl2, 0.01% Brij 35, and 1 mM PMSF, and then the
roteins bound to the resin were electrophoresed in SDS-
olyacrylamide gel and transferred to a PVDF membrane (Millipore,
o.). The biotinylated proteins in the membrane were detected by
se of peroxidase- conjugated avidin (Extravidin, Sigma, Co.) and the
CL method (Amersham, Co.) as described previously (21, 22). The
roteins in the gel were stained with Coomasie brilliant blue R-250
r with silver staining (Silver Stain Plus, Bio-Rad).

Cell culture and preparation of cell lysate. HeLa S3 cells were
ultured in DMEM medium supplemented with 10% newborn bovine
erum. HeLa cell lysate was prepared as follows. Logarithmically
rowing cells (2 3 107 ) were suspended in 1 ml of a buffer containing
0 mM Tris-HCl (pH 7.4), 3 mM MgCl2, 0.1% NP40, and 1 mM PMSF
nd disrupted by sonication. Then the cell suspension was centri-
uged at 12, 000g for 10 min, and the supernatant was taken and
sed as lysate.

ESULTS

Cloning of SUMO-1 activating enzyme. The Smt3
rotein in the budding yeast Saccharomyces cerevisiae
eems to be a homolog of mammalian SUMO-1, and
694
mt3 activating enzyme is a heterodimer of Aos1p and
ba2p (17). When the EST public data base (GenBank)
as searched by the Blast Similarity Search Program

o find mammalian genes homologous to Aos1 or Uba2,
he clone A (GenBank accession number AA236737) or
he clone B (GenBank accession number N40237) had
igh similarity to Aos1 or Uba2, respectively. Using
hese two EST clones as probes, 3 3 106 phages of
eLa cDNA library were screened. Seventeen positive

FIG. 1. Amino acid sequence alignment of Sua1p and Aos1p, and
hat of hUba2p and ScUba2. (A) Sequence alignment of human
ua1p (SUMO-1 activating enzyme) and budding yeast Aos1p. Dots
tand for identical residues; and dashes, for gaps. Percentage of
dentical residues is 33%. (B) Sequence alignment of human Uba2p
nd budding yeast ScUba2p. Percentage of identical residues is 35%.



c
c
c
l
p
w
a
q
t
t
J
a
o
S
(
t
r
(

T
s
e
p
a
t
G
6
p
h
T
m
p
o
c
S
w

w
S
(

1
c
a
i
t
t
n

p
S
z
S
t
t
t
s
g
w
m
c
h
t
u
t
t
T
b
b
S
t
h
fi
w
w
h
w
i
d
h

c

Vol. 254, No. 3, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
lones and 4 positive clones were obtained for EST
lone A and EST clone B, respectively. The longest
lone obtained for each gene was sequenced. The
engths for the clone A* obtained using clone A as
robe and the clone B* obtained using clone B as probe
ere 2046bp and 2648bp, respectively. When the
mino acid sequences deduced from the DNA se-
uences of clone A* and clone B* were alined with
hose of Aos1 and Uba2, clone A* showed 33% identity
o Aos1 and clone B*, 35% identity to Uba2 (Fig. 1).
udging from the sequence data, clone A* seemed to be
human homolog of yeast Aos1, and the clone B*, that

f Uba2. Thus, the clones A* and B* were named
UMO-1 activating enzyme 1 (Sua1) and human Uba2

hUba2), respectively. Sua1p and hUba2p are thought
o work as N-terminal domain and C-terminal domain,
espectively, of the ubiquitin activating enzyme, E1
Fig. 2).

Detection of activity of SUMO-1 activating enzyme.
he cDNAs corresponding to open reading frames were
ubcloned into pFastBac vectors and the proteins were
xpressed in Sf-9 cells by means of the baculovirus
rotein expression system as described in Materials
nd Methods. Using the recombinant proteins, we
ested the binding of SUMO-1 (G) protein to hUba2p.
ST-Sua1p migrated at molecular weight 65K and
xHis-tagged hUba2p did so at 97K in the SDS-7.5%
olyacrylamide gel. As shown in Fig. 3A, GST-tagged
Uba2p formed a complex with 6xHis-tagged Sua1p.
he hUba2p in the complex bound SUMO-1 (G) but
onomeric hUba2p or Sua1p did not. The APP-BP1

rotein (20, 23), which works as the activating enzyme
f Nedd8, another ubiquitin-like protein, by forming a
omplex with hUba3 protein, was also expressed in
f-9 cells. Neither APP-BP1 nor GST formed a complex
ith hUba2p (data not shown).
Figure 4 shows that recombinant purified hUbc9p
orks as SUMO-1 conjugating enzyme to conjugate
UMO-1 in the presence of purified Sua1p/hUba2p

lane 3). Mutant hUbc9p (C93A) did not bind SUMO-

FIG. 2. Schematic representation of the similarity of domains be
yteine residues are located within box 3. The similarity boxes corre
695
(G) in this in vitro system (lane 4), indicating that
ysteine residue 93 must be a binding site of SUMO-1,
s was shown in yeast Ubc9p (12). Actually, the bind-
ng of SUMO-1 (G) to hUbc9p was sensitive to dithio-
hreitol treatment, indicating that it occurs through a
hioester bond (lane 5). In this system hUbc9p could
ot use ubiquitin in place of SUMO-1 (data not shown).

In vitro SUMO-1 modification of RanGAP1 using
urified proteins. As shown above, the complex of
ua1p and Uba2p seems to be SUMO-1 activating en-
yme and hUbc9, the SUMO-1 conjugating enzyme. If the
UMO-1 conjugation system is considered to be similar
o the ubiquitination system, what is SUMO-1 ligase? In
he in vitro SUMO-1 conjugation system so far reported,
he cell lysate (e.g., HeLa cell lysate) was used as the
ource of SUMO-1 activating enzyme and SUMO-1 li-
ase. Here we tried to use a purified system to find out
hether or not SUMO-1 ligase is necessary for RanGAP1
odification. The GST-Sua1p/hUba2p expressed in Sf-9

ells by the baculovirus expression system and GST-
Ubc9p expressed in E.coli were purified by use of gluta-
hione Sepharose 4B resin and eluted from the resin by
se of glutathione. GST-RanGAP1 was purified by gluta-
hione Sepharose 4B resin, and the RanGAP1 bound to
he resin was used as the acceptor protein of SUMO-1.
he SDS-7.5% polyacrylamide gel stained by Coomassie
rilliant blue R-250 is shown in Figure 5A. Extra protein
ands were hardly detected except for the glutathione
-transferase that originated from the Sf-9 insect cells. In
he in vitro system using SUMO-1 (G), Sua1p/Uba2p,
Ubc9 and GAP-1 as proteins, the RanGAP1 was modi-
ed by SUMO-1 as efficiently as by the HeLa cell lysate,
hich was used in place of Sua1p/Uba2p. This reaction
as dependent on the existence of both Sua1p/Uba2p and
Ubc9, though very faint modification was observed
ithout hUba9 (Fig. 5 B, lane 3). These data clearly

ndicate that the modification of RanGAP1 by SUMO-1
id not require the third enzyme, rather only Sua1p/
Uba2 and hUbc9p.

en human E1 (UbE1) (30) and Sua1p, hUba2p. The putative active
nd to those of Johnson et al. (17).
twe
spo
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ISCUSSION

The modification of proteins by SUMO-1 protein was
ecently discovered as new protein modification. The
odified proteins by SUMO-1 reported so far are Ran-
AP1 (4, 5), PML (9, 10), S-200 (9), and I k B a (24).
urthermore, many proteins were shown to interact with
bc9 in the yeast two hybrid system. These proteins

nclude Fas (25, 26), Rad 51 (27), Rad 53, and so on (28).
hough SUMO-1 is a protein having homology to ubiq-
itin, the modification does not seem to be related to the
egradation of protein as in the case of ubiquitin. The
UMO-1 modification may have diverse functions. The
anGAP1 was changed conformationally by the modifi-

ation of SUMO-1, resulting in its ability to bind RanBP2

FIG. 3. Sua1p and hUba2p form a complex, and the complexed
Uba2p binds SUMO-1. Sf-9 cell lysates expressing various recombinat
roteins were incubated as described in Materials and Methods. After
ncubation, GST or GST-tagged proteins were retrieved by glutathione
epharose 4B resin, and the in vitro SUMO-1 modification assay was
erformed as described in Materials and Methods. (A) Staining pattern
f the SDS-polyacrylamide gel by silver staining. The two fastest mi-
rating proteins are GSTs that originated from Sf-9 cells. Lane 1,
ST-hUba2p/His-Sua1p; lane 2, GST-hUba2p; lane 3, GST-Sua1p; (B)
CL detection of SUMO-1 (G) binding. The binding of SUMO-1 (G) to

he proteins in (A) was tested by use of biotinylated SUMO-1 (G). Lane
, the hUba2p in the complex with Sua-1 bound biotinylated SUMO-1
G) protein; lanes 2, 3; no binding of SUMO-1 was detected.
696
fter its modification by SUMO-1 (10). I k B a was mod-
fied at the same lysine residue by SUMO-1 and ubiq-
itin. Once its modification by SUMO-1 took place, ubiq-
itination could not take place at the same residue (24).
n this case, the modification by SUMO-1 resulted in the
nhibition of ubiquitination.

Since the SUMO-1 is a protein with homology to
biquitin, the conjugation system for the targeted
rotein might be homologous. Actually full-length
UMO-1 cannnot conjugate to the protein; but
UMO-1 (G) can, which is the truncated form of
UMO-1 having glycine at its C-terminus (5). Ubiq-
itin also has a glycine residue at its C-terminus. The
biqutination system requires three steps using ubiq-
itin activating enzyme, E1, ubiquitin conjugating en-
yme, E2, and ubiquitin ligase, E3, with one used at
ach step (7). SUMO-1 modification may have these
hree steps. The amino acid residue at the carboxyl
erminus of ubiquitin is glycine, and ubiquitin is con-
ugated to a protein through this glycine residue as
escribed above. However, the amino acid residue at
he carboxyl terminus of SUMO-1 is tyrosine, and this
orm of SUMO-1 cannot conjugate to proteins (5). How-
ver, the truncated form (SUMO-1(G)), which has a
lycine residue as the carboxyl teminus, is active (5).
herefore we used recombinant SUMO-1 (G) in all
xperiments reported here.

FIG. 4. Detection of the activity of SUMO-1 activating enzyme of
ua1p/hUba2p complex. In vitro SUMO-1 modification assay by use
f purified proteins was performed as described in Materials and
ethods. The conjugation of biotinylated SUMO-1 to the protein was

etected by ECL method. The reaction mixture contained biotinyl-
ted SUMO-1 and lane 1, hUbc9p (wild); lane 2, hUbc9p (C93A); lane
, Sua1p/hUba2p and hUbc9p (wild); lane 4, Sua1p/hUba2p and
Ubc9p (C93A); lane 5, Sua1p/hUba2p and hUbc9p (wild). The sam-
les in lane 1 through 4 were not treated with dithiothreitol (DTT)
efore being loaded onto the SDS-polyacrylamide gel electrophoresis
SDS-PAGE). The sample in lane 5 was treated with 0.1M DTT
efore loading to SDS-PAGE. When Sua1p/hUba2p and hUbc9p
wild) were present, SUMO-1 modification of hUbc9p occurred (lane
). When the sample was treated with DTT, the SUMO-1 modifica-
ion of hUbc9p decreased, indicating that SUMO-1 bound hUbc9p
hrough a thioester bond. The hUbc9p (C93A) did not bind SUMO-1.
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The hUbc9 is very homologous to ubiquitin conjugat-
ng enzyme and is thought to be a SUMO-1 conjugating
nzyme (14). Here we showed that the SUMO-1 acti-
ating enzyme is a complex of Sua1p/hUba2p, which
overs the domains of the ubiqutin activating enzyme,
1 (Fig. 2). Sua1 and hUba2 are homologs of yeast
accharomyces cerevisiae Aos1 andUba2, respectively,
hich seem to be the Smt3 activating enzyme (17).
mt3 is a homolog of SUMO-1 (18). A similar complex,
PP-BP1/hUba3p, is thought to be involved in the
odification by Nedd8 (23), another homolog of ubiq-
itin. Yeast Saccharomyces cerevisiae homolog of
EDD8, Rub1, is also activated by a complex with
LA1p and Uba3p (29). The third enzyme involved in
biquitination is ubiquitin ligase. In the in vitro recon-
tituted system reported here, RanGAP1 was modified
y SUMO-1 in the presence of Sua1p/hUba2p and
Ubc9p. This system did not require any SUMO-1 li-
ase protein. Since the hUbc9p can bind RanGAP1, it
ust work as SUMO-1 ligase in this system. Finally
UMO-1 modification requires Sua1p/hUbap, hUbc9p,
UMO-1(G), and the protein to be modified. Since the
UMO-1(G) protein must be produced by proteolytic
leavage from SUMO-1 in vivo, the responsible protein-
se may be an important key enzyme to regulate the

FIG. 5. SUMO-1 modification of RanGAP1 using purified pro-
eins. (A) The purified GST-Sua1p/hUba2p (lane 1), GST-hUbc9
lane 2) and GST-RanGAP1 (lane 3) were subjected to SDS-7.5%
olyacrylamide gel electrophoresis and stained with Coomasie bril-
iant blue R-250. (B) By use of the proteins shown in (A), in vitro
UMO-1 modification of RanGAP1 was performed in the presence of
oth Sua1p/Uba2p and hUbc9p (lane 1), in the presence of hUbc9p
lane 2), in the presence of Sua1p/hUba2p (lane 3). In lane 4, neither
ua1p/hUba2p nor hUbc9p was present. In lane 5, HeLa cell lysate
as used in place of Sua1p/hUba2p in the presence of hUbc9p.
697
he endoproteinase for SUMO-1 is important issue to
e clarified to know the precise mechanism of regula-
ion of protein modification by SUMO-1.
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