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E1 enzymes facilitate conjugation of ubiquitin and ubiqui-

tin-like proteins through adenylation, thioester transfer

within E1, and thioester transfer from E1 to E2 conjugating

proteins. Structures of human heterodimeric Sae1/Sae2-

Mg .ATP and Sae1/Sae2-SUMO-1-Mg .ATP complexes were

determined at 2.2 and 2.75 Å resolution, respectively.

Despite the presence of Mg .ATP, the Sae1/Sae2-SUMO-1-

Mg .ATP structure reveals a substrate complex insomuch

as the SUMO C-terminus remains unmodified within the

adenylation site and 35 Å from the catalytic cysteine,

suggesting that additional changes within the adenylation

site may be required to facilitate chemistry prior to ade-

nylation and thioester transfer. A mechanism for E2 re-

cruitment to E1 is suggested by biochemical and genetic

data, each of which supports a direct role for the E1 C-

terminal ubiquitin-like domain for E2 recruitment during

conjugation.
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Introduction

Ubiquitin (Ub) and ubiquitin-like (Ubl) modifiers are B100-

amino-acid proteins that regulate differentiation, apoptosis,

the cell cycle, and responses to stress through post-transla-

tional covalent attachment to lysine residues in targeted

proteins (Hochstrasser, 1996; Hershko and Ciechanover,

1998; Laney and Hochstrasser, 1999; Melchior, 2000; Muller

et al, 2001; Johnson, 2004). The small ubiquitin-related

modifier SUMO-1 is a Ub/Ubl family member, and although

SUMO-1 shares structural similarity to Ub, SUMO’s cellular

functions remain distinct insomuch as SUMO modification

alters protein function through changes in activity, cellular

localization, or by protecting substrates from ubiquitination

(Hershko and Ciechanover, 1998; Melchior, 2000; Melchior

et al, 2003; Johnson, 2004).

Saccharomyces cerevisiae Smt3 was the first SUMO ortho-

log identified and Smt3 conjugation is critical for septin ring

formation, chromosomal segregation, and G2–M cell cycle

progression (Johnson and Blobel, 1999; Li and Hochstrasser,

1999; Takahashi et al, 1999; Tanaka et al, 1999; Johnson,

2004). In contrast to the single yeast SMT3 gene, four SUMO

family members have been identified in human. SUMO-1

shares B43% sequence identity with the almost identical

SUMO-2 and SUMO-3, which share 96% sequence identity

to each other. SUMO-4 shares 87% sequence homology to

SUMO-2, and exists in native and disease-specific isoforms

(Bohren et al, 2004). Although SUMO isoforms are involved

in distinct cellular processes, we will use SUMO to describe

the entire system and refer by name to protein components

when necessary.

The mechanisms utilized to conjugate Ub and Ubl

modifiers share many similarities and some important differ-

ences. The Ub pathway utilizes a single E1 to activate Ub

and unique combinations of several E2s and numerous

E3s to direct conjugation and ensure specificity (Hershko

and Ciechanover, 1998). In contrast, SUMO and Nedd8

pathways utilize a single E1 and a single E2 in combination

with a few known E3s. Ubc9 is the only known SUMO

E2 enzyme (Seufert et al, 1995; Johnson and Blobel, 1997),

and while SUMO conjugation can be reconstituted under

select conditions in vitro using only E1, Ubc9, SUMO, and

ATP, several SUMO E3 factors have been recently identified

that facilitate conjugation in vivo and in vitro (Johnson,

2004).

Conjugation ultimately results in isopeptide bond forma-

tion between a protein lysine e-amino group and the Ub/Ubl

C-terminus (Hershko and Ciechanover, 1998). To catalyze

this, full-length Ub/Ubls are proteolytically processed by

specific cysteine proteases to produce the conserved C-term-

inal di-glycine (Gly–Gly) motif that is subsequently adeny-

lated by E1 enzymes in an ATP-dependent process, thus

activating the C-terminus for transfer to an E1-thioester

adduct via a conserved E1 cysteine. The E1-thioester complex

must then recruit an E2 to facilitate transfer of the E1-

thioester to a conserved E2 cysteine. The energy stored in

the E2-Ub/Ubl thioester is utilized to conjugate Ub/Ubls to

target lysine e-amino groups directly or through complexes

mediated by E3s.

To determine the molecular basis for E1-dependent SUMO

transfer mechanisms, and to elaborate interactions utilized

by the Sae1/Sae2 heterodimeric human SUMO E1 for recruit-

ment of the SUMO E2 Ubc9 to the E1-SUMO-thioester adduct,

we have structurally characterized complexes between Sae1/

Sae2-Mg �ATP and Sae1/Sae2-SUMO-1-Mg �ATP. The pre-

sence of an unreacted SUMO-1-Mg �ATP substrate complex

suggests that conformational changes may be required to

facilitate adenylation, thioester transfer, and subsequent re-

cruitment of E2 to the E1-SUMO complex. Deletion and

biochemical analysis revealed an essential and direct role

in vitro and in vivo for the Sae2 C-terminal ubiquitin-like
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domain (UbL) in E1-SUMO-thioester transfer to the SUMO E2

conjugating protein.

Results and discussion

Sae1/Sae2-Mg .ATP and Sae1/Sae2-SUMO-1-Mg .ATP

structure determination

Human SAE1 and SAE2 were cloned and coexpressed to

isolate the heterodimeric 113 kDa Sae1/Sae2 protein complex

previously characterized as the E1 for SUMO activation

(Johnson et al, 1997; Desterro et al, 1999; Okuma et al,

1999). Native Sae1/Sae2-ATP crystals were soaked with

thimerosal to obtain a mercury derivative suitable for iso-

morphous replacement. Data were obtained at the mercury

LIII absorption edge at NSLS X4A for one native crystal and

one mercury derivative crystal. A total of 12 mercury atoms

were identified and used to calculate phases with two-fold

NCS averaging between the two Sae1/Sae2-ATP complexes

observed per asymmetric unit (ASU) (Table I and Materials

and methods). The SUMO E1 structure was built at 2.6 Å

using these data. Crystals were obtained for native protein,

but superior diffraction was observed for crystals containing

a single point mutation for the catalytic cysteine (Cys173Ala)

of the Sae2 subunit. A crystal that diffracted X-rays to 2.2 Å at

the Advanced Photon Source was obtained and used to refine

the Sae1/Sae2-Mg �ATP complex at 2.25 Å to an R-factor and

Rfree of 20.8 and 24.8, respectively. Structures containing

Mg �ATP and ATP differed only in that the Mg �ATP complex

contained one magnesium ion per ATP ligand as determined

by difference Fourier analysis.

The Sae1/Sae2-SUMO-ATP complex was obtained by

cocrystallization. A 2.6 Å data set was collected that belonged

to a different space group, so the structure was solved by

molecular replacement using native Sae1/Sae2 coordinates

with two complexes observed per ASU. Electron density

was observed for SUMO-1 in both complexes and modeled

using a SUMO-1 crystal structure obtained from a complex

between SUMO-1 and Senp2 (Reverter and Lima, 2004).

Sae1/Sae2-SUMO-1-Mg �ATP was obtained by cocrystalliza-

tion and by incubating crystals of Sae1/Sae2-SUMO-ATP

in magnesium sulfate for 4–5 h prior to cryopreservation.

Although magnesium and ATP were expected to result

in adenylation of the SUMO-1 C-terminal glycine, this

complex was nearly identical to Sae1/Sae2-SUMO-ATP

except for a single magnesium ion coordinated to each

ATP. Similar to Sae1/Sae2-Mg �ATP, we utilized the

mutant Sae2 Cys173Ala subunit and a magnesium soak to

obtain crystals of Sae1/Sae2-SUMO-1-Mg �ATP that diffracted

X-rays to superior resolution. These data were used to

refine the complex at 2.75 Å to a final R-factor and Rfree

of 22.0 and 27.6, respectively (Table I and Materials and

methods).

Table I Crystallographic data and refinement statistics

Native Mg �ATP Native SUMO Mg �ATP Native/ATP Hg/ATP

PDB ID 1Y8Q 1Y8R
Source APS 31ID APS 31ID X4A X4A
Wavelength (Å) 0.9790 0.9790 1.008 1.008
Resolution limits (Å) 20–2.2 20–2.75 20–2.5 20–2.8
Space group P21 P212121 P21 P21

Unit cell (Å) a, b, c, a, b, g 101.2, 116.7, 106.1, 90,
112.7, 90

117.1, 214.1, 100.7, 90, 90,
90

101.2, 116.7, 106.0, 90,
112.6, 90

101.8, 116.6, 105.6, 90,
112.6, 90

Number of observations 351 595 727056 310 888 236 755
Number of reflections 108 617 67058 74 210 104 523a

Completeness (%) 97.3 (92.7) 93.4 (75.9) 98.5 (97.0) 96.3 (92.8)
Mean I/sI 16.4 (2.6) 9.7 (3.0) 6.2 (1.5) 4.3 (1.0)
Rmerge on Ib 7.1 (43.5) 15.0 (48.4) 13.2 (57.7) 17.8 (84.1)
Cutoff criteria I/sI �0.5 �0.7 �0.5 �1.0
Number of sites 12
MFID (%)c 18.6
Mean FOM (SOLVE)d 0.15 (acentric)/0.21 (centric)
FOM (RESOLVE with NCS) 0.50 (acentric)/0.61 (centric)

Refinement statistics
Resolution limits (Å) 20–2.25 20–2.75
Number of reflections 104 390 63 543
Completeness (%) 97.0 (93.2) 94.9 (84.3)
Cutoff criteria I/sI 0 0
Protein/ligand/water atoms 12 935/66/820 14 316/66/317
Rcryst

e 0.208 (0.350) 0.220 (0.370)
Rfree (5% of data) 0.248 (0.371) 0.276 (0.391)
Bonds (Å)f 0.006 0.009
Angles (deg)f 1.1 1.2
B-factors (mc/sc in Å2)f 1.50/2.14 1.4/1.8

aSIRAS data completeness treats Bijvoët mates independently.
bRmerge¼

P
hkl

P
ijIðhklÞi � hIðhklÞij=

P
hkl

P
ihIðhklÞii.

cMFID (mean fractional isomorphous difference)¼
P

||Fph|�|Fp||/
P

|Fp|, where Fp is the protein structure factor amplitude and |Fph| is the
heavy-atom derivative structure factor amplitude.
dMean FOM¼ combined figure of merit.
eRcryst¼

P
hkljFoðhklÞ � FcðhklÞj=

P
hkljFoðhklÞj, where Fo and Fc are the observed and calculated structure factors, respectively.

fValues indicate root-mean-square deviations in bond lengths, bond angles, and B-factors of bonded atoms.
Values in parentheses indicate statistics for the high-resolution data bin.

SUMO E1
LM Lois and CD Lima

The EMBO Journal VOL 24 | NO 3 | 2005 &2005 European Molecular Biology Organization440



Structural description of Sae1/Sae2-Mg .ATP

and Sae1/Sae2-SUMO-1-Mg .ATP

Full-length human proteins for Sae1 (1–346) and Sae2 (1–

640) were used in crystallization. Disordered regions not

observed in electron density included Sae1 residues 178–

203 and 346, and Sae2 residues 1–3, 219–237, 291–304, and

551–640. The Sae1/Sae2 structure revealed the pseudosym-

metric heterodimer between the Sae2 adenylation domain

(1–158, 384–438) and Sae1 (1–346) (Figure 1; Supplementary

Figure 1). These domains and the adenylation active site are

related to those described in the structures of MoeB-MoaD

(Lake et al, 2001) and the APPBP1/UBA3 Nedd8 E1 (Walden

et al, 2003b; for review, see Huang et al, 2004b). Sae2

includes three domains, the adenylation domain and two

additional domains located on either side of the Sae2 adeny-

lation active site (Figure 1). The first will be referred to as the

catalytic Cys domain (159–386) since it contains Cys173, the

catalytic cysteine responsible for E1-SUMO-thioester bond

formation. The second will be termed the UbL or UBiquitin-

Like domain (442–549) due to its structural similarity to Ub

and other Ubl modifiers.

The Sae2 polypeptide chain emerges from the adenylation

domain under the E1 UbL domain at the first of two Cys-X-X-

Cys motifs that coordinate a single zinc ion (residues Cys158

and Cys161). A crossover strand of B11 amino acids passes

over the adenylation active site, leading to Cys173 and the
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Figure 1 Structure of the SUMO activating enzyme. (A) Ribbon diagram of the Sae1/Sae2 heterodimer Mg �ATP complex. Sae1 is colored blue
and Sae2 is colored shades of pink, magenta, and red. (B) Ribbon diagram of the Sae1/Sae2-SUMO-1-Mg �ATP complex. SUMO is colored
yellow. Sae1/Sae2 is colored as in (A). Mg �ATP and zinc are labeled and shown in stick and sphere representation. Catalytic Cys and UbL
domains are labeled. The active site cysteine is labeled and colored yellow. (C) Orthogonal view of Sae1/Sae2-SUMO-1-Mg �ATP complex as
in (B). (D) Orthogonal view of Sae1/Sae2-Mg �ATP complex as in (A). (E) Orthogonal view of Sae1/Sae2-SUMO-1-Mg �ATP complex as in (B).
(F) Schematic representation of Sae1/Sae2 and SUMO-1 colored as in (A–E). C-terminal truncation mutants described in the text are indicated
above the Sae2 peptide as DUbL, DCterm, and DNLS. Stereo images of panels A and B are provided in Supplementary Figure 1. Images were
generated with SETOR or PYMOL unless noted otherwise (Evans, 1993; Delano, 2002).
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site of thioester bond formation. After completion of the

catalytic Cys domain at amino acid 386, the Sae2 polypeptide

passes into the adenylation domain before emerging once

again at the second Cys-X-X-Cys motif (Cys441 and Cys444)

to form the C-terminal E1 UbL domain (Figure 1). As such,

the crossover strand links the catalytic Cys and UbL

domains via the zinc motif in a more direct manner than is

obvious through inspection of the linear polypeptide se-

quence (Figure 1A and F). The catalytic Cys domain appears

perched over the rest of the molecule (Figure 1C), burying

a relatively small interface between Sae1/Sae2 and the

Cys domain (1800 Å2 of total surface area; GRASP; Nicholls

et al, 1991).

The SUMO E1 Sae2 subunit includes a C-terminal exten-

sion from amino acids 550–640 that was not apparent in

electron density maps, despite its presence in our protein and

crystalline preparations. Interestingly, sequence and structur-

al alignment between the SUMO Sae2, Ub Uba1, and Nedd8

Uba3 suggest that the Ub and Nedd8 E1 enzymes have their

C-termini located near Sae2 residue 540, indicating that the

Sae2 C-terminal extension is not conserved in all E1 enzymes.

As will be discussed below, the yeast SUMO E1 Uba2 C-

terminal extension was previously shown to contain a nucle-

ar localization signal (NLS) (Dohmen et al, 1995), suggesting

that at least a portion of amino acids 550–640 are not directly

involved in catalytic activities associated with SUMO activa-

tion or transfer to E2.

The structure of Sae1/Sae2-SUMO-1-Mg �ATP complex re-

vealed a similar overall topology for Sae1 and the Sae2

adenylation, catalytic Cys, and UbL domains (Figure 1B, C,

and E). Full-length mature SUMO-1 (1–97) was utilized in

crystallization trials although only residues 14–97 were ap-

parent in electron density maps. SUMO-1 is bound on the

surface of Sae2 between the UbL and catalytic Cys domains in

an orientation approximating that observed for MoaD in

complex with MoeB, and for Nedd8 in complex with

APPBP1/Uba3 (Lake et al, 2001; Walden et al, 2003a).

SUMO-1 recognition

SUMO-1 is recognized exclusively by residues emanating

from Sae2, as no direct interactions are observed between

SUMO-1 and the Sae1 subunit (Figure 1E). The Sae2-SUMO

interface buries 1650 Å2 of total surface area between Sae2

and SUMO-1 (B20% of the SUMO-1 total surface area).

Contacts are observed between Sae2 and SUMO-1 residues

Gln29, Ser31, Asn60, Arg70, Glu89, Tyr91, Glu93, Gln94,

Thr95, Gly96, and Gly97 (Figures 2A, B, and 3F). SUMO-1

Glu93 contacts Sae2 Arg119 and Tyr159 and is conserved as

Glu in SUMO-1 and Smt3 or Gln in SUMO-2 or -3 (Figures 2

and 3F). The analogous position is substituted to Ala or Arg

1 A2 B43 65
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B C

Figure 2 Conserved SUMO-1 residues and E1 activation. (A) Structure-based alignment of human SUMO family members SUMO-1, -2, -3,
S. cerevisiae Smt3, Ub, and Nedd8. SUMO-1 amino-acid numbering, secondary structure, and contact residues with Sae2 (*) are shown above
the sequence with sequence similarity ( . ) and identity ( : ) shown below the aligned SUMO sequences. SUMO-1 residues in contact with Sae2
are colored pink (identical), green (similar), or blue (dissimilar). Ub and Nedd8 alignment is shown below the SUMO alignment with (*)
denoting contacts observed between Nedd8 and the Nedd8 E1. (B) Ribbon and transparent surface for SUMO-1 with surface residues
contacting Sae2 shaded pink, green, or blue as in (A). (C) Time course for formation of E1-thioester, E2-thioester, and SUMO conjugation at
371C using human SUMO-1, -2, -3, and S. cerevisiae Smt3 as substrates (see Materials and methods and Supplementary Figure 2 for assay
details). Labels indicate the positions for E1-thio-SUMO, E2-thio-SUMO, and RanGAP1-SUMO.
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in Nedd8 or Ub, a position previously identified as a critical

determinant for Nedd8 E1 discrimination between Nedd8 and

Ub (Walden et al, 2003a).

SUMO-1 Gln94 is strictly conserved among SUMO isoforms

and contacts Sae2 Ala142 and Leu145. Although Gln94 could

serve as specificity determinant for SUMO E1 discrimination
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Figure 3 Comparison between Sae1/Sae2-Mg �ATP and Sae1/Sae2-SUMO-1-Mg �ATP complexes. (A) Ribbon and surface representations for
Sae1/Sae2-Mg �ATP colored as in Figure 1. (B) Sae1/Sae2-SUMO-1-Mg �ATP complex with SUMO-1 colored yellow. (C) Cartoon representation
of (A) with Mg �ATP, catalytic cysteine, crossover loop, with UbL and Cys domains labeled. (D) Cartoon representation of (B) with arrows
indicating the direction of observed domain rotations (in degrees) and maximal displacement (in Å). (E) Close-up of the Sae1/Sae2-Mg �ATP
complex and crossover loop. Mg �ATP and zinc are labeled with amino acids in stick representation. (F) Close-up of the Sae1/Sae2-SUMO-1-
Mg �ATP complex and crossover loop as in (E) but now showing amino-acid residues from SUMO-1 (yellow) interacting with Sae2 residues.
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between SUMO, Nedd8 (Leu), and Ub (Leu), no specific

hydrogen bonding interactions are observed between Sae2

and either Gln Oe or Ne atoms (Figures 2A, B, and 3F). Main-

chain contacts are observed between SUMO Thr95, Gly96,

and Gly97 with residues in the adenylation active site and

ATP. The C-terminal di-glycine motif is conserved in SUMO,

Nedd8, and Ub and cannot serve as a point of discrimination

between these molecules.

SUMO-1 Arg70 makes salt-bridging contacts to Glu157 and

Asp435, and while not strictly conserved in SUMO isoforms,

this position is substituted to Gln or Asp in Nedd8 or Ub,

substitutions that could generate unfavorable interactions

with negatively charged Sae2 residues (Figures 2A, B, and

3F). Hydrophobic contacts are observed between Sae2

Phe417 and Val440 and SUMO-1 Tyr91. Tyr91 also contacts

SUMO-1 Glu89, which in turn contacts Sae2 Asn423. The

negatively charged SUMO Glu89 and bulky Tyr91 are sub-

stituted to histidine and valine in both Ub and Nedd8.

Of the 11 SUMO-1 side chains that make direct contact to

Sae2, five are strictly conserved in SUMO-1, SUMO-2, and

SUMO-3, four are conserved at the level of amino-acid

property, and two are divergent between SUMO-1 (Asn60

and Arg70) and SUMO-2/3 (substituted to Arg and Pro,

respectively) (Figure 2A and B). To assess whether these

substitutions give rise to any differences in reaction kinetics

for E1-thioester, E2-thioester, and conjugate formation,

human Sae1/Sae2 was used to activate and conjugate

SUMO-1, -2, and -3 (Figure 2C). Data are presented as

individual gel segments because three independent assays

were used to assess each activity (see Materials and methods

and Supplementary Figure 2). Results show that each SUMO

isoform can be activated by E1, transferred to an E2-thioester,

and conjugated to RanGAP1 with similar kinetics, suggesting

that amino-acid differences observed between human SUMO

isoforms are not critical for E1, E2, or substrate interaction in

vitro.

Comparison of SUMO sequences to S. cerevisiae Smt3

(Figure 2A) revealed that Smt3 shared many of the conserved

SUMO residues observed in contact with human SUMO E1.

Consistent with this observation, Smt3 was efficiently acti-

vated and transferred to a SUMO E1-thioester adduct

(Figure 2C). Smt3 can also be transferred to human Ubc9

and conjugated to RanGAP1, although it is less efficient than

the other human SUMO isoforms tested. It is intriguing to

speculate that despite efficient transfer to the E1-thioester,

Smt3 presents determinants within the E1-Smt3 complex that

prevent efficient transfer to human Ubc9, a defect that could

not be overcome even when human Ubc9 was replaced with

yeast Ubc9 (not shown). As such, it appears that determi-

nants required for efficient E2-thioester transfer are provided

by a combination of SUMO and E1 surfaces within the E1-

SUMO-thioester complex.

Comparison of Sae1/Sae2-Mg .ATP and Sae1/Sae2-

SUMO-1-Mg .ATP

Domain movements were observed for the E1 UbL and

catalytic Cys domains when comparing Sae1/Sae2-Mg �ATP

and Sae1/Sae2-SUMO-1-Mg �ATP complexes. Although both

Sae1/Sae2-SUMO-1-Mg �ATP complexes in the ASU share the

same lattice environment and make a similar number of

contacts to the same respective domains in the lattice, one

complex was observed in which the E1 UbL and catalytic Cys

domains were rotated by 15 and 211, respectively, maximally

displacing the domains by as much as B9 and B12 Å

(Figure 3; calculated with Dyndom; Hayward and

Berendsen, 1998). Movement of the catalytic Cys domain

disrupted interactions in the adenylation active site between

Sae2 Asp347, Lys348, and ATP observed in the absence of

SUMO-1 (Figure 4; see below). E1 UbL domain movement

disrupted interactions between Sae2 Arg119 (adenylation

domain) and the main chain of Lys472 in the E1 UbL helix.

In addition, a hydrogen bonding interaction is disrupted

between Tyr442 in the E1 UbL domain and Glu160 in the

crossover strand (Figure 3E). In their place, contacts were

observed between Sae2 Arg119 in its alternate conformation,

Sae2 Tyr159, and the conserved SUMO-1 residue Glu93

(Figure 3F). The absence of direct contacts between SUMO-

1 and either E1 UbL or catalytic Cys domains suggests the

possibility that E1 UbL and catalytic Cys domain movements

might indirectly change contacts in the adenylation active site

that could alter the active site environment between SUMO-1,

ATP, the crossover strand, and adenylation domains.

Catalytic basis for adenylation and thioester transfer

The adenylation active sites observed in both Sae1/Sae2-

SUMO-1-Mg �ATP and Sae1/Sae2-Mg �ATP reveal nearly iden-

tical positions for amino-acid residues involved in adenyla-

tion when compared to structures of MoeB-MoaD (Figure 4;

Lake et al, 2001). These highly conserved residues include

Sae1 Arg21 and Sae2 Asp48, Asn56, Arg59, Lys72, and

Asp117. While the relative positions of active site residues

and ATP were reported in the Nedd8-APPBP1/Uba3-ATP

complex, this structure was determined at 3.6 Å without a

divalent cation, so direct comparison of atomic details was

not warranted (Walden et al, 2003a). As was observed for

MoeB-MoaD, we expected that magnesium addition to the

crystallization buffer would result in adenylation of the

SUMO C-terminus, but inspection of electron density maps

revealed a substrate complex composed of Mg �ATP and an

unreacted SUMO-1 C-terminal glycine (Figure 4B).

Differences could be observed within the adenylation

active sites when comparing Sae1/Sae2-SUMO-1-Mg �ATP

and Sae1/Sae2-Mg �ATP complexes. Two residues from the

catalytic Cys domain make contacts to ATP in the Sae1/Sae2-

Mg �ATP structure (Figure 4A). Lys348 makes a direct contact

to the ATP g-phosphate, while Asp347 makes a salt-bridging

interaction with Sae1 Arg21, which in turn contacts the ATP

g-phosphate. These contacts are disrupted as a result of

domain movements observed for both UbL and catalytic

Cys domains in a Sae1/Sae2-SUMO-1-Mg �ATP complex

(Figure 4B; see above). Contacts between the C-terminal

carboxylate of SUMO-1 Gly97 and the ATP a-phosphate

place the C-terminal SUMO-1 glycine in an optimal orienta-

tion for attack at the ATP a-phosphate.

Magnesium is coordinated by the ATP b- and g-phosphate

oxygen atoms in the Sae/Sae2-Mg �ATP complexes and in one

of the Sae1/Sae2-SUMO-1-Mg �ATP complexes in the ASU,

with nearly ideal octahedral geometry provided by three

additional water molecules and the Asp117 side chain

(Figure 4A). Mg �ATP alters conformation within the other

Sae1/Sae2-SUMO-1-Mg �ATP complex, losing contacts be-

tween Mg and the b- and g-phosphate oxygen atoms in

favor of Mg contacts to the a- and b-phosphate oxygen

atoms and two water molecules (Figure 4B). Although a
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definitive analysis of the contacts observed in the Sae1/Sae2-

SUMO-1-Mg �ATP complex is precluded due to the resolution

limits of the structure determination (2.75 Å), magnesium

coordination of the a-phosphate would be consistent with

direct stabilization of the proposed transition state during

adenylation and inversion of the a-phosphate.

Since adenylated intermediates were not observed in the

presence of Mg �ATP, SUMO E1 was assayed for thioester

formation and conjugation under temperatures similar to

those used for crystallization (41C). Proteins utilized for

these assays included Sae1 with full-length Sae2 (1–640),

Sae2DNLS (1–609) (the predicted NLS deleted), and

Sae2DCterm (1–549) (C-terminal residues up to the E1 UbL

domain deleted). Results are not shown for Sae2DNLS since it

behaved identically to Sae1/Sae2DCterm in all in vitro assays.

Sae1/Sae2 and Sae1/Sae2DCterm form E1-thioester SUMO

adducts with similar ATP dependencies, and both transfer

SUMO to an E2-thioester as evidenced by SUMO conjugation

reaction products (Figure 4C; see Materials and methods),

suggesting that the C-terminal 89 amino acids are dispensable

for in vitro SUMO E1 activity and that SUMO E1 can form E1-

and E2-thioester intermediates under similar temperature

conditions used to generate the Sae1/Sae2-SUMO-1-

Mg �ATP structure.

Two factors might explain the absence of adenylated

SUMO intermediates in the crystal lattice. First, reaction

B
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products may diffuse more slowly in the lattice, favoring

reverse reaction and reconstitution of ATP. We do not favor

this model since the active site is exposed to solvent in the

lattice and no structural evidence was observed for adenyla-

tion intermediates in either simulated annealing omit maps or

difference maps (Figure 4B). A second model suggests that

additional conformational changes are required for adenyla-

tion to occur, and that adenylation might be coupled to

changes in the orientation of the catalytic Cys and/or E1

UbL domains. Consistent with our observations, attempts to

generate adenylated complexes between the Nedd8 E1 and

Nedd8 also failed to produce the desired reaction products

(Walden et al, 2003a), suggesting that both Nedd8 and SUMO

E1 enzymes may entail a more complex reaction mechanism

for adenylation than was observed for MoeB-MoaD (Lake

et al, 2001).

In vitro and in vivo requirements for C-terminal Sae2

domains

Human Sae2 and yeast Uba2 share 31% sequence identity

throughout the adenylation, catalytic Cys, UbL, and NLS

domains (Figure 5). To assess the importance of these do-

mains in vivo and in vitro, we constructed mutant alleles for

yeast UBA2 and human SAE2 to generate the C-terminal

deletion mutants DNLS, DCterm, and DUbL (Figure 5A).

Yeast mutants were placed into a centromeric plasmid

under control of the endogenous UBA2 promoter and used

to complement a S. cerevisiae Duba2 null strain (Johnson

et al, 1997; see Materials and methods) (Figure 5B). Smt3

conjugation patterns were analyzed to evaluate if C-terminal

deletions altered Smt3 conjugate patterns in viable strains

(Figure 5C). Expression of a yUBA2DNLS mutant under the

control of a strong promoter was previously reported

(Dohmen et al, 1995). While viable, yUba2DNLS mislocalized

from the nucleus to the cytoplasm, suggesting the presence of

a bona fide C-terminal nuclear targeting sequence. Yeast

strains containing yUBA2DNLS under control of the natural

UBA2 promoter were also viable, but exhibited a slightly

altered Smt3 conjugation pattern (Figure 5C). Deletion of the

C-terminal domain (1–554) also resulted in viable yeast

colonies and slightly altered Smt3 conjugation patterns

when compared to wild type.

Deletion of the E1 UbL domain from UBA2 (1–434) re-

sulted in lethality as measured by the inability to obtain

colonies after 8 days at 23, 30, or 371C using plasmid shuffle

and selection on media containing 5-FOA (Figure 5B). Two
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cysteine residues from the UbL domain and two cysteine

residues from the crossover strand link the two elements

through a zinc motif. To assess if the zinc motif was essential,

Cys435 and Cys438 were substituted to serine. This mutation

did not alter cell growth or significantly alter Smt3 conjugate

patterns. Taken together, these data suggest that the E1 UbL

domain is essential in vivo, and that association of the E1 UbL

domain to the rest of Uba2 is not strictly dependent on tight

association of zinc between the UbL and crossover strand

(Figure 5B and C).

Analogous C-terminal deletions for the respective human

Sae2 protein were assayed in vitro for E1-SUMO-thioester

formation, E2-SUMO-thioester formation, or E2-dependent

conjugation to RanGAP1 (Figure 5D and E). Sae1/

Sae2DNLS and Sae1/Sae2DCterm exhibited no defect in

vitro for these activities. Sae1/Sae2DUbL was able to form

the E1-thioester intermediate with similar rates and ATP

dependencies as wild type, indicating that the E1 UbL domain

is not required for adenylation or E1-thioester formation.

However, Sae1/Sae2DUbL was unable to transfer the E1-

SUMO-thioester to E2. This defect could not be overcome

by 100-fold excess E2 in the reactions (10mM) or by stoichio-

metric or 10-fold excess UbL (446–549) supplied in trans

(0.1–1.0mM) (not shown). These data suggest that the E1

UbL domain must be covalently linked to E1 to facilitate

SUMO transfer from the E1-SUMO-thioester to E2.

Properties and function of the UbL domain

in E2 recruitment to E1

The E1 UbL domain is conserved in all E1 enzymes that

transfer Ub or Ubl modifiers to E2 conjugating proteins, and

biochemical activities of SUMO E1 show a strict dependency

on the E1 UbL domain for thioester transfer between E1 and

E2. Although sequence alignments did not reveal conserved

functional surfaces between the UbL domains from SUMO,

Nedd8, and Ub E1s, a complete structural model for the E1

UbL domain in the SUMO E1 enzyme enabled structure-based

sequence alignment to the sequence from the Ub E1 UbL and

the partial structure obtained for the Nedd8 E1 UbL domain

(Figure 6A; Walden et al, 2003b).

Alignment of SUMO-1 and the Sae2 UbL domain revealed

few conserved residues but significant structural overlap that

included some interesting differences in the polypeptide

topology within the UbL fold (Figure 6B). Several loops and

insertions in the UbL domain that are not observed in SUMO-

1 create surfaces unique to the UbL domain, and while not

conserved at the level of amino-acid identity, insertions occur

at similar positions in both Ub and Nedd8 UbL domains

(Figure 6A and D). One possible role for the E1 UbL domain

might be to mimic or compete with SUMO-1 after adenylation

or thioester transfer in order to displace SUMO from its

original binding site, although two points argue against

this. First, sequence conservation between SUMO and the

UbL domain does not identify a conserved surface (Figure 6).

Second, Sae2DUbL was able to form E1-thioester intermedi-

ates with similar rates and ATP dependencies as wild type,

indicating that the UbL domain is not required for E1 SUMO

activation or for thioester transfer to the E1 catalytic Cys

domain.

SUMO’s negative charge potential has been noted as a

feature distinguishing it from the electrostatic potentials

observed for Ub or other Ubl modifiers (Bayer et al, 1998).

It has also been proposed that charge complementarity may

facilitate interaction between SUMO and the positively

charged E2 conjugating protein Ubc9 (Liu et al, 1999;

Bencsath et al, 2002; Tatham et al, 2003). The electrostatic

properties of SUMO and the E1 UbL domain reveal that both

are acidic, although if structurally aligned, each appears to

focus negative charge potential onto different surfaces (not

shown), suggesting that if SUMO-1 and UbL interact with

Ubc9 through charge complementarity, they are likely to do

so in different orientations.

To test whether the Sae2 UbL interacts directly with Ubc9,

we conducted gel-shift assays with SUMO E1 UbL domains

consisting of residues 442–549 or 446–549 (Figure 6E). In

both instances, increasing concentrations of Ubc9 shifted the

Sae2 UbL domain to a retarded position in a concentration-

dependent manner consistent with the formation of a stoi-

chiometric Sae2 UbL-Ubc9 complex (see Materials and meth-

ods). The Ubc9-UbL interaction is not disrupted by increasing

SUMO-1 concentrations, and although a unique band appears

in the SUMO-1 titration (indicated by asterisks in Figure 6E),

the Ubc9-UbL complex does not diminish in intensity, even in

the presence of 10-fold excess SUMO-1. These data suggest

that Ubc9-UbL interactions do not substantially overlap with

previously characterized binding surfaces between Ubc9 and

SUMO (Liu et al, 1999; Bencsath et al, 2002; Tatham et al,

2003). Ubc9-UbL interactions appear specific insomuch as the

SUMO E1 UbL domain is shifted by Ubc9, but not by excess

Ubc5, Ubc7, or Ubc12. To confirm that the E1 UbL domain

competes specifically for E2 recruitment by E1, we tested

whether exogenous UbL domain affected E1-thioester forma-

tion, E2-thioester formation, or conjugation. Increasing UbL

concentrations adversely affected E2-thioester transfer and

E2-mediated conjugation while E1-SUMO-1-thioester forma-

tion remained unaffected (Figure 6F).

Comparison of E1 activating enzymes for Ub, SUMO,

and Nedd8

Structural comparison of the SUMO and Nedd8 E1 enzymes

reveals similarities with respect to the global positions for the

adenylation, UbL, and catalytic Cys domains (Figure 7).

However, interactions with SUMO-1 are much less extensive

than observed for the Nedd8-Nedd8 E1 complex. This is due,

in large part, to the absence in SUMO E1 of the 200-amino-

acid insertion observed in the Nedd8 APPBP1 subunit that

interacts directly with Nedd8 across a large surface (Figure

7D–F). This APPBP1 domain insertion is absent and has no

apparent structural or sequence correlate in either SUMO or

Ub E1 enzymes, respectively.

Previous biochemical and structural characterization of

the Nedd8 E1 enzyme revealed structural elements required

for efficient recruitment of the Nedd8 E2 (Ubc12) that differ-

entiate it from the mechanisms employed for E2 recruitment

by the SUMO E1. Deletion analysis of the Nedd8 E1 UbL

domain diminished but did not eliminate the ability of Ubc12

to interact with Nedd8 E1 (Walden et al, 2003b). Subsequent

studies reported the importance of a unique Ubc12 N-term-

inal extension in interactions with an insertion in the Uba3

subunit (Figure 7D; Huang et al, 2004a). Moreover, the Uba3

insertion responsible for direct interaction with the Ubc12 N-

terminal element is absent in other E1s (Huang et al, 2004a).

While partially disordered, the Nedd8 UbL domain is rotated

nearly 901 relative to the SUMO E1 UbL, suggesting that
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Figure 6 Sae2 UbL domain. (A) Structure-based sequence alignment for UbL domains from human SUMO Sae2, Ub Uba1, and Nedd8 Uba3.
Sae2 amino-acid numbering and secondary structure are shown above the sequence. Strands and helices are numbered on arrows and bars,
respectively. (B) Structure-based sequence alignment for SUMO-1 and the Sae2 UbL domain. Secondary structure for SUMO-1 and UbL domain
is shown above and below the sequence, respectively, with discontinuity between the UbL and SUMO-1 structural alignment indicated by ( // )
and residue numbers below the alignment. Asterisks indicate SUMO-1 residues that contact Sae2 with sequence similarity ( . ) and identity ( : )
between the alignment. (C) SUMO-1 structure aligned to the UbL domain as in (D). SUMO-1 residues contacting Sae2 are colored magenta.
Secondary structure labeled as in (B). (D) Opposing orientations of the Sae2 UbL domain. Yellow demarcates regions of structure that
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as in (A, B). (E) Gel-shift analysis indicating direct interactions between human Ubc9 and the Sae2 UbL domain. Both Ubc9 and Sae2 UbL
domain show multiple bands by native gel electrophoresis, thus complexes between Ubc9 and UbL manifest as multiple bands within the gel.
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stoichiometric interaction between Ubc9 and the UbL domain. The second panel suggests that the Ubc9-UbL interaction cannot be competed
for by addition of exogenous SUMO-1 concentrations. The third panel includes controls for panel 2. The fourth and the remaining panels
indicate that gel shift of the SUMO E1 UbL domain is specific to Ubc9. (F) Time course for formation of E1-thioester, E2-thioester, and SUMO
conjugation at 371C using Sae2 (1–640) with increasing concentrations of exogenous Sae2 UbL (446–549) (see Materials and methods). Labels
indicate positions for E1-thio-SUMO, E2-thio-SUMO, and RanGAP1-SUMO.
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precise orientation of the catalytic Cys and UbL domains

might be less important than their global positions over the

adenylation active site. Interestingly, conformational changes

were also observed for the catalytic Cys and UbL domains in

response to Nedd8 interaction when APPBP1/Uba3 and

APPBP1/Uba3-Nedd8 were compared (Walden et al, 2003a).

Structure-based sequence and domain alignments between

the E1 UbL and catalytic Cys domains can be better accom-

plished based on both SUMO and Nedd8 E1 structures, also

enabling alignment of the Ub E1 sequence to these elements.

The overall architecture of the SUMO E1 more closely re-

sembles that of the Ub E1 with respect to the overall length
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Mg �ATP complex. (B) Cartoon representation of SUMO E1 with Mg �ATP, catalytic cysteine, crossover loop, UbL and Cys domains labeled.
(C) Side view of SUMO-1 in ribbon and partial surface representation showing the contact surfaces with Sae2 (magenta). (D) APPBP1/Uba3-
Nedd8 complex with Uba3 colored pink and the catalytic Cys and UbL domains in ribbon representation colored magenta and red, respectively.
Nedd8 is colored yellow. The APPBP1 domain is colored blue in surface representation with the APPBP1 insertion in ribbon representation
(cyan). The Ubc12 binding site is labeled. (E) Cartoon of Nedd8 E1 indicating domain positions and contacts between the APPBP1 insertion
and Nedd8. (F) Nedd8 side view in ribbon and surface representation showing contact surfaces with Uba3 (magenta) and APPBP1 (cyan).
SUMO-1 in (C) and Nedd8 in (F) are shown as observed in the respective complexes if E1 subunits are aligned. (G) Schematic domain
representation observed in human Ub, SUMO, and Nedd8 E1 activating enzymes with domain insertions indicated below each schematic.
Numbering and color coding represent domain boundaries.
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and composition of the adenylation domains (corresponding

to Sae1/Sae2), the catalytic Cys domain, and the C-terminal

UbL domain (Figure 7G). As such, it appears that the func-

tional significance of individual domains as observed in the

SUMO E1 structure might provide additional insights into

those elements required for Ub activation and E2 transfer by

the Ub E1.

Conclusions

E1s are thought to have evolved from the bacterial

enzymes MoeB and ThiF, which catalyze a similar adenyla-

tion reaction on respective Ubl proteins. E1s that catalyze

protein conjugation have a more complex structure with

additional domains that catalyze E1- and E2-thioester transfer

following adenylation. The fact that a substrate acyl-adeny-

late intermediate has only been observed for the MoeB

substrate MoaD, and that conformational changes in the

catalytic Cys and UbL domains, which are missing in

MoeB, are observed in both SUMO E1 and Nedd8 E1 com-

plexes suggest that eukaryotic E1 enzymes may coordinate

adenylation and thioester transfer through domain move-

ments that facilitate these reactions. Interestingly, E2-thioe-

ster transfer is not required for efficient adenylation and E1-

thioester transfer insomuch as the SUMO E1 DUbL mutant is

competent for E1-SUMO-thioester formation but deficient in

transfer of SUMO to E2.

The SUMO E1 UbL domain is essential for E2 recruitment

to E1 since the UbL domain is sufficient for E2 interaction,

essential in vivo, and essential in vitro for thioester transfer

between E1 and E2. This observation is unique to the SUMO

E1 insomuch as the Nedd8 E1 UbL domain contributes only

partially to Nedd8 E2 recruitment and other elements within

the Nedd8 E1 are involved in this interaction (see above). As

such, it appears that activation mechanisms, including Ubl

modifier interactions, conformational changes, and E2 re-

cruitment, may be specific to each conjugation pathway.

Despite these differences, it appears that a common feature

of these enzymes will include potential coupling of these

reactions through concerted movements of respective do-

mains above the adenylation active site, changes that may

also be required for productive interaction and thioester

transfer to the cognate E2.

Materials and methods

Cloning, expression, and protein purification
Human SAE1 and SAE2 were amplified by PCR from cDNA
obtained from testes (Clontech). SAE1 was cloned into pET-11c to
encode a native polypeptide and SAE2 was cloned into pET-28b to
encode an N-terminal thrombin-cleavable hexahistidine fusion
protein. Plasmids were cotransformed into Escherichia coli
BL21(DE3) Codon Plus RIL (Stratagene). Mutant SAE2 alleles were
generated by QuikChange mutagenesis (Stratagene). Human
SUMO-1 was isolated by PCR as described and full-length human
SUMO-1 (1–101) was fused to a C-terminal hexahistidine tag by
excluding the native stop codon. Cultures (10 l) were fermented at
371C to A600 of 3 before 0.75 mM IPTG induction for 4–6 h at
301C. Cells were harvested and suspended in 50 mM Tris–HCl (pH
8.0), 20% w/v sucrose, 350 mM NaCl, 20 mM imidazole, 0.1%
IGEPAL, 1 mM PMSF, 1 mM b-mercaptoethanol (BME), and 10mg/
ml DNAse prior to sonication and removal of insoluble material by
centrifugation.

Sae1/Sae2 was purified by metal-affinity chromatography
(Qiagen), gel filtration (Superdex200; Pharmacia), and anion
exchange chromatography (MonoQ; Pharmacia). SUMO-1 was
purified by metal-affinity chromatography, processed with

Ulp1(1–403)p to generate mature SUMO-1 (1–97) (Mossessova
and Lima, 2000; Reverter and Lima, 2004), and purified by
gel filtration (Superdex75) and anion exchange (MonoQ).
Sae1/Sae2 was concentrated to 10–15 mg/ml in 87 mM NaCl,
10 mM Tris–HCl pH 8.0, and 1 mM DTT, and SUMO-1 was
concentrated to 17 mg/ml in 180 mM NaCl, 20 mM Tris–HCl pH
8.0, and 1 mM DTT before freezing in liquid nitrogen and storage
at �801C.

Crystallographic analysis
Crystals were obtained for wild-type Sae1/Sae2 and Sae1/Sae2
(Cys173Ala) at 18 and 41C, but diffraction quality crystals were only
obtained at 41C by hanging drop vapor diffusion against a well
solution containing 0.1 M sodium acetate (pH 5.6), 10 mM ATP,
10–20% polyethylene glycerol 4000, and 0.1–1.0 M ammonium
acetate. Crystals were transferred in a stepwise fashion and
stabilized for 5–18 h prior to cryopreservation in crystallization
solutions that contained 15% glycerol and 2% additional PEG.
Magnesium sulfate was added to this solution to a final concentra-
tion of 20 mM to obtain Sae1/Sae2-Mg �ATP and Sae1/Sae2-SUMO-
1-Mg �ATP crystals. Data were processed with DENZO, SCALEPACK
(Otwinowski and Minor, 1997), and CCP4 (Collaborative Computa-
tional Project, 1994) (Table I). Phases (2.6 Å) were calculated
with SOLVE and RESOLVE (Terwilliger and Berendzen, 1999) using
12 mercury positions and two-fold noncrystallographic averaging.
The ASU contained two Sae1/Sae2 heterodimers. A complete
atomic model for Sae1/Sae2 was built using O (Jones et al, 1991)
and refined using CNS (Brunger et al, 1998). Model details,
refinement, and content of the ASU are provided in the text and
in Table I.

Mutagenesis, complementation, and biochemical assays
Point mutations in the C-terminal domain of SAE2 were engineered
into pET28b-SAE2 and pIS3-UBA2 (Johnson et al, 1997) using
PCR-based mutagenesis (QuikChange, Stratagene). Proteins were
expressed and purified as described above. E1-thioester formation
was assayed in reactions containing 1mM E1, 5 mM MgCl2, 20 mM
Hepes pH 7.5, 50 mM NaCl, and 2 mM mature SUMO (1–97).
Reactions were initiated by addition of 1 mM ATP unless otherwise
indicated. E2-thioester formation was assayed in reactions con-
taining 100 nM E1, 1mM E2, 5 mM MgCl2, 20 mM Hepes pH 7.5,
50 mM NaCl, and 2mM mature SUMO. E2 was used at a final
concentration of 100 nM in reactions presented in Figure 6F and
detected by Western blot using an antibody against Ubc9 (Boston
Biochem). E1- and E2-mediated SUMO-1 conjugation to
RanGAP1(420–589)p was assessed using reactions containing
100 nM E1, 100 nM Ubc9 (E2), 5 mM MgCl2, 20 mM Hepes pH 7.5,
50 mM NaCl, 2mM RanGAP1, 2mM mature SUMO, and 1 mM ATP.
Samples were denatured in nonreducing SDS–PAGE buffer and
analyzed by SDS–PAGE and Sypro staining (Bio-Rad). Mutations
were confirmed by DNA sequencing. Gel-shift experiments were
conducted under native conditions that included 50 mM NaCl
and 20 mM Tris–HCl pH 8.0 using a Phast-gel apparatus and related
gel supplies (Pharmacia). Ubc5, Ubc7, and Ubc12 were purchased
from Boston Biochemical. Protein bands were visualized by staining
with Sypro (Bio-Rad).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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