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Ubiquitin-like modifications regulate nearly every aspect of
cellular functions. A key step in these modifications is the rec-
ognition of the carrier enzyme (E2) by the activating enzyme
(E1). In this study, we have found that a critical E2-binding sur-
face on the E1 of the small ubiquitin-like modifier has unusually
high populations in both ordered and disordered states. Upon
binding the E2, the disordered state is converted to the ordered
state, which resembles the structure of the bound conformation,
providing a mechanism to resolve the “Levinthal Paradox”
search problem in a folding-upon-binding process. The signifi-
cance of the folding-unfolding equilibrium is shown by the loss
of functions of the mutations that shift the equilibrium to the
folded state. This study highlights the importance of conforma-
tional flexibility in the molecular recognition event.

The conjugation of ubiquitin or ubiquitin-like proteins to
other cellular proteins is one of the most important mecha-
nisms in regulating cellular functions in eukaryotic systems and
is broadly involved in controlling the life spans, trafficking, and
functions of a wide range of proteins (1-4). Among the ubig-
uitin-like modifiers, the small ubiquitin-like modifier (SUMO)>
is the most studied, and its modification regulates many essen-
tial functions, such as gene transcription, hormone response,
DNA repair, and nuclear import (5-7). Multiple enzymes are
required for post-translational modifications by ubiquitin or
ubiquitin-like proteins (1, 8). A ubiquitin-like protein (Ublp) is
firstactivated by E1. The E1 required for SUMO modification is
atight heterodimer of two proteins, known as SUMO activation
enzymes 1 and 2 (SAE1 and SAE2), which are homologous to
the N-terminal and C-terminal portions of the ubiquitin E1,
respectively (9). E1 catalyzes the adenylation of the C-terminal
carboxyl group of the Ublp, and it then forms a thioester bond
between the —SH group of the active site Cys residue and the
C-terminal carboxyl group of the Ublp. The Ublp is then trans-
ferred to E2 (known as Ubc9 in the SUMO pathway), forming a
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thioester bond with the —SH group of the active site Cys resi-
due. In the final step, the Ublp is attached to target proteins by
forming an isopeptide bond between its C-terminal carboxyl
group and the e-amino group of a Lys residue on the target
protein. This step generally requires another enzyme, isopep-
tide ligase.

During the transfer of Ublp from E1 to E2, the E2 enzyme is
recruited to the E1-SUMO thioester conjugate by binding to
multiple sites on E1, including the Cys domain (the domain
containing the active Cys residue) and the ubiquitin-like (Ubl)
domain (10, 11). Among these multiple binding sites, the Ubl
domain has the highest binding affinity, and thus it is the key
E2-binding site. The multivalent interaction produces high
affinity binding between E1 and E2, which accounts for the
efficiency of E1 at low concentrations. At the same time, the low
to medium affinity of each of the individual interactions allows
fast turnover of the enzymes upon completion of the reaction.

Recent studies have also indicated that conformational flex-
ibility is important for the E1-E2 recognition. First, the
E2-binding surface on the Cys domain of E1 contains an
extended and flexible loop (11). Second, the E2-binding surface
on the Ubl domains of SUMO and NEDDS Els either contains
missing segments or has segments with unusually large B-fac-
tors in x-ray crystal structures (12, 13), suggesting that confor-
mational flexibility also exists at the E2-binding surface of the
Ubl domain. Therefore, conformational flexibility, in addition
to the structural features exerted by amino acid side chains,
may be an important determinant in the E1-E2 recognition.

In this study, using NMR spectroscopy, we show that the
E2-binding site on the Ubl domain of SUMO E1 undergoes
exchange between ordered and disordered states. The popula-
tion of the disordered state is significant and is converted to the
ordered state upon binding Ubc9. Using specially designed
mutations to shift the conformational equilibrium to the
ordered state but not altering the structure at the binding sur-
face, we have shown that the folding-unfolding equilibrium in
the E1 Ubl domain is important for the recognition of E2 in
SUMO conjugation.

EXPERIMENTAL PROCEDURES

Plasmid Construction—A DNA fragment encoding the
SUMO E1 Ubl domain (amino acid residues 441-555 of the
SAE2 subunit) was amplified by PCR using primers that gener-
ated an Ndel site upstream and an Xhol site downstream. This
fragment was cloned into the Ndel-Xhol sites of vector pET-
28a to express the E1 Ubl domain protein with a C-terminal
His, tag. Site-directed mutagenesis, protein purification, and
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FIGURE 1. dentification of the slow conformational conversion at the E2-binding site of the Ubl domain. 'H-">N HSQC spectrum of the Ubl domain of E1
with assignments indicated according to sequence of the full-length SAE2. The assignments corresponding to the minor conformation are indicated with a
“_2"in magenta. The boxed areas are enlarged and shown at the corners of the spectra.

preparation of stable isotope-labeled protein samples for NMR
experiments were carried out as described previously (11).
Sample Preparation—The plasmids expressing the wild-type
and mutant SAE2-(441-555) domains were transfected into
Escherichia coli strain BL21(DE3). *C/'*N-Labeled proteins
were expressed in cells grown in modified M9 media supple-
mented with trace minerals and Eagle’s basal vitamin mix
(Invitrogen) using [**C]glucose and [**N]ammonium chloride
as the only carbon and nitrogen sources, respectively, as
described previously (14). The proteins were purified with
affinity chromatography using nickel-nitrilotriacetic acid col-
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umns (Qiagen), and purifications were confirmed by gel elec-
trophoresis. Imidazole was then eliminated by buffer exchange
with a 50 mm Tris buffer, pH 7.0 to 7.1, containing 5-10% D, 0O,
5 mm DTT, and 0.02% sodium azide for NMR analysis. The
same protein samples were used for native gel analysis.
Plasmids expressing full-length SAE2 proteins, with either
the wild-type Ubl domain or with Ubl domains carrying either
of the mutations, were transfected along with the plasmid
expressing the SAE1 subunit into the E. coli BL21(DE3) Codon-
Plus strain. Wild-type and mutant E1 proteins were expressed
in Luria-Bertani media and purified as described previously
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(12). Unlabeled Ubc9 was also expressed and purified as
described previously (14).

NMR Measurements—SAE2-(441-555) protein samples for
NMR spectroscopy contained 1.8 mm protein in 90% H,O, 10%
D,O with 50 mm Tris buffer, pH 7.0, 5 mm DTT, and 0.02%
sodium azide. All NMR spectra were collected at 25°C on a
Brucker Avance 600-MHz spectrometer equipped with a cryo-
probe or a Brucker Avance 500-MHz spectrometer with a room
temperature triple-resonance probe. The following spectra
were acquired for backbone resonance assignments: two-di-
mensional "N HSQC and three-dimensional HNCA,
HNCACB, (H)C(CO)NH-TOCSY, HNCO, and HNCACO
(15). All spectra were processed with NMRPipe (16) and ana-
lyzed with NMRView (6). Assignments of backbone resonances
for proteins carrying the mutant SAE2-(441-555) domains
were made by comparison with assignments of the wild-type
protein with the assistance of triple-resonance spectra HNCA,
HNCACB, CBCACONH, HNCO, and HNCACO (15). 'H
chemical shifts were referenced to 2,2-dimethyl-2-silapentane-
sulfonic acid at 0 ppm, and **C and *°N shifts were calculated
from the 'H spectrometer frequency as described previously
(17).

All *°N relaxation data were recorded at 25 °C at 'H frequen-
cies of 600 MHz using a Bruker Avance 600 equipped with a
cryo-probe. The spectra were processed using NMRPipe (16)
and analyzed using NMRView (6). The *°N relaxation times T,
and T, and 'H-">N NOE experiments were measured using
two-dimensional inversion-recovery, Carr-Purcell-Meiboom-
Gill, and steady-state NOE pulse sequences as described (18).
>N T,, T,, and NOE were recorded for each mutant and the
wild-type SAE2-(441-555). The relaxation delays for the wild-
type protein in T, experiments were 10, 50, 100, 150, 200, 300,
400, 500, 700, 1000, and 1500 ms with a recycle delay of 1.5 s.
The relaxation delays in T, experiments for the wild-type Ubl
domain were 4, 12, 20, 28, 40, 57, 73, 94, 122, 163, and 245 ms
with a recycle delay of 1.5 s. The echo repetition time in the
Carr-Purcell-Meiboom-Gill sequence was 0.45 ms. '*N T,
relaxation times for the mutant Ubl domains were measured
with delays of 50, 210, 370, 530 (repeated), 690, 850, and 1001
ms. '°N transverse relaxation times (T,) for the mutant Ubl
domains were measured with delays of 20, 40, 60, 80 (repeated),
100, 120, and 140 ms. For T, and T, experiments, the NMR-
View Rate Analysis module was used to fit the cross-peak inten-
sities (/) as a function of the delay time (£) to a single exponential
decay (I = I,e”, where T = T, or T,) with the peak-picking
mode set to jitter. For NOE measurements, a pair of NOE spec-
tra was collected with or without 5 s of proton presaturation.
Heteronuclear "H-'*N NOE values were determined by taking
the ratio of the peak intensities, as determined by NMRView,
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with and without 'H saturation. The NOE experiment was
duplicated for error estimation.

SUMO Conjugation Assays—Conjugation assays for E1-SUMO
and RanGAP1-SUMO complex formation were carried out fol-
lowing procedures described previously (11) unless specified
otherwise. The steady-state kinetic assay for RanGAP1-SUMO
complex formation under E1-limiting conditions was described
previously (11, 19), except that E1 concentration was 1 um for
the GGG mutant and 400 nM for the 484A mutant, respectively.
The percentages of E1 enzymes that are active are 30 and 37%
for GGG and 484D, respectively, judged by the percentage of
El that can form thioester conjugates with SUMO. The
ranges of Ubc9 concentration were 200, 250, 500, and 1000
nM for GGG and 100, 125, 250, and 500 nMm for 484A,
respectively.

Isotope Exchange Assays—Isotope exchange assays were
adapted from procedures described previously under initial
velocity conditions (20). For ATP:PP; exchange, the reaction
mixture included 50 mm Tris-HCI, pH 7.6, 10 mm MgCl,, 1 mm
DTT, 1 mm ATP, 1 mm PP;, 10 um SUMO, 2 um E1, and tracer
[32P]PP, in a final volume of 50 ul. The reaction (20 min, 37 °C)
was followed by quenching with 0.5 ml of 5% trichloroacetic
acid, and ATP was absorbed onto charcoal, which was washed
extensively with 2% trichloroacetic acid; [**P]ATP levels were
then counted by Cerenkov radiation. For AMP:ATP exchange,
the reaction was carried out in a final volume of 20 ul contain-
ing 50 mm Tris-HCI, pH 7.6, 10 mm MgCl,, 0.2 mm DTT, 0.5
mm ATP, 50 um AMP, 10 pum PP, 2 um SUMO, 1 pum E1, and
tracer [**C]AMP. The reaction was incubated (10 min, 37 °C)
and then stopped by addition of equal volumes of 8 M urea.
Reaction samples (4 ul) were loaded onto a polyethyleneimine-
cellulose plate, and ATP was separated from AMP by thin layer
chromatography with a solution of 0.5 m LiCl, 1 M formic acid.
The radiogram was obtained with exposure to a Phosphor-
Imager plate and documented with a Typhoon scanner.

Detection of Ubc9-Ubl Interaction by Gel Electrophoresis—
Gel electrophoresis was used to detect the Ubc9-Ubl complex.
Approximately 40 ng of Ubc9 was incubated (1 h, room tem-
perature) in a 20-ul volume with ~6 ug of either the wild-type
domain or one of the mutant Ubl domains in 50 mm Tris, 150
mm NaCl, 8% glycerol, and 1 mm DTT. Proteins were separated
by nondenaturing 8 —16% gel and stained with SimpleBlue.

RESULTS

Two Conformational States at the E2-binding Surface of the
Ubl Domain—DPossible conserved structural disorder in the Ubl
domain across Els of ubiquitin-like modifiers is suggested by
missing segments in the x-ray structure of the Ubl domain of
NEDDS E1 (13) and unusually high B-factors in the analogous

FIGURE 2. Interaction of the Ubl domain with Ubc9. g, crystal structure of the NEDD8 E2 (Ubc12) in complex with the Ubl domain is compared with the crystal
structure of the Ubl domain of SUMO E1. Both Ubl domains are shown in a similar orientation to illustrate the conserved binding surface for E2. Residues 484
and 485 of the SAE2 subunit, where the Gly-Gly-Gly sequence was inserted, are highlighted in yellow, and the equivalent residues in the NEDD8 E1 are also
highlighted in yellow. The Asp-484 side chain, which was deleted, is directed away from the E2-binding surface. The segment that undergoes folding-unfolding
equilibrium is indicated in magenta. b, expanded region of the HSQC spectra showing the titration result of unlabeled Ubc9 with the '°N-labeled SAE2 Ubl
domain. Assignments for the major (black letters) and minor (magenta letters) conformations are indicated. The spectra of the complexes of the two proteins
with various ratios are overlaid with those of the free Ubl domain (black). Minimal changes were observed when the Ubl:E2 ratio was 3:1 (red). Upon addition
of more E2 (2:1 UbL:E2 ratio, green), there was a significant loss of intensity of the cross-peaks from the major conformer. At a Ubl:E2 ratio of 1:1 (blue), new
resonances corresponding to the complex were observed. A further increase in the E2 concentration (magenta) did not alter the spectra but caused greater

precipitation.
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FIGURE 3. Structural and dynamic properties of the wild-type and mutant
Ubl domains of SAE2. g, comparison of the secondary structures of the SAE2
Ubl domain estimated from NMR chemical shifts of the wild type (WT)
(major and minor conformations), GGG insertion mutant, and 484A deletion
mutant. The secondary structures in the x-ray crystal structure of the full-
length protein are also shown. The cylinders and arrows represent helices and
B-strands, respectively. The E2-binding regions were estimated through
comparison with the NEDDS8 structure and confirmed by NMR chemical shift
perturbation (Fig. 2). b, 'H-">N NOE of the wild-type and mutant SAE2 Ubl
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segments of SUMO E1 (12). To investigate the structural flexi-
bility, we expressed the Ubl domain of SAE2 encompassing
residues 441-555. Upon completion of backbone resonance
assignments (Fig. 1), we identified two sets of resonances for the
SAE2 segment encompassing residues 486 and 499 (Fig. 1,
magenta letters). The two sets of resonances suggested that this
region (Fig. 2a, purple in the crystal structure) exists in two
conformational states that are exchanging at a rate slower than
the chemical shift time scale. One set of peaks had intensities at
~20-30% of the intensities of average cross-peaks (Figs. 1 and
2b). To confirm that the existence of the two sets of reso-
nances was not due to artifacts in protein preparation, three
separate purifications of the Ubl domain were made. The
'H-'"N HSQC spectra of all three independent samples gave
the same two sets of resonances for the residues in this seg-
ment. The "H-""N HSQC spectrum of a longer construct con-
taining the Ubl domain also had the same two sets of reso-
nances for the residues in this segment. Both sets of resonances
of residues at the N- and C-terminal ends of the segment (res-
idues 486 and 499) made perfect C-a, C-3, and C-O connec-
tions with the resonances of residues 485 and 500 in triple-
resonance NMR spectra, indicating that the peptide backbone
was intact in both conformational states. These through chem-
ical bond connections provide independent evidence of the
integrity of the covalent structure.

Structural comparison between the Ubl domains of the
SUMO and NEDDS8 E1 indicated that the segment encompass-
ing residues 486 —499 of SAE2 was equivalent to a segment at
the binding surface for the E2 enzyme in NEDDS8 E1 (Fig. 2a).
To confirm that NEDD8 and SUMO Els have a conserved
mechanism for interactions with their cognate E2, we titrated
unlabeled Ubc9 into the labeled SAE2 Ubl domain and exam-
ined their interaction using HSQC spectra. The titration results
(Fig. 2b) confirmed that the binding interface between Ubc9
and the Ubl domain of SUMO E1 was analogous to that
between Ubc12 and the Ubl domain of NEDDS E1. In addition,
the free and Ubc9-bound SAE2 Ubl domains were in slow
exchange relative to the NMR time scale because we observed
two sets of signals during titration with Ubc9 as follows: one
from the free Ubl domain and another from the Ubl domain in
the complex with Ubc9 (Fig. 2b). As the ratio of Ubc9 to the Ubl
domain increased, signals from the complex appeared, whereas
signals from the major conformer of the free SAE2 Ubl domain
disappeared gradually. The slow dissociation rate of the Ubl-E2
complex was consistent with observation of the complex by
native gel electrophoresis indicating the significant affinity
between the Ubl domain and E2 (see below). Titration data also
showed that with increasing concentrations of Ubc9, signals
from the major conformer (Fig. 2b, black letters) of the Ubl
domain disappeared first, whereas signals from the minor con-
former (purple letters) disappeared later. This result suggested
that the major conformer was responsible for binding E2,
whereas the minor conformer was converted to the major

domains versus the residue number. Blue diamonds, major conformation;
magenta squares, minor conformation. The secondary structures are shown at
the top. The region that undergoes folding-unfolding equilibrium in the wild-
type protein is highlighted.

VOLUME 284 NUMBER 30+JULY 24, 2009



sp|Q9UBT2 | SAE2_ HUMAN
tr|A4FV12 |A4FV12_ BOVIN
sp|Q9Z1F9 | SAE2_ MOUSE
sp|Q72Y60 | SAE2B_XENLA
sSp|Q28GH3 | SAE2_XENTR
tr|A7MCK7 | ATMCK7_DANRE
tr | A7RPW5 | A7RPW5_NEMVE
tr|Q9VSD9 |Q9VSD9 DROME
sp|Q9NAN1 | SAE2_ CAEEL
sp|Q54L40 |SAE2 DICDI
tr|QOWIE6 | QOWIE6_SOLCO

sp|Q9UBT2 | SAE2_HUMAN
tr|A4FV12 |A4FV12_ BOVIN
sp|Q9Z1F9 | SAE2_ MOUSE
sp|Q72Y60 | SAE2B_XENLA
sp|Q28GH3 | SAE2_XENTR
tr|A7MCK7 | ATMCK7_DANRE
tr | A7RPW5 | A7RPW5_NEMVE
tr|Q9VSD9 |Q9VSD9 DROME
Sp | Q9NAN1 | SAE2 CAEEL
sp|Q54L40 |SAE2 DICDI
tr|QOWIE6 | QOWIE6 SOLCO

Dynamics at the E2-binding Site of SUMO E1

CYVCASKPE-VTVRLNVHKVTVLTLQDKIVKEKFAMVAPDVQIED- - - -
CYVCASKPE-VTVRLNVHKVTVLTLQDKIVKEKFAMVAPDVQIKED- - - -
CYVCASKPE-VTVRLNVHKVTVLTLQDKIVKEKFAMVAPDVQIKD- - - -
CYVCAIKPE-VTVKLNVHKVTVQMLQODKILKEKFAMVAPDVQIKD- - - -
CYVCAIKPE-VTVKLNVHKVTVQMLQDKILKEKFAMVAPDVQIED- - - -
CYVCASKPE-VTVKLNVHKTMVQALQDKILKEKFGMVAPDVQIED- - - -
CYVCASKPEVVTIVFVNTETMTIQALEEKVLKERFGMIAPDVEIDD- - - -
CHVCASDPA-ITLKIDTKRMRIKELRDEVLVKTLNMLNPDVTVQ-----
CFVCSEKRE-VFIYVNPDTMTVGGLCEKVLKQKLNMLAPDVMDY- - - - -
CFVCN--RSFIICRLNTEKTTISQFIDHVLKKSLAVNEPILTVGNDIIY.
CYVCSETPL--TLEINTHRSKLRDFVEKIVKAKLGMSLPLIMHGVALLY.

KGTILISSEEGETEANNHKK-LSEFG- - IRNGSRLQADDFLODYTLLINI
KGTILISSEEGETEANNHKK-LSEFG- - IRNGSRLQADDFLODYTLLINI
KGTILISSEEGETEANNPKK-LSDFG--IRNGSRLQADDFLODYTLLINI
KGTILISSEAGETDANNHRK-ISEFG--IRNSSQLQADDFLODYTLMMNI
KGTILISSEAGETDANNNRK-ISEFG--IRNSSQLQADDFLODYTLMINI
KGTILISSEEGETEANNNKF -LSDFG-- IRNGSRLQADDFLODYTLLVNV
KGTIIISSEQGETEDNLPKA-LAEFN--IINGSRLKADDFLONYELVINI
NGSILISSEEGETECNDGKL-LSELN--IVDGVILKCDDFFONYELSIII
TSRIIVSSD-GDTDDLLPKK-LAEVS--IEDGAILSCDDFQQEMEIKLFI
GGDQODLSKEEIEQRSKIEKKTLATHR- - LTNDTSLVVEDYNQDFQITITI
VGDDLEEDEVANYAANLDKV-LSELPSPVTGGTILTVEDLQOELKCSINI

485 To gain further insights into the
:g;’ structural properties of the two dif-
43 ferent conformations, 'H-'"°N NOE
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::; and supplemental Fig. S1 and Fig.
474 S2). The 'H-'>N NOE values theo-
483  retically range from ~0.83 to —3.6,
12 corresponding to a conformational
532  flexibility that is completely rigid to
532 one that is completely unrestricted.
530 The major conformation of the seg-
:;g ment encompassing residues 485—
527 500 had NOE values between 0.6
534 and 0.83 (Fig. 3b). The residues
546 forming the short B-strand of this
520

531 segment had average NOE values of
121 ~0.82. The two flanking loops of the

B-strand were more flexible, as indi-
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FIGURE 4. Sequence alignment of the SUMO Ubl domain of 10 species, including plants and animals. The
boxed region is between 484D and 485G, and is the site of both mutations. Conserved residues are shown in red.

conformer upon complex formation. The complex precipi-
tated at concentrations as low as 0.1 mum; thus the sensitivity
was not sufficient for resonance assignments and structure
determination using triple-resonance three-dimensional
NMR experiments.

Structural Insights into the Two Conformers—Secondary
structural elements (Fig. 3a) were estimated from the chemical
shift index using the TALOS program (21), which predicts
backbone dihedral angles empirically from NMR chemical
shifts. TALOS analysis indicated that the isolated Ubl domain
maintained the structural integrity because the secondary
structural elements were very similar to those in the x-ray crys-
tal structure of full-length E1. The minor differences were likely
due to differences in the different methods. The major con-
former contained short B-strands that encompassed residues
488 —491, which corresponded to a 3-strand in the x-ray crystal
structure of the full-length SUMO E1. The minor conformer
did not form any regular secondary structures in this region.
We attempted to estimate the exchange rate between the two
conformers using exchange spectroscopy (EXSY). Exchange
cross-peaks were not observed in either the 'H EXSY or the
"H-detected >N EXSY experiments (22). This result indicated
that the exchange time was slower than the mixing time of the
experiment (1.3 s). Increasing the temperature to 35 °C, which
was the upper limit before protein precipitation, did not
increase the exchange rate sufficiently to produce a visible
cross-peak in either the 'H or 'H-detected "N EXSY spectra.
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and that the minor conformer was
similar in mobility to the middle of
an unfolded protein (23-26). The
high flexibility of the minor con-
former was consistent with its lack of regular secondary struc-
tures. The flexibility was also indicated by the significantly lon-
ger T, and shorter T, values (supplemental Figs. S1 and S2).
The high mobility of the minor conformer and chemical shift
values in the random coil range both indicated that the minor
conformer was disordered. Therefore, the segment encompass-
ing residues 486 — 499 of SAE2 undergoes folding and unfolding
equilibrium. In conjunction with previous studies of the
NEDDS E1-E2 interaction, the folded conformation was similar
to that of the E2-bound state (27).

Design of Mutations to Investigate the Functional Significance
of the Dynamics—To investigate the role of dynamics in the
recognition of E2, we evaluated possible ways to alter the
dynamics of the SAE2 segment. The sequence from residues
485 to 500 (GKGTILISSEEGETEA) contained mostly charged
and polar residues, with only three hydrophobic residues, ILI
(Fig. 3a). The lack of hydrophobic and aromatic residues in this
segment was consistent with its observed conformational flex-
ibility. The dihedral angle preferences and hydrophobic con-
tacts exerted by the ILI segment likely accounted for the forma-
tion of the B-strand in the major conformation. However, these
three residues were also at the binding interface with the E2
enzyme (Fig. 2); therefore, a substitution of one hydrophobic
residue might not only alter the equilibrium of the folded and
unfolded states but could also alter the direct contact with
Ubc9. Consequently, we used an alternative strategy.
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FIGURE 5. E1 mutants do not alter the adenylation and thioester formation activities. g, formation of the
RanGAP1-SUMO conjugate catalyzed by the wild-type (WT) and mutant E1. Fifteen um SUMO was incubated
(15 min, 37 °C) with the ATP-regeneration system, 15 um RanGAP1, 0.5 um Ubc9, and 0.5 um E1 or one of the E1
mutants at the indicated concentrations. The assays were resolved by SDS-PAGE and stained with SimpleBlue.
Proteins of interest are marked with arrowheads. b and ¢, ATP:PP, exchange and ATP:AMP exchange rates of the
wild-type and mutant E1 enzymes. The rates are normalized to the percentage of the E1 enzyme that is active,
judged by the percentage of E1 that can form thioester conjugates with SUMO (see details in text). d, time-de-

pendent formation of SUMO-E1 thioester conjugate (details in text).

Sequence variation throughout evolution provides a wealth
of information on structure-function relationships. The
sequence alignment of the SAE2 Ubl domain indicated that the
loop located at the N terminus of the segment, which undergoes
folding-unfolding transition, had variable lengths in various
species (Fig. 4, boxed region). The variable loop lengths sug-
gested that they were not likely to be important for structural
integrity. However, lengthening or shortening of the loop might
have a direct effect on the folding-unfolding equilibrium of the
segment. We constructed two mutants to evaluate the impact
of loop length on the dynamics and functions of the Ubl
domain. One mutant contained a deletion of residue Asp-484
(484A), which was located at the tip of a turn, with its side chain
facing away from the interface with E2; it was therefore not in
direct contact with E2 (Fig. 2a). The other mutant had a Gly-
Gly-Gly insertion between residues 484 and 485 (Fig. 2a, yel-
low). This insertion was also located at the tip of the turn and
was not at the binding interface. Both mutants were introduced
into the Ubl domain of SAE2, and their structural and dynamic
effects were investigated.

Neither mutant altered the structure of the Ubl domain sig-
nificantly. Upon completion of backbone resonance assign-
ments using '>C/'*N-enriched protein samples, the secondary
structures of both mutants were estimated using TALOS (Fig.
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cantly altering the structural integrity
of the major conformer.

To further characterize the
dynamic properties of the deletion
and insertion mutations, '°N relax-
ation measurements were carried
out for the mutants. "H-'>N NOE
values indicated that deletion of res-
idue Asp-484 or insertion of GGG in
the loop did not considerably influence the dynamic properties
of other regions of the protein (Fig. 3b), which again confirmed
that the insertion and deletion mutants maintained overall
structural integrity. The only difference appeared to be in the
loop where the mutations were introduced; the GGG insertion
mutation increased the flexibility in this loop, likely due to the
flexibility of the Gly residues. Overall, the structural and
dynamic characterization showed that the loop mutations,
which were not at the E2-binding interface, did not significantly
perturb the major conformation of the Ubl domain but altered
the dynamics of the binding site.

Role of Dynamics in Binding E2—T o examine the effect of the
mutations on E1 activity, we introduced the two site-directed
mutations, deletion of Asp-484 (484A) and insertion of GGG
(GGQG), into the full-length E1 for activity assays. Both mutants
had lower activities in the overall conjugation reactions of Ran-
GAP1 (Fig. 5a). In particular, the GGG insertion lost most of its
activity. A 5-fold increase in its concentration in the assay
resulted in slightly raised activity levels. The mutant 484A also
had much lower activity than wild-type E1, but its activity
appeared to be higher than that of the GGG insertion mutant.

E1l-dependent reactions were then investigated to determine
which step of the conjugation pathway was affected by the
mutation. E1 catalyzes two reactions, the adenylation of the C

Time (min)
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FIGURE 6. E1 mutants are deficient in recruiting E2. g, double-reciprocal plot of the steady-state kinetics of
E1-catalyzed trans-thiolation in overall conjugation reactions. Initial rates for SUMO-RanGAP1 conjugation were
determined under E1-limiting conditions (see “Experimental Procedures”). E1 concentration was 1 um for the GGG
mutant and 400 nm for the 484A mutant. Ubc9 concentrations are indicated in the figure. Because of its lower
activity, higher concentrations of Ubc9 were used for GGG and 484A than for the wild-type protein (WT) to reliably
measure the initial rates. b, kinetic rate constants extracted from the plots for the mutant E1 proteins along with the
values of the wild type reported previously (11). The kinetic constants are normalized to the percentage of the E1
enzyme that s active, judged by the percentage of E1 that can form thioester conjugates with SUMO. ¢, gel electro-
phoresis to detect the Ubc9-Ubl complex. Approximately 40 g of Ubc9 was incubated (1 h, room temperature) with
~6 ug of either the wild-type or one of the mutant Ubl domains. Proteins were separated on nondenaturing 8 -16%
gel and stained with SimpleBlue. Because of the charge property, Ubc9 did not run into the gel. d, schematic

illustration of the conformational transition during E1 and E2 association.

terminus of SUMO and the formation of a thioester bond with
SUMO. To investigate whether the mutations altered adenyla-
tion activities, we carried out [**P]PP;:ATP exchange assays to
examine the rate of radioactive ATP production from radioac-
tive pyrophosphate (Fig. 5b) (20). The results showed that the
full-length wild-type and mutant E1 proteins had similar activ-
ities, suggesting that the mutations did not affect E1 adenyla-
tion activity. The AMP:ATP exchange assay provides informa-
tion on both steps of the El-catalyzed reactions (20). Thus,
[**C]AMP was used in the AMP:ATP exchange assay, by exam-
ining the production of radioactive ATP from radioactive AMP
(Fig. 5¢). We found that the wild-type and mutant E1 enzymes
showed similar activities, although the GGG insertion mutant
showed slightly lower activity than the wild-type and 484A
mutant proteins. Time-dependent formation of the E1-SUMO
thioester bond was also examined for the three versions of the
enzyme, revealing similarly fast rates (Fig. 5d). Taken together,

JULY 24, 2009-VOLUME 284+NUMBER 30

conformational change

out for the various E1 proteins using
the approach described in our pre-
vious studies (11) and Haas and co-
workers (19). The K, values of the
mutants are 15- and 30-fold higher
than that of the wild-type enzyme,
indicating that the mutant E1 pro-
teins have significantly reduced
affinity for Ubc9. In addition, the
k... value of GGG is 2-fold less than
that of the wild-type protein, but
that of 484A is 3-fold higher. This
result suggests that in addition to
the reduced affinity, the mutants
may also affect the internal rate con-
stant for trans-thiolation, probably
due to slightly altered orientation of
Ubc9 in the ternary complex-Ubc9
binding intermediate complex.
The altered interaction between
E2 and the E1 Ubl domain muta-
tions was further confirmed by
native gel mobility shift assays
(Fig. 6¢), and although the mutations were not located on the
binding interface and did not significantly perturb the struc-
ture, both mutants were severely deficient in binding Ubc9
(Fig. 6¢).

SUMO

ubc9

DISCUSSION

In this study, we have shown that the main E2-binding site
of SUMO E1 undergoes conformational conversion that is
important for its interaction with E2 for SUMO modifica-
tion. The conformational flexibility observed here is consist-
ent with previous x-ray crystallographic studies. In the x-ray
structure of SUMO E1, this segment has much higher B-fac-
tors than other regions (12). The equivalent region in the
crystal structure of the homologous NEDDS8 E1 is missing,
which suggests that the conformational disorder observed in
the SUMO E1 also exists in the refined structure of NEDD8
E1 (13).
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This study underscores the importance of flexibility in
molecular recognition. Mutations in the SUMO E1 that shift
the folding-unfolding equilibrium to the folded state, which
resembles the bound structure, were impaired in binding E2.
The slight difference between the activities of the two mutants
may be due to the differences in their dynamics in the loop
where the mutations are located. This result indicates that
retaining conformational flexibility of the unbound state is nec-
essary for the molecular recognition because the flexibility may
be important in lowering the energy barrier of complex forma-
tion by allowing adjustment of the interface locally (Fig. 6d)
(30). In contrast, a rigid structure would require adjustment of
the interface globally, which would encounter a much higher
energy barrier. Unlike the NEDD8 and SUMO E1, the corre-
sponding segment in the Ubl domain of the recently reported
x-ray structure of ubiquitin E1 does not have unusually elevated
B-factor values (28). Consistent with the findings described
here, the Ubl domain of the ubiquitin E1 does not bind to its
cognate E2s with measurable affinity because an E1-E2 complex
could not be detected by gel filtration (29). Such a property may
be necessary for the ubiquitin E1 to switch rapidly among its
many E2s. In contrast, NEDD8 or SUMO only has a single cog-
nate E2, and both their E1s bind their cognate E2 enzymes with
sufficient affinity that is detectable by native gel electro-
phoresis. Taken together, the conformational flexibility of
the Ubl domain is likely to be critical for its binding affinity
for E2.

The findings described here provide an example of how flex-
ible segments search the correct bound conformations effi-
ciently. The prevalence of the folding-upon-binding phenome-
non has raised the question of how the correct bound
conformation is efficiently searched, a problem known as the
“Levinthal Paradox” (33). Evidence for residual structure in the
denatured states of several proteins characterized to date sug-
gests a way to simplify the Levinthal Paradox search problem by
the intrinsic tendency to form certain conformers (32). How-
ever, in most of these cases, the residual structures are in very
low population or are highly unstable, so it is difficult to char-
acterize them to determine whether they resemble the bound
conformations. In this study, a folded conformation is in suffi-
cient population to be shown that it resembles the bound con-
formation, providing a mechanism to resolve the Levinthal
Paradox.

The loop/turn located N-terminal to the segment that dis-
plays the folding-unfolding equilibrium is evolutionarily
diverse and has variable lengths in different species. Our studies
indicate that lengthening or shortening the turn changes the
dynamics of the E2-binding site. These data suggest that varia-
tion of the loop lengths and composition throughout evolution
may be a mechanism to fine-tune the dynamic properties of this
E2 recognition site of E1.

In summary, this study has identified an unusual conforma-
tional exchange between ordered and disordered states that is
important in E1-E2 interaction in SUMO modification. The
conformational flexibility is likely to be conserved in some Els
across the various ubiquitin-like modifications. This study is an
important addition to a limited number of previous reports
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showing that the dynamic properties of a protein, in addition to
structural properties, are fine-tuned for function (30, 33).
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