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Small, glutamine-rich, tetratricopeptide repeat protein 2 (Sgt2)
is the first known port of call for many newly synthesized tail-
anchored (TA) proteins released from the ribosome and destined
for the GET (Guided Entry of TA proteins) pathway. This leads them
to the residential membrane of the endoplasmic reticulum via an
alternative to the cotranslational, signal recognition particle-de-
pendent mechanism that their topology denies them. In yeast, the
first stage of the GET pathway involves Sgt2 passing TA proteins on
to the Get4/Get5 complex through a direct interaction between the
N-terminal (NT) domain of Sgt2 and the ubiquitin-like (UBL) domain
ofGet5. Herewe characterize this interaction at amolecular level by
solving both a solution structure of Sgt2_NT,which adopts a unique
helical fold, and a crystal structure of the Get5_UBL. Furthermore,
using reciprocal chemical shift perturbation data and experimental
restraints, we solve a structure of the Sgt2_NT/Get5_UBL complex,
validate it via site-directedmutagenesis, and empirically determine
its stoichiometry using relaxation experiments and isothermal
titration calorimetry. Taken together, these data provide detailed
structural information about the interaction between two key
players in the coordinated delivery of TA protein substrates into
the GET pathway.
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Tail-anchored (TA) proteins mediate numerous cellular roles,
including stress-response, apoptosis, and electron transfer, and

are characterized by a single transmembrane domain (TMD) at
the extreme C terminus, which tethers them to membranes with
the majority of the protein located in the cytoplasm (1). This
distinct topology precludes traditional cotranslational membrane
insertion via the signal recognition particle as the TMD is ob-
scured by the ribosome until translation terminates (2). An al-
ternative, highly conserved, mechanism named GET (for Guided
Entry of TA proteins) was recently delineated in yeast and
mammalian systems (reviewed in refs. 3, 4). In Saccharomyces
cerevisiae the GET pathway involves at least six proteins including
the small glutamine-rich tetratricopeptide repeat (TPR)-containing
protein 2 (Sgt2), which is thought to catch TA proteins upon their
release from the ribosome (5, 6). The TA-protein substrates are
then passed on to a heterotetrameric complex consisting of
a dimer each of Get4 and Get5 (7), which then transfers them
to an ATPase, the Get3 dimer. An ATP hydrolysis event by Get3
and handover to the transmembrane complex of Get1 and Get2
(8–9) finally facilitates their entry into the membrane. To date,
Get3 has been the major focus of high-resolution structural
studies, with crystal structures solved in a variety of nucleo-
tide-bound states (3) and, more recently, in complex with the
cytoplasmic domains of Get1 and Get2 (8–9). Central TPR
domains from human (10) and fungal (11) homologs of Sgt2 have
been solved by crystallography, but no high-resolution structures
currently exist for the N- and C-terminal domains. The crystal
structure of Get4 has been elucidated in isolation (12) and in
complex with a short N-terminal (NT) fragment of Get5 (7).

In combination with a recently solved structure of the C-terminal
dimerization domain of Get5, SAXS data obtained for the full-
length complex show an extended conformation with a Get5 di-
mer linking two Get4 proteins (11). The ubiquitin-like (UBL)
domain of Get5, which provides the crucial upstream link to Sgt2,
has yet to be solved. Furthermore, little is known about high-
resolution intercomplex interactions, which promote or facilitate
transfer of TA proteins. The interaction between Get3 and the
Get1/Get2 complex (8, 9) is the only one described thus far.
All known cytosolic components of the yeast GET pathway

exist as homodimers, and in Sgt2, dimerization is facilitated via
the NT domain, which is also known to bind UBL motifs in-
cluding the Get5 UBL domain (6). In addition, Sgt2 has a cen-
tral TPR domain known to bind heat-shock proteins and, in the
case of its mammalian homolog SGTA, HIV proteins Gag and
Vpu (10), growth hormone receptor (13), myostatin (14), and
other disease-related proteins. The glutamine-rich C-terminal
region of both Sgt2 and SGTA is thought to bind hydrophobic
substrates (10), including the TMDs of TA-proteins (15, 16).
Here we present the NMR solution structure of the Sgt2_NT
dimer in complex with the UBL domain from Get5, the structure
of which we first solved by X-ray crystallography and then
assigned by NMR for the purposes of mapping the interface
with Sgt2 and solving the structure of the complex. Moreover we
identify the key residues of the human Get5 homolog, Ubl4a (17),
involved in binding the equivalent human SGTA_NT domain,
showing that the mode of interaction between these proteins is
conserved from fungi to higher eukaryotes. We confirm the stoi-
chiometry of the Sgt2_NT/Get5_UBL complex using isothermal
titration calorimetry (ITC) and NMR relaxation experiments.

Results
NMR Solution Structure of Sgt2_NT. After construct optimization
and NMR assignments [BioMagResBank (BMRB) accession no.
18341] as described in Simon et al. (18), we solved the solution
structure of Sgt2_NT, residues 1–78, by NMR spectroscopy (Fig. 1
and structural statistics in Table S1) and deposited the coordinates
(PDB Accession No. 4ASV). Sgt2_NT forms a tight symmetrical
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homodimer whose interface was delineated from extensive inter-
molecular NOEs (244) collected from filtered NOESY experi-
ments on mixed 13C/15N- and unlabeled Sgt2_NT dimers. Each
monomer consists of four alpha helices (α1 = K5–K22; α2 =
E27–F44; α3 = R48–K57; α4 = L65–S71) connected by short
loops and arranged in a fold, as yet unseen in published litera-
ture. The dimer interface is highly hydrophobic, resembling the
core of a globular protein, and spans an area of 3,222 Å2 as
calculated by protein interfaces, surfaces and assemblies (PISA)
software (19).

Crystal Structure and NMR Assignment of Get5_UBL. The structure of
Get5_UBL (comprising residues 70–152 of full-length Get5) was
solved by molecular replacement (using the UBL domain of Rad23
from S. cerevisiae crystallized in complex with Ufd2: PDB accession
no: 3M62) (20) and refined to 1.8 Å resolution in space group
P3221 [Protein Data Bank (PDB) accession no. 4A20; see statistics
in Table S2]. It has a UBL beta-grasp fold (Figs. 2B, 3, and 4) and
comprises one α-helix (α1 = I98–E108) in addition to two parallel
sets of antiparallel β-strand pairs (β1 = V74–K80; β2 = F86–F92;
β3 = I117–L120; β4 = T143–I148) and two 3/10 (η) helices (η1 =
I114–E116; η2 = L132–D134). For the purposes of interaction
studies, and calculating the complex structure, a 15N/13C dou-
ble-labeled Get5_UBL protein sample was used to record the
complete battery of standard triple resonance experiments allow-
ing for backbone and side chain assignment of Get5_Ubl via
the automated MARS assignment tool in conjunction with

manual methods (see details in Simon et al., ref. 18; BMRB
accession no. 18342).

Sgt2/Get5 Complex Structure. Reciprocal chemical shift perturba-
tion experiments were carried out to determine the binding in-
terface between Sgt2_NT and Get5_UBL [see Fig. S1 for
heteronuclear single quantum coherence (HSQC) data]. The
shifted residues were mapped onto their respective structures
(Figs. 1D and 3B) and revealed defined patches of interaction
characteristic of a specific binding event. The binding surface on
the Sgt2_NT dimer locates to a well-conserved helix (Fig. 1 D
and E) and delineates a contiguous negatively charged surface
(Fig. 1C). In contrast, the reciprocal site on Get5_UBL reflects
the canonical ubiquitin-associated (UBA)-binding patch on UBL
proteins (21) and is highly positively charged (Fig. 4E), re-
vealing a strong electrostatic interaction between the two
proteins. Get5_UBL presents a β-sheet promoted interface,
with β-strands β1 and β4 as well as the loops connecting β1–β2
and β3–β4 providing the main contacts to Sgt2_NT (Fig. 4 A and
C). Moreover, filtered NOESY experiments were run on com-
plex samples consisting of labeled Sgt2_NT dimer bound to
unlabeled Get5_UBL or unlabeled Sgt2_NT dimer bound to
labeled Get5_UBL to identify distance restraints within the
binding surface. In addition a filtered NOESY experiment was
run on a sample of 50% labeled Sgt2_NT dimer bound to un-
labeled Get5_UBL to test whether complex formation with
Get5_UBL disrupts the dimer interface. The integrity of the

A B C D

E

Fig. 1. NMR structures of Sgt2_NT dimer rotated 90° around the x-axis. (A) Ensemble views with monomers represented in blue and violet. (B) Ribbon
representation with monomers represented in blue and violet. (C) Electrostatic views ranging from –10 negative charge in red to +10 positive charge in blue
modeled using the adaptive Poisson-Bolzmann solver (APBS) PyMol plug-in, which calculates the charge distribution displayed on the solvent accessible
surface of the protein. (D) Ribbon views colored according to chemical shift perturbation upon binding to Get5_UBL. Residues greater than 80% of maximum
chemical shift are colored the darkest red. Between 0% and 80% is divided equally across the seven remaining shades. (E) Sequence alignment of SGT
proteins from mouse, rat, human, cow, and yeast with sequence conservation and similarity indicated below. Residues known, from this study, to participate
in binding to UBL domains are indicated in green. Helical secondary structure above is derived from our structure solution in yeast. The binding surface is
predominantly localized to the second helix (in both yeast and human according to results in this article) and hence the helical dimer interface.
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dimer was found to be fully maintained in the presence of
Get5_UBL, consistent with its tight hydrophobic nature.
The high ambiguity driven docking program HADDOCK (22)

was supplied with all of the experimental data to solve the
structure of the Sgt2_NT/Get5_UBL complex (Fig. 3; PDB
accession no. 4ASW). The lowest energy ensemble is shown in
Fig. S2. A single copy of Get5_UBL binds close to the dimer
interface, precluding the binding of two Get5 monomers to the
Sgt2 dimer. This is supported by the SAXS model and size exclu-
sion chromatography with multiangle laser light scattering (SEC-
MALLS) data previously generated by Chartron et al. on the
Sgt2/Get5 complex (11). To examine the stoichiometry of the

complex empirically, we carried out ITC and established that one
Get5_UBL monomer interacts with each Sgt2_NT dimer (Fig.
2A). We also found that this interaction has a dissociation con-
stant (Kd) of 100 nM, which is consistent with the timescale of
the NMR experiments.
NMR relaxation experiments were run on the Sgt2_NT dimer

and the full Sgt2_NT/Get5_UBL complex. The estimated rota-
tional correlation times (derived from trimmed mean T1 and T2
relaxation data shown in Fig. S3) were 11 and 15 ns for the free
dimer and full complex, respectively, which further supports the
presence of a complex comprising one dimer of Sgt2_NT and
a single bound copy of Get5_UBL.
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Fig. 2. (A) ITC data showing binding of one Get5_UBL domain per dimer of Sgt2_NT. (B) Expansion of the Get5_UBL/Sgt2_NT binding interface with key
residues shown as sticks. Although the individual Sgt2_NT monomers contribute symmetrically to binding, Get5_UBL displays an asymmetric binding interface.

A B
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Fig. 3. Structure of Sgt2_NT/Get5_UBL complex. (A) Lowest energy structure as calculated by HADDOCK from chemical shift perturbation data and in-
termolecular NOEs. Sgt2_NT dimer in violet and blue; Get5_UBL in gold. (B) Sgt2_NT and Get5_UBL with mapped chemical shifts aligned to the HADDOCK
structure.

Simon et al. PNAS | January 22, 2013 | vol. 110 | no. 4 | 1329

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207518110/-/DCSupplemental/pnas.201207518SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207518110/-/DCSupplemental/pnas.201207518SI.pdf?targetid=nameddest=SF3


Analysis of the Sgt2_NT/Get5_UBL Complex by Site-Directed
Mutagenesis. To verify our model of the complex and confirm
the importance of the conserved Sgt2 residues in Get5 binding
(Fig. 1), we made single-point mutants of Sgt2_NT and tested
the effect on Get5_UBL interaction by ITC (Fig. S4 and Table S3).
Mutations were made in the key residues providing electrostatic
contacts: D31R, D38R, E42R, and additionally V35A, which is
intimately involved in the interaction surface. All mutations
resulted in a drop in affinity of at least an order of magnitude
(Table S3). The structure of the mutants was retained in all cases,
as judged by 1D NMR (Fig. S5), and mutational effects on
binding are in qualitative agreement with our structure. Muta-
tion of E42, which interacts with the sidechains of Get5_UBL
K95 (in Sgt2 monomer 1) and K70 (monomer 2), resulted in a
15-fold loss of affinity, while mutation of D31, which in each
monomer interacts with two basic sidechains (K64 and H73,
monomer 1, and K25 and K31, monomer 2) was more severe
(∼35× drop). Mutation of V35, which is buried within hydro-
phobic pockets formed by the aliphatic chains of K64, L66, and
M93 (monomer 1) and L66 and T91 methyl group (monomer 2),
giving rise to extensive intermolecular NOEs, also results in a
severe drop in affinity (∼35×). Mutant D38R reduced affinity to
a level not detected by ITC. While this mutation removes only
one obvious key interaction per monomer (with the sidechain of
K95, monomer 1, and K70, monomer 2), our structure suggests
that the increased bulk of the arginine sidechain may clash steri-
cally with the backbone of Get5, resulting in the increased effect.
The extensive hydrophobic dimer interface revealed by our

structure of Sgt2 is likely to preclude straightforward dimer-
breaking mutations to facilitate analysis of the role played by
dimerization in the function of Sgt2. To test this, we sought to
take advantage of the dimer symmetry, which results in two key
residues, I26 and L83, forming contacts with their equivalent in
the opposite monomer. We introduced charged residues at these
positions to cause mutual repulsion, disfavoring dimer formation;
however, expression of several such mutants yielded no soluble
protein. As expected, more conservative mutations such as F16Y,
which introduces two buried hydroxyl groups (i.e., one from
each monomer) within the hydrophobic core, had little effect
on the extensive interface, yielding functional dimer that bound
Get5_UBL with wild-type affinity (Table S3).

Equivalent Mammalian System: Sgta/Ubl4a.The structure of the UBL
domain from Ubl4a, the presumptive human homolog of Get5,
was solved by Zhao et al. (PDB accession no. 2DZI). Since the
chemical shifts were not deposited in the BMRB, we reassigned
the backbone using standard methods and titrated the Ubl4a_
UBL with an NT dimer of SGTA, the human homolog of Sgt2.
Chemical shift mapping results are shown in Fig. 4 C and D along
with a structure-based sequence alignment of the two UBL
structures in Fig. 4E. The interaction surfaces on the UBL
domains are analogous, and SGT sequence alignment data shown
in Fig. 1E indicate a high degree of conservation for residues
that promote key interactions in the Sgt2/Get5 binding event.
These findings show that, despite substantial differences between
Get5 and Ubl4a, the UBL domains and their interaction with
SGT family members are structurally conserved. This suggests that
their functional role(s) with respect to TA-protein biogenesis are
also likely to be conserved between the yeast and mammalian
GET pathways.

Discussion
Sgt2 plays an important early role in the yeast GET pathway by
providing an interface between posttranslational TA-protein
binding and efficient entry into the GET pathway for TA-protein
delivery to the ERmembrane (6). Its actions are facilitated through
an interaction of the Sgt2 NT domain with Get5_UBL, occurring
within the context of the Get4/Get5 complex (11). In the present
study, we structurally elucidate the molecular binding mecha-
nism between Sgt2_NT and Get5_UBL and solve the structures
of the complex and both individual components.
The NT dimerization domain of Sgt2 uses a unique configu-

ration of α-helices with a tight hydrophobic interface to present a
binding surface for UBL substrates. This structural motif cannot
yet be seen in any protein structure deposited in PDB, although
it is likely to appear in other unsolved proteins that bind to UBLs,
particularly the homologs of Sgt2 from other species. From se-
quence alignments, Sgt2 is known to be somewhat longer than its
mammalian counterparts with the additions localizing to loop
regions between the secondary structure elements. Although the
structure of full-length Sgt2 has yet to be solved on a molecu-
lar level, it is known to have an elongated rather than globular
character, based on gel-filtration and SAXS data (11). The NT
domain described here probably lies adjacent to the TPR domain

A B E
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F

D

Fig. 4. Representations of UBL domains with residues colored white to red in eight shaded increments of increasing normalized 1H/15N chemical shift
perturbations observed in the presence of the equivalent SGT. Residues greater than 80% of maximum chemical shift are colored the darkest red. Between
0% and 80% are divided equally across the seven remaining shades. (A) Ribbon and (B) surface views of Get5_UBL binding interface with Sgt2_NT; (C) ribbon
and (D) surface views of Ubl4a_UBL binding interface with Sgta_NT; (E) surface views of UBL domains from Get5 (Upper) and Ubl4a (Lower) colored by
electrostatics; (F) structure-based sequence alignment of the UBL domains from Get5 (Upper) and Ubl4a (Lower). Red, α-helix; blue, β-strand; yellow, η-helix;
green, residues perturbed upon binding to equivalent SGT protein.
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from which the C-terminal domain, predicted to be unstructured
in the absence of binding partners, emerges.
The dimeric nature of many GET components (Sgt2, Get3,

Get4, and Get5 all exist as dimers) has been noted on several
occasions (4, 23), but given the current lack of high resolution
structures for any large-scale GET complexes, it is unclear exactly
how this duplication manifests itself in binding between compo-
nents. As shown here, Sgt2 dimerizes at the N terminus, leaving
the remainder of this elongated molecule with the potential to
open like a pair of scissors. In yeast, Get5 dimerization occurs at
the C terminus (24), providing its central UBL, as described here,
and the NT domain, which binds to Get4, a degree of flexibility.
The “open” and “closed” versions of Get3 have been described at
length (3), and although Get4, Get5, and Sgt2 all lack the nu-
cleotide binding and hydrolysis capacity of Get3, it is entirely
possible that their dimers also adopt variably “open” and “closed”
conformations, perhaps depending on which binding partners are
present and which stage of the GET pathway is underway. The
dimeric state of multiple GET components also provides the
potential for many levels of branching within the pathway and
could enable multiple distinct processes to occur simultaneously
at a single complex. In the case of Sgt2, we speculate that this
arrangement likely facilitates a sorting mechanism whereby the
C-terminal domains bind hydrophobic substrates and the binding
partners of the adjacent TPR and NT domains mediate targeting
to the relevant physiological pathways.
Although S. cerevisiae Get5 and its human counterpart, Ubl4a

(23), show 20% identity and 43% similarity, much of this localizes
to the UBL domain and there are substantial differences between
the two proteins, including an additional NT domain in Get5.
Although our comparison of the two UBL structures and the
binding modes with their equivalent SGT partner proteins (Fig.
4) defines a number of minor differences—for example, the
additional 3/10 helix in Get5 and β-strand in Ubl4a—it is the
degree of similarity that is the most striking feature. This sug-
gests that the UBL domains of these proteins, and their inter-
actions, are the principal area of commonality between Get5
and Ubl4a.
Chartron et al. have recently characterized a complex between

Get5_UBL and an NT Sgt2 construct (residues 1–72) using SEC-
MALLS. Based on the apparent molecular weight of the complexes
analyzed, and a SAXS envelope, they derive a complex stoichi-
ometry involving the binding of a single copy of Get5_UBL to
the Sgt2_NT homodimer (11). Although we had initially antici-
pated greater disruption to the symmetry of the Sgt2 dimer NMR
spectrum upon Get5_UBL binding, our NMR and ITC results
also strongly support a stoichiometry of one Get5_UBL to each
Sgt2_NT dimer. Furthermore, on the basis of filtered NOESY
experiments using partially labeled Sgt2_NT dimers, we deter-
mined that the dimer interface is not disrupted upon Get5 bind-
ing, which agrees with the strong hydrophobic dimer interface
that we delineate and the submicromolar dissociation constant
that we measure. In light of our solved complex structure, it is
probable that at the elevated temperature required for the NMR
experiments (>35 °C), the Get5_UBL swaps rapidly back and
forth between the two sides of the Sgt2_NT dimer, thereby av-
eraging out the bound signal. This fast exchange would explain
the degeneracy observed in signals from each monomer in the
complex and is distinct from the slow exchange behavior
arising from the initial binding of Get5 to the Sgt2_NT dimer,
which gives rise to the distinct (free and bound state) peaks
observable in Fig. S1. The apparent readiness to rapidly exchange
between the two binding sites may be enhanced by an apparent
pseudosymmetry present in the binding surface of Get_UBL.
Considering the key interacting residues, D31, D38, E42, and
V35: D31 from one Sgt2 monomer interact with the basic side-
chains of K64 and H73 on Get 5, whereas D31 on the other
monomer similarly interacts with two basic sidechains on the

other side of the UBL interaction surface, K23 and K31.
Likewise, D38 in monomer 1 interacts with K95, whereas the
equivalent D38 in monomer 2 interacts with a pseudosymmetrical
K68. Similarly, E42 from one monomer of Sgt2 interacts with K95,
whereas its symmetry-related equivalent contacts K70 on Get5.
V35 is at the center of this arrangement, with both sidechains
contacting L66 of Get5. Hence Get5_UBL has evolved a pseu-
dosymmetric binding surface for the symmetric arrangement
presented by the Sgt2 dimer.
The structure of the Sgt2_NT/Get5_UBL complex provides

the first dynamic characterization of the protein interaction that
links two key steps of the GET pathway and underlines the
structural and functional conservation of GET components in-
volved in targeting TA-proteins to the eukaryotic ER.

Materials and Methods
Protein Production. Residues 1–78 of Sgt2 (Sgt2_NT) and 70–152 of Get5
(Get5_UBL) from S. cerevisiae and 1–74 of human Ubl4a were amplified from
plasmids and inserted via ligation-independent Ek/LIC cloning into pET-46
vectors. These were transformed into Escherichia coli Rosetta cells (DE3),
induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at OD600 =
0.8 and expressed overnight at 30 °C. 15N-, 15N/13C-, and 2H/15N/13C-labeled
protein samples were prepared according to unlabeled protocols but in
M9-based minimal media using correspondingly labeled ammonium
chloride (>99% 15N), glucose (>99% U-13C), and deuterium oxide
(>99.9% 2H, Sigma Aldrich). Cells were lysed by sonication and protein
was purified by affinity chromatography using HisPur Cobalt Resin
(Thermo Scientific). Get5_UBL for crystallography was further purified by
gel-filtration on a Superdex S200 size-exclusion column (GE Healthcare) in
100 mM Mes, pH 6.0, 150 mM KCl.

NMR Spectroscopy. All samples were buffer-exchanged by dilution/recon-
centration into 100mMpH6.0Mes bufferwith 150mMKCl. NMRexperiments
were performed on samples of >200 μMuniformly 15N, 13C-labeled protein in
either 5 mm (Sigma-Aldrich) Shigemi or standard 5 mm NMR tubes at 35
or 30 °C for Sgt2 and Get5/Ubl4a samples, respectively. Backbone atom
assignments were completed with standard experiments (25) and extended
into aliphatic sidechains using a combination of HBHA(CBCACO)NH, H(C)CH-
TOCSY, (H)CCH-TOCSY, and amide-detected (H)C(CCO)NH- and H(CCCO)NH-
TOCSY spectra. Aromatic ring assignments were made from a 13C-NOESY-HMQC
spectrum in conjunction with the TROSY-1H, 13C-aromatic HSQC (26). Data
were collected on Bruker AvanceIII (600 MHz) and AvanceII (800 MHz) spec-
trometers equipped with TCI and TXI cryoprobes, respectively, controlled by
Topspin3 (Bruker Biospin Ltd). 15N-NOESY spectra were collected on the
homebuilt 950 MHz spectrometer equipped with triple-resonance, triple-axis
gradient probehead at the University of Oxford. Data were processed using
NMRPipe (27) and analyzed in NMRView (One Moon Scientific). Assignment
was aided by NMRView modules that provided rapid input for MARS au-
tomated assignment (28) and facile handling of sidechain data (29).

NMR Titrations. Samples of Sgt2_NT and Get5_UBL for titrationswere typically
100 μM in 100 mMMes, pH 6.0, with 150mMKCl. Spectra were recorded in the
absence and presence of a binding partner in a suitable range ofmolar ratios at
30 °C. Shift changes were monitored by 1D 1H- and 2D 1H-15N HSQC spectra.

X-Ray Crystallography. Crystals of Get5_UBL were grown by hanging drop
vapor diffusion in 0.1 M sodium citrate, pH 5.25, and 3M (NH4)2SO4 at 25 °C
following an incubation step of 18 °C for 24 h. Diffraction data were col-
lected at the Diamond Light Source synchrotron beamline I02 without the
addition of any cryoprotectant to a maximum resolution of 1.78 Å with the
resolution limit truncated to an outer shell I/sigma cutoff of 2.3. Data were
integrated using Mosflm (30). The structure of Get5_UBL was solved by
molecular replacement with Phaser (ccp4-suite) based on a chainsaw-generated
search model of the Ubl domain of Rad23 (20) from S. cerevisiae crystallized
in complex with Ufd2 (PDB accession no. 3M62). To avoid phase bias, several
nonconserved loop regions as well as the first β-strand of Rad23 were de-
leted before molecular replacement, increasing the overall sequence iden-
tity from 38% to 49%.

After successful molecular replacement, the initial model was built au-
tomatically during 20 cycles of arp/warp-based (31) automatedmodel building
with preceding DM-based density modification and construction of a new
free atoms model. The final structure was completed and rebuilt in Coot (32)
and refined with Refmac5 (33).
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ITC. ITC experiments were performed at 30 °C using an ITC-200 microcalo-
rimeter from Microcal (GE Healthcare) following the standard procedure.
Proteins were prepared in 100 mM Mes, pH 6.0, 200 mM KCl. In each titra-
tion, 20 injections of 2 μL each of Sgt2_NT (dimer), at a concentration of
250 μM, were added to a sample of Get5_UBL at 25 μM (monomer). A spacing
of 180 s between each injection was applied to enable the system to reach
equilibrium. Integrated heat data obtained for the titrations corrected for
heats of dilution were fitted using a nonlinear least-squares minimization
algorithm to a theoretical titration curve, using the MicroCal-Origin 7.0
software package. ΔH (reaction enthalpy change in kJ/mol), Kb (equilibrium
binding constant in per molar), and n (molar ratio between the proteins in
the complex) were the fitting parameters. The reaction entropy, ΔS, was

calculated using the relationships ΔG = −RT·lnKb (R = 8.314 J/(mol·K), T 303 K)
and ΔG = ΔH−TΔS.
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