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ABSTRACT Troyer syndrome is an autosomal recessive hereditary spastic paraplegia (HSP)
caused by frameshift mutations in the SPG20 gene that results in a lack of expression of the
truncated protein. Spartin is a multifunctional protein, yet only two conserved domains—a
microtubule-interacting and trafficking domain and a plant-related senescence domain in-
volved in cytokinesis and mitochondrial physiology, respectively—have been defined. We
have shown that overexpressed spartin binds to the lle44 hydrophobic pocket of ubiquitin,
suggesting spartin might contain a ubiquitin-binding domain. In the present study, we dem-
onstrate that spartin contributes to the formation of dendritic aggresome-like induced struc-
tures (DALIS) through a unique ubiquitin-binding region (UBR). Using short hairpin RNA, we
knocked down spartin in RAW264.7 cells and found that DALIS frequency decreased; con-
versely, overexpression of spartin increased the percentage of cells containing DALIS. Using
nuclear magnetic resonance spectroscopy, we characterized spartin’s UBR and defined the
UBR'’s amino acids that are key for ubiquitin binding. We also found that spartin, via the UBR,
binds Lys-63-linked ubiquitin chains but does not bind Lys-48-linked ubiquitin chains. Finally,
we demonstrate that spartin’s role in DALIS formation depends on key residues within its
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UBR.

INTRODUCTION

Hereditary spastic paraplegias (HSPs) are a group of neurological
disorders characterized by progressive lower-extremity weakness
and spasticity (Salinas et al., 2008; Blackstone, 2012). Troyer syn-
drome is an autosomal recessive HSP caused by frameshift muta-
tions in the SPG20 gene (Patel et al., 2002; Manzini et al., 2010).
These mutations result in a lack of expression of the spartin protein,
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which leads to a loss-of-function pathogenesis (Bakowska et al.,
2008; Manzini et al., 2010). Spartin is a multifunctional protein that
consists of two conserved domains—a microtubule-interacting and
trafficking (MIT) domain and a plant-related senescence domain
(Ciccarelli et al., 2003). These domains are involved in cytokinesis
and mitochondrial physiology, respectively (Renvoise et al., 2010;
Joshi and Bakowska, 2011). We have shown that overexpressed
spartin binds to the lle44 hydrophobic pocket of ubiquitin, suggest-
ing that spartin might have a ubiquitin-binding domain (UBD;
Bakowska et al., 2007).

Ubiquitination impacts a wide range of biological processes, in-
cluding protein stability/degradation, DNA repair, endocytosis, au-
tophagy, immunity, and inflammation (Husnjak and Dikic, 2012).
Specificity of ubiquitin signaling is determined by the type of ubig-
uitin conjugation and by its interaction with different ubiquitin-bind-
ing proteins. Variation in ubiquitin conjugation results from the
number of ubiquitin molecules added to a target protein, the type
of linkage that forms ubiquitin chains (i.e., Lys-48 vs. Lys-63), and
the dimension of the ubiquitin chain (i.e., linear vs. branched). Given
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the complexity of ubiquitin modification, it is not surprising that
more than 20 different types of UBD families have been character-
ized (Husnjak and Dikic, 2012). These ubiquitin-binding proteins
harbor UBDs that bind monoubiquitin and/or polyubiquitin chains.
These families differ in both their protein structure and how their
UBD interacts with ubiquitin.

Most UBDs are o-helical (Hicke et al., 2005). Single or muiltiple
o-helices are the secondary structures of UBDs, including the ubig-
uitin-associated domain of pé2, the ubiquitin-interacting motif of
ataxin-3, and the coupling of ubiquitin conjugation to endoplasmic
reticular degradation domain of Vsp9 (Dikic et al., 2009). However,
nonhelical UBDs are categorized on the basis of similarities in func-
tional domains. Unlike a-helical UBDs, which are found within sec-
ondary protein structures, these UBDs are located within loops re-
sulting from tertiary folding of the protein. The pleckstrin homology
folds of the proteasomal receptor Rpn13 uses loops rather than o-
helices to bind ubiquitin, and this configuration allows the ubiquitin
receptor to bind K48-linked di-ubiquitin and ubiquitin-like domains
of ubiquitin-associated proteins (Husnjak et al., 2008; Schreiner
et al., 2008). At the same time, the ubiquitin conjugating-like struc-
tures of the endosomal sorting complexes required for transport
(ESCRT) trafficking protein Vps23/Tsg 101 interact with ubiquitin
through two separate loop regions that enable it to sort ubiquit-
inated proteins into multivesicular bodies (Sundquist et al., 2004;
Teo et al., 2004). The range of structural folds classified as UBDs is
growing rapidly, and although most known UBDs contain defined
secondary structures or distinct functional domains, it is likely that
unique domains have yet to be discovered.

External stress, such as starvation, heat shock, or infection, can
result in ubiquitination of misfolded proteins; these dysfunctional
proteins, along with UBD-containing proteins, can form different
types of aggregates within the cell cytoplasm. These aggregates are
classified as aggresomes, aggresome-like induced structures, and
dendritic aggresome-like induced structures (DALIS) based on their
size, location, and cytoskeletal infrastructure. DALIS are large cyto-
solic structures that contain ubiquitinated proteins and are found in
dendritic cells and macrophage cell lines upon maturation or after
toll-like receptor four (TLR4) activation (Lelouard et al., 2002;
Canadien et al., 2005). Unlike aggresomes, DALIS do not localize to
the pericentriolar area, do not have a vimentin cage, and are not
sensitive to microtubule or actin cytoskeletal disruptors (Lelouard
et al., 2004). DALIS are very transient; they are detected as soon as
4 h after TLR4 activation by lipopolysaccharide (LPS) and dissipate
20-44 h later (Lelouard et al., 2002; Canadien et al., 2005). DALIS
contain defective ribosomal products (DRiPS) that, due to their er-
rors in protein synthesis, are rapidly ubiquitinated and degraded
(Yewdell et al., 2001; Lelouard et al., 2004; Pierre, 2005). It has been
proposed that DRiPs are a primary source of endogenous antigenic
peptides presented on MHC class 1 molecules and DALIS function
as a holding ground for DRiPs, so DRiPs are processed and pre-
sented at a specific time for optimal T-cell activation (Pierre, 2005).

There is evidence that both proteasomal and autophagic pro-
teins play a role in the formation of DALIS (Fujita et al., 2011; Kettern
et al., 2011). Proteasomal chaperones, such as Bcl-2-associated
athanogene 1 (BAG-1) and the E3 ubiquitin ligase, C terminus of
Hsc70-interacting protein (CHIP), have been shown to colocalize
with DALIS (Lelouard et al., 2004; Kettern et al., 2011). Overexpres-
sion of either BAG-1 or CHIP results in more DALIS; conversely,
depletion of BAG-1 or CHIP decreases the number of DALIS in mac-
rophages (Kettern et al., 2011). Lack of BAG-1 or CHIP also results
in defective antigen presentation in bone marrow dendritic cells
(BMDCs), further supporting the role of DALIS, DRiPs, and protea-
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somal degradation in antigen presentation and immune function
(Kettern et al., 2011). Both the autophagy receptor pé2 and the au-
tophagosome marker LC3 colocalize to DALIS (Fujita et al., 2011;
Kettern et al., 2011). In particular, p62 has been shown to colocalize
with LC3 at DALIS upon LPS stimulation of TLR4 and depletion of
p62 decreases the occurrence of DALIS (Fujita et al., 2011). These
data suggest that both autophagy and proteasomal degradation
play roles in DALIS regulation, antigen presentation, and immune
function.

In this study we characterized the ubiquitin-binding properties of
spartin. Building on evidence that spartin binds monoubiquitin, we
investigated whether spartin binds ubiquitin chains, specifically,
whether spartin binds to Lys-48 or Lys-63 chains. We used nuclear
magnetic resonance (NMR) spectroscopy to characterize the ubig-
uitin-binding region (UBR) of spartin, and we defined the key amino
acids in this region that are necessary for ubiquitin binding. Finally,
we demonstrate a role for the UBR in DALIS formation.

RESULTS

Spartin localizes to DALIS and is important for the
occurrence of DALIS

Previously we demonstrated that overexpressed spartin interacts
with monoubiquitin and colocalizes with ubiquitin puncta in Hela
cells (Bakowska et al., 2007). In the present study, we examined
whether spartin localizes to specific structures, that is, DALIS, known
to contain ubiquitinated proteins. DALIS have been shown to be
repositories for ubiquitinated DRiPs, and several different proteins
involved in autophagy and proteasomal degradation have been
shown to localize to DALIS and to influence their occurrence
(Lelouard et al., 2004; Fujita et al., 2011; Kettern et al., 2011). We
examined the distribution of endogenous spartin in the transformed
murine macrophage cell line, RAW264.7, in which DALIS form after
TLR4 activation (Canadien et al., 2005). In untreated cells, spartin is
mainly in the cytoplasm (Supplemental Figure S1A), but upon TLR
activation via LPS treatment, endogenous spartin colocalized with
both p62 and conjugated ubiquitin (Figure 1A, top). Importantly,
overexpressed hemagglutinin (HA)-wild-type spartin also colocal-
ized with p62 and conjugated ubiquitin in RAW264.7 cells treated
with LPS (Figure 1A, bottom). We also investigated the expression
of two major ubiquitin chains in DALIS. RAW264.7 cells treated with
LPS for 12 h showed that endogenous spartin colocalized with p62
and Lys-63-linked ubiquitin and Lys-48-linked ubiquitin (Figure
S1B). Endogenous spartin also colocalized with DALIS of LPS-treated
BMDCs from wild-type C57BL/6J mice (Figure S2).

Protein levels of the autophagy receptor pé2 and proteasomal
chaperone BAG1 have been shown to increase upon LPS-induced
formation of DALIS and decrease during DALIS degradation
(Kettern et al., 2011). Those findings suggest that both pé2 and
BAG1 have important functions in the processing of DALIS. How-
ever, although the protein levels of CHIP, an E3 ubiquitin ligase, do
not change during LPS treatment, small interfering RNA knockdown
of this ligase demonstrated that CHIP is necessary for DALIS forma-
tion and MHC class 1 antigen presentation (Kettern et al., 2011). To
examine spartin protein levels during DALIS formation, we immuno-
blotted the lysates from RAW264.7 cells treated with LPS for O, 4, 8,
12, and 24 h and found that spartin protein levels did not change
during DALIS formation or degradation (Figure S3).

Having established that spartin colocalizes with DALIS, we inves-
tigated whether depletion of spartin affects DALIS occurrence. To
deplete spartin in RAW264.7 cells, we transduced the cells with
spartin short hairpin RNA (shRNA) lentivirus particles. We used
scrambled shRNA as a control. Immunoblots demonstrated that the
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Spartin colocalizes with DALIS and is important for its
formation. (A) Top, RAW264.7 cells treated with 10 ng/ml of LPS for
12 h were fixed and immunostained for endogenous spartin (red),
conjugated ubiquitin (green), and p62 (blue). Bottom, RAW264.7 cells
transfected with HA-spartin wild-type were treated with 10 ng/ml of
LPS for 12 h; fixed; and immunostained for HA epitope (red),
conjugated ubiquitin (green), and p62 (blue). Images are
representative of at least three separate experiments. Scale bars:

5 um. (B) Lysates from RAW264.7 cells transduced with either
scrambled shRNA (control) or spartin (SPG20) shRNA lentiviral vectors
(Spr KD) were treated with 10 ng/ml of LPS for 12 h, harvested,
resolved by SDS-PAGE, and immunoblotted using anti-spartin (top) or
anti-tubulin (bottom) antibodies. (C) Quantification of DALIS in
RAW264.7 cells transduced with control or SPG20 shRNA lentiviral
vectors (Spr KD). Images were scored for the presence of DALIS, and
the percentage of cells with DALIS was calculated by dividing the
number of cells with DALIS by the total number of cells for each
transduced cell pool. DALIS were defined as aggregates containing
conjugated ubiquitin. Error bars represent mean £ SEM from at least
three independent experiments with more than 100 cells scored per
experiment. *, p < 0.05.

spartin shRNA targets both isoforms of spartin (Figure 1B, top).
Densitometric analysis of the immunoblots revealed that endoge-
nous spartin protein levels were 70% lower in spartin-knockdown
(KD) cells than in control shRNA-transduced cells. We also evaluated
the effect of spartin KD on DALIS formation by examining the per-
centage of cells with DALIS in spartin-KD cells compared with con-
trol cells. Control and spartin-KD cells were treated with LPS for
12 h; fixed; and immunostained for spartin, conjugated ubiquitin,
and p62. The number of spartin-KD cells that contained DALIS was
significantly lower (~ 40%) than that of control cells (Figure 1C). This
finding suggests that spartin has a role in the formation of DALIS
and is consistent with the ability of spartin to bind ubiquitin and
colocalize to ubiquitin puncta in vivo (Bakowska et al., 2007).

Spartin binds directly to ubiquitin

We have shown in Hela cells that overexpressed spartin (residues
208-408) can bind to ubiquitin (Bakowska et al., 2007). In this study
we performed in vitro binding experiments to determine whether
the binding between spartin and ubiquitin is direct. We used dele-
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tion constructs of glutathione S-transferase (GST)-spartin (eluted
from the beads) and ubiquitin bound to agarose beads. We found
that spartin (amino acids 1-408) and the ubiquitin-interacting motif
(UIM) of Eps15 (763-896), which was used as a positive control, both
bound to ubiquitin linked to beads (Figure 2A). In contrast, neither
spartin 1-105, which contains the MIT domain, nor GST alone bound
to ubiquitin. We made several other deletion constructs of spartin
and performed in vitro binding assays with Lys-63-linked ubiquitin
(Figure S4)

We found that GST-spartin 186-340 bound to ubiquitin, but GST-
spartin 186-330 did not, suggesting that the amino acids important
for binding to ubiquitin are within the region 330-340 (Figure S4, A
and C). Additional results revealed that the GST-spartin 108-408
bound to ubiquitin, but GST-spartin 108-250 and 295-408 did not
(Figure S4, B and C). These data indicate that the 250-295 and 330-
340 regions of spartin are necessary but not sufficient for binding to
ubiquitin. Overall both of these regions of spartin have to be pres-
ent in order to bind ubiquitin.

Taken together (Figures 2A and S4), our results suggest that two
subregions within amino acids 250-340 are necessary for the binding
of spartin to ubiquitin, as removal of either the 250-295 or the 330-
340 region results in no binding of spartin to ubiquitin. We named
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this new UBD, ranging from amino acids 250 to 340, the ubiquitin-
binding region (UBR; shown in Figure 2B). The UBR alone did not
express well in bacteria; therefore all subsequent experiments were
performed using amino acid residues 155-367 of spartin.

The spartin UBR consists of two segments

We used NMR spectroscopy to determine how spartin’s UBR binds
to ubiquitin. Because chemical shifts in backbone amide protons
and nitrogens are exquisitely sensitive to changes in the chemical
environment induced by protein complexity, they can be used to
identify protein—protein interaction surfaces (Zuiderweg, 2002). The
spartin UBR was titrated into [U-"*N]ubiquitin, and chemical-shift
changes were monitored by 'H{"®N}-heteronuclear single quantum
coherence (HSQC) NMR (Cavanagh et al., 2007). As we increased
the concentration of spartin UBR, we observed the gradual disap-
pearance of a set of ubiquitin peaks (Figures 3A and S5). There were
only minor (<0.04 ppm) changes in the positions of the ubiquitin
peaks. These changes are indicative of chemical exchange between
free ubiquitin and spartin UBR-bound [U-"*N]ubiquitin on the inter-
mediate NMR timescale. These data suggest that the binding affin-
ity of the spartin UBR for ubiquitin is below 10 uM (Matsuo et al.,
1999; Xie et al., 2007). This binding affinity is much stronger than the
binding affinities of well-characterized ubiquitin-interacting motif
peptides for ubiquitin, which are mostly above 100 uM (Shekhtman
and Cowburn, 2002; Polo et al., 2003; Hirano et al., 2006).

Mapping residues affected by spartin UBR onto ubiquitin struc-
ture revealed a contiguous interaction surface that consists of a clas-
sical ubiquitin interaction surface (Shekhtman et al., 2002) formed
by Leu-8, lle-44, Ala-46, Gly-47, Lys-48, GIn-49, His-68, Val-70, Leu-
71, Arg-72, and Leu-73, as well as an extended surface patch formed
by Leu-6, Thr-7, Thr-9, Gly-10, Lys-11, and Thr-12 (Figures 3B and
S5). This patch is located in the immediate vicinity of the ubiquitin-
binding surface and may explain the tighter binding of the spartin
UBR to ubiquitin compared with the UBDs of other proteins (Burz
and Shekhtman, 2008). The HSQC spectrum of free [U-">N]spartin
UBR revealed backbone amide proton and nitrogen peaks between
7.5 and 8.5 ppm (Figure 4A). Some peaks in this spectral region also
exhibited significant broadening, which is indicative of the lack of
spartin UBR structure. Based on the assigned chemical shifts (Wishart
and Sykes, 1994), the spartin UBR does not contain any o-helical
segments and is most likely formed from tertiary folds or loops. The
lack of o-helical structure in UBDs is a common feature of adaptor
proteins (Pietrosemoli et al., 2013).

To determine the binding epitope of the spartin UBR on ubig-
uitin, we increased the concentration of ubiquitin and monitored
changes in [U-"*N]spartin UBR HSQC spectra (Figure 4A). Again, we
observed broadening of the subset of spartin UBR peaks. Spartin
UBR residues affected by ubiquitin binding, namely, residues 160-
165, 273-275, 330-332, and 360-363, were located in four different
regions of the primary structure (Figure 4B and C). We mutated the
amino acids in each of these regions to alanines in order to deter-
mine which regions contribute most of the ubiquitin-binding energy.
Mutation of DWL 273-275 (Figure S6A) or MSD 330-332 (Figure
S6B) to alanine weakened the binding of the spartin UBR to ubig-
uitin above 200 pM. It is likely that these two segments bind to
ubiquitin such that mutating one segment is sufficient to disrupt the
spartin UBR-ubiquitin interaction.

Mutational analysis of the UBR of spartin

The spartin UBR, spanning amino acids 250-340, showed significant
broadening when bound with ubiquitin. Within this region, the
amino acids DWL 273-275 and MSD 330-332 are conserved among
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FIGURE 3: The ubiquitin—spartin interaction surface consists of a
classical interaction surface and an extended surface patch.

(A) Overlay of HSQC spectra showing free 2.5 uM [U-">N]ubiquitin
(black) and the 2.5 pM [U-">N]ubiquitin-spartin 155-367 complex (red)
with molar ratio 1:10. Due to >N editing, only backbone amide
protons and nitrogens of ubiquitin are present in the spectrum. Most
peaks do not change their positions. A subset of ubiquitin peaks that
are substantially broadened due to ubiquitin interaction with spartin
155-367 is labeled. (B) Residues of ubiquitin that underwent significant
broadening (more than 40%) during the NMR titration experiment are
shown in red and blue. Ubiquitin residues involved in binding to a
classical ubiquitin interaction surface are shown in red. The extended
ubiquitin—spartin interacting surface is shown in blue.

various species. To further understand how spartin binds to ubig-
uitin, we mutated DWL 273-275 and/or MSD 330-332 to alanines
and generated three different mutation constructs: spartin GST-
spartin 155-367 (mutant 1), GST-spartin 155-367 (mutant Il), and
GST-spartin 155-367 (mutant lll, described in Materials and
Methods). These mutants and wild-type spartin 155-367 (GST-
spartin 155-367 WT) were used in a series of in vitro binding experi-
ments to determine how spartin interacts with ubiquitin.

We incubated wild-type spartin 155-367 and spartin 155-367
mutants |, II, or [l with GST-di-ubiquitin (2xUB) or GST-tetra-ubiquitin

Molecular Biology of the Cell
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with ubiquitin. Spartin 155-367 peaks that have broadened
substantially or completely are labeled. (B) Amide chemical shift
difference for all the assigned residues in free and ubiquitin-bound
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considered to be significant. Calculations are described in Materials
and Methods.
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(4xUB). Bound proteins were resolved by SDS-PAGE and immuno-
blotted to detect which spartin proteins bound to ubiquitin. As
shown in Figure 5A, spartin 155-367 WT interacted with both 2xUB
and 4xUB. However, none of the three mutant spartin proteins was
able to bind any of the ubiquitin chains.

We also examined the interaction of the UBR of spartin in the
context of full-length WT and full-length mutant Il spartin proteins
expressed in Hela cells to 1xUB, 2xUB, and 4xUB (Figure 5B). Using
a luminescence-based mammalian interactome (LUMIER) assay, we
found that the full-length WT spartin showed the strongest binding
to 2xUB, followed by binding to 1xUB (Figure 5B). WT spartin’s abil-
ity to bind 4xUB was four times weaker than its binding to 2xUB. As
expected, spartin mutant Il did not bind to any species of ubiquitin
(Figure 5B).

Finally, we tested the capacity of GST-spartin 155-367 and the
spartin mutants |, I, or lll to bind polyubiquitin Lys-63-linked ubig-
uitin chains. As shown in Figure 5C, GST-spartin 155-367 and GST-
p62 (used as a positive control) bound to Lys-63-linked ubiquitin
chains, but none of the GST-spartin mutants bound to Lys-63-linked
ubiquitin chains. In contrast, GST-spartin 155-367 did not show
binding to Lys-48-linked ubiquitin chains (Figure 5D) compared with
the positive control, 19S proteasomal subunit, Rpn10/S5a, which
did interact with Lys-48-linked chains.

Spartin’s UBR is important for the occurrence of DALIS
Having established a role for spartin in DALIS formation and defined
the UBR of spartin, we determined whether this region was neces-
sary for spartin’s role in the formation of DALIS. RAW264.7 cells
were transfected with either empty HA vector (control), HA-tagged
wild-type spartin (Spr-WT), or HA-tagged spartin containing muta-
tions of DWL 273-275 and MSD 330-332 to alanine (Spr-mut Il).
After transfection, the cells were treated with LPS, fixed, and exam-
ined for DALIS by using immunofluorescence (Figure 6A). As ex-
pected, cells transfected with HA-tagged vector did not colocalize
with either conjugated ubiquitin or pé2 (Figure 6A, top row). Wild-
type spartin colocalized with both p62 and ubiquitin (Figure 6A, sec-
ond row) in a manner similar to that of BAG-1 (Figure 6A, fourth
row). However, overexpressed spartin mutant lll did not colocalize
with either p62 or ubiquitin in DALIS (Figure 6A, third row).

Overexpression of spartin led to a significant increase (~ 26%
more) in the number of cells with DALIS (63 £ 7%) compared with
control cells transfected with an empty vector (50 + 2%) and caused
a greater increase in the number of cells with DALIS compared with
our positive controls, BAG-1 (~53%; Figure 6B) and CHIP (~57%;
data not shown). Although cells transfected with mutant spartin
showed less (~10% less) DALIS formation, there was no significant
difference in the percentage of cells with DALIS in cells transfected
with the spartin mutant Il (45 + 8%) compared with cells transfected
with control vector (50 £ 2%) (Figure 6B). We also examined DALIS
formation in cells expressing spartin mutant Il and unlike cells ex-
pressing spartin mutant lll, there was no decrease in DALIS forma-
tion compared with control cells (~50%; unpublished data). The per-
centage of cells in which spartin colocalized with DALIS was
significantly different between cells transfected with mutant spartin
(33 £ 7%) and cells transfected with wild-type spartin (76 + 8%)
(Figure 6C). These findings suggest that spartin’s colocalization with
DALIS depends on spartin’s ability to bind to ubiquitin.

Next we examined whether the decreased occurrence of DALIS
in spartin-KD cells could be rescued by overexpression of human
spartin. We chose to use human spartin, because the RNA is not
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FIGURE 5: Spartin UBR binds different species of ubiquitin. (A) Indicated spartin proteins were
digested with PreScission to remove the GST tag and then incubated with GST-2xUB or
GST-4xUB. After washes, the bound proteins were eluted with Laemmli buffer, resolved by
SDS-PAGE, and immunoblotted with anti-ubiquitin antibody. Spartin proteins used for this
experiment were resolved by SDS-PAGE and stained with Coomassie (bottom). (B) Purified
ubiquitin (1xUB), di-ubiquitin (2xUB), and tetra-ubiquitin (4xUB) GST-fusion proteins or GST
alone were incubated with lysates of Hela cells expressing luciferase spartin and processed as
described in Materials and Methods. The fold increase of luciferase activity bound to beads over
negative control (GST alone) is shown. Bottom, GST-fusion protein stained with Coomassie.

(C) Indicated GST-spartin proteins, GST-p62, or GST alone were incubated with Lys-63-linked
ubiquitin chains (UB-K63). After incubation and washes, the bound proteins were eluted with
Laemmli buffer, resolved by SDS-PAGE, and immunoblotted with anti-ubiquitin antibody.
Coomassie-stained gel (bottom) shows that similar amounts of fusion proteins were used for the
pull-down experiments. (D) Indicated GST-spartin proteins, GST-19S/5alpha protein, or GST
alone were incubated with Lys-48-linked ubiquitin chains (UB-K48). After incubation and washes,
the bound proteins were eluted with Laemmli buffer, resolved by SDS-PAGE, and
immunoblotted with anti-ubiquitin antibody. Coomassie-stained gel (bottom) shows that similar
amounts of fusion proteins were used for the pull-down experiments.

completely homologous to murine spartin RNA; therefore it would
not be targeted by our murine shRNA lentivirus. Indeed, the lysates
from spartin-KD cells transfected with either HA-tagged wild-type
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human spartin or HA-tagged mutant human
spartin (Spr-mut 1) showed equal expres-
sion of both constructs (Figure 7A). Spartin-
KD cells expressing empty HA vector,
HA-tagged wild-type human spartin, or HA-
tagged mutant human spartin were treated
with LPS, fixed, and immunostained to eval-
uate how these proteins affect the forma-
tion of DALIS. Overexpression of wild-type
human spartin rescued the DALIS pheno-
type in spartin-KD cells. Cells rescued with
wild-type human spartin (40 + 0.6%) had
significantly more (~20% more) DALIS than
control cells (32+£1.2%) (Figure 7B). In con-
trast, the spartin mutant did not significantly
increase the percentage of cells that con-
tained DALIS (33 £ 2.2%), suggesting that it
does not rescue the spartin-KD phenotype.
These findings support the hypothesis that
the formation of DALIS depends on spar-
tin's ability to bind ubiquitin.

DISCUSSION

In this study, we showed that spartin plays a
functional role in the formation of DALIS. Af-
ter LPS stimulation of TLR4, spartin colocal-
ized with DALIS in both RAW264.7 cells and
primary mouse BMDCs. Depletion of spar-
tin resulted in decreased formation of DA-
LIS. Conversely, overexpression of wild-type
spartin increased the number of cells with
DALIS in the parental cell line and rescued
the depleted DALIS in spartin-KD cells. This
effect on the formation of DALIS depends
on spartin’s ability to bind ubiquitin. Spartin
mutants, in which the residues DWL 273-
275 and MSD 330-332 were mutated to ala-
nine, did not colocalize with DALIS. Com-
pared with overexpressed wild-type spartin,
these mutants did not significantly increase
the number of cells with DALIS. Further-
more, these mutants were unable to rescue
the attenuated DALIS formation after spar-
tin knockdown.

We also observed colocalization of spar-
tin with proteins involved in the regulation
of DALIS. Both endogenous and overex-
pressed spartin colocalized with p62 in
DALIS. Spartin has also been shown to inter-
act with p62 (Urbanczyk and Enz, 2011),
which is an autophagy receptor necessary
for DALIS formation (Fujita et al., 2011).
TLR4 signaling through MyD88 and p38
mitogen-activated protein kinase increases
p62 mRNA and protein (Fujita et al., 2011).
Knockdown of p62 decreased DALIS forma-
tion, as did knockdown of spartin.

Our previous work with overexpressed
spartin suggested that spartin contains a

UBD but did not determine the specific amino acids critical for this
interaction (Bakowska et al., 2007). In the present studies, to charac-
terize the UBR of spartin, we used NMR to examine the interaction
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The UBR of spartin is important for its localization to DALIS and for the formation of
DALIS. (A) RAW264.7 cells were transfected with HA-empty vector (control, top row), HA-spartin
wild-type (Spr-WT, second row), HA-spartin mutant lll (Spr-mut-Ill, third row), or HA-BAG1 (BAG-1,
fourth row), and treated with 10 ng/ml of LPS for 12 h. Cells were fixed and immunostained for
HA epitope (green), conjugated ubiquitin (red), and pé2 (blue). Images are representative of at
least three separate experiments. Scale bars: 5 pm. (B) Quantification of DALIS in RAW264.7 cells
transfected with the indicated vectors. DALIS were defined as aggregates containing conjugated
ubiquitin. Images were scored for the presence of DALIS, and the percentage of cells with
DALIS was calculated by dividing the number of cells with DALIS by the total number of cells
transfected for each construct. Error bars represent mean + SEM from at least three
independent experiments with more than 50 cells scored per experiment. *, p < 0.05; #, p > 0.05.
(C) Quantification of DALIS that contain spartin in RAW264.7 cells transfected with HA-spartin
wild-type or HA-spartin mutant Ill. Images were scored for the presence of DALIS and spartin.
DALIS were defined as aggregates containing conjugated ubiquitin. Percentage of cells with
DALIS and spartin was calculated by dividing the number of cells with DALIS and spartin by the
total number of cells transfected for each construct. Error bars represent mean + SEM from at
least three independent experiments with more than 50 cells scored per experiment. *, p < 0.001.

sists of a classical ubiquitin interaction sur-
face formed by Leu-8, lle-44, Ala-46, Gly-47,
Lys-48, GIn-49, His-68, Val-70, Leu-71, Arg-
72, and Leu-73 (Shekhtman and Cowburn,
2002). This classical ubiquitin interaction
surface is also found in UIM domains
(Shekhtman et al., 2002). The spartin UBR
also interacts with ubiquitin at a second ex-
tended surface patch formed by Leu-6,
Thr-7, Thr-9, Gly-10, Lys-11, and Thr-12. This
interaction surface might be responsible for
the higher binding affinity of spartin for
ubiquitin compared with other UBDs. These
data confirm our previous biochemical find-
ings that spartin interacts with ubiquitin via
its lle-44 hydrophobic pocket; they also
demonstrate that the spartin UBR consists of
both classical and unique ubiquitin-binding
surfaces (Bakowska et al., 2007).

The NMR spectra of spartin interacting
with ubiquitin also revealed two segments
of spartin involved in spartin—ubiquitin inter-
actions: DWL 273-275 and MSD 330-332.
Mutation of these amino acid regions to ala-
nines indicated that DWL 273-275 and MSD
330-332 were both necessary for the spar-
tin-ubiquitin interaction. Using GST pull-
down assays, we confirmed that these two
conserved domains were also necessary for
spartin’s binding to Lys-63-linked polyubig-
uitin chains. Lys63-linked ubiquitination has
been shown to play a role in cell signaling,
trafficking, DNA damage, and immunity,
whereas Lys-48-linked ubiquitination is a
well-known proteasomal degradation signal
(Husnjak and Dikic, 2012). The fact that
spartin interacts only with Lys-63-linked
ubiquitin suggests that it is likely to be in-
volved in cell signaling, trafficking, and/or
repair. Future studies are planned to exam-
ine the role of spartin in each of those cel-
lular processes.

Our NMR data for unbound spartin sug-
gest that spartin does not have a definitive
tertiary structure. This lack of tertiary struc-
ture suggests that the UBR of spartin is not a
classical o-helical UBD. It is more likely to
resemble the UBDs of Rpn13 and Vps23/
Tsg101, which consist of loops formed from
tertiary structure folds.

Troyer syndrome is a complex HSP
caused by a frameshift mutation in the spar-
tin gene (Patel et al., 2002). No spartin pro-
tein is detected in the tissue of affected indi-
viduals, and this lack of protein results in
loss-of-function pathophysiology (Bakowska
et al., 2008; Manzini et al., 2010). Degrada-
tion of the corticospinal motor neurons re-
sults in progressive lower limb spasticity and

of spartin and monoubiquitin. We mapped residues affected by the ~ weakness, which occurs in patients with either pure or complicated
spartin UBR onto ubiquitin and found two separate areas of ubig- ~ HSPs. Patients with complicated HSPs also present with additional
uitin affected by spartin binding. The first interaction surface con-  symptoms, such as cognitive impairment, distal amyotrophy,
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tion is formed by the binding of the nonheli-
cal spartin UBR to both classical and unique
amino acid sequences in ubiquitin. Future
studies will investigate whether the effect of
spartin on DALIS formation is due to the in-
volvement of spartin in TLR4 signaling, pro-
teasomal degradation, or autophagy.
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control

FIGURE 7: UBR of spartin is important for the formation of DALIS. (A) RAW264.7 cells
transduced with spartin shRNA lentivirus (SPG20 KD) were transfected with HA-empty vector
(control, lane 1), HA-spartin wild-type (Spr-wt, lane 2), or HA-spartin mutant Ill (Spr-mut-lll, lane
3). Lysates from transfected SPG20-KD cells were harvested, resolved by SDS-PAGE, and
immunoblotted with anti-HA epitope (top) or anti-tubulin antibodies (bottom). (B) Quantification
of DALIS in RAW264.7 cells. Cells transduced with spartin shRNA lentivirus (SPG20 KD) were
transfected with HA-empty vector (control), HA-spartin wild-type (Spr-wt), or HA-spartin mutant
Il (Spr-mut-11). After treatment with 10 ng/ml of LPS for 12 h, cells were processed for
immunofluorescence. Images were scored for the presence of DALIS, and the percentage of
cells with DALIS was calculated by dividing the number of cells with DALIS by the total number
of cells transfected for each representative construct. DALIS were defined as aggregates
containing conjugated ubiquitin. Error bars represent mean + SEM from three independent
experiments with more than 50 cells scored per experiment. *, p < 0.05; #, p > 0.05.

retinopathy, ataxia, thin corpus callosum, and peripheral neuropa-
thy, which most likely result from degeneration of axons in the brain.
Neurodegeneration is also a hallmark of several other types of neu-
rological diseases, such as Alzheimer’s disease (AD) and amyotrophic
lateral sclerosis (ALS; Amor et al., 2010). A common feature of these
diseases is immune activation in the CNS, and chronic neuroinflam-
mation is thought to contribute to the progression of neuronal dam-
age in those diseases (Amor et al., 2010). In particular, TLR4 signal-
ing has been linked to AD and ALS (Lehnardt, 2010; Okun et al.,
2011). TLR4 is activated in brain cells of individuals with AD. In mi-
croglia, TLR4 stimulus attenuates AD by enhancing clearance of B-
amyloid, whereas in neurons, it exacerbates the disease by increas-
ing neuronal vulnerability to oxidative stress and B-amyloid toxicity
(Okun et al., 2011). ALS is characterized by degeneration of motor
neurons. When exposed to activation of TLR4 signaling via system-
atic LPS administration, mice expressing the ALS linked superoxide
dismutase 1 mutation (SOD1%%R) had accelerated disease progres-
sion and motor axon degeneration (Nguyen et al., 2004). At pres-
ent, we can only speculate how the immune system and TLR4 sig-
naling contribute to HSPs, but our previous work with epidermal
growth factor receptor (EGFR) suggests that spartin plays a role in
TLR4 trafficking. We showed that spartin knockdown in Hela cells
decreases the rate of EGFR internalization and degradation
(Bakowska et al., 2007). TLR4 receptor signaling, like EGFR, is also
down-regulated via clathrin-mediated endocytosis then sorted to
late endosomes for subsequent degradation by lysosomes (Husebye
et al., 2006). Spartin might affect the signaling transduction of TLR4
in @ manner similar to that of EGFR, and future studies will focus on
how spartin contributes to TLR4 endocytosis, endosomal sorting,
and signaling. In the absence of spartin, TLR4 would not be de-
graded, and TLR4 signaling would be greater. Like AD or ALS, this
could result in immune dysfunction, which in turn could contribute
to the neurodegenerative effects seen in Troyer syndrome.

In summary, we have demonstrated spartin’s role in the forma-
tion of DALIS, which depends on spartin’s ability to bind Lys-63-
linked ubiquitin chains via the conserved amino acid residues
DWL 273-275 and MSD 330-332. These conserved domains are
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Spr-wt

MATERIALS AND METHODS
Antibodies and reagents

The following primary antibodies were ob-
tained commercially: rabbit anti-spartin
(13791-1-AP; Proteintech, Chicago, IL),
guinea pig anti-p62 (GP62-C; Progen,
Heidelberg, Germany), mouse anti-monou-
biquitin and polyubiquitin  conjugates,
clone FK2 (BML-PW8810; Enzo Life
Sciences, Farmingdale, NY), rabbit anti-
BAG1 (sc-939-G; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), rabbit anti-HA tag
(ab9110; Abcam, Cambridge, MA), mouse
anti—B-actin (clone AC-74; Sigma-Aldrich,
St. Louis, MO), mouse anti—B-tubulin (E7;
Developmental Studies Hybridoma Bank, University of lowa, lowa
City, 1A), mouse anti-polyubiquitin (K®-linkage-specific), mAb
(HWA4C4) (BML-PW0600; Enzo Life Sciences), mouse Milli-Mark
anti-ubiquitin, Lys-48-Specific-FITC, clone Apu2 (FCMAB294F;
Millipore, Billerica, MA), anti-CHIP rabbit antibody (PC711; Milli-
pore), and anti-mouse ubiquitin mouse anti-ubiquitin (P41D; Co-
vance, Princeton, NJ) The following secondary antibodies used for
immunoblotting were obtained from Thermo Fisher Scientific
(Lafayette, CO): goat anti-rabbit immunoglobulin G (IgG) horse-
radish peroxidase (HRP) (#31460), goat anti-mouse IgG HRP
(#31430), and rabbit anti-goat IgG HRP (#31420). The secondary
goat anti-guinea pig IgG HRP (sc-2438) was purchased from Santa
Cruz Biotechnology. The following secondary antibodies used for
immunofluorescence were obtained from Invitrogen (Carlsbad,
CA): Alexa Fluor 568 (goat anti-rabbit IgG [A11036]) and goat anti-
mouse 1gG [A11031]), Alexa Fluor 488 (goat anti-rabbit 1gG
[A11034]and goat anti-mouse 1gG [A11029]), and Alexa Fluor 633
goat anti-guinea pig 1gG (A21105).

Reagents were purchased as follows: lipopolysaccharide (LPS),
2-mercaptoethanol, and puromycin from Sigma-Aldrich; pGEX-6P-1
vector and PreScission protease from GE Healthcare Life Sciences
(Waukesha, WI); lipofectamine, GlutaMAX, and ProLong Gold Anti-
fade Reagent from Invitrogen; DMEM/F12, sodium pyruvate and
nonessential amino acids from HyClone (Lafayette, CO); fetal bo-
vine serum (FBS) from Gemini Bio-Products (West Sacramento, CA);
cell culture plates from Sarstedt (Nimbrecht, Germany); polybrene,
Immobilon-P membrane, and Luminata Forte ECL reagent from
Millipore; protease inhibitor cocktail from Roche (Indianapolis, IN);
nitrocellulose (0.45 pm) from Thermo Scientific; RapidBlock solution
from Amresco (Framingham, MA); gradient gels (4-20%) from Bio-
Rad (Hercules, CA); nylon mesh (9072520) from BD Falcon (Franklin
Lakes, NJ); and murine granulocyte macrophage colony-stimulating
factor (GM-CSF) from Peprotech (Rocky Hill, NJ; #315-03)

Spr-mut-Ill

Mammalian and bacterial expression plasmids
A fragment of spartin cDNA (residues 155-367) was cloned into the
Xhol and EcoRl site of the pGEX-6P-1 vector, and this plasmid was
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named pGEX-WT Spr 155-367. Generation of pGEX-spartin 155-
367 (DWL 273-275AAA) mutant | was accomplished by site-directed
mutagenesis of aspartic acid, tryptophan, and leucine (Asp-273,
Trp-274, Leu-275) residues within spartin to alanine in plasmid
PGEX-6P-1-WT spartin 155-367 WT. For generation of pGEX-spartin
155-367 (MSD 330-332AAA) mutant ll, site-directed mutagenesis of
methionine, serine, and aspartic acid (Met-330, Ser-331, Asp-332)
residues to alanine was accomplished in plasmid pGEX-6P-1-WT
spartin 155-367. pGEX-spartin 155-367-mutant (DWL 273-275AAA;
MSD 330-332AAA), mutant I, was generated by site-directed mu-
tagenesis of aspartic acid, tryptophan, and leucine (Asp-273, Trp-
274, Leu-275) residues and methionine, serine, and aspartic acid
(Met-330, Ser-331, Asp-332) residues to alanine in plasmid pGEX-
6P-1-WT spartin 155-367. All mutations were performed using the
QuikChange protocol according the manufacturer’s instructions.

NMR studies

Human ubiquitin was expressed by using pet3aUbqg (Burz et al.,
2006). The following plasmids were used to express the predicted
UBR of human WT and mutant spartin in bacteria: pGEX6p-1-WT
spartin 155-367, pGEX6p-1-spartin 155-367 (273-275AAA), mutant
I, and pGEXép-1-spartin 155-367 (330-332AAA), mutant Il. For
U-"N labeling, cells were grown at 37°C in minimal medium (M9)
containing 100 mg/l ampicillin and 1 g/l ["*N]Jammonium chloride as
the sole nitrogen source. For U-"3C,">N labeling, cells were grown at
37°C in M9 medium containing 100 mg/I ampicillin, 1 g/I [">N]am-
monium chloride, and 2 g/I ['*Clglucose instead of unlabeled glu-
cose as the sole carbon source. Proteins were purified as described
previously (Hooper et al., 2010). We applied PreScission protease to
remove the N-terminal GST tag from GST-WT spartin 155-367, and
GST-spartin 155-367 (273-275AAA), mutant |; and GST-spartin 155-
367 (330-332AAA), mutant II. All proteins were dialyzed into 10 mM
potassium phosphate (pH 7.0), 100 mM NaCl.

Colocalization studies in RAW264.7 cells

For overexpression studies, RAW264.7 cells were transfected with
mammalian expression vectors using Lipofectamine. The mamma-
lian expression vector pPGW1-HA-spartin was described previously
(Bakowska et al., 2007), and the same mutations as in the pGEX-6P-
1-spartin vector were used to generate pGW1-HA-spartin mutants |,
Il, and lll. We received the pDNA wild-type BAG1-HA vector from
R. Morimoto (Northwestern University; Song et al., 2001).

Cell culture

RAW264.7 cells were used from passages 7-15 and maintained
in DMEM/F12 supplemented with 10% FBS, nonessential amino
acids, and GlutaMAX. To induce DALIS formation, we treated cells
with 10 ng/ml of LPS for 12 h.

BMDC protocol

BMDCs were harvested and cultured as described previously
(Inaba et al., 1992; Drakes et al., 2006). Briefly, tibias and femurs
were harvested from wild-type C57BL/6J mice and cleaned of
muscle and tissue. Cleaned bones were rinsed in a 70% ethanol
solution and then rinsed with RPMI before bone marrow was har-
vested. Bone marrow cells were flushed from the bones using a
10-ml syringe of phosphate-buffered saline and an 18-gauge nee-
dle. Red blood cells were lysed, and then the tissue suspension
was passed through a nylon mesh (?072520; BD Falcon) to remove
bone debris. Cells were plated in a 24-well plate at 2 x 10® white
blood cells/ml in RPMI culture media (RPMI 1640, 10% FBS,
100 U/ml penicillin/100 U/ml streptomycin, nonessential amino

Volume 25  April 15, 2014

acids [0.1 mM], sodium pyruvate [1 mM]) supplemented with
7 ng/ml of murine GM-CSF. On day 3 of culture, cell culture media
were harvested, spun down, and added back to culture in a 1:1
ratio with fresh media containing 14 ng/ml of GM-CSF. Loosely
adherent cells were harvested on day 7 using a sterile plastic pi-
pette. Cells were then seeded on 35-mm glass coverslips, treated
with 10 ng/ml of LPS for 12 h, and processed for immunofluores-
cence as described below.

Lentiviral transduction

Control (sc-108080) and spartin (sc-61602) shRNA lentiviral particles
(Santa Cruz Biotechnology) were used according to the manufac-
turer’s protocol. On day 1, RAW264.7 cells were plated at 50% con-
fluence in 12-well plates. The following day (day 2), the medium was
removed and replaced with medium containing 5 pg/ml of poly-
brene and 30 pl of lentiviral particles. On day 4, the cells were split
1:6, and the next day (day 5), cells were selected for transduction
using 6 pg/ml of puromycin.

Western blotting

Cells were plated on 60-cm dishes and treated with 10 ng/ml of
LPS for the indicated times. Cells were then scraped into RIPA buf-
fer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5%
NaDoC, 0.1% sodium deoxycholate, and protease inhibitor cock-
tail) and lysed by pipetting. Lysates were centrifuged for 10 min at
8000 rpm in a refrigerated (4°C) centrifuge. Supernatants were re-
moved, and 4X Lamella’s sample buffer and 2-mercaptoethanol
were added to a final concentration of 1X and 715 mM, respec-
tively. Lysates were heated to 100°C for 10 min, loaded, and re-
solved by SDS-PAGE; this was followed by semidry transfer to ni-
trocellulose. Blots were then blocked with RapidBlock, probed
with the indicated antibodies, and detected using Luminata Forte
ECL reagent. Even loading was verified and corrected for by using
either B-actin or B-tubulin as a loading control. The intensities of
the different bands were quantified using the National Institutes of
Health's (NIH) ImageJ gel analysis software.

Confocal immunofluorescence microscopy

Cells were plated on 15-cm glass coverslips and allowed to adhere
overnight. After treatment, cells were fixed with 4% paraformalde-
hyde for 20 min; this was followed by permeabilization with 0.15%
Triton-X for 15 min. Cells were then blocked in 5% normal goat se-
rum for 1 h at room temperature and then incubated in primary an-
tibody overnight at 4°C. Secondary antibody incubations were done
for 30 min at room temperature, and coverslips were mounted on
glass slides using ProLong Gold Antifade Reagent. Images were
captured using a Zeiss LSM-510 confocal microscope with a 63x/1.4
NA Plan-Apochromat oil-immersion objective at 1024 x 1024 pixel
resolution. Images were processed for publication using Adobe
Photoshop.

In experiments using the anti-ubiquitin, Lys-48-Specific-FITC,
clone Apu2 antibody, cells were plated, fixed, permeabilized, and
blocked as stated above. Primary antibody incubations with anti-
spartin and anti-p62 antibody were performed overnight at 4°C and
secondary antibody incubations were performed as described. Cells
were fixed with 4% paraformaldehyde for 15 min and incubated
overnight with the K48-specific antibody at 1:25. Mounting of cov-
erslips was performed as previously stated.

Ubiquitin-binding assays
Pull-down experiments were performed with 4 pg of GST-fusion pro-
teins immobilized on glutathione beads incubated with 0.7 pg of
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polyubiquitin chains or monoubiquitin, incubated for 2 h in THG
buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 10% glycerol, and
0.5% Triton X-100), and washed three times. In some experiments,
4-6 pg of GST-fusion proteins cleaved from the GST was incubated
with GST-2xUB or GST-4xUB (Bloor et al., 2008). Bound proteins
were resolved by SDS-PAGE on a gradient gel followed by semidry
transfer to Immobilon-P membrane. Blots were then blocked with
RapidBlock solution, probed with the indicated antibodies, and de-
tected using Luminata Forte ECL reagent.

LUMIER assay

Ubiquitin proteins fused to the GST were expressed in Escherichia
coliand coupled to glutathione beads. For LUMIER assays (Barrios-
Rodiles et al., 2005; Bloor et al., 2008), Renilla luciferase fused to the
full-length WT or spartin mutant Il was expressed in HEK293 cells.
Twenty-four hours after transfection, cell lysates were incubated with
1xUB, 2xUB, or 4xUB fused to the GST for 2 h in 20 mM Tris-HClI
(pH 7.4), 150 mM NaCl, and 0.1% Triton (TNT bulffer). Following the
incubation, the beads were washed three times, and proteins were
eluted with glutathione. The ratio between luciferase activity in elu-
ates versus lysates is presented as fold binding over a control
reaction.

NMR spectroscopy

NMR spectra were acquired at 37°C by using a Bruker Avance I
700-MHz NMR spectrometer equipped with an ultrasensitive cryo-
probe. For formation of a [U-">N]ubiquitin complex-WT spartin 155-
367, 25 puM of unlabeled WT spartin 155-367 was added to 2.5 pM
[U-T5N]ubiquitin dissolved in NMR buffer (90% of 10 mM potassium
phosphate [pH 7.0], 100 mM NaCl, 0.02% [wt/vol] NaN3, and 10%
D,0). For formation of a [U-">N]ubiquitin-mutant spartin 155-367
complex, 200 pM of unlabeled mutant spartin 155-367 was added
to 10 pM [U-"*N]ubiquitin dissolved in the NMR buffer. For forma-
tion of a [U-"*N]spartin 155-367-ubiquitin complex, 50 pM of unla-
beled ubiquitin was added to 5 uM of [U-">N]WT or mutant spartin
155-367 dissolved in the NMR buffer. We used a Watergate version
of the "H{">N}-edited HSQC (Piotto et al., 1992). Data were recorded
with 32 transients as 512 x 64 complex points in proton and nitro-
gen dimensions, respectively, apodized with a squared cosine-bell
window function, and zero-filled to 1k{128} data points before Fou-
rier transformation. The corresponding sweep widths were 12 and
35 ppm in the 'H and {'>N} dimensions, respectively. Chemical shifts
of WT spartin 155-367 were assigned by using [U-"3C,">N]WT spar-
tin 155-367 and a standard suite of triple-resonance experiments
(Cavanagh et al., 2007). All spectra were processed using TopSpin,
version 2.1 (Bruker), and the assignments were made using
Computer Aided Resonance Assignment (CARA; Masse and Keller,
2005). The changes in chemical shifts of amide nitrogens and cova-
lently attached amide protons, AQ, were calculated by using AQ =
[Br? + (Bn/4)21'2, where 8y represents the change in hydrogen
and nitrogen chemical shifts (ppm), respectively;

\/(AQ w) +(025x40y)". Because the HSQC peaks of side-chain
amide protons and nitrogens of [U-"SN]WT spartin 155-367 or

ubiquitin glutamines do not change position or broaden during
complex formation, we used the intensity of the glutamine peak
(lef) to scale the intensities of backbone amide protons and nitro-
gens. Changes in intensity were calculated by using Al = (I/ leffree
~(/lrebound/ (I lref)free, Where Iee is the intensity of an individual
peak in the in-cell spectrum of free WT spartin 155-367 or ubig-
uitin, and lpound is the intensity of individual peaks in the NMR
spectrum of the WT spartin 155-367-ubiquitin complex. Positive
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changes in relative intensities denote peak broadening due to
binding interactions (Figure 4; (I/lhigh) - (I/lhigh) )
control ‘complex
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