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1 | INTRODUCTION

| Jesper E. Dreier'?
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Abstract

Intrinsically disordered proteins (IDPs) regularly constitute components of
larger protein assemblies contributing to architectural stability. Two small,
highly acidic IDPs have been linked to the so-called PCI complexes carrying
PCI-domain subunits, including the proteasome lid and the COP9
signalosome. These two IDPs, DSS1 and CSNAP, have been proposed to have
similar structural propensities and functions, but they display differences in
their interactions and interactome sizes. Here we characterized the structural
properties of human DSS1 and CSNAP at the residue level using NMR spec-
troscopy and probed their propensities to bind ubiquitin. We find that distinct
structural features present in DSS1 are completely absent in CSNAP, and vice
versa, with lack of relevant ubiquitin binding to CSNAP, suggesting the two
proteins to have diverged in both structure and function. Our work addition-
ally highlights that different local features of seemingly similar IDPs, even sub-
tle sequence variance, may endow them with different functional traits. Such
traits may underlie their potential to engage in multiple interactions thereby
impacting their interactome sizes.
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functional performing various crucial cellular tasks, in
for example, regulatory and signaling functions,® and

The abundance and relevance of proteins and protein
regions without well-defined three-dimensional struc-
tures, the intrinsically disordered proteins (IDPs)—or
regions (IDRs), have been well established in past
years.' > This is especially evident in eukaryotes where
an estimated 30-40% of the proteome is predicted to be
disordered or contain disordered regions.>®’ IDPs popu-
late ensembles of dynamically interchangeable, disor-
dered conformations, but they still remain fully

they are implicated in various diseases like cancers
and neurodegenerative disorders.”'® Protein—protein
interactions are essential for such processes, involving
intricate interaction networks where the ability to associ-
ate with multiple targets is important. Because IDPs
encompass a limited amount of stabilizing hydrophobic
interactions, they present a larger exposed surface area
with a high rotational freedom resulting in greater con-
formational flexibility and binding propensity. These
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properties render them malleable and confer functional
advantages, one of which is the ability to bind multiple
binding partners.'"'? Such binding often occurs by
exploitation of minor, limited binding sites constituted
by small linear motifs (SLiMs).*'*> The prevalence of dis-
ordered proteins in the eukaryotic proteome®®’ is evi-
dence of their importance in biological processes, but due
to their low sequence conservation compared to folded
counterparts,"**> evolutionary links between different
IDPs can be difficult to track and thus often relies on
functional analyses.

Deletion of Split-hand/Split-foot 1 (DSS1), identified
from a gene connected to split-hand-split-foot
malformation,'® is a small IDP enriched in acidic resi-
dues and highly conserved among eukaryotic species.”!’
In the yeast Saccharomyces cerevisiae, it was identified as
a suppressor of mutants in the exocyst complex and
named Suppressor of Exocyst Mutation 1 (Sem1)'®; yet
this function is not conserved in its fission yeast
Schizosaccharomyces pombe (S. pombe) orthologue DSS1/
SEM1'?%; from here on only named DSS1. It is an integral
subunit of the 26S proteasome, where it functions as a
molecular tether promoting assembly of the proteasome
(Figure 1a).>'"* The proteasome lid is one of several
homologous complexes that share similar overall struc-
tural architecture, harboring the so-called PCI
complexes—named so from the 26S proteasome lid, the
COP?9 signalosome (CSN), and the eukaryotic translation
initiation factor-3 (eIF3).®> These multiprotein complexes
contain subunits with PCI folds, which display a bipartite
structure consisting of a structurally conserved C-
terminal winged-helix domain, and a more divergent N-
terminal domain based on a stack of a-helices, the num-
ber and arrangement of which varies.”® The arrangement
of and interactions between PCI-domains are the struc-
tural hallmark of the PCI complex®*** (see an overview
of the PCI complex subunit composition in Figure 1a).

Within the proteasome lid, DSS1 interacts with the
two PCI-domain subunits, RPN3 and RPN7.?>** In doing
so, it stabilizes the complex.*” In addition, DSS1 interacts
with several other PCI-domain-containing complexes,
including the TREX-2 complex involved in mRNA
export®®*” and the Csnl12-Thp3 complex, implicated in
mRNA splicing.*”*® Although these binding partners
share the presence of PCI folds and therefore are struc-
turally similar, structural data have demonstrated distinct
conformations of DSS1 in different PCI domain-
containing protein complexes.!”*****® DSS1 also engages
with other proteins and protein complexes that do not
have PCI domains, including BRCA2***° and the single-
strand DNA binding complex RPA,*""** involved in DNA
repair. Further, S. pombe DSS1 interacts with ubiquitin
independently of its association with the proteasome lid

subunits and may serve as a ubiquitin receptor for the
proteasome.43

Deduced from sequence analysis,>® and experimen-
tally validated for the S. pombe orthologue by nuclear
magnetic resonance (NMR) spectroscopy, free DSS1 is an
IDP, with a ~50% transiently populated a-helix in its
C-terminus.*> Multiple sequence alignments of DSS1
homologues (Figure 1b, top panel) highlight two addi-
tional conserved regions characterized by aromatic and
hydrophobic residues flanked by several acidic residues.
These two regions form extended transient structures in
the unbound state in S. pombe DSS1 and both interact
with ubiquitin, either with both sites engaging mono-
ubiquitin, or with higher affinity to di-ubiquitin; corre-
spondingly these sites were dubbed ubiquitin binding site
(UBS) 1 and 2.** The three conserved regions of DSS1 are
differentially involved in partner binding. The o-helix
and a region including UBS2 are important for binding
Thpl in the TREX-2 complex,*”*® while the stretch con-
taining both UBSI1 and the a-helix is crucial for associa-
tion with the RPA complex.*' Interestingly, deletion of
the o-helix does not eliminate its multi-specificity, but
modulates ligand preference.*?

The COP9 signalosome (CSN) is conserved in eukary-
otic cells and acts as a regulator of a large family of E3
ligases called Cullin-RING ubiquitin ligases (CRL).***3
Like the proteasome lid, several CSN subunits contain
PCI domains. But, rather than incorporating DSS1, the
CSN appears to rely on the DSS1-like CSN Acidic Protein
(CSNAP).** CSNAP is a 57-residues paralogue to DSSI,
phylogenetically more recent, and only found in meta-
zoans. Multiple alignments of homologous CSNAP
sequences from different species (Figure 1b) demonstrate
a conserved C-terminus enriched in Phe and Asp, likely
to be important for function. Notably, this region, and
especially the Phe residues, were necessary for the incor-
poration of CSNAP into the CSN through interactions
with subunits CSN3, CSN5 and CSN6%* (Figure 1a). The
absence of CSNAP has global effects on the cell cycle, cell
viability and DNA damage response,*® although the exact
molecular mechanisms behind these observations remain
elusive.

Thus, shown from solved structures by cryo-EM and
by chemical cross-linking coupled with mass spectrome-
try, both DSS1 and CSNAP bind PCI domains in various
protein complexes.*'** However, despite their similari-
ties, DSS1 and CSNAP each interact with different com-
plexes and different PCI-containing subunits within the
respective PCI-complexes (Figure 1a), suggesting some
functional divergence. It therefore remains to be shown
whether CSNAP is only a CSN binding protein, or
whether its interactome includes PCI-domain proteins
outside of the CSN or even other proteins not adopting
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FIGURE 1 Comparison of the functional propensities of DSS1 and CSNAP. (a) Schematic illustration of the 26S proteasome lid (left)
and the COP9 signalosome (right). The subunit composition of the 26S proteasome lid is based on information on the helical bundle*® and
cryo-EM structures.®** The representation of the COP9 signalosome is based on a crystal structure.?® The localization of CSNAP in the PCI
complex still remains to be defined, but the known interactions of CSNAP with subunits are indicated with dashed arrows.?* PCI complexes
contain six PCI domain subunits that fold into an a-helical structure topped with winged helix domains (circles) characteristic of the PCI
“horseshoe” fold, and by two MNP domains (rounded triangles). The subunits are connected by a helical bundle.?**® (b) Multiple sequence
alignment of DSS1/SEM1 homologues (blue) and of CSNAP homologues (red) from different eukaryotic organisms. Conserved residues have
been shaded (dark, identical; light, conserved) and the conserved regions (CR) indicated in both proteins. (c) Pairwise sequence alignment of
human DSS1 and human CSNAP (black, identical; grey, conserved) with a sequence identity and similarity of 17.6% and 26.4%, respectively,
as well as the predicted disorder of DSS1 (blue) and CSNAP(red) using TUPRED,*”*® DISOPRED3?’ and OdiNPred*°

the PCI-fold as observed for the multifunctional DSSI. conserved ubiquitin binding ability for CSNAP and DSS1.
Both the proteasome and the CSN regulate processes However, structural details of these human paralogues
related to ubiquitylation, which might suggest a potential are lacking. Therefore, to address why two small, very
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similar, and acidic disordered proteins can have such
divergent interactomes, we have undertaken a compara-
tive structural approach. We ask whether the similar
architectural role played by CSNAP and DSS1 in PCI
complexes is rooted in shared structural properties. We
also tested the conservation of ubiquitin binding in
human DSS1 and CSNAP independently of their associa-
tion with respective PCI complexes, and compared this to
ubiquitin binding of S. pombe DSS1 previously character-
ized by NMR spectroscopy.” Using NMR and circular
dichroism (CD) spectroscopy combined with ubiquitin
binding assays, we find distinct features present in DSS1
to be completely absent in CSNAP, and vice versa,
suggesting that they have diverged in both structure and
function. Our work highlights how seemingly similar
IDPs have subtle, but important local features that endow
them with different functional traits that can be deter-
ministic for their interactomes.

2 | RESULTS
2.1 | Sequence analyses predict DSS1 and
CSNAP as related IDPs

As a first step in our comparison of DSS1 and CSNAP, we
noted that both sequences are enriched in acidic and aro-
matic residues (Figure 1b), but pairwise sequence align-
ment of the human sequences demonstrated a sequence
identity of just 17.6%>* (Figure 1c). The sequences share
only one region, which corresponds to the UBS1 mapped
in S. pombe DSS1** and which maps to the conserved C-
terminus of CSNAP. The sequence transiently populating
an a-helix in DSS1 appears not to be conserved in CSNAP
(Figure 1b,c). However, based on the sequence pattern of
Phe and Asp separated by three and four residues, the
conserved C-terminal region in CSNAP was previously
suggested to form an amphipathic a-helix.**

We next generated sequence-based disorder predic-
tions of human CSNAP and human DSS1 and compared
these to their pairwise sequence alignment (Figure 1c). In
agreement with previous structural characterization of S.
pombe DSS1,* disorder predictions and published chemi-
cal shifts of a longer construct including human DSS1
(BMRB:27475),* human DSS1 was predicted to be
largely disordered with some order in the conserved
region from residues D52-K62 matching to where S.
pombe DSS1 has its transient helix (Figure 1c). CSNAP
was predicted to be highly disordered except for residues
L32-F51, for which the TUPred and DISOPRED3 scores
were lower compared to DSS1. This region contains the
sequence motif conserved in DSS1 (Figure 1c). The disor-
der prediction performed using ODiNPred, a deep neural

network predictor based on NMR chemical shifts,*® indi-
cated high levels of disorder outside of the region
Y16-L50, which also includes the sequence stretch dispa-
rate from DSS1. Overall, the disorder predictions suggest
that CSNAP contains more order than DSS1.

2.2 | DSS1 and CSNAP are structurally
distinct IDPs

To probe these differences and similarities further, we
addressed the disorder experimentally using CD and NMR
spectroscopy in both DSS1 and CSNAP. First, to map the
average secondary structure content of the two proteins, we
recorded far-UV CD spectra on recombinant human DSS1
and CSNAP. Both showed an intense negative ellipticity
with a global minimum just under 200 nm, characteristic of
highly unstructured proteins (Figure 2a). Negative ellipticity
was also visible as a broad minimum around 220 nm
suggesting the presence of transient structures, likely from
a-helices or poly-proline II (PPII)/extended structures.**>'
The local minimum of DSS1 was slightly shifted to higher
wavelength than CSNAP, and it had a higher residual ellip-
ticity at 190 nm; an indication of a larger content of a-helix
structure in DSS1 than in CSNAP.>*™>*

To further decompose these populations to individual
residues, we generated '*C-'>N-stable isotope-labelled
proteins and assigned the backbone resonance of C%, C”,
and carbonyl C’ from sets of triple resonance NMR spec-
tra. For both proteins, the assigned "H-">’N HSQC spectra
(Figure 2b) demonstrated low dispersion in the proton
dimension characteristic of disordered proteins, in full
accordance with the CD spectra. The peaks were well
separated and allowed for assignment of 97% of the
expected backbone resonances of DSS1 and 96% for
CSNAP. In addition, both DSS1 and CSNAP displayed
additional peaks in the 'H-">N HSQC spectrum, located
around prolines (P7-P24 in DSS1 and P3-V6 and P10-
L19 in CSNAP), and which were found to arise from
minor populations of prolines in cis-conformations (see
Figure S1). The cis populations of P7 and P23 in DSS1
were 10.8% and 13.9%, while for P3, P10, and P15 in
CSNAP they were 8.0%, 11.8%, and 22.5%, respectively.

From the assigned backbone resonances recorded at
identical conditions, the secondary chemical shifts (SCS)
of the C* and C” nuclei of DSS1 and CSNAP, respectively,
were calculated using recent random coil chemical shift
values™(Figure 2c). The chemical shifts of human DSS1
were recently assigned, but at different conditions and
using a longer construct (including 17 N-terminal non-
native residues).”” However, at pH 7.4, the SCSs were
comparable to those previously determined for S. pombe
DSS1* as well as to those reported for human DSS1.*’
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FIGURE 2  Structural properties of DSS1 and CSNAP. (a) Far-UV CD spectra of 10 pM DSS1 and CSNAP in 20 mM Na,HPO,/

NaH,PO,, pH 7.4, 25°C. The minimum ellipticities are at 199 nm (DSS1) and 198 nm (CSNAP). (b) Assigned "H-">N HSQC spectra of

140 uM DSS1 (left, blue) and 210 pM CSNAP (right, red) in 20 mM Na,HPO,/NaH,PO,, 150 mM NacCl, pH 7.4 at 10°C. Assigned residues
indicated in grey are from minor populations caused by cis-trans proline isomerization. (c) Secondary chemical shift analysis of the C* and
CP nuclei for DSS1 (left, blue) and CSNAP (right, red). Residues without CP are marked with black diamonds. The unassigned non-native
Gly is set to zero in the sequence numeration. Dominant transiently populated structures are indicated above the plots

Positive C* SCS in combination with negative CP SCS
indicated that human DSS1 had a transiently formed
a-helix, populated to ~40% in the region D52-K62. This
region coincides well with the a-helix defined in S. pombe
DSS1 (F55-K66), although the helix in human DSSI is
three residues shorter and with smaller SCS, suggesting it
to be less populated. Outside the helical region, the C*
SCS of DSS1 were consistently negative throughout the
remainder of the sequence, with two minima at around
E20 and N42; each one close to the two aromatic and
acidic motifs. The lack of corresponding upshifts in the
C? SCS indicates no p-strand propensity, but rather
the presence of extended structure or PPII.>®

The calculated SCS confirmed that CSNAP is largely
disordered, as only small fluctuations around zero were

observable for the first 45 residues (Figure 2c, right
panel). A slight downshift in the C* SCSs combined with
a concomitant upshift of the same magnitude in the CP
SCS were evident in the remaining C-terminal stretch.
This suggests the presence of a lowly populated p-strand
or extended structure and coincides with the region
predicted to be less disordered (Figure 1c). Most impor-
tantly, the SCS analysis clearly established that CSNAP
does not populate any a-helical structures. Instead, the
conserved F/D-region in the C-terminus of CSNAP
adopts an extended structure, which distinctly differenti-
ates itself from the rest of the sequence, where no other
transiently populated secondary structures could be
detected. With aromatic residues flanked by acidic resi-
dues, this conserved region has a similar amino acid
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composition as the UBS1-region in DSS1. However, they
do not show the same SCS profiles, with DSS1 lacking a
general upshift in CP SCSs. Thus, despite similar overall
sequence properties and similar CD spectra profiles,
DSS1 and CSNAP have different structural properties,
with DSS1 harboring a ~40% populated a-helix in its C-
terminus and CSNAP a ~25% populated strand-like,
extended structure. The latter structure has similar, but
not identical sequence properties to the UBS1 in S. pombe
DSS1, which could suggest that CSNAP is able to bind
ubiquitin.

Finally, to address their chain dimensions, we used
'H pulse field gradient NMR spectroscopy to measure dif-
fusion coefficients and calculated from this their radius
of hydration (R;,) using similar data from an internal ref-
erence, 1,4-dioxane. The experiments were conducted at
three different temperatures (10, 20, and 37°C) chosen to
compare across the triple resonance NMR and far-UV
CD measurements to the physiologically relevant temper-
ature. The R, of DSS1 and CSNAP were 27.4 + 0.8 A and
25+3A at 10°C, respectively (see Table 1 and
Supporting Information). The R, values for DSS1 were
largely temperature independent, whereas CSNAP
became more compact at higher temperature. Compared
to theoretically derived values for random coil chains and
for IDPs (Table 1), the measured R, of DSS1 reflected a
more expanded chain than for an average IDP. For
CSNAP, the R, was at 10°C only slightly larger than the
theoretically estimated value, but smaller than the esti-
mated R,"°F at 37°C. Thus, relative to their chain lengths,
DSS1 is generally more expanded than CSNAP, with the
dimensions of CSNAP being more temperature depen-
dent. The differences in compaction as well as secondary
structure elements thus clearly differentiate the two evo-
lutionary related IDPs.

2.3 | Only DSS1 binds ubiquitin

S. pombe DSS1 binds ubiquitin through UBS1 and UBS2,
but it remains to be established if human DSS1 and

TABLE 1 Experimentally determined R, values at different
temperatures and derived theoretical R), values® for human DSS1
and CSNAP

Temperature(°C) DSS1 R, (A) CSNAP R, (A)
10 27.4 +0.8 25+ 3

20 30+ 1 22+2

37 27.0 + 0.4 19.0 + 0.7

Ry Penat 24.2 21.6

R,™PF 23.1 20.4

CSNAP also have relevant affinities for ubiquitin. To
address this, we first tested ubiquitin binding of human
DSS1 and CSNAP by co-precipitation assays using GST-
tagged DSS1 and CSNAP with 6His-tagged human
ubiquitin. In these assays only DSS1 was able to co-
precipitate ubiquitin (Figure 3a), highlighting that
ubiquitin interaction is conserved between DSS1
orthologues and suggesting that any interaction between
CSNAP and ubiquitin is weak.

For more details and quantitative assessments of
affinity, increasing concentrations of human mono-
ubiquitin were titrated into human DSS1 and CSNAP,
and the chemical shift changes followed in a series of
'H-'>N-HSQC-based NMR spectra. Chemical shift pertur-
bation (CSP) analyses comparing the peak positions in
the free and bound states, showed two regions in human
DSS1 to be affected, indicating two ubiquitin binding
sites (Figure 3b). The region binding ubiquitin with the
highest affinity, UBS1, was identified from a set of dis-
appearing peaks originating from residues V38-D46, com-
bined with large CSPs from residues D35-H37
(Figure 3b).** The conserved UBS1 form an extended
structure in the unbound state, known to be further
structured upon binding different partners.’” Due to line
broadening of the resonances within the key binding site,
an accurate Kp could not be determined.”® Instead, a
global fit of the CSPs of the non-disappearing neighbor-
ing residues at the edges were used to determine a mini-
mum affinity. The residues demonstrated linear behavior
upon ubiquitin addition and resulted in an apparent
affinity of Kpapp = 1 + 0.6 mM for UBSI; an affinity com-
parable to another disordered UBS present in the acidic
tail of Cdc34 and determined by NMR spectroscopy to
~1 mM.* This apparent affinity is weaker than for UBS1
in S. pombe,*® but was extracted from residues on the
edge of the binding site. To circumvent this, we instead
used '°N-labelled ubiquitin and titrated in unlabeled
human DSS1. Here, binding between *N-ubiquitin and
DSS1 reached saturation, but slower tumbling at 10°C
resulted in significant line broadening of residues
involved in the interaction, which made them unsuited
for global fit. However, the CSP profile of the bound state
of ubiquitin at 25°C (Figure 3f, left panel) directly rev-
ealed the main residues involved in DSS1 binding to be
Thr7, Leu8, Ilel3, Lys48, His68, Leu69, Leu71, and
Arg73, which constitute the surface-exposed, common
hydrophobic binding site of ubiquitin. All of these except
His68 displayed considerable signal loss at 10°C with
increasing DSS1 concentrations, therefore only His68
was used to estimate the binding affinity. Fitting the
CSPs of His68 gave a Kp, of 430 + 152 pM (Figure 3f, right
panel); an affinity similar to many other ubiquitin bind-
ing domains.*>°"%!
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FIGURE 3 Ubiquitin binding to DSS1 and CSNAP. (a) Ubiquitin co-precipitation assays. Purified GST-DSS1, GST-CSNAP or, as a

control, GST alone, was incubated with 6His-tagged human ubiquitin. After precipitation with glutathione Sepharose beads, the material
was analyzed by SDS-PAGE and western blotting using antibodies to the 6His-tag on ubiquitin (Ub). Ponceau S staining was used to assess
loading. CSP of (b) DSS1 and (c) CSNAP in the presence of 10 times molar excess of ubiquitin with UBS1 and UBS2 in DSS1 indicated in
light shaded blue (disappearing residues in darker color) and the weak ubiquitin interaction region in CSNAP in light shaded red.

Disappearing signals are displayed as yellow diamonds, unassigned residues as black diamonds and prolines as red diamonds. The black and
grey dotted lines correspond to the mean CSP and the standard deviation, respectively. (d) Changes in chemical shift by increasing ubiquitin
concentrations for DSS1-Glu20 (top right) located in the proposed UBS2 and DSS1-Ala36 (bottom right) in UBS1. The blue lines are global
fits of residues within the individual regions. (¢) Changes in chemical shifts of CSNAP-Ala41 and CSNAP-Phe44 upon increasing ubiquitin
concentrations, each demonstrating different binding behavior. The red line corresponds to a global fit of the residues with similar binding
saturation (Groupl: 41Ala, 45 Asn and 47Phe; Group 2: 44Phe, 46Asp, 48Glu, 50 Leu). (f) CSP of '°N-ubiquitin in the presence of 8 times
molar excess of DSS1 at 25°C. Right panel: CSP of ubiquitin-His68 at 10°C with different DSS1 concentrations, green line shows the fitted

binding curve. (g) Summarizing illustration showing DSS1 interacting with ubiquitin (PDB:1D3Z) through two regions, whereas CSNAP
only has very weak affinity for ubiquitin, not detectable in co-precipitation assay and likely not physiologically relevant

In S. pombe, the second site, UBS2 binds ubiquitin
much weaker, and in human DSS1, UBS2 was even less
well-defined, with inconsistently dispersed CSPs over the
region D16-G29. Fitting resulted in a very low apparent
affinity estimate of Kp ysg> = 1.8 + 0.2 mM. Upon increas-
ing the ubiquitin concentration further, additional effects
became visible outside of the UBS regions. Three residues
(Arg57, Alas8, and His63) preceding or within the helical

region of DSS1 displayed CSPs above one standard devia-
tion and three others had disappearing signals (Phe52,
Leu60, and Gly54). This was not observed in S. pombe*
and suggests that human DSS1 may engage more surface
than UBS1 in ubiquitin binding, although this may be
dependent on the used concentrations and conditions.
Titration of CSNAP with ubiquitin resulted in much
smaller CSPs and fewer perturbed residues (Figure 3c).
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Moreover, none of the NMR signals broadened beyond
detection and no significant signal intensity loss was
observed, supporting the much weaker affinity observed
in the pull-down assay. A larger fraction of the NMR sig-
nals from CSNAP appeared completely unaffected by the
presence of ubiquitin. The most affected residues involv-
ing A41-D55 were located in the C-terminus, which
formed an extended structure (Figure 2c), and a few resi-
dues with CSP > 0.05 ppm were seen dispersed through-
out the sequence. Plotting the CSPs as a function of
concentration revealed a linear relationship confirming a
very weak ubiquitin affinity, and an inaccurate affinity
estimation. The most affected residues demonstrated two
different behaviors as exemplified by Ala4l and Phe44,
respectively (right panel of Figure 3b), further complicat-
ing curve fitting. Although binding did not reach satura-
tion, estimated affinities were Kpppy = 0.8 + 0.2 mM
and Kpgppy) = 2 + 1 mM (Figure 3e). Combined with the
results of the pull-down assays, the weak affinity for
ubiquitin is likely not of biological relevance for CSNAP.

3 | DISCUSSION

Two disordered paralogues, the highly acidic proteins
DSS1 and CSNAP, have been linked and suggested to have
structural and functional similarities. Still, their known
interactome sizes differ considerably and data have been
lacking to validate their connection. Thus, to gain insight
into the evolutionary link between these two disordered
PCI-binding proteins and understand the structural prop-
erties that facilitate a vast interactome for a small IDP, a
structural and functional comparative study of human
DSS1 and the paralogue CSNAP was performed. The
sequence conservation of the two eukaryotic IDPs
(Figure 1) demonstrated DSS1 to be more conserved than
CSNAP, with three highly conserved regions compared to
only one in CSNAP. Both proteins are disordered, but have
distinct structure propensities that segregate them. In the
C-terminus, human DSS1 adopts an a-helix coinciding
with the o-helix in S. pombe DSS1, although slightly less
populated (~40% compared to ~50% in S. pombe DSS1)**
and shorter. Further, outside this region, a consistent
downshift in C* SCSs combined with CP SCSs close to zero
in human DSS1 indicated extended structure formation.
As this pattern was also detected in S. pombe DSS1** and
in a different human DSS1 construct,*’ it supports this to
arise from extended structure elements in DSS1 homo-
logues. The negative C* SCSs could indicate the formation
of polyproline type II (PPII) structures, a frequently occur-
ring extended structure in IDPs that is hard to detect and
quantify.>>>* In contrast, the C-terminus of CSNAP
encompassing A41-156 transiently populates extended

structure, likely of a p-strand nature. Even though DSS1
has negative C* SCSs, the lack of positive C* SCS suggests
that the structural properties of DSS1 are different from
the ones contributing to the observed SCSs in the
C-terminus of CSNAP. The differences in extended structure
might be manifested in the overall protein chain dimen-
sion, a notion addressed by measuring their R, values. For
IDPs, high net charge may result in more expanded chains
due to charge repulsion.’’” The obtained R, values
(Table 1) indicated that DSS1 is generally more expanded
than CSNAP and this coincides with the higher number of
net charges per residue (CSNAP:0.25; DSS1:0.31). Further,
CSNAP demonstrated more compaction with increasing
temperature, not detected for DSS1, but previously
observed for other IDPs.°*"** The structural characteristics
of CSNAP are mostly random-coil with transiently formed
extended structure in the C-terminus, leaving the helix in
DSS1 unique and not recapitulated in CSNAP, despite pre-
vious suggestions.** These structural differences hint to
distinct behaviors of the two disordered paralogues.

The observed differences could give insight into the
structural requirements for the multi-specificity of DSS1.
Until now, CSNAP has only been associated with the
subunits of the CSN,?* whereas DSS1 is well known for
engaging in several different types of protein com-
plexes.'”** The overall structural differences that have
been revealed here could be attributes defining why one
of these two acidic and disordered, apparently similar,
PCI-binding IDPs, is highly multivalent, while the other
appears exclusive to its CSN-related PCI complex. As the
conserved C-terminus of CSNAP is enriched in aromatic
and acidic residues in a pattern similar to the known
UBS1 of DSS1, and due to the regulatory function of the
CSN in ubiquitylation pathways, we addressed whether
CSNAP could interact with ubiquitin. CSPs demonstrated
effects in regions of DSS1 similar to the known UBS1 and
UBS2 in S. pombe DSS1 (see Figure 3a). The apparent
affinities of the UBSs in human DSS1 were lower com-
pared to S. pombe DSS1,** but in a similar range as other
ubiquitin binding motifs.>*"®' In the case of UBS2, the
affinity was too low to be accurately determined.”®
Because the UBS1 of DSS1 shares sequence similarities
with the conserved C-terminus of CSNAP, this was
expected to interact with ubiquitin. Indeed, the NMR
titration of CSNAP with ubiquitin confirmed a very weak
interaction with the conserved C-terminus, and much
weaker than UBS1 in DSS1. Using pull-down assays, we
could not demonstrate binding of ubiquitin to CSNAP,
thus questioning a relevant biological role for the
observed low affinity ubiquitin binding.

In spite of the generally lower sequence conservation
of IDRs,* substitution rates of amino acids can vary in
IDPs/IDRs due to SLiMs and posttranslational sites like
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phosphorylation sites.°® In both the UBS1 of DSS1 and
the Asp/Phe-rich C-terminus of CSNAP, the positions of
the aromatics with their adjacent acidic residues are con-
served, indicating a shared functional importance. Never-
theless, the aromatic residues clearly distinguish the
conserved regions of the two paralogues. The Trp resi-
dues in DSS1 are in CSNAP replaced by Phe, which in
turn are crucial for its association with the CSN.** This
could indicate that the Trp residues are important for
stronger ubiquitin binding, a conclusion supported by
our pull-down assays.

Since the CSN catalyzes de-neddylation of CRLs, it is
possible that CSNAP instead functions as a NEDDS
receptor for the CSN. NEDD8 and ubiquitin have distinct
biological functions, but their close homology allows
many ubiquitin binding domains to bind both proteins
via a conserved hydrophobic patch (Leu8-lle44-
His68-Val70).°”*° However, due to Arg72 in ubiquitin,
and Ala72 in NEDDS, some UBDs can discriminate
between ubiquitin and NEDD8.”%”" The stronger cation-
© electron interaction between Arg and Trp compared to
Arg and Phe,”*”? further supports our suggestion of selec-
tivity in binding between CSNAP and DSS1. In DSSI,
acidic and hydrophobic residues interact with the hydro-
phobic patch on ubiquitin formed by Ilel3, Ile44, and
Leu69, flanked by two basic regions.** This region is con-
served in NEDDS8 and recent work furthermore demon-
strate that the catalytic activity of the CSN is not
significantly affected by the absence of CSNAP,* which
indicates that NEDDS8 interaction is likely irrelevant for
CSNAP function in the CSN.

From sequence alignments and the analogous engage-
ment of disordered DSS1 and CSNAP in their respective
PCI complexes, it is clear that there is a structural and func-
tional link between the two proteins. Several studies have
demonstrated the association of DSS1 in a great number of
functionally and structurally distinct protein complexes.'”**
As CSNAP was only recently discovered and described, its
implication in the CSN is not fully understood and CSNAP
has not yet been identified in any other protein com-
plexes.***® Nevertheless, the sequence and structural simi-
larities lead to the question of whether CSNAP is multi-
specific like DSS1. The multivalency of DSS1 is related to its
disordered characteristics, the presence of several conserved
regions and the ability to form a transiently populated
a-helix that can regulate the different interactions and do
so additionally by dynamically folding back and shielding
the UBS1 region.** The structural characteristics of the
human DSS1 and CSNAP uncovered in this study showed
that CSNAP is more featureless, being more randomly dis-
ordered and lacking the a-helix of DSS1, while adopting
extended structure only in its C-terminus. This could indi-
cate that CSNAP may not undergo the same regulation
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mechanism as DSS1 and indeed be less multi-specific. Fur-
ther, as several binding regions in an IDP can facilitate mul-
tivalency, the presence of several conserved regions in DSS1
and a large structural versatility versus the single conserved
region identified in CSNAP, could suggest its multivalency
to be rooted in these. Finally, our work also indicates that
commonly conserved regions with slightly different struc-
tural propensities and content, still can deviate so much in
the strengths of their interactions, that it can affect biologi-
cal relevance. Here, the change from Phe to Trp leads to
interaction rewiring. The implications of this seemingly
small change infer that the UBS1 of DSS1 shows propensity
for being extended, whereas the same region in CSNAP
adopts a strand-like structure leading also to a much wea-
ker affinity for ubiquitin.

Discerning homology between DSS1 and CSNAP
from the primary structure is challenging due to the gen-
eral low sequence conservation of IDPs compared to
folded proteins®® and with a sequence identity of only
17.6%. However, the similar IDP properties and their
incorporation into PCI-complexes, suggest that they
likely derived from a common ancestor. In unicellular
eukaryotes like yeasts that do not contain CSNAP, the
CSN also in general appears simpler and contains fewer
subunits.”* Despite apparent similarities between DSS1
and CSNAP, our work highlights clear evolutionary vari-
ations distinguishing conformation and interaction speci-
ficity, a phenomenon previously studied in folded
homologues.”>’® Among the notable structural differ-
ences, the lack of helix structure in CSNAP, and the dif-
ference in aromaticity as well as compaction, likely
underlie the poor ubiquitin interaction of the conserved
C-terminus of CSNAP. Thus, the ability to bind ubiquitin
has been lost in CSNAP. These subtle, but effectual differ-
ence suggest that CSNAP might not retain the same mul-
tivalent properties featured by DSSI1.

4 | MATERIALS AND METHODS
4.1 | Disorder prediction and sequence
alignments

Homologous sequences of DSS1 from H. sapiens
(NP_006295.1), D. rerio (NP_955887.1), D. melanogaster
(NP_652555.1), S. cerevisiae (NP_010651.3), C. elegans
(Q95Y72.2), and S. pombe (NP_594968.1) were used in a
multiple sequence alignment using CLUSTAL OMEGA”’
which shows the conserved positions and semi-conserved
positions with similar chemical properties. The same was
performed for CSNAP with homologous sequences iden-
tified using the HMMER software from H. sapiens
(NP_001156896.1), M. musculus (NP_001156897.1),
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D. rerio (NP_957141.2t), D. melanogaster (NP_652383.1),
G. max (XP_003555729.1), and A. thaliana (NP_189071.1).
Disorder predictions of the human DSS1 and CSNAP
sequences were obtained wusing online predictors:
IUPred2,””** DISOPRED3*”® and ODiNPred.*® The com-
puted disorder scores were displayed in the reading frame
of the pairwise sequence alignment obtained with the
EMBOSS NEEDLE algorithm.””

4.2 | Purification of recombinant human
CSNAP and DSS1

Human CSNAP (UniProt: J3QT29) and human
DSS1 (UniProt P60896) were expressed from a
pD454-GST vector in E. coli BL21 DE3 using unlabeled as
well as '°C,'°N labelled M9 media. Expression was
induced using 1 mM p-p-1-thiogalactopyranoside (IPTG)
for 3 hr at 37°C in M9 media containing “>NH,CI and
13Cq-glucose. Harvested cells were lysed by French press
(American Instrument Company) in 1xPBS buffer
pH 7.4 with a Complete Mini Protease Inhibitor Tablets
(Roche). Following centrifugation at 20,000g for 20 min
at 4°C, the lysate supernatants containing DSS1 or
CSNAP were incubated with equilibrated glutathione
sepharose 4B fast flow resin (GE healthcare) for 45 min
at room temperature. After collecting the flow-through
and washing the resin with 4-5 CV of washing buffer
(1xPBS), DSS1 or CSNAP was eluted in two to three frac-
tions of 5 ml with elution buffer (50 mM Tris, 10 mM
reduced r-glutathione, pH 8). This was followed by
another wash and the resin was re-equilibrated with
1xPBS before re-binding the flow-through. Fractions
containing DSS1 or CSNAP were collected, adjusted to
the cleavage buffer (50 mM Tris, 10 mM reduced r-gluta-
thione, 150 mM NaCl, 1 mM DTT, pH 8), and digested
with TEV protease (1:70 substrate to protease ratio) over-
night at 4°C on a tilting table. Protease and GST-tag were
removed by temperature denaturation at 72°C for 10 min,
followed by centrifugation for 15 min at 4°C 20,000g.
Further purification was performed by reversed-phase
HPLC. DSS1 was purified using a SOURCE 15RPC ST
4.6/100 (GE Healthcare) column equilibrated in 50 mM
NH,HCO; and eluted with 50 mM NH,HCO; 70% aceto-
nitrile. The final purification of CSNAP was performed
on a Zorbax 300 A StableBond C18 column (Agilent)
equilibrated with Milli Q (MQ) water containing 0.1%
TFA and eluted with 70% acetonitrile, 0.8% TFA.

4.3 | Purification of ubiquitin

N-terminally 6x-His tagged human ubiquitin was
expressed from a pET30b vector in E. coli BL21 DE3 cells

grown in LB medium. Cells were harvested and lysed by
French press (American Instrument Company) in 20 mM
Na,HPO,/NaH,PO,, 10 mM imidazole, pH 7.5, and the
lysate was poured onto a gravity flow column containing
5 ml equilibrated Ni-NTA Sepharose 6 Fast Flow resin
(Ge Healthcare). The resin was washed with 5 CV 20 mM
Na,HPO,/NaH,PO,, 150 mM NaCl 20 mM imidazole
pH = 7.5, followed by elution in four fractions of 5 mL
with 20 mM Na,HPO,/NaH,PO,, 150 mM NaCl 250 mM
imidazole pH = 7.5. Ubiquitin was further purified by
size exclusion chromatography on a HPLC Akta Purifier
system (GE Healthcare) using a HiLoad 16 60 Superdex
75 Prep Grade (bed volume 120 ml) column in 20 mM
Na,HPO,/NaH,P0,4150 mM NaCl pH = 7.4.

4.4 | Circular dichroism Sp

The lyophilized DSS1 and CSNAP were resuspended in
20 mM Na,HPO,/NaH,PO,, pH 7.4, and transferred to a
rectangular 1 mm quartz SUPRASIL cell (Hellma). Far-
UV CD spectra from 190 nm to 260 nm were recorded on
a Jasco J-810 CD spectropolarimeter at 25°C equipped
with a Peltier control. All spectra were acquired with a
scan accumulation of 15, data pitch of 0.5 nm, 10 nm/
min scanning speed, response time of 2 s and band width
of 1 nm. Background spectra of the buffer were recorded
identically and subtracted. The spectra were smoothed
using the Jasco software.

4.5 | NMR spectroscopy

For backbone resonance assignments of DSS1 and
CSNAP, triple resonance experiments of 140 pM *°N,**C
DSS1 or 210 pM '°N,'*C CSNAP, in 20 mM Na,HPO,/
NaH,PO,, pH = 7.4, 150 NaCl, 10% (v/v) D,0, 1% (v/v)
NaNj3, and 1% (v/v) 4,4-dimethyl-4-silapentane-1-sulfonic
acid (DSS) in a 5 mm Shigemi BMS tube (Bruker). The
backbone resonances were assigned from 'H,'°N HSQC,
and 3D HN(CA)CO, HNCACB, CBCA(CO)NH, and
HN(CA)NNH spectra. All 3D spectra were recorded using
non-uniform sampling”®* with a 25% data reduction at
10°C on a 600 MHz Bruker spectrometer for DSS1 and an
800 MHz spectrometer for CSNAP. The spectra were
reconstructed, and Fourier transformed with qMDD®!
and data analysis was performed in CcprNmr analysis.*?

4.5.1 | Titration experiments

'H,"®N HSQC spectra of 90 pM >N DSS1 or 100 pM '°N
CSNAP in 20 mM Na,HPO,/NaH,PO,, 150 mM NaCl,
pH 7.2 10% (v/v) D,0, 1% (v/v) NaNs, and 1% (v/v) DSS
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with increasing ubiquitin concentrations ranging from
0 to 10 times molar excess, were recorded at 10°C on a
600 MHz Bruker spectrometer. 'H,' N HSQC spectra of
40 uM °N-labelled human monoubiquitin were recorded
in 20 mM Na,HPO,/NaH,PO,, 150 mM NaCl, pH 7.2
10% (v/v) D,0, 1% (v/v) NaNs3, and 1% (v/v) DSS at 10°C
on a 800 MHz Bruker spectrometer and titrated with
increasing Human DSS1 concentrations up to 16 times
molar excess and recorded. Due to slower protein tum-
bling at 10°C and therefore significant line broadening,
additional spectra of 40 pM '°N-ubiquitin alone and in
presence of 8 times molar excess of DSS1 were recorded
at 25°C and the chemical shifts used to make the CSP
plot over the ubiquitin sequence.

4.5.2 | Diffusion/R;, measurements

Unlabeled CSNAP or DSS1 in 20 mM Na,HPO,/NaH,PO,,
150 NaCl pH 7.4. 10% D,0O 1% NaNj;, 0.25 mM DSS. An
internal reference 1, 4-dioxane was added to a concentra-
tion of 1 mg/ml. A '"H PFG NMR diffusion experiments
(standard Bruker PFG-LED) were recorded on a 600 MHz
magnet at 10, 20, and 37°C. A total of 32 spectra were
recorded with gradient strengths varying from 2% to 98%
of maximum strength. The used gradient pulse length 1
was 3ms and the diffusion time set to 200 ms. The
pseudo-2D data was Fourier transformed, phased and
baseline corrected in Topspin (Bruker), and the peak
intensities further analyzed in Dynamics Center (Bruker).
Only peaks from 1,4-dioxane at 3.75 ppm and the region
from 2.5 ppm to 0.5 ppm corresponding to the resonances
of aliphatic side chains of the protein were included in the
analysis. The diffusion constant was obtained by fitting the
peak intensities to the Stejskal-Tanner equation:

I= [Oe*g27252(A*5/3)D

where I is the intensity, g the gradient strength, y the
gyromagnetic ratio of 'H, & is the gradient length, A
the diffusion time and D the diffusion constant. All the
fitted diffusion constants for the protein were frequency
distributed in a histogram and fitted to a Gaussian
function:

(x=p)?

S =Ae 5

where A is the amplitude, 4 the mean and o the standard
deviation. In order to assess the robustness of the
extracted Ry, different bin sizes were used. The internal
reference 1, 4-dioxane with the known R, of 2.12 A was
used to calculate the R, of the protein with the equation
according to Wilkins et al.*?

B oon-WiLey L

The Rj, of the sequences was determined theoretically
based on the simple power-law scaling relationship:

Ry=Ry-N’

where R, and v are defined constants, and N correspond
to the number of amino acids. Theoretical R, values were
calculated based on this relationship using constants
fitted to describe proteins under denaturing conditions
(Ro = 2.33 and v = 5.049°7) and IDPs. The equation using
the equation corrected for net charge and proline contri-
butions to estimate the R;, of IDPs:

RHIDP: (A'PPro+B)(C' |Q| —|—D) - SHisx -R()-Nv

where Pp,, is the fraction of proline residues, |Q| is the
net charge of the protein, and Sy~ is a scaling factor
applied if the protein has a poly-histidine tag and is set to
1 if no tag is present. A-D are constants from the slopes
(A and C) and offsets (B and D) of the linear fits between
real Ry, and Pp,, or |Q| of different IDPs. They were set to
A =1.24, B=0.904, C = 0.00759, and D = 0.963, which
were the best-fit parameters for a data set of 32 IDPs.”’

4.5.3 | Data analysis

Chemical shift of assigned peaks in all the "H-'>N HSQC
spectra were extracted from CcpNmr Analysis, and CSPs
of assigned residues for each titration were calculated
using the equation:

ASNH = \/ (ASH)? 4 (0.154- ASN)?

where 6H and 6N are the chemical shift changes of a resi-
due specific peak in the 'H and '°N dimensions respec-
tively. The value 0.154 is the scaling factor on the N
nuclei that balances the changes in chemical shifts
between the two nuclei and has been experimentally
determined.®*

Signals demonstrating a CSP above average plus one
standard deviation were taken into consideration for
fitting of Kp. Peaks in crowded spectral regions, or peaks
disappearing were not included in the fit. For the
remaining signals K was obtained from a global fit to
the following equation.>®

Aéobs = A(Smax'

(Plo + (Lo + [Kol) —/ (1Plo + (LI, + [Kp])” — 4Pl (L,
2[P],
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where Adgps and Admax are the observed and maximum
chemical shift changes in the 'H and '°N dimensions,
[P], is the total protein concentration, and [L], the total
ligand concentration.

454 | Co-precipitation assays

GST-tagged human DSS1 and CSNAP were produced in
E. coli BL21(DE3) cells from pGEX-6P1 (Genscript). Cell
lysis, purification, and co-precipitation assays were per-
formed as described previously.*” The 6His-tagged
human mono-ubiquitin was purchased from Boston Bio-
chemicals. Following precipitation, the protein was
eluted with SDS sample buffer. The samples were
resolved by SDS-PAGE on 15% acrylamide gels and ana-
lyzed by Western blotting using penta-His antibodies
(Qiagen, ID: 34660). The secondary antibody was from
Dako Cytomation.

4.6 | Data deposition

The backbone chemical shifts of human DSS1 and
human CSNAP have been deposited in the Bio-
MagResBank under the accession codes 50906 and 50908,
respectively.
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