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Abstract

The cullin-RING ubiquitin E3 ligase (CRL) family consists of ~250 complexes that catalyze ubiquitylation of proteins to
achieve cellular regulation. All CRLs are inhibited by the COP9 signalosome complex (CSN) through both enzymatic
(deneddylation) and nonenzymatic (steric) mechanisms. The relative contribution of these two mechanisms is unclear. Here,
we decouple the mechanisms using CSNAP, the recently discovered ninth subunit of the CSN. We find that CSNAP reduces
the affinity of CSN toward CRL complexes. Removing CSNAP does not affect deneddylation, but leads to global effects on

the CRL, causing altered reproductive capacity,

suppressed DNA damage response,

and delayed cell cycle

progression. Thus, although CSNAP is only 2% of the CSN mass, it plays a critical role in the steric regulation of CRLs

by the CSN.

Introduction

Protein degradation is one of the essential mechanisms that
enables reshaping of the proteome landscape in response to
various stimuli [1]. The specificity of this process is largely
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mediated by E3 ligases that ubiquitinate target proteins
[2, 3]. One of the largest E3 ubiquitin ligase families,
responsible for ubiquitination of 20% of the proteins
degraded by the 26S proteasome, is comprised of cullin-
RING ligases (CRLs) [4]. This family encompasses ~250
distinct complexes that are built in a modular fashion
around a central cullin scaffold, which is associated with a
specific substrate receptor, adaptor protein, and a RING
protein that recruits the E2 enzyme (reviewed in [2, 5]).
Seven different cullins have been identified in humans, each
interacting with a dedicated set of receptors, forming CRL
complexes that target a single or a small group of substrate
proteins. At any given time, various CRLs are active, and
their dynamic assembly and disassembly enables cellular
adaptation in response to regulatory inputs.

In spite of the great diversity of CRLs in terms of
composition and substrate specificity, all complexes are
regulated by the COP9 signalosome complex (CSN) [2].
The CSN regulates CRLs by means of two independent
mechanisms, catalytic and non-catalytic. The first involves
enzymatic deconjugation of the ubiquitin-like protein
Nedd8 from the cullin subunit (deneddylation) [6]. The
latter is mediated through physical binding to CRLs, steri-
cally precluding interactions with E2 enzymes and ubiqui-
tination of substrates [7-9]. By inhibiting CRL activity,
both mechanisms control the gateway to the exchange cycle
that remodels CRL composition [10-12].

SPRINGER
CDDpress


http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-019-0392-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-019-0392-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-019-0392-8&domain=pdf
mailto:michal.sharon@weizmann.ac.il
https://doi.org/10.1038/s41418-019-0392-8
https://doi.org/10.1038/s41418-019-0392-8

CSNAP, the smallest CSN subunit, modulates proteostasis through cullin-RING ubiquitin ligases 985

The CSN is a highly conserved complex that exists in all
eukaryotes [13, 14]. Three types of subunits constitute this
complex: two MPN subunits (for Mprlp and Padlp N
terminal) CSN5 and CSN6 [15], six PCI subunits (for
proteasome, COP9, and initiation factor 3); CSN1-CSN4,
CSN7, and CSNS [16]; and an additional small, non-PCI or
MPN subunit that we recently discovered and termed
CSNAP, for CSN acidic protein [17]. The CSNAP protein,
which exists in one-to-one stoichiometry with the other
CSN subunits, consists of only 57 amino acids (molecular
weight: 6.2 kDa) that link together the two distinct structural
elements of the CSN by mutually binding the MPN subunits
CSN5 and CSN6, and the PCI subunit CSN3 [17]. Given
the small size of CSNAP, a natural question that arises is
whether it is actually crucial for CSN function and, if so,
what is its functional role? In this study, we address these
questions by combining biochemical and cell biology
approaches, together with mass spectrometry (MS) analysis.

Using the above approaches, we discovered that
manipulating CSNAP enables us to uncouple the steric and
catalytic activities of the CSN complex. Although it is only
2% of the CSN mass, we find that removing CSNAP has a
global effect on the cell cycle, cell viability, and DNA
damage response. This effect is due to a reduction in the K,
of CSN-CRL binding, leaving deneddylation activity
unchanged. These findings provide a role for CSNAP, and
points to the affinity of CSN-CRL interactions as a critical
component for proteostasis.

Results
CSNAP alters the strength of CSN-CRL interaction

To investigate the impact of CSNAP on both the enzymatic
and steric activities of CSN, we initially examined the
complex’s deneddylation activity, using HAP-1 cell lines
lacking CSNAP (ACSNAP cells) [17]. Comparison of the
deneddylated/neddylated ratio between WT and ACSNAP
cells showed that in the absence of CSNAP there are only
minor changes of <15% of the cullin’s deneddylated frac-
tion (Fig. 1a). This result is in accordance with our previous
finding, showing that WT and ACSNAP cells exhibit a
similar rate of deneddylation [17] and with studies that
compared the rate of deneddylation of endogenous CSN
prepared from HEK293 cells, with that of recombinant CSN
lacking CSNAP (CSNACSNAPY [7 8] Thus, it can be con-
cluded that CSNAP does not significantly affect the cata-
lytic capacity of the CSN complex.

To examine whether the steric activity of CS S
affected by the absence of CSNAP, we applied label-free
quantification of protein intensities from pull-down assays,
coupled with MS analysis of WT and ACSNAP cells. We

NACSNAP i

reasoned that if CSNAP impacts the CSN-CRL interaction,
differences in the array of protein binding partners will be
revealed. Our results indicated that multiple CRL compo-
nents are significantly enriched by pull-downs of ACSNAP
cells, in comparison with immunoprecipitation of WT cells
(Fig. 1b and Table S1). These mainly include substrate
receptors (DDB2, FBOX17, FBXL15, and KLH22) and
adapter proteins (TCEB2, TCEB1, SKP1, and ASB6). In
the WT cells, only three proteins, DCAF4, BTBD2, and
BTBD1 were enriched; all are CRL substrate receptor
proteins. To validate these results, we carried out co-
immunoprecipitation experiments. The results obtained for
the ACSNAP and WT cell lines confirmed that FBXL15
and DDB2 are enriched in the CSNACSNAP pyll-down
experiment, in comparison with the WT complex (Fig. lc,
Fig. Sla). Moreover, the weaker interaction between the
CSN and Cul5, typical to WT cells, could be rescued when
CSNAP-Cerulean was overexpressed in ACSNAP cells, but
not by the truncated form, which lacks the C-terminal
region that is crucial for the protein’s integration into the
CSN [17] (AC-CSNAP-Cerulean) (Fig. 1d, Fig. S1b).
Notably, these results did not arise from changes in the
expression levels of CSN subunits, as all CSN subunits
(except for CSNAP, depleted from the cells) displayed
insignificant differences when the two cell lines were
compared (Fig. 1b), a finding that was further validated by
western blot analysis (Fig. le, Fig. S1c). Taken together, the
data suggest that CSNAP plays a role in tuning CSN-CRL
interactions in cells.

To further assess the contribution of CSNAP to the CSN/
CRL interaction, we utilized a quantitative in vitro binding
assay to determine the affinity between Cull-Rbxl, and
recombinant CSNASNAP or CSN complexes [10] (Fig. S2a,
S2b). In this assay, the environmentally-sensitive dye dan-
syl was conjugated to the C-terminus of Cull, and an
increase in fluorescence upon CSN binding was detected
[10]. Both WT CSNS5 and the well characterized CSNS5-
H138A mutant [7, 8, 10] (CSN5H138A) were used, as the
latter binds Cull-Rbx1 ~30-fold more tightly, enabling us to
reach saturation. The results indicate that CSN complexes
display decreased affinity to Cull-Rbx1, in comparison with
CSNACSNAP (Fig 1f, Fig. S2c). Taken together, the results
imply that CSNAP reduces the affinity of the CSN towards
certain CRL complexes.

CSNAP is required for proper cell cycle progression
and viability

The apparent difference in K, for CSNASNAP pinding to
SCF, compared with CSN, led us to question whether such
a change in affinity can influence the repertoire of active
CRLs and, as a consequence, the array of ubiquitinated
proteins. We therefore performed a large-scale analysis of
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quantified, using the SILAC (stable isotope labeling by
amino acids in cell culture) approach [19]. The results
indicated that differences exist in the extent of

quitinated tryptic peptides [18]. The relative differences in
the ubiquitination of WT and ACSNAP cells was
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<« Fig. 1 CSNAP modifies the strength of CSN-CRL interactions. a CSN

catalytic activity is not significantly affected by the absence of
CSNAP. A representative western blot of WT and ACSNAP cell
extracts visualized using antibodies against various cullins (top) and a
plot demonstrating the average deneddylated fraction. The graph
represents the averages of three independent experiments, with stan-
dard errors. b CSN and its interacting proteins were pulled down using
an antibody against CSN3 from WT and ACSNAP cells. Immuno-
precipitated proteins were then analyzed by label-free proteomics
approach using three biological replicates. Scatter plot comparing log,
intensities of proteins in ACSNAP and WT samples show that a
number of CRL proteins were found to be over- or underrepresented in
the pulldown of the CSN and CSNA“SNAP complexes. In contrast, the
ratio of average intensities for CSN subunits did not exceed the fold
change of ACSNAP/WT > 1.5, which was considered to be the cutoff
for fold change. ¢ Validation of the proteomics data for FBXL15/CSN
and DDB2/CSN interactions. Reciprocal immunoprecipitation shows a
tighter CSN3 interaction with FBXL15 and DDB2, in the absence of
CSNAP. The immunoprecipitated proteins were detected by western
blot, using the relevant antibodies. Densitometry analysis of three
independent experiments is shown in Fig. Sla. d Validation of the
proteomics data for Cul5/CSN interaction. Immunoprecipitation using
anti-CSN3 shows stronger interaction in the absence of CSNAP or its
C-terminal interacting domain, while overexpression of full-length
CSNAP in ACSNAP cells rescues the weaker Cul5/CSN interaction,
characteristic to WT cells. Due to the lack of appropriate antibody
reciprocal immunoprecipitation could not be performed. The densito-
metry analysis shows the average Cul5 intensities normalized to WT
from three independent experiments with standard errors, significance
was calculated using two-way ANOVA accounting for treatment and
batch (p = 0.000469) followed by Tukey’s post hoc test. e The levels
of CSN subunits are comparable in WT and ACSNAP cells (30 ug
total protein loaded); thus, the differences in the amount of the pulled-
down proteins are likely due to different interaction affinities. Repre-
sentative blot out of three repeats. f Determination of the dissociation
constant (K,;) for the CSN and CSNASNAP complexes, and dansyl-
labeled Cull-Nedd8/Rbx1. The absence of CSNAP causes tighter
binding to cullinl/Rbx1

ubiquitination in ACSNAP and WT cell lines (Fig. 2a and
Table S2A and B). In total, 109 ubiquitinated proteins were
found to be enriched only in WT and not in ACSNAP cells,
while 44 ubiquitinated proteins, were abundant in cells
lacking CSNAP. Forty-nine out of the one hundred and fifty
three identified proteins, whose ubiquitination levels were
different between the two cell types, are known substrates
of the different CRL complexes (Table S3) [20-23]. These
results suggest that reducing the affinity between CSN and
CRL modifies CRL assembly and, consequently, the
repertoire of ubiquitinated proteins. Whether this is depen-
dent on direct or indirect effects requires further elucidation.

Functional annotations revealed that among the ubiqui-
tinated proteins identified as being enriched in WT, or
ACSNAP cells, 17% and 14% are clustered in the cell cycle
and apoptosis pathways, respectively (Fig. 2b, c, Tables S4,
S5A and S5B). We confirmed this data by assessing the cell
cycle distribution of both ACSNAP and WT cells, using
flow cytometry analysis. The results indicated that com-
pared with WT cells, ACSNAP cells remained relatively
stalled in the S phase in expense to GO/G1 (Fig. 2d), a

phenotype that can be prevented by exogenous expression
of CSNAP-Cerulean, but not by the CSN-binding deficient
form of the protein (AC-CSNAP-Cerulean). Analysis of
apoptotic cell populations indicated that ACSNAP cells also
harbor a higher percentage of early and late apoptotic cells
(Fig. 2e). In addition, colony formation assays [24] showed
that the viability of cells lacking CSNAP is significantly
reduced, in comparison with that of WT cells (Fig. 2f).
Taken together, our results suggest that the absence of
CSNAP influences CSN-CRL interactions in a manner that
affects, protein ubiquitination and, therefore likely, cell
cycle coordination.

Cellular protein levels are influenced by CSNAP

Considering the dependence of the ubiquitinated proteome
on the presence of CSNAP, we wished to examine whether
the impact of this subunit would also be detected in a global
proteome analysis. To this end, we performed label-free
quantification [25] of the proteomes of WT and ACSNAP
cells. Given that the CSN complex and protein ubiquitina-
tion are vital to the DNA damage response [26-29], we
performed the analysis both prior to and following exposure
of the cells to UV irradiation. Data were analyzed by two-
way ANOVA, taking into consideration both the UV
treatment, and the type of cell being treated (WT or
ACSNAP). Proteins that were considered significantly dif-
ferentially expressed were clustered into five groups
according to their cellular functions (Fig. 3a and
Tables S6A-D and S7). Remarkably, we noticed that cel-
lular pathways that were enriched in this experiment are in
accordance with those identified in the SILAC-based ubi-
quitinylation analysis (Fig. 2b, ¢). Among these proteins we
could identify known substrates of various CRL complexes
(Table S8), which are known to be involved in ubiquitina-
tion, apoptosis, cell cycle regulation, and DNA damage
response. This observation may explain the detected phe-
notypic effects.

Examination of the five clusters indicated that even under
normal conditions, there are clear differences in protein
levels among WT and ACSNAP cells. A particularly
striking observation was that the proteome response asso-
ciated with UV irradiation was nearly abolished in
ACSNAP cells (Fig. 3b). To validate the proteomics results
we performed western blot analysis. Specifically, we mon-
itored the levels of four proteins that displayed differential
levels between WT and ACSNAP cells: the quinone
reductase enzyme, NQOI1, the tumor suppressor PDCD4,
and the filament protein vimentin, which appear in Cluster
4, and PARPI, a member of the PARP family that appears
in Cluster 3 (Fig. 3a; see arrows on the right). The results
confirmed that unlike WT cells, higher levels (due to
expression or lack of degradation) of NQO1, PDCD4, and
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vimentin are obtained in ACSNAP cells (Figs. 3c and S3a).
Likewise, the blots validated that the abundance of PARP1
in WT cells is high under normal conditions, and is
decreased following UV-induced DNA damage; while in
ACSNAP cells, regardless of UV irradiation, low levels of
PARPI are maintained (Figs. 3c and S3a). We also noticed
that in WT cells, a cleavage product of PARP1 was detected
2h post damage, a phenomenon that was not observed in
ACSNAP cells at that time point; this result will be further
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discussed in the next section. In summary, our findings
suggest that the lack of CSNAP following UV-treatment
elicited a strong and specific influence on downstream
effectors of the DNA damage repair process.

CSNAP is required for DNA repair

Building on our results reflecting the compromised protein
remodeling capability following DNA damage in ACSNAP
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<« Fig. 2 The absence of CSNAP impairs cell cycle progression and

viability. a Protein ubiquitinylation was monitored in stable heavy and
light isotope labelled ACSNAP and WT cells. The bar plot shows the
number of differentially ubiquitinated (up or down) proteins that
appeared in at least three out of four independent experiments. In total
1563 proteins with single or multiple ubiquitinylation sites were
identified. b, ¢ Pathway analysis of the differentially ubiqiutinylated
proteins in ACSNAP and WT cells (using Reactome 2016) indicate the
enrichment of several sets of proteins. The numbers on the left of each
bar refer to the number of proteins found to be enriched and the —log
(adjusted p value) y-axis reflects the probability of overlap with
annotated gene sets, (Table S5A, B shows the ratio of overlapping
genes/number of genes in each annotated group). d Validation of the
influence of the absence of CSNAP on cell cycle. Histograms of BrdU
and propidium iodide stained asynchronous cells show that the lack of
CSNAP results in a S-G2 shifted phenotype. The percentage of S
phase population can be rescued by the expression of CSNAP-Cer-
ulean, but not when its C-terminal CSN interacting domain is absent.
The figure shows a representative experiment (50,000 cells collected
each), and the bar chart demonstrates the distribution of the cell
populations showing four (ACSNAP + AC-CSNAP-Cer and
ACSNAP + CSNAP-Cer), or ten replicates (WT and ACSNAP).
Significance levels were calculated using one-way ANOVA (S phase
p=0.0102, GO/G1 phase p = 2.8e—07), followed by Tukey's post hoc
test. ¢ ACSNAP cells harbor larger populations of dead cells (early and
late apoptotic) compared with WT cells. The bar charts show popu-
lations as average percentage of single cells + standard errors, mea-
sured by flow cytometry using annexin V-FITC and propidium iodide
staining. Significance was calculated using a paired Student’s #-test,
using 14 replicates. (Early + late apoptotic: p =0.0028). f Cells
lacking CSNAP have lower colony forming potential than WT cells.
The graph represents the results from 14 biological replicates, sig-
nificance was calculated using paired Student’s #-test (p = 0.00039).
Images above show a representative experiment

cells, and the identification of multiple DNA damage related
proteins in both the SILAC-based ubigitinylation and total
proteome analysis (Table S9), we wished to explore the
DNA repair response in these cells. Initially, we tested the
UV-dose response of WT and ACSNAP cells, comparing
the extent of Ser139 phosphorylation on YH2AX, which
serves as an indicator for UV-induced signal transduction
[30]. In WT cells, increasing levels of YH2AX phosphor-
ylation on Ser139 were observed from 10 J/mz, but in cells
lacking CSNAP partial response was detected after expo-
sure of cells to 20J/m? (Fig. 4a), suggesting attenuated
DNA damage repair. Next, we measured the DNA repair
capacity following UV irradiation using the comet assay
[31]. The results indicated that ACSNAP cells display a
longer tail moment, which is associated with the accumu-
lation of both single- and double-strand DNA breaks
(Fig. 4b). Following DNA damage, cells would reduce their
rates of proliferation, in order to enable DNA damage repair
[32]. We therefore measured cell proliferation before and
after treatment with UV irradiation, and found that, as
expected, a pronounced proliferation arrest was detected in
WT cells, however, in cells lacking CSNAP, nor in
ACSNAP cells exogenously expressing AC-CSNAP-Cer-
ulean, which is not incorporated into the CSN complex the

reduction in activity was less significant (Fig. 4c). Never-
theless, cell rescue was achieved in ACSNAP cells by
overexpressing the full-length CSNAP protein.

Considering that widespread DNA damage induces cell
cycle arrest [32], we evaluated the cell cycle distribution of
WT and ACSNAP cells exposed to mild (5 J/mz) UV irra-
diation following a double thymidine block, which induces
a G1/S-phase arrest. After their release from cell cycle
synchronization, untreated ACSNAP cells proceeded to the
S phase significantly more slowly than WT cells, and
reached the G2 phase with a delay of ~4h (Fig. S3b).
However, following the induction of DNA damage,
CSNAP-depleted cells, unlike the WT cells that displayed a
slight delay in progression, remained stalled in the S and G2
phases (Fig. 4d). This scenario could be due to impaired
checkpoint control, rather than exclusively due to a faulty
DNA repair mechanism. We therefore validated that the
activation of the UV-induced kinase, Chkl, is not depen-
dent on CSNAP (Fig. S3c). Similarly, comparison of the
colony-forming potential of WT and ACSNAP cells fol-
lowing UV irradiation, indicated a significant, 2.7-fold
reduction in the number of colonies of cells lacking CSNAP
(Fig. 4e), which is significantly higher than the ~1.5
reduction fold observed under normal condition (Fig. 2f).
This finding suggests that the accumulation of damaged
DNA compromises cell cycle progression and reproductive
ability in ACSNAP cells.

Next, we determined whether the absence of CSNAP
affects DNA damage-induced cellular apoptosis. To this
end, we measured the populations of live, early apoptotic,
and late apoptotic cells in UV-exposed WT and ACSNAP
cultures 4 and 8 h post damage, using flow cytometry. We
found that the population of early apoptotic cells 4 h fol-
lowing UV exposure is significantly enlarged in WT cells
(Fig. 4f), a phenomenon that does not occur at that time
point in ACSNAP cells. Whereas, 8 h post damage the
apoptotic populations of ACSNAP cells become compar-
able with that of WT cells, suggesting a delayed onset of
apoptotic response in the absence of CSNAP.

Cleavage of PARPI by caspases is considered to be a
hallmark of apoptosis [33-35], and in agreement with the
above results, a cleavage product of the protein was
detected only in WT but not in ACSNAP cells (Fig. 3¢). To
further examine this phenomenon, we monitored the
appearance of the 89 kDa cleavage product of PARP1 fol-
lowing UV irradiation, in a time-dependent manner. We
found that in WT cells, the presence of the 89 kDa fragment
could already be detected 1h following DNA damage
(Fig. 4g, Fig. S3d). The levels of the cleavage product
increased over time, concomitantly with the reduction of the
full-length PARP1 (113 kDa) protein. In ACSNAP cells,
however, the relative abundance of PARP1 was lower than
in WT cells, even prior to UV irradiation, and the formation

SPRINGER NATURE
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Fig. 3 The absence of CSNAP affects proteome remodeling following
UV damage. a Proteomes of untreated or UV exposed WT and
ACSNAP cells 4 h post damage were analyzed using label free pro-
teomics approach. Proteomics data of three biological replicates, after
logarithmic transformation and flooring, were analyzed by two-way
ANOVA using the two factors: strain and UV treatment, as well as
their interaction. Proteins with a p-value below 0.05 and an absolute
fold change above 1.5 were considered as being differentially
expressed. Heatmap of differentially expressed proteins grouped to
five clusters. Pathway analysis of the clusters indicate up- and
downregulation of several cellular functions in ACSNAP cells. The

of the 89 kDa cleavage product was only detected after 6.5
h. Therefore, delayed PARP1 cleavage in ACSNAP cells
may explain the slow activation of the early apoptotic
response.

SPRINGER NATURE

TUB R —
—45

VIM —_— — —

TUB o o .

bar chart on the left expresses the significance levels of the enrichment
analysis of the proteins using the protein coding part of the human
genome. b Comparison of the differentially expressed proteins in the
proteome in untreated and UV-exposed WT and ACSNAP cells. The
bar plot shows each of the four pair-wise comparisons, highlighting
that in ACSNAP cells the DNA damage response is compromised. ¢
Expression levels of four representative proteins: PARP1, NQOI,
PDCD4, and vimentin, analyzed by western blots of WT and
ACSNAP cell lysates. UV-treated samples were tested 2h
post damage

Previous studies have shown that CSN is physically
recruited to DNA damage sites on the chromatin, and on its
path partners with the Cul4A-Rbx1-DDBI1-DDB2 com-
plex (CRL4APPB2) [26, 29, 36]. The CSN/ CRL4APPB2
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association is rapidly relieved at the DNA lesion site, to
induce activation of the CRL4APPB? complex. Thus, we
examined the associations of both CSNA“SNAP and the WT
complex with CRL4APPB2 components, following the
induction of DNA damage. Time-course analysis of DDB2
pull-downs from chromatin-bound fractions following UV
irradiation indicated that, as expected, both DDB2 and
DDBI1 are rapidly recruited to chromatin (Fig. 4h). In
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WT cells, we could detect CSN release from the DDB2
complex following UV irradiation. However, in ACSNAP
cells, although release was observed after 20 min it was less
significant and rapid restoration of CSN/DDB?2 interaction
was detected, compromising the activation of the DNA
damage response through CRL4APPE2, This observation is
consistent with our in vitro binding data, which showed a
stronger binding between Cull/Rbxl and CSNACSNAP
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Fig. 4 Recovery following exposure to UV irradiation is affected by
the absence of CSNAP. a DNA damage response is attenuated in
ACSNAP cells. Analysis of dose-dependent induction of yH2AX
Ser139 phosphorylation. Western blots were performed 1.5h post
damage. Representative results out of five experiments indicating
reduced YH2AX Ser139 phosphorylation in ACSNAP cells. b Unlike
WT cells, damaged DNA accumulates in ACSNAP cells following UV
exposure. The genotoxic effect of UV was measured using alkaline
comet assay. DNA damage, expressed as Olive tail moments were
calculated and presented as a box-whisker plot. Within each biological
replicate, the proportion of Olive tail moments larger than 3 was
calculated. The proportions in ACSNAP and WT samples were
compared using a two-way ANOVA, accounting for group and batch
(UV treated samples p =0.00142). Data are shown before and after
UV treatment (representative plot of 6 replicates, each). ¢ Comparison
of metabolic activity of WT and ACSNAP cells before and after UV
irradiation. The plot shows metabolic activities of WT and ACSNAP
cells, before and after UV induced DNA damage, 26 and 28 h (2 and 4
h post UV, respectively) after seeding, calculated as a fold of initial
activity for each cell line. Metabolic activity of both WT and ACSNAP
cells is reduced in response to DNA damage but a difference in the
decrease in activity is detected, a pronounced degree of metabolic
reduction is observed for WT cells or ACSNAP cells expressing full
length CSNAP-Cerulean. The graph represents the averages of three
independent experiments, with standard errors. Significance was cal-
culated using a two-way ANOVA test accounting for treatment, time,
cell type, and batch (effect of treatment: p <2e—16, effect of time: p =
0.07905, effect of cell type: p = 1.27e—08), another ANOVA was run
only on the treated samples, followed by a Tukey's post hoc test for
cell type. d UV-exposed ACSNAP cells stay longer in S and G2
phases. Comparison of the relative distribution of cell populations in
different phases of the cell cycle, as calculated from flow cytometry
histograms of double thymidine-synchronized cells following expo-
sure to UV irradiation (5J/m?). UV-induced DNA damage causes
longer cell cycle phases in cells lacking CSNAP. The graph shows a
representative experiment out of three. e Cells lacking CSNAP exhibit
a compromised recovery after exposure to high-dose UV. WT and
ACSNAP cells were exposed to UV irradiation, prior to incubation in
culturing conditions for 8 days. Colonies were stained and counted.
ACSNAP cells exhibit ~2.7-fold less colony-forming potential fol-
lowing UV damage, in comparison with WT cells. The graph repre-
sents average results from seven biological replicates with standard
errors. Significance was calculated using paired Student’s #-test (p =
0.035). f The early apoptotic response is delayed in ACSNAP cells,
following UV damage. The bar charts represent the average percentage
of live, early, and late apoptotic cells detected by three independent
flow cytometry experiments for each time points + standard errors. A
significant difference is seen in the percentage of early apoptotic cell
populations between WT and ACSNAP cells after 4 h of UV exposure,
calculated using two-way ANOVA, accounting for treatment and
batch (effect of treatment in early apoptosis p = 0.00506) followed by
a Tukey’s post hoc test. Overexpression of CSNAP-Cerulean in cells
lacking CSNAP rescues the late-onset apoptosis, but not when its C-
terminal interacting domain is missing. Eight hours after UV irradia-
tion the distribution of apoptotic cells is similar in both WT and
ACSNAP cells. g PARP1 cleavage is delayed in cells lacking CSNAP.
Chromatin-bound fractions were monitored by western blot for
caspase-mediated PARP1 cleavage, a marker for commitment to
apoptosis. h CSNACSNAP exhibits increased affinity toward DDB2, in
comparison with the CSN complex. WT and ACSNAP cells were
exposed to UV irradiation, and DDB2 was immunoprecipitated from
the chromatin-bound fraction at different time points post UV damage.
Western blot analyses show tighter CSN-CRL binding when CSNAP
is absent. Representative blot out of four repeats
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versus CSN (Fig. 1f) and between CSN3 and DDB2
(Fig. 1b, c). Overall, these results support the view that the
affinity of CSN for CRL complexes is enhanced in the
absence of CSNAP.

Discussion

Here, we investigated the functional contribution of CSNAP,
the smallest and last to be discovered CSN subunit to the steric
and catalytic functions of the CSN. We find that CSNAP
attenuates CSN binding interactions with CRL (Fig. 5). Effi-
cient dissociation from CRL assemblies is essential for
reconfiguration of new CRL compositions in order to respond
to changing regulatory inputs. Therefore, a hypothesis emer-
ging from this study is that the increased affinity of
CSNACSNAP for CRLs will affect the dynamic plasticity of
CRL configuration. Indeed, we find that the absence of
CSNAP alters cell cycle progression and reduces cellular
viability. In addition, the attenuated DNA damage repair fol-
lowing UV irradiation of CSNA®NAP jndicates a reduced
capacity of ACSNAP cells to adapt to cellular stimuli. Toge-
ther these results show that CSNAP contributes to the steric
regulation of CRL by CSN, with global cellular effects.

Our data indicate that the K; for CSN binding to Cull is at
least three fold higher than for the complex lacking CSNAP
(Fig. 1f). Given that the K, is in the micromolar range, and that
the cellular cullin and CSN concentrations are ~2.2 and 0.45
UM, respectively [10], the change in K; would be expected to
impact the free CSN and CRL pools. Unneddylated cullins
bind Candl or Cand2, the F-box protein exchange factors that
mediates CRL recycling [12, 37, 38] (Fig. 5). A portion of
unneddylated cullins, however, were shown to remain
unbound to Candl [38—40] and some SCF substrates are
efficiently degraded independently of these exchange factors
[12, 41]. Hence, free unneddylated cullins may be directly
available for configuration of new CRL modules.

In line with this assumption, it was demonstrated recently
that the presence of unneddylated Cull is important for
maintaining the substrate receptor pool and promoting rapid
assembly and activation of Cull-Skpl-F-box complexes
[39]. Moreover, prolonging CSN-CRL interaction using
irreversible neddylation inhibits CRL activity [42]. Like-
wise, strengthening the CRL-CSN interaction using the
metabolite inositol hexakisphosphate promotes CRL inac-
tivation [42]. Taken together with the present results, it is
reasonable to conclude that modulation of CSN-CRL
binding is an important mode of CRL regulation.

The recent crystal structure of free CSNA“SNAP jndicated
that PCI and MPN subunits form largely distinct substructures
[43]. The six PCI subunits comprise the base of the CSN, with
their C-terminal ends forming an elaborate bundle above
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Fig. 5 CSNAP influences the strength of the CSN-CRL interaction.
Diagram representing the CRL cycle. CRLs form dynamic complexes
with various adaptors and substrate receptors. The conjunction of
NeddS8 to a conserved lysine residue in the cullin subunit, induces a
conformational change that activates the CRL complex, promoting
ubiquitin transfer to the substrate. The CSN complex inactivates CRL
assemblies by two independent mechanisms, catalytic and non-
catalytic. The first involves catalytic removal of the Nedd8 con-
jugate, while the second is mediated through physical binding to
CRLs, sterically precluding interactions with E2 enzymes and
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which the heterodimer CSN5/CSNG6 sits. Previously, we dis-
covered that CSNAP tethers together these two distinct
structural elements, by mutually binding CSN5/CSNG6, and the
PCI subunit CSN3. Both CSN5 and CSN3 directly interact
with the CRL assembly, CSN3 with the substrate receptor
[7, 44], and CSN5 with the Nedd8 cullin modification [6].
Although, it is possible that through these interactions,
CSNAP modulates CSN-CRL interactions, our results show
that even in the absence of a substrate receptor CSNAP
impacts CSN/Cull-Rbx 1. Thus, unraveling the precise struc-
tural contribution of CSNAP to CSN-CRL binding affinity
awaits high-resolution structural analyses; however, it is rea-
sonable to speculate that CSNAP shifts the CSN conforma-
tional equilibrium toward low affinity states.

Given that CRLs are involved in regulating numerous
cellular processes, including cell-division cycle and cellular
proliferation, the correlation between aberrant CRL function
and cancer is not surprising, making this system an attractive
target for therapeutic intervention (reviewed in refs. [45-47]).
For example Cul4/CRBN has been implicated as the target of
the anti-myeloma agent lenalidomide [48], and the neddylation
inhibitor MLN4924 is an anti-cancer drug currently in
clinical trials [4]. As a direct regulator of CRLs, the CSN
constitutes another objective for drug development, with a
major focus on inhibiting CSNS, the catalytic subunit [49-54].
Our latest findings lead us to propose CSNAP as a new
therapeutic avenue. Preventing CSNAP integration within the
CSN complex would be expected to impair cell cycle pro-
gression and the adaptive response to oncogenic stress
conditions.
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ubiquitination substrates. Subsequently, after CSN dissociation, CRLs
can be disassembled and assembled into new configurations, or bind
Candl. This cycle enables CRL adaptation according to cellular need,
enabling specific substrates to be ubiquitinated. Our results indicate
that CSNAP reduces the affinity of CSN for CRL, thus enabling
efficient disassembly and remodeling of CRL complexes. In the
absence of CSNAP, the disassembly and assembly steps of the cycle
are compromised, as designated by the red dashed lines, affecting the
reconfiguration of CRL assemblies, and their ability to respond to
cellular stimuli

Materials and methods
Cell cultures, transfections, and UV-C exposure

HAP1 WT and ACSNAP CRISPR cell lines were pur-
chased from Haplogene GmbH, Austria, and cultured in a
humidified CO, incubator at 37 °C in Iscove’s Modified
Dulbecco’s Medium (IMDM) supplemented with 10% fetal
calf serum, penicillin—streptomycin, and Mycozap (Lonza).
As previously reported [55], the HAP1 haploid-enriched
cells diploidized over several weeks of passage as shown in
Table S10. HAPI cells were transfected with phyg-CSNAP-
Cerulean, phyg-AN-CSNAP-Cerulean, or phyg-FBXL15-
FLAG, using the JetPrime reagent (Polyplus). Cerulean-
expressing cell lines were isolated and sorted for low-
medium expression levels by fluorescence-activated cell
sorting (FACSAria Fusion; BD Biosciences), and expanded
in complete IMDM. For UV treatments, plates were washed
twice with PBS, and after removal of the liquid, were
illuminated with UV-C light (1-20 J/mz).

Immunoprecipitation and FLAG-pull down

For immunoprecipitation experiments, HAP1 cells were
lysed in 50 mM Tris pH 7.4, 150 mM NaCl, 0.5% NP40,
phosphatase inhibitors (5 mM Na-o-vanadate, 4 mM Na-
pyrophosphate, and (-glycerophosphate), and protease
inhibitors (1 mM PMSF, 1 mM benzamidine, and 1.4 pug/ml
pepstatin A). In all, 0.25-1 mg total protein was incubated
with 10 pl anti-CSN3 (Abcam ab79398), anti-DDB2 (Santa
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Cruz sc-81246) or 35 ul anti-FLAG resin (Sigma A2220)
overnight. For immunoprecipitation of the CSN3 or DDB2
antibody 35 ul protein G sepharose slurry was added for 1 h.
Bound proteins were washed and eluted with 2x Laemmli
sample buffer. Chromatin-bound proteins were purified as
previously described [29], using 50 pg/ml digitonin instead
of NP40 in the hypotonic lysis buffer. 250 ug of chromatin
bound fraction was suspended in 250 ul TBS and rotated
overnight at 4 °C with 5 ul of anti-DDB2 (Santa Cruz sc-
81246). Then 30 ul of TBS equilibrated Protein G Sephar-
ose resin (GE) was added for 1 h, and after three washes of
300 ul, TBS-bound proteins were eluted in 35ul 2x
Laemmli sample buffer.

Fluorescence assays

Purification of recombinant CSNA®SNAP complexes was
performed as described in ref. [7]. The production of
CSN and CSNH!34 involved the generation of a pFBDM
vector  containing  CSN1/His6-CSN5/CSN2/StreplI2x-
CSN3/CSNAP or CSN1/His6-CSN511384/CSN2/StrepII2x-
CSN3/CSNAP, respectively. Baculoviruses produced from
each of these vectors were used to coinfect HighFive insect
cells with a baculovirus expressing CSN4/CSN7b/CSN6/
CSN8 to produce the full complexes. The fluorescent assays
to determine the affinity of the CSN complexes for Cull-
dansyl/Rbx1 variants and their deneddylation activity were
performed as described in ref. [10].

Western blots

Proteins were separated on 12 or 9% SDS-PAGE, and
transferred to PVDF membranes. Primary antibodies used for
detection: anti-CSN1 (Enzo PW8285), anti-CSN2 (Abcam
ab10462), anti-CSN3 (ab79398), anti-CSN5 (ab495 and
ab118841), anti-CSN6 (PW 8295), anti-CSN8 (BML-
PW8290), anti-PDCD4 (ab80590), anti-cullinl (ab75817),
anti-cullin2  (ab166917), anti-cullin3 (ab75851), anti-
cullindAB (ab76470), anti-cullin5 (ab184177), anti-DDBI
(Bethyl A300-462A), anti-DDB2 (ab181136), anti-PARPI
(sc-8007), anti-FLAG (Sigma F3165), anti-pChk1 (Cell sig-
naling 2341), anti-GAPDH (Millipore MAB374), anti-
vimentin (ab92547), anti-NQO1 (ab28947), anti-tubulin
(ab184613), anti-gH2AX pSer139 (Cell Signaling #2577),
and anti-histone 3 (ab24834). All western blot analyses were
repeated at least three times.

Comet assay
Alkaline single-cell electrophoresis was performed accord-
ing to the protocol from Trevigen. HAP1 cells were treated

with 20J/m? UV-C light, and 6h post-exposure cells
were trypsinized, counted, and suspended in ice-cold PBS
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(-Ca/-Mg) to a density of 2 x 10° cells/ml. Fifty microliters
of cell suspension were mixed with 450 ul LM-agarose
(Trevigen), and 50ul of the mix was pipetted onto the
comet slide, and incubated in the dark at 4 °C for 30 min.
Slides were immersed in a lysis solution (Trevigen) for 1 h
at 4 °C, and then equilibrated to an alkaline electrophoresis
solution (300 mM NaOH and 2 mM EDTA, pH> 13) for
20 min at room temperature. Slides were run at 1 V/cm
(~300 mA constant) in ice-cold alkaline electrophoresis
solution for 30 min and then neutralized for 5 min in 400
mM Tris pH 7.5, rinsed in distilled water, immersed in 70%
ethanol for 5 min, and dried at room temperature. DNA was
stained with SYBR Gold (Invitrogen); the slides were then
dried completely, prior to imaging. Images were acquired
using an inverted Nikon microscope (Eclipse Ti, Nikon,
Japan) using a 20x objective, and with a cooled electron-
multiplying charge-coupled device camera (iXon Ultra,
Andor, Ireland). Comet parameters were analyzed using the
CASP comet software. At least 74 cells were analyzed per
sample, in three biological samples, in duplicates. Within
each biological replicate, the proportions of Olive tail
moments larger than 3 were calculated in both ACSNAP
and WT samples, and were compared using a two-way
ANOVA, accounting for group and batch.

Colony-forming assay

Untreated or 20J/m> UV-C exposed WT and ACSNAP
cells were trypsinized, counted, and plated in 10 cm tissue
culture dishes. For untreated cells, 100 cells, and for UV-
illuminated cells, 5000 cells were plated per dish. All
experiments were done in triplicates. Dishes were incubated
in normal growth conditions for 8 days. The plates were
then washed twice with PBS, dried, and stained with 0.15%
Crystal violet in methanol for 3 min, rinsed with tap water,
and air-dried before scanning. Colony counts were mea-
sured using OpenCFU software.

Cell cycle analysis

Cells were synchronized to G1/S phase using double thy-
midine block as previously described [29]. UV treated cells
were exposed to 5J/m? UV-C at release, and fixed with
ethanol at different time points. Cell cycle phases were
assessed by flow cytometry (LSRII, BD Biosciences) fol-
lowing propidium iodide staining. Asynchronous cells were
analyzed using propidium iodide and BrdU double staining.
In total, 10° cells were denatured after fixation using 2N
HCI, 0.5% Triton X-100 in PBS for 30 min, neutralized in
0.1 M Na,B,0;, pH 8.5, and incubated with 5 ul of anti-
BrdU-FITC (eBioscience 11-5071-41) in 1% BSA, 0.5%
Triton X-100 in PBS for 1 h. Cells were washed in 1% BSA
in PBS, resuspended in PBS containing 50 pg/ml propidium
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iodide and 50 pg/ml RNase A, and analyzed in FACSAria
Fusion flow cytometer (BD Biosciences).

Measurement of viable and dead cell populations

Determination of percentage of live, early apoptotic, and
late apoptotic cells in WT and ACSNAP cultures was per-
formed using Annexin V-FITC Apoptosis Detection Kit
(MEBCYTO Apoptosis kit, MBL#4700) by flow cyto-
metry. Single cells (20,000 per sample) were analyzed for
AnnexinV-FITC and propidium iodide fluorescence. Early
apoptotic cells (annexin V positive, PI negative), late
apoptotic/necrotic/dead cells (annexin V positive, PI posi-
tive), and live/viable cells (annexin V negative, PI negative)
were gated and quantified.

Resazurin assay

WT, ACSNAP, ACSNAP-Cerulean, and ACSNAP-AC-
Cerulean expressing cells were trypsinized, counted, and
seeded in four replicates at a cell density of 5000 cells/well
in 24 well plates. Cells in one plate were seeded directly to
30 pg/ml resazurin containing growth medium, and fluor-
escence intensity (540/600 nm) was measured after 2 h, for
initial proliferation value. The other plates were either UV-
exposed at 20J/m> 24h after seeding or left untreated.
Immediately, or 2h post UV, the growth medium was
changed to 30 pug/ml resazurin containing medium, incu-
bated for 2 h, and fluorescence was measured. Proliferation
was calculated at each time point normalizing to the initial
proliferation value.

SILAC

HAPI cells were grown in SILAC IMDM (Invitrogen) with
10% dialyzed fetal calf serum (Biological Industries, 04-
011-1 A) supplemented with 25 pg/ml light L-lysine and L-
arginine (Sigma) or 25pug/ml heavy L-lysine (L-Lys8-
CNLM-291-H-1, Cambridge Isotopes) and L-arginine (L-
Argl0-CNLM-539-H-1, Cambridge Isotopes) each, and
labeling was swapped between WT and ACSNAP cells.
Cells were incubated with 5pM MG132 for 4h before
harvesting. Samples were prepared, as previously described
[56]. Briefly, the samples were lysed using 8 M urea, mixed
at a 1:1 protein:protein ratio, and digested with trypsin,
followed by a desalting step. The resulting peptides were
fractionated offline using high pH-reversed phase chroma-
tography, followed by enrichment for K-e-GlyGly using the
Cell Signaling PTMScan” Ubiquitin Remnant Motif (K-e-
GG) Kit #5562 (antibody-based). Each fraction was then
analyzed, using online nanoflow liquid chromatography
(nanoAcquity) coupled to high-resolution, high-mass
accuracy mass spectrometry (Fusion Lumos). Raw data

was processed with MaxQuant v1.5.5.1. The data was
searched with the Andromeda search engine against the
human proteome database appended with common lab
protein contaminants, and allowing for GG modifications of
lysines. The ratio of H/L (heavy to light) ratio was calcu-
lated, and results were log-transformed. The datasets of four
(two label swap) experiments were combined in the way,
that the experiment with the largest number of proteins
identified was merged with proteins that had data for the
same proteins and modification sites from the three other
experiments. Genes corresponding to proteins that showed
fold change above 1.5 or below 0.66 in each of the four
experiments were filtered, and were selected only if
appeared at least three out of the four experiments (from
nonunique proteins only the first in the gene list was
included). The resulting protein/gene list was analyzed
using EnrichR/Reactome 2016 or Webgestalt/Reactome
2016 for overrepresentation, and the results were filtered
using a cutoff of the adjusted p value or FDR < 0.05. The
ratio of H/L (heavy to light) ratio was calculated, and results
were log-transformed.

Label-free quantitation

WT and ACSNAP cells were lysed in 50 mM Tris, pH 7.4,
150 mM NaCl, and 0.5% NP40, supplemented with phos-
phatase and protease inhibitors as described above. One
milligram of total protein was used for immunoprecipita-
tion, using anti-CSN3 antibody (ab79698) as described
above in three biological replicates. Proteins were eluted by
75 ul of 0.1 M glycine-HCI, pH 2.5. The beads were washed
in 25 mM Tris pH7.4, 150 mM NaCl (TBS), and subjected
to on-bead tryptic digestion as follows: 8 M urea in 0.1 M
Tris pH 7.9, was added onto TBS washed beads, and
incubated for 15 min at room temperature. Proteins were
reduced by incubation with dithiothreitol (5 mM, Sigma) for
60 min at room temperature, and alkylated with 10 mM
iodoacetamide (Sigma) in the dark for 30 min at room
temperature. Urea was diluted to 2M with 50 mM ammo-
nium bicarbonate. Trypsin (250 ng, Promega, Madison, WI,
USA) was added and incubated overnight at 37 °C, fol-
lowed by addition of 100 ng trypsin for 4h at 37 °C [11-
18]. Digestions were stopped by addition of trifluoroacetic
acid (1% final concentration). Following digestion, peptides
were desalted using Oasis HLB pElution format (Waters,
Milford, MA, USA), vacuum-dried, and stored at —80 °C
until further analysis.

ULC/MS grade solvents were used for all chromato-
graphic steps. Each sample was loaded using splitless nano-
Ultra Performance Liquid Chromatography (UPLC) (10
kpsi nanoAcquity, Waters). The mobile phase was: (A)
H,0 + 0.1% formic acid and (B) acetonitrile + 0.1% formic
acid. Sample desalting was performed online, using a
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reversed-phase symmetry C;g trapping column (180 pm
internal diameter, 20mm length, 5um particle size,
Waters). The peptides were then separated using a T3 HSS
nanocolumn (75 pm internal diameter, 250 mm length, 1.8
um particle size, Waters) at 0.35 pul/min. Peptides were
eluted from the column into the mass spectrometer, using
the following gradient: 4 to 30% B for 55 min, 30 to 90% B
for 5 min, maintained at 90% for 5 min, and then back to
initial conditions. The nano-UPLC was coupled online
through a nanoESI emitter (10 um tip, New Objective,
Woburn, MA, USA) to a quadrupole orbitrap mass spec-
trometer (Q Exactive Plus, Thermo Scientific), using a
FlexIon nanospray apparatus (Proxeon).

Data was acquired in data-dependent acquisition (DDA)
mode, using a Top20 method. MS1 resolution was set to
70,000 (at 400 m/z), mass range of 300-1650 m/z, AGC of
3e6, and maximum injection time was set to 20 ms. MS2
resolution was set to 17,500, quadrupole isolation 1.7 m/z,
AGC of le6, dynamic exclusion of 30s, and maximum
injection time of 60ms. Raw data was imported into
Expressionist® software version 9.1.3 (Genedata), and pro-
cessed as described here. The software was used for
retention time alignment and peak detection of precursor
peptides. A master peak list was generated from all MS/MS
events, and sent for database searching using Mascot v2.5.1
(Matrix Sciences). Data was searched against the human
sequences UniprotKB (http://www.uniprot.org/), appended
with the CSNAP sequence and common laboratory con-
taminant proteins. Fixed modification was set to carbami-
domethylation of cysteines, and variable modifications
were set to oxidation of methionines and deamidation of
N or Q. Search results were then filtered using the
PeptideProphet algorithm, to achieve a maximum false
discovery rate of 1% at the protein level. Peptide identifi-
cations were imported back to Expressionist to annotate
identified peaks. Quantification of proteins from the peptide
data was performed, using an in-house script. Data was
normalized, based on the total ion current. Protein abun-
dance was obtained by summing the three most intense,
unique peptides per protein. A Student’s t-test, after loga-
rithmic transformation, was used to identify significant
differences (>1.5-fold) across the biological replica. Fold
changes were calculated based on the ratio of arithmetic
means of the case versus control samples.

Total proteome analysis and bioinformatics

WT and ACSNAP cells were lysed in SDT buffer (4%
SDS, 100 mM Tris/HCI pH 7.6, and 0.1 M dithiothreitol)
and subjected to tryptic digestion, using a FASP™ Protein
Digestion Kit (Expedeon). The resulting peptides were
desalted and analyzed on the LC-MS instrument
(Q-Exactive Plus) in DDA mode. The raw data was
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processed in Expressionist by Genedata, using Mascot as
the search engine against the uniprot human proteome
database, and common protein contaminants. Identifica-
tions were filtered to a maximum of 1% FDR on both the
peptide and protein levels. Protein inference was per-
formed by an in-house script. Overall, about 4000 proteins
were identified and quantified. Proteomics data, after
logarithmic transformation and flooring, were analyzed by
two-way ANOVA using two factors, strain and UV
treatment, as well as their interaction. Proteins with a
p value of <0.05 and an absolute fold change > 1.5 were
considered to be differentially expressed. The proteins
were filtered to keep those that had an absolute fold
change of at least 1.5 and a p value of <0.05 in at least
one of the following pairwise comparisons: 1. WT UV/
WT untreated; 2. ACSNAP UV/ACSNAP untreated;
3. ACSNAP untreated/ WT untreated; 4. ACSNAP UV/
WT UV. The log intensities of the 347 proteins that
passed these criteria (according to ANOVA analysis with
all samples, after flooring was used). Intensities were
clustered using the k-means algorithm, with Pearson dis-
similarity as the distance measure to five clusters. Log,
intensities were standardized, so that each protein dis-
played zero mean and unit standard deviation. The pro-
teins in each cluster could be obtained by filtering the
Excel file. Enrichment analysis of the filtered protein list
was performed using Webgestalt overrepresentation ana-
lysis using Reactome 2016 pathway as functional data-
base against the protein coding database as reference set,
and results were filtered for adjusted p value <0.05.

All raw data, peak lists, and identifications were deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository.

Native mass spectrometry

Nano-electrospray ionization MS experiments were per-
formed on a modified Q Exactive Plus Orbitrap EMR [57].
Prior to MS analysis, 25 ul of the samples (~16 uM) were
buffer-exchanged into 0.5M ammonium acetate (pH 7),
using Bio-Rad Biospin columns. Two microliters of the
buffer-exchanged samples were mixed with 1ul MeOH
40%, to reach a final concentration of 13%. Proteins were
loaded into gold coated nano-ESI capillaries, prepared in
house from borosilicate glass tubes [58]. For the recon-
stitution of the CSN complex, after buffer exchange, 2 pl of
CSNACSNAP , were incubated for 3h on ice with 2l of a
synthetic CSNAP peptide, dissolved to 50 uM in 250 mM
ammonium acetate. The conditions within the MS were
adjusted to optimize signals of the intact CSN and preserve
non-covalent interactions. The instrument was operated in
positive mode at capillary voltage of 1.7kV. Argon was
used as the collision gas in the higher energy collision-
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induced dissociation cell. Resolution was set to 8750.
Forevacuum was set to 1.5 mbar and the trapping gas was
set to 3, corresponding to pressures of 8.8 x 107> and 1.7 x
10 mbar in the HV and UHV regions, respectively.
Flatapole bias was set to transmission at 1.5 V. Bent flata-
pole and axial gradient were set to DC 2.2V and 37.2V,
respectively. HCD cell bias was set to 150 V. Spectra are
shown with no smoothing and without background
subtraction.
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