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The pseudokinase TRIB1 toggles an intramolecular
switch to regulate COP1 nuclear export
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Abstract

COP1 is a highly conserved ubiquitin ligase that regulates diverse
cellular processes in plants and metazoans. Tribbles pseudoki-
nases, which only exist in metazoans, act as scaffolds that interact
with COP1 and its substrates to facilitate ubiquitination. Here, we
report that, in addition to this scaffolding role, TRIB1 promotes
nuclear localization of COP1 by disrupting an intramolecular inter-
action between the WD40 domain and a previously uncharacter-
ized regulatory site within COP1. This site, which we have termed
the pseudosubstrate latch (PSL), resembles the consensus COP1-
binding motif present in known COP1 substrates. Our findings
support a model in which binding of the PSL to the WD40 domain
stabilizes a conformation of COP1 that is conducive to CRM1-
mediated nuclear export, and TRIB1 displaces this intramolecular
interaction to induce nuclear retention of COP1. Coevolution of
Tribbles and the PSL in metazoans further underscores the impor-
tance of this role of Tribbles in regulating COP1 function.
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Introduction

Constitutive photomorphogenic 1 (COP1), also known as RFWD2,
is a RING domain-containing E3 ubiquitin ligase that is essential for
mammalian embryonic development. COP1 regulates diverse cellu-
lar processes, including cell proliferation and the DNA damage
response, by promoting the degradation of key transcription factors
(Dornan et al, 2006; Migliorini et al, 2011). Overexpression of
COP1 is observed in breast and ovarian adenocarcinomas, as well
as hepatocellular carcinoma and pancreatic cancer (Dornan et al,
2004a; Lee et al, 2010; Su et al, 2011). Deletion of the COP1 locus
has also been reported in many cancer types, such as prostate
cancer and melanoma (Migliorini et al, 2011; Vitari et al, 2011).
These findings indicate that COP1 can have pro-oncogenic or

tumor-suppressing functions depending on the cellular context. The
opposing effects of COP1 in cancer are likely reflective of the ability
of COP1 to target for degradation both transcription factors that
function as tumor suppressors, such as C/EBPa and p53, as well as
proto-oncogenes, such as c-Jun and ETS family members (Dornan
et al, 2004b; Wertz et al, 2004; Keeshan et al, 2010; Vitari et al,
2011).

COP1 is highly conserved in metazoans, as well as in plants. The
domain organization of COP1 is the same in these multicellular
eukaryotes and, in addition to the N-terminal RING domain, includes
a putative coiled coil domain and a C-terminal WD40 domain,
consisting of seven WDA40 repeats. First identified as a key repressor
of photomorphogenesis in plants (Deng et al, 1991), COP1 influ-
ences the expression of the majority of light-controlled genes in
Arabidopsis, which accounts for > 20% of the genome (Ma et al,
2002). COP1 achieves this by ubiquitinating and promoting the
degradation of transcription factors, such as HY5, LAF1, and HFR,
that positively regulate light signaling (Lau & Deng, 2012). This
activity of COP1 is itself regulated by light, which controls trafficking
of COP1 between the nucleus and cytoplasm. In dark-grown plants,
COP1 localizes to the nucleus where it binds to and ubiquitinates
transcription factors. Light inhibits COP1 activity by triggering its
nuclear export, away from its substrates (Von Arnim & Deng, 1994;
Pacin et al, 2014). Thus, shuttling between the cytosol and nucleus
is an essential mechanism for regulation of COP1 activity in plants.

In mammals, COP1 acts as a component of the CRL4“°P1/PET!
ubiquitin ligase complex where it binds to the adaptor protein De-
etiolated-1 (DET1), which also mediates interactions with the DDB1-
CUL4A-RBX1 core complex (Wertz et al, 2004; Zhang et al, 2017).
Like plant COP1, mammalian COP1 localizes to both the nucleus
and cytoplasm. However, the mechanisms governing COP1 localiza-
tion in mammalian cells are not well understood, and in the absence
of the light/dark cycle, they would need to be different than those in
plants. In contrast to the light-controlled binary pattern of either
cytosolic or nuclear localization of COP1 in plant cells, the partition-
ing of COP1 in mammalian cells under steady-state growth condi-
tions varies quite markedly from cell to cell, ranging from primarily
nuclear to primarily cytoplasmic (Yi et al, 2002; Bianchi et al, 2003).
Since many substrates of mammalian COP1 are also transcription
factors, partitioning of COP1 between the nucleus and cytoplasm is
likely important for regulation of its activity as it is in plants.
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Pseudokinases in the Tribbles family (TRIB1, TRIB2, TRIB3)
have been identified as critical regulators of COP1 function in
mammals and are not present in plants. In particular, TRIB1 and
TRIB2 are essential for COP1-mediated ubiquitination of the tumor
suppressor C/EBPo (Dedhia et al, 2010; Keeshan et al, 2010;
Yoshida et al, 2013). Dysregulation of Tribbles expression can be
pathogenic in a COPl-dependent manner. In acute myeloid
leukemia, overexpression of TRIB1 or TRIB2 has been shown to
induce leukemogenesis in mice through excessive COP1-dependent
degradation of C/EBPo (Dedhia et al, 2010; Keeshan et al, 2010;
Yoshida et al, 2013). Loss of TRIB1 expression is also detrimental.
Mice that have TRIB1-deficient hematopoietic cells experience
defects in myeloid cell differentiation due to aberrant levels of C/
EBPa and develop metabolic disorders, such as hypertriglyceridemia
and insulin resistance, when fed a high-fat diet (Satoh et al, 2013).

All three Tribbles family members possess a highly conserved
pseudokinase domain flanked by an N-terminal extension and a C-
terminal tail. Tribbles interact directly with the WD40 domain of
COP1 via a conserved COP1-binding motif in their C-terminal tails
that conforms to the consensus sequence (D/E)(D/E)(X)XXVP(D/E),
present in numerous COP1 substrates (Holm et al, 2001; Dedhia
et al, 2010; Uljon et al, 2016). Through this motif, Tribbles recruit
substrates to COP1 lacking a canonical COP1-binding motif, such as
C/EBPa. Thus, Tribbles pseudokinases have been proposed to regu-
late COP1 by functioning as scaffolds that interact directly with both
COP1 and its substrates to facilitate ubiquitination (Qi et al, 2006;
Keeshan et al, 2010; Uljon et al, 2016).

In this study, we show that, in addition to this scaffolding role,
TRIB1 emulates the regulatory control that light exerts on COP1
localization in plants and modulates the extent of COP1 nuclear
localization. We demonstrate that TRIB1 blocks nuclear export of
COP1 through disruption of an intramolecular interaction within
COP1. We identify a regulatory site in COP1, which we have termed
the “pseudosubstrate latch,” that closely resembles the canonical
COP1-binding motif used by COP1-binding partners. The pseudo-
substrate latch in COP1 appears to have coevolved with Tribbles
pseudokinases in animals and, notably, is missing in plants, which
use light to control COP1 nucleocytoplasmic shuttling. Our work
highlights how two orthogonal mechanisms have evolved in dif-
ferent kingdoms to regulate the same process.

Results
TRIB1 promotes nuclear accumulation of COP1

To investigate the effects of TRIB1 expression on COP1 localization,
we transiently expressed GFP-tagged human COP1 in COS7, Huh7,
and HEK293 cells and examined its subcellular distribution in the
presence and absence of co-transfected human TRIB1 via confocal
microscopy. In the absence of TRIB1, COP1 localized to both the
nucleus and cytoplasm, while TRIB1 localized primarily to the
nucleus (Kiss-Toth et al, 2006; Soubeyrand et al, 2016;
Appendix Fig S1A). Consistent with previous studies, the distribu-
tion of COP1 between these two compartments varied considerably
within the cell population (Yi et al, 2002; Bianchi et al, 2003;
Fig EV1A and B). Strikingly, when TRIB1 and COP1 were coex-
pressed, COP1 shifted to being predominantly nuclear (Figs 1A, and
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EV1C and E). To quantify this effect, we measured the ratio of
nuclear to cytoplasmic COP1 fluorescence and found that coexpres-
sion of TRIB1 markedly increased the ratio of nuclear to cytoplasmic
COP1 across the entire cell population (Figs 1B, and EV1D and F).
TRIB1 also increased the nuclear population of endogenous COP1
when expressed in NIH3T3 cells (Fig EV1G and H).

Notably, we found that in approximately half of the cells co-
transfected with COP1 and TRIB1, both proteins colocalized in
punctate structures in the nucleus (Fig 1C), a phenomenon previ-
ously observed for Arabidopsis COP1 (Von Arnim & Deng, 1994).
These structures colocalized with DAXX, a component of PML
bodies (Fig EV2A), but not with markers of other types of sub-
nuclear compartments (Fig EV2B). Arabidopsis COP1 recruits its
substrates and binding partners to nuclear puncta (Ang et al, 1998;
Wang et al, 2001; Seo et al, 2003). Thus, we tested whether the
COP1 substrate, C/EBPa, is also recruited to the COP1- and TRIB1-
positive nuclear puncta in mammalian cells by co-transfecting
TRIB1, COP1, and C/EBPa in COS7 cells and examining their local-
ization via immunofluorescence. C/EBPa localized exclusively to
the nucleus, and its coexpression with either TRIB1 or COP1 alone
had no effect on their localization (Fig EV2C). Surprisingly,
however, upon C/EBPa coexpression, TRIB1 and COP1 no longer
localized in nuclear puncta (Fig 1D). These results demonstrate a
potential difference in the composition of the punctate nuclear struc-
tures that COP1 localizes to in plants versus mammals and show
that binding of C/EBPa to the TRIB1/COP1 complex results in the
redistribution of this complex between subnuclear compartments.

The TRIB1 C-terminal tail is sufficient to promote nuclear
localization of COP1

To test whether a direct interaction between TRIB1 and COP1 is
required for promoting nuclear localization of COP1, we generated a
mutant, TRIB1 AAA, in which the COP1-binding motif in the TRIB1
C-terminal tail is mutated from DQIVPE to AQIAAE. An analogous
set of mutations abolishes the interaction between murine TRIB2
and COP1 (Keeshan et al, 2006), and we confirmed through coim-
munoprecipitation that TRIB1 AAA also failed to interact with COP1
(Fig EV1I). Although TRIB1 AAA localized to the nucleus like TRIB1
WT (Appendix Fig S1A), this mutant failed to increase COP1 nuclear
localization (Fig 1A and B, and EV1C-H). Hence, a direct interaction
between TRIB1 and COP1 via the COP1-binding motif in the TRIB1
C-terminal tail is required for TRIB1-mediated COP1 nuclear accu-
mulation.

To determine whether the tail of TRIB1 is sufficient for regulation
of COP1 localization, we fused the C-terminal tail of TRIB1 (residues
343-372) to GFP and tested the ability of this construct to modulate
the localization of a FLAG-tagged COP1 construct. For comparison,
we also fused full-length TRIB1 to GFP and created AAA mutants of
both the full-length and tail fusion constructs. Both GFP-TRIB1 WT
and GFP-TRIB1 AAA localized exclusively to the nucleus. In
contrast, GFP-TRIB1 tail WT and GFP-TRIB1 tail AAA, which lack
the NLS present in the N-terminal extension of TRIBI, although
enriched in the nucleus, were also found in the cytoplasm. In accor-
dance with our earlier results, GFP-TRIB1 WT potentiated COP1
nuclear localization, whereas GFP alone and GFP-TRIB1 AAA did
not. Remarkably, however, GFP-TRIB1 tail was sufficient to
promote COP1 nuclear localization. This effect was abrogated by

© 2019 The Authors
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Figure 1. TRIB1 promotes nuclear accumulation of COP1.
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A Representative images of COS7 cells expressing GFP-COP1 (green) co-transfected with empty vector or the indicated TRIB1-FLAG construct (red). Cells were stained
with anti-FLAG (Sigma) and anti-mouse Alexa Fluor 568. Nuclei were counterstained with DAPI (blue). Scale bar, 10 um. See also Appendix Fig S1B for Western blots

showing the expression levels of the constructs used.

B Quantification of the average ratio of nuclear/cytoplasmic fluorescence of GFP-COP1 in (A). Mean values + s.e.m. are shown for three independent experiments
where 50 individual cells per experiment were analyzed. Significance relative to GFP-COP1 with empty vector was calculated using the Student’s t-test

(****p < 0.00001).

C Representative images of COS7 cells showing GFP-COP1 (green) and TRIB1-FLAG (red) colocalizing in punctate nuclear structures. Insets show enlarged images of
these nuclear puncta. Cells were stained with anti-FLAG (Sigma) and anti-mouse Alexa Fluor 568. Nuclei were counterstained with DAPI (blue). Scale bar, 10 um.

D Representative images of COS7 cells showing that GFP-COP1 (green) and TRIB1-HA (red) are diffuse in the nucleoplasm when coexpressed with C/EBPa (cyan). Cells
were stained with anti-HA (Santa Cruz), anti-C/EBPa (Cell Signaling), anti-mouse Alexa Fluor 405, and anti-rabbit Alexa Fluor 680. Scale bar, 10 pm. See also Fig EV2C

for images of cells expressing each construct alone or in pairs.

the AAA mutation, which eliminates COP1 binding (Fig 2A and B).
These findings reveal that the TRIB1 C-terminal tail is both neces-
sary and sufficient to enhance COP1 nuclear localization.

Though the C-terminal tail of TRIB1 was sufficient for promoting
COP1 nuclear localization, we next tested whether the pseudokinase
domain of TRIB1 could play an additional regulatory role in this
process. Several studies have shown that mutations in the pseudo-
kinase domain affect interactions between Tribbles and its binding
partners. The pseudokinase domain retains several conserved motifs
important for catalysis in catalytically competent kinases, including
the HRD motif in the catalytic loop. A mutation within the HRD
motif in the Drosophila Tribbles homolog ablates its interactions
with Akt and the C/EBP homolog Slbo (Masoner et al, 2013; Das
et al, 2014). Similarly, mutations in the catalytic loop of murine
TRIB2 impair binding of C/EBPa (Keeshan et al, 2010). Although
TRIB1 is catalytically inactive (Murphy et al, 2015), these mutations
might bias the pseudokinase domain to adopt different conforma-
tions and thereby affect the ability of TRIB1 to interact with its

© 2019 The Authors

binding partners. Recently, a crystal structure of TRIB1 in complex
with a C/EBPa peptide revealed the binding site for C/EBPa within
the C-lobe of the TRIB1 pseudokinase domain (Jamieson et al,
2018). We generated point mutations in the pseudoactive site of
TRIB1 corresponding to those analyzed in Drosophila Tribbles
(D205N) and in murine TRIB2 (K207R) (Fig EV3A). We also intro-
duced two point mutations in TRIB1 that had been shown to ablate
interaction with C/EBPa (H168D, F293E) seen in the crystal struc-
ture (Jamieson et al, 2018). None of these mutations, however,
caused a significant change in the ability of TRIB1 to promote COP1
nuclear localization (Fig EV3B-E).

Other members of the Tribbles family, TRIB2 and TRIB3, also
contain a COP1-binding motif in their C-terminal tails. We examined
whether they are likewise capable of promoting COP1 nuclear local-
ization. Like TRIB1, TRIB3 localized predominantly to the nucleus
and induced an increase in COP1 nuclear localization, albeit to a
lesser extent than TRIB1 (Fig 2C and D). In contrast, expression of
TRIB2 did not have a significant effect on COP1 localization (Fig 2C

The EMBO Journal 38:€99708|2019 3 of 16
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Figure 2. The TRIB1 C-terminal tail is sufficient to promote COP1 nuclear localization.

A Representative images of COS7 cells expressing COP1-3xFLAG (green) co-transfected with empty vector, GFP, or the indicated GFP-TRIB1 constructs (red). Cells were
stained with anti-FLAG (Sigma) and anti-mouse Alexa Fluor 568. Nuclei were counterstained with DAPI (blue). Scale bar, 10 um. See also Appendix Fig S2A for images
of GFP-tagged constructs in the absence of COP1 coexpression and Appendix Fig S2B for Western blots showing the expression levels of the constructs used.

B Quantification of the average ratio of nuclear/cytoplasmic fluorescence of COP1-3xFLAG in (A). Mean values + s.e.m. are shown for three independent experiments
where 50 individual cells per experiment were analyzed. Significance relative to GFP-COP1 with empty vector was calculated using the Student’s t-test (*P < 0.01;

**p < 0.001; ***P < 0.0001).

C Representative images of COS7 cells expressing GFP-COP1 (green) co-transfected with empty vector, TRIB1-FLAG, TRIB2-FLAG, or TRIB3-FLAG (red). Cells were stained
with anti-FLAG (Sigma) and anti-mouse Alexa Fluor 568. Nuclei were counterstained with DAPI (blue). Scale bar, 10 pum.

D Quantification of the average ratio of nuclear/cytoplasmic fluorescence of GFP-COPL in (C). Mean values 4 s.e.m. are shown for three independent experiments
where 50 individual cells per experiment were analyzed. Significance relative to GFP-COP1 with empty vector was calculated using the Student’s t-test (ns, not

significant; ***P < 0.0001; ****P < 0.00001).

and D), possibly because TRIB2 localized throughout the nucleus
and cytoplasm in COS7 cells. In Bel-7402 liver cancer cells, in which
TRIB2 is predominantly nuclear, TRIB2 was shown to increase
nuclear localization of endogenous COP1 (Xu et al, 2014). Hence,
all Tribbles family members have an intrinsic ability, encoded in
their C-terminal tails, to modulate the extent of nuclear accumula-
tion of COP1.

Nuclear localization of COP1 is regulated by the WD40 domain

The TRIBI1 tail binds to the WD40 domain of COP1 (Uljon et al,
2016). Therefore, we expected that mutations in the TRIB1-binding
site in the COP1 WD40 domain would prevent TRIB1 from promot-
ing COP1 nuclear localization. Based on the recently published crys-
tal structure of the TRIBI tail in complex with the COP1 WD40
domain (Uljon et al, 2016), we generated several COP1 WD40 point
mutants (K472E, R515E, W517A, K60OE, E642R) to test this hypoth-
esis. Each of these residues is highly conserved, and analogous
mutations in Arabidopsis COP1 affect binding of substrates contain-
ing a COP1-binding motif (Holm et al, 2001). Four of these residues
(K472, R515, W517, K600) directly engage the TRIB1 tail and their
mutation should therefore prevent TRIB1 binding, while E642 is not
involved in the interaction (Fig 3A).

We confirmed through coimmunoprecipitation that K472E,
R515E, W517A, and K600E mutations indeed markedly weaken the
interaction between TRIB1 and COP1, while E642R did not (Fig 3B).
Counterintuitively, however, all four COP1 WD40 mutants that
exhibited impaired TRIB1 binding localized primarily to the nucleus
even in the absence of TRIB1 (Fig 3C and D). Coexpression with
TRIB1 did not result in a significant change in the localization of
these mutants (Fig EV4A and B). COP1 E642R, on the other hand,
behaved similarly to COP1 WT and accumulated exclusively in the
nucleus only in the presence of TRIB1 coexpression (Fig 3C and D,
and EV4A and B). The WD40 domain mutations that interfere with
TRIB1 binding mimicked the effect of deleting the entire WD40
domain (Fig 3C and D), which was previously shown to cause
mammalian COP1 to localize exclusively to the nucleus (Yi et al,
2002; Bianchi et al, 2003). These findings reveal that an intact
TRIB1-binding site is necessary for proper nucleocytoplasmic shut-
tling of COP1.

Identification of an intramolecular WD40-binding site that
regulates the subcellular distribution of COP1

Our findings demonstrate that association of TRIB1 with the WD40
domain and disruption of the TRIB1-binding site on the WD40 domain

© 2019 The Authors

paradoxically both cause COP1 to be retained in the nucleus (Fig 3E).
These seemingly contradictory observations could be explained by a
model in which the TRIB1-binding site on the WD40 domain partici-
pates in an intramolecular interaction that promotes COP1 nuclear
export such that the TRIB1 C-terminal tail competes with this interac-
tion, causing nuclear retention (Fig 3F). We hypothesized that this
intramolecular site resembles the consensus COP1-binding motif
found in numerous COP1 binding partners. By examining the
sequence of COP1, we identified a sequence, EDSTVPQ, which
contains key structural features of the COP1-binding motif, including
the “VP” motif and acidic residues a few positions N-terminal to the
VP motif (Fig 4A). This site is located within the linker between the
coiled coil and WD40 domains and spans residues 308-314 (Fig 3F).

If this putative intramolecular site is responsible for interacting
with the WD40 domain to enable COP1 nuclear export, then its
mutation should result in increased COP1 nuclear localization,
mimicking the effect of TRIB1 binding or mutating/deleting the
WD40 domain. Indeed, mutation of this site (COP1 4A) resulted in
enhanced nuclear localization of COP1 (Fig 4A-C). In addition, dele-
tions in the linker between the coiled coil and WD40 domains
resulted in increased nuclear localization only if they included the
EDSTVPQ sequence (Fig EV5A-C). Together, these data support a
role for this intramolecular WD40-binding site in regulation of COP1
nuclear export. Because of the similarity between the intramolecular
site and the COPI1-binding motifs in COP1 substrates, we have
termed this site the pseudosubstrate latch (PSL).

We next used a fluorescence polarization competition assay to
directly measure whether the PSL binds to the same interface on the
WD40 domain as the TRIB1 tail. An unlabeled COP1 PSL peptide
was able to compete with a FITC-labeled TRIBL1 tail peptide for bind-
ing to recombinant human COP1 WD40 domain with an IC50 of
135 pM, whereas a COP1 PSL 4A peptide did not displace FITC-
TRIBI tail even at millimolar concentrations (Fig 4D). These results
demonstrate that the COP1 PSL binds to the WD40 domain in a
manner dependent on the COP1-binding motif within the PSL. An
unlabeled TRIB1 tail peptide competed with FITC-TRIBI tail with an
IC50 of 1.6 pM. Although the PSL bound to the WD40 domain with
~ 100-fold lower affinity than the TRIBI tail, the PSL/WDA40 interac-
tion can occur in cis in the context of full-length COP1, which would
increase its effective affinity in a cellular environment.

The lower affinity of the intramolecular PSL/WD40 interaction
could be in place to allow the TRIB1 tail to outcompete it. To test
this model, we sought to reengineer the PSL into a stronger WD40-
binding site, which would be expected to decrease the ability of
TRIB1 to promote COP1 nuclear localization. We compared the
COP1-binding motif in the PSL to those in known COP1 binding
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Figure 3. Nuclear localization of COP1 is regulated by the WD40 domain.
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A A cartoon representation of a crystal structure of the COP1 WD40 domain (gray) in complex with the TRIB1 tail (cyan) (PDB: 51GQ). Point mutations introduced in the

WD40 domain are shown in red.

B Coimmunoprecipitation of COP1 WD40 mutants with TRIB1 from COS7 cells transiently transfected with the indicated GFP-COP1 constructs and untagged TRIB1.

C Representative images of COS7 cells transiently transfected with the indicated GFP-COP1 constructs (green). Nuclei were counterstained with DAPI (blue). Scale bar,
10 pm. See also Fig EV4A for corresponding images of these GFP-COP1 constructs coexpressed with TRIB1-FLAG.

D Quantification of the average ratio of nuclear/cytoplasmic fluorescence of GFP-COP1 constructs in (C). Mean values + s.e.m. are shown for three independent
experiments where 50 individual cells per experiment were analyzed. Significance relative to GFP-COP1 WT was calculated using the Student’s t-test (***P < 0.0001;

w5 < 0,.00001).

E Cartoons summarizing the effects of TRIB1 binding and WD40 domain mutation/deletion on COP1 localization.
F Proposed model for regulation of COP1 subcellular localization by an intramolecular regulatory site that competes with TRIB1 for binding to the WD40 domain.

partners and found that a unique feature of the PSL is its lack of a
glutamine residue (Q356 in TRIB1) in the —2 position relative to the
VP motif (Fig 4A). Examination of the electrostatic surface potential
of the WD40 domain in the crystal structure of the TRIB1 tail/COP1
WD40 domain complex revealed that the side chain of TRIB1 Q356
inserts into the negatively charged central channel of the COP1
WD40 domain and forms a hydrogen bond with Y491 (Fig 4E). In
the COP1 PSL, the corresponding residue is a serine (S310), which
is expected not to engage as well in hydrogen bonding with Y491
due to its shorter side chain and lower polarity. We therefore
reasoned that mutating S310 to glutamine (S310Q) would strengthen
the interaction between the PSL and WD40 domain and, conse-
quently, enhance the ability of the PSL to compete with TRIB1 for
binding to the WD40 domain. Indeed, COP1 S310Q exhibited
reduced nuclear localization compared to COP1 WT and was largely
indifferent to TRIB1 (Fig 4F and G).

In contrast to glutamine substitution, replacement of S310 with a
negatively charged residue should weaken the binding of the PSL to
the WD40 domain and, consequently, enhance nuclear localization,
even without TRIB1 present. In agreement with this prediction, a
S310E mutation resulted in increased nuclear COP1, and addition of
TRIB1 further potentiated this effect by less than twofold (Fig 4F
and G). Due to the phosphomimetic potential of the S310E muta-
tion, these data suggest that binding of the PSL to the WD40 domain
could be regulated through phosphorylation of S310, which, like
TRIB1 binding, would be expected to promote COP1 nuclear local-
ization. This could be another reason why the S310Q mutation,
which removes the putative phosphorylation site, enhances PSL
binding and results in efficient nuclear export of COP1.

The PSL site encompasses residues 308-314, which closely
follow the C-terminal portion of the putative coiled coil domain
(residues 280-299) that has been implicated in the interaction of
COP1 with the adaptor protein DET1. Splice variants of COP1 lack-
ing this region of the coiled coil domain fail to interact with DET1,
preventing assembly of the CRL4“CP!/PET! ybiquitin ligase complex
(Wertz et al, 2004; Savio et al, 2008). Using coimmunoprecipitation,
we tested whether mutations within the PSL affect the interaction
between COP1 and DET1. While COP1 4A still interacted with
DET1, the interaction was notably weaker than that observed for
COP1 WT (Fig EV5D), suggesting a role for the PSL/WD40 interac-
tion in regulation of DET1 binding.

TRIB1 inhibits CRM1-mediated nuclear export of COP1
TRIB1 could increase COP1 nuclear localization by promoting

nuclear import and/or inhibiting nuclear export of COP1. Since
TRIB1 is found primarily in the nucleus (Kiss-Toth et al, 2006;

© 2019 The Authors

Soubeyrand et al, 2016), TRIB1 is more likely to regulate COP1
nuclear export after COP1 has already undergone nuclear import. A
leucine-rich nuclear export signal (NES) at the N-terminus of the
COP1 coiled coil domain is recognized by the nuclear export recep-
tor CRM1 (Yi et al, 2002; Kirh et al, 2015). To confirm that CRM1
regulates COP1 localization, COS7 and HCT116 cells were treated
with leptomycin B, a specific inhibitor of CRM1, and localization of
endogenous COP1 was examined via subcellular fractionation. In
both cases, treatment with leptomycin B reduced the amount of
COP1 in the cytoplasmic fraction (Fig EV6A and B). Furthermore,
mutation of the NES (COP1 NES™"Y) resulted in constitutively
nuclear localization of COP1 (Fig 5A and C).

To test whether TRIB1 influences COP1 localization through a
CRMI1-dependent pathway, we coexpressed COP1 and CRM1 with
or without TRIB1 and examined their localization via immunofluo-
rescence. Overexpression of CRM1 shifted COP1 WT to predomi-
nantly cytoplasmic localization in a NES-dependent manner (Fig 5A
and C). However, this shift was markedly reduced when COP1 was
coexpressed with both CRM1 and TRIB1 WT, but not TRIB1 AAA
(Fig 5A-C), suggesting that TRIB1 binding to COP1 directly
competes with CRM1-dependent nuclear export.

Recognition of cargo proteins by CRM1 is often regulated through
masking or occlusion of the NES in the cargo. This can be achieved
through intermolecular interactions that involve changes in
oligomerization states, as observed for p53 (Stommel et al, 1999),
or through conformational changes, as shown for NFAT1 (Okamura
et al, 2000). Binding of the COP1 PSL to the WD40 domain could
enable COP1 nuclear export by unmasking the NES and making it
accessible to CRM1 (Fig 5D). Therefore, loss of the PSL/WD40 inter-
action should mask the NES and render COP1 less responsive to
CRMI1. To test this hypothesis, we coexpressed CRM1 with mutants
of COP1 in which the PSL/WD40 interaction is disrupted (COP1 4A,
COP1 W517A, and COP1 AWD40), as well as COP1 WT and COP1
E642R, in which this interaction is maintained. As expected, COP1
4A and COP1 W517A were less affected by the presence of CRM1
than COP1 WT and COP1 E624R (Fig 5E and F). Although the aver-
age nuclear to cytoplasmic ratio for COP1 4A and COP1 W517A still
markedly decreased when CRM1 was coexpressed, both of these
mutants remained substantially more nuclear than COP1 WT and
COP1 E642R in the presence of CRM1 (Fig SF). These differences
were more striking when we considered how many cells showed
exclusively cytosolic localization in the presence of CRMI1, with
~ 80% of cells showing this phenotype for wild-type COP1 and only
~20% for COP1 4A and COP1 W517A (Fig 5G). In contrast, COP1
AWD40 was completely unaffected by CRM1 overexpression and
remained primarily nuclear under all conditions (Figs SE-G and
EVG6C), in agreement with this deletion being more potent than
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single WD40 point mutations in blocking binding of the COP1-
binding motif (Fig 3B). Since COP1 4A and COP1 W517A could still
be exported to a certain degree by CRM1 unlike COP1 AWDA40, these
mutations are likely less effective in abolishing the PSL/WD40 inter-
action. Thus, we generated a COP1 construct in which both the PSL
and WD40 domain are mutated (COP1 4A/W517A). We also

8 of 16 The EMBO Journal ~ 38: €99708 | 2019

evaluated the localization of mutants in which the entire PSL is
deleted (COP1 A300-350, COP1 A300-317) in the presence of CRM1
and found that, as predicted, they were more refractory to CRM1-
mediated nuclear export than COP1 4A and COP1 WS517A
(Fig EV6D-F). Collectively, these findings show that the PSL/WD40
interaction modulates COP1 responsiveness to CRMI.

© 2019 The Authors
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Figure 4. TRIB1 competes with an intramolecular site for binding to the WD40 domain to modulate COP1 localization.

A

Sequence alignment of COP1 pseudosubstrate latch with the COP1 4A mutant and COP1-binding motifs from previously identified COP1-binding partners. Residues
in the sequences are colored to indicate residues conserved in the COP1-binding motif: Val-Pro dipeptide (red), acidic residues (blue), conserved GIn (magenta).
Representative images of COS7 cells transiently transfected with GFP-COP1 WT or GFP-COP1 4A (green). Nuclei were counterstained with DAPI (blue). Scale bar,

10 pm.

Quantification of the average ratio of nuclear/cytoplasmic fluorescence of GFP-COP1 in (B). Mean values + s.e.m. are shown for three independent experiments
where 50 individual cells per experiment were analyzed. Significance relative to GFP-COP1 WT was calculated using the Student’s t-test (****P < 0.00001).
Fluorescence polarization competition assay measuring the ability of unlabeled COP1 PSL, COP1 PSL 4A, and TRIBL1 tail peptides to compete with FITC-TRIB1 tail for
binding to the COP1 WD40 domain (376-731). The COP1 WD40 domain was pre-incubated with FITC-TRIBL tail before addition of the indicated concentrations of
unlabeled peptide. The change in polarization is plotted as a function of unlabeled peptide concentration. Curves were fit to a sigmoidal dose-response curve. Data
are presented as mean values + s.e.m. for three independent experiments where each measurement was made in duplicate.

Surface representation of the crystal structure (PDB: 5/GQ) of the COP1 WD40 domain colored according to electrostatic surface potential, calculated by APBS (Baker
et al, 2001), in complex with the TRIB1 tail (cyan). Inset shows zoomed view of TRIB1 Q356 inserting its side chain into the central channel of the COP1 WD40
domain.

Representative images of COS7 cells transiently transfected with the indicated GFP-COP1 constructs (green) and empty vector or TRIB1-FLAG (red). Cells were stained
with anti-FLAG (Sigma) and anti-mouse Alexa Fluor 568. Nuclei were counterstained with DAPI (blue). Scale bar, 10 pm.

Quantification of the average ratio of nuclear/cytoplasmic fluorescence of GFP-COP1 constructs in (F). Mean values + s.e.m. are shown for three independent
experiments where 50 individual cells per experiment were analyzed. Significance was calculated using the Student’s t-test (ns, not significant, ***P < 0.0001;
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wRxp < 0,.00001).

Coevolution of Tribbles and the COP1 pseudosubstrate latch

The TRIB1-dependent control of the nuclear localization of human
COP1 that we describe here is mechanistically very different from
the light-exerted control of COP1 described in plants. COP1 is a
highly conserved protein with homologs present in most animal and
plant species, as well as some fungi. In contrast, Tribbles homologs
have only been identified thus far in metazoans (Eyers et al, 2016).
This evolutionary divergence led us to wonder whether appearance
of the PSL site in COP1 coincides with appearance of Tribbles in
evolution.

To ascertain the degree of conservation of the PSL in COPI1,
sequences of COP1 homologs from 100 diverse species were aligned
and used to construct a phylogenetic tree (Fig 6). The sequence of
each of these homologs was examined for the presence of a putative
PSL, based on two criteria: (i) The site had to be present between
the coiled coil and WD40 domains and (ii) had to contain the VP
dipeptide characteristic of the COP1-binding motif. We then deter-
mined whether each of the species examined also possesses at least
one Tribbles homolog, as well as whether these Tribbles homologs
contain a COP1-binding motif in their C-terminal tail.

We found that, with only a few exceptions, the PSL in COP1 was
present only in animal species that have at least one Tribbles
homolog (Fig 6). In these species, Tribbles almost always had a
COP1-binding motif, a feature that is remarkably well conserved in
Tribbles homologs. The coevolution of Tribbles and the PSL site in
COP1 supports the hypothesis that they are engaged in a conserved
regulatory interaction. Notably, the sequence alignment also
revealed that, in species where the PSL is present, the sequence of
the entire linker connecting the coiled coil and WD40 domains is
more conserved than in species where the PSL is absent, emphasiz-
ing the importance of this region in regulation of COP1 function in
species in which Tribbles is also present.

Several substrates of COP1, such as ETS transcription factors and
c-Jun, are also known to possess a COP1-binding motif, and theoret-
ically, they could utilize the mechanism described here for TRIB1 to
promote COP1 nuclear localization. To determine whether the
COP1-binding motifs in these substrates also coevolved with the
COP1 PSL, we examined whether each of the species included in the
phylogenetic tree of COP1 sequences shown in Fig 6 possessed ETS

© 2019 The Authors

or c-Jun homologs that also have a COP1-binding motif. Like Trib-
bles, ETS transcription factors and c-Jun are highly conserved and
possess a COP1-binding motif in most metazoan species but are
absent in plants (Appendix Table S1). This suggests that control of
COP1 nuclear export by the PSL could be a broader regulatory
mechanism adopted by not only Tribbles but also a wider range of
COP1 substrates and binding partners.

Discussion

Regulation of COP1 activity through nucleocytoplasmic shuttling
was first characterized for Arabidopsis COP1. In plants, which do
not have any Tribbles homologs, this process is controlled by light
and involves several photoreceptors, including CRY1, phyA, and
phyB (Osterlund & Deng, 1998). Like mammalian COP1, Arabidop-
sis COP1 has a cytoplasmic localization signal within its coiled coil
domain that is necessary for its nuclear export and resembles
the leucine-rich NESs recognized by CRM1 (Stacey et al, 1999;
Subramanian et al, 2004). The export of mammalian COP1 is
primarily regulated by association with CRM1, as well as by 14-3-3c
under conditions of cell stress in response to DNA damage (Yi et al,
2002; Su et al, 2010; Kirli et al, 2015). In plants, binding partners,
such as SPA proteins and CSN1, that have been reported to modu-
late COP1 localization, associate with the putative coiled coil
domain of COP1 (Wang et al, 2009; Balcerowicz et al, 2017). For
Arabidopsis COP1, control of COP1 subcellular localization seems to
be exerted solely through interactions mediated by the putative
coiled coil domain, and the WD40 domain is not essential for light-
regulated nucleocytoplasmic trafficking (Torii et al, 1998; Stacey
et al, 1999). In stark contrast to Arabidopsis COP1, deletion of the
WD40 domain prevents nuclear export of mammalian COP1, under-
scoring the importance of this domain for proper shuttling between
the nucleus and cytoplasm (Yi et al, 2002; Bianchi et al, 2003).

In this study, we elucidate the mechanism by which the WD40
domain controls nucleocytoplasmic shuttling of mammalian COP1.
We show that the WD40 domain engages in an intramolecular inter-
action that promotes nuclear export, and hence, its deletion results
in nuclear enrichment of COP1. At this point, we can only speculate
about the nature of the mechanism underlying this effect. The NES
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Figure 5. TRIB1 inhibits CRM1-mediated nuclear export of COP1.

The EMBO Journal

A Representative images of COS7 cells transiently transfected with GFP-COP1 WT or GFP-COP1 NES™"* (V238A/L242A) (green) and empty vector or 3xFLAG-CRM1
(grayscale). Cells were stained with anti-FLAG (Cell Signaling) and anti-rabbit Alexa Fluor 680. Nuclei were counterstained with DAPI (blue). Scale bar, 10 pum.

B Representative images of COS7 cells transfected with GFP-COP1 WT (green), the indicated TRIB1-HA constructs (red), and empty vector or 3xFLAG-CRM1 (grayscale).
Cells were stained with anti-FLAG (Cell Signaling), anti-HA (Sigma), anti-rabbit Alexa Fluor 680, and anti-mouse Alexa Fluor 568. Nuclei were counterstained with

DAPI (blue). Scale bar, 10 um.

C Quantification of the average ratio of nuclear/cytoplasmic fluorescence of GFP-COP1 constructs in (A) and (B). Mean values + s.e.m. are shown for three independent
experiments where 50 individual cells per experiment were analyzed. Significance was calculated using the Student’s t-test (ns, not significant; *P < 0.01;

w5 < 0,.00001).

D A hypothesized model for inhibition of COP1 nuclear export by TRIB1 through NES masking. In this model, binding of the PSL to the WD40 domain stabilizes a
conformation in which the NES, located in the distal putative coiled coil domain, is exposed. This could be achieved by an effective reduction of the distance between
the WD40 domain and the putative coiled coil domain, resulting from PSL binding. Loss of this proximity upon TRIB1 binding could then induce a conformational

change in the coiled coil domain that results in NES masking.

E Representative images of COS7 cells transiently transfected with the indicated GFP-COP1 constructs (green) and 3xFLAG-CRM1 (grayscale). Cells were stained with
anti-FLAG (Sigma) and anti-mouse Alexa Fluor 568. Nuclei were counterstained with DAPI (blue). Scale bar, 10 um. See also Fig EV6C for corresponding images of

these GFP-COP1 constructs co-transfected with empty vector.

F Quantification of the average ratio of nuclear/cytoplasmic fluorescence of GFP-COP1 constructs in (E) and Fig EV6C. Mean values + s.e.m. are shown for three
independent experiments where 50 individual cells per experiment were analyzed. Significance was calculated using the Student’s t-test (ns, not significant;

w5 < 0,.00001).

G Quantification of percentage of cells observed in (E) and Fig EV6C with the indicated GFP-COP1 construct exhibiting nuclear (Nuc), nuclear and cytoplasmic (Nuc/
Cyt), or cytoplasmic (Cyt) localization. Mean values + s.e.m. are shown for three independent experiments where 50 individual cells per experiment were analyzed.

in human COP1 is located at the N-terminus of the putative coiled
coil domain, while the intramolecular WD40-binding element, PSL,
is located immediately following the C-terminal end of the putative
coiled coil domain and separated by a ~ 70 residue-long linker from
the WD40 domain. Binding of the WD40 domain to the PSL would
effectively shorten the linker region and bring the WD40 domain in
close proximity to the putative coiled coil domain. Our data are
consistent with a model in which this binding event is coupled to a
conformational rearrangement that would change the ability of the
NES to interact with CRM1 and result in its “unmasking” when the
PSL is bound to the WD40 domain (Fig 5D). Due to our lack of
structural information for full-length COP1, the nature of this
conformational change remains unknown. Currently, structural
information for COP1 is limited to the WD40 domain (Uljon et al,
2016). Structural studies of the putative coiled coil domain and,
ideally, full-length COP1 are needed to reveal the conformational
changes induced by the PSL/WD40 interaction and by binding of
TRIB1 to the WD40 domain, as well as how the accessibility of the
COP1 NES is affected by these changes.

The location of the PSL in COP1 places this site in close proximity
to the C-terminal portion of the putative coiled coil domain that is
required for engaging the adaptor protein DET1 (Wertz et al, 2004;
Savio et al, 2008). Our finding that mutation of the PSL weakens the
interaction of COP1 with DET1 suggests that binding of the PSL to the
WD40 domain could be involved in regulation of DET1 binding and,
consequently, the recruitment of the DDB1-CUL4A-RBX1 ubiquitina-
tion complex to COP1 (Wertz et al, 2004; Zhang et al, 2017). At the
same time, this interaction of COP1 with DET1 and/or the DDBI-
CUL4A-RBX1 complex might play a role in controlling the accessibil-
ity of the COP1 NES. Interestingly, we have observed that the COP1
WD40 mutants that disrupt the PSL/WD40 interaction, and in conse-
quence, localize predominantly to the nucleus, exhibit higher expres-
sion levels than COP1 WT or the E642R mutants, which retain the
ability to bind to the PSL and are more cytosolic. This correlation
between nuclear localization of COP1 and its stability is consistent
with previous work showing that, upon nuclear export, COP1 under-
goes autoubiquitination (Dornan et al, 2006). Hence, retention of
COP1 in the nucleus through disruption of the PSL/WD40 “lock” by

© 2019 The Authors

Tribbles or other COP1 binding partners could play a role in potenti-
ating COP1 activity by increasing its stability.

One of the major implications of our data is that, aside from
TRIB1, other proteins containing a COP1-binding motif that localize
to the nucleus should also control nuclear export of COP1. Indeed,
we found that TRIB3 also potentiated COP1 nuclear localization.
While we did not observe the same effect for TRIB2, this is likely
due to its propensity to localize to both the nucleus and cytoplasm
in COS7 cells, as TRIB2 has been reported to increase COP1 nuclear
localization in cells where it localizes primarily in the nucleus (Xu
et al, 2014). Another Tribbles homolog, STK40 (SgK495), also inter-
acts with COP1 through a COP1-binding motif in its C-terminal tail
and thus has the potential to inhibit COP1 nuclear export (Durzynska
et al, 2017). Several COP1 substrates, such as ETS family transcrip-
tion factors and c-Jun, are also known to bind directly to COP1
through a consensus COP1-binding motif (Wertz et al, 2004; Vitari
et al, 2011). Their COP1-binding motifs engage the COP1 WD40
domain with affinities that are higher than those of the COP1 PSL
(Uljon et al, 2016). Thus, these substrates, which by and large, are
localized to the nucleus, have the potential to compete with the PSL
and thereby promote COP1 nuclear localization. In further support
of this general mechanism for regulation of COP1 nuclear export,
our evolutionary analysis of Tribbles, ETS family members, and
c-Jun demonstrates a high degree of conservation of their COP1-
binding motifs and their coevolution with the PSL site in COP1.

Arabidopsis COP1 binding partners like HYS and UVRS8, which
bind to the WD40 domain via a COP1-binding motif similar to the
one present in Tribbles, do not alter COP1 localization. Instead,
Arabidopsis COP1, which spontaneously localizes to nuclear puncta
denoted as nuclear speckles, alters the localization of its substrates
and recruits them to the speckles (Ang et al, 1998; Favory et al,
2009). This speckle targeting has been speculated to regulate the
function of Arabidopsis COP1 since loss of COP1 function correlates
with loss of its localization to speckles (Stacey & Von Arnim, 1999).
We found that mammalian COP1 localizes to similar punctate
nuclear structures, which are positive for a PML body marker, only
when coexpressed with TRIB1. Although it is not certain that the
TRIB1/COP1 nuclear puncta we observe represent the same
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Figure 6. Coevolution of the COP1 pseudosubstrate latch and Tribbles.

Phylogenetic tree of COP1 homologs from 100 species showing the presence of the pseudosubstrate latch (PSL) in COP1 and the presence of Tribbles homologs in the indicated
species.

compartment occupied by Arabidopsis COP1, these observations
indicate that subnuclear localization might be important for regulat-
ing the function of TRIB1 and COP1 in mammalian cells. Notably,
we no longer observe TRIB1 and COP1 in nuclear puncta upon coex-
pression of C/EBPa, indicating that binding of C/EBPa changes
subnuclear localization of the TRIB1/COP1 complex. This could
potentially be due to competition between C/EBPa and unknown
factors that organize TRIB1 and/or COP1 in punctate structures in
PML bodies. Alternatively, a conformational change in the TRIB1
pseudokinase domain induced by C/EBPa binding (Jamieson et al,
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2018) could alter the ability of TRIB1 to form interactions necessary
for its localization to PML bodies.

Like other pseudokinases, Tribbles have evolved to perform non-
catalytic functions that often are unique, difficult to anticipate a
priori, and challenging to understand mechanistically (Reiterer et al,
2014; Kung & Jura, 2016; Jacobsen & Murphy, 2017). Sometimes,
these functions are heavily influenced by adjacent domains,
contributing to the challenges in characterizing the molecular mech-
anisms by which pseudokinases signal. We found that the pseudoki-
nase TRIB1 uses its C-terminal tail to control the nuclear export of

© 2019 The Authors
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COP1, in addition to its role as a scaffold that facilitates COP1 inter-
action with its substrates, which is primarily orchestrated by the
pseudokinase domain (Keeshan et al, 2010). It is unclear at present
whether the pseudokinase domain contributes to regulation of COP1
nuclear export. The crystal structure of the TRIB1 pseudokinase
domain and the C-terminal tail, however, offers a potential mecha-
nism for this regulation. In the structure, the TRIB1 C-terminal tail
binds to a pocket formed by the oC helix in the N-lobe of the pseu-
dokinase domain in a manner reminiscent of binding of a conserved
hydrophobic motif to the PIF pocket in AGC kinases (Pearce et al,
2010; Murphy et al, 2015). Since the residues within the TRIB1 C-
terminal tail used to engage both the aC pocket in the TRIB1 pseu-
dokinase domain and the COP1 WD40 domain partially overlap,
these two interactions should be mutually exclusive. Thus, binding
of the C-terminal tail to the TRIB1 pseudokinase domain could serve
as an autoinhibitory mechanism restricting COP1 binding. Indeed,
we observed that the TRIBI tail by itself potentiated COP1 nuclear
localization to a greater extent than did full-length TRIB1, indicating
that the pseudokinase domain might have an inhibitory role in this
process. The ability of the TRIB1 pseudokinase domain to directly
bind its C-terminal tail, which contains the COP1-binding motif, also
opens up the possibility that, upon binding of the TRIB1 tail to the
COP1 WD40 domain and displacement of the COP1 PSL, the PSL site
could in turn dock into the pocket in the pseudokinase domain
where the TRIB1 tail binds. The length of the linker between the
WD40 domain and PSL makes such an interaction possible and
could serve as another stabilizing interaction within the COP1/
TRIB1 complex.

Another regulatory step in COP1/TRIB1 binding could involve
phosphorylation. It remains to be seen whether S310, located in the
PSL, is a bona fide phosphorylation site. Our data suggest that phos-
phorylation of this site has the potential to regulate binding of COP1
to the TRIB1 C-terminal tail. Phosphorylation of S387, which is
located in the linker connecting the PSL to the WD40 domain, has
previously been shown to promote nuclear export of COP1 (Dornan
et al, 2006). This phosphorylation event catalyzed by the ATM
kinase could regulate COP1 localization by modulating the PSL/
WD40 interaction.

The differences in the nature of the nucleocytoplasmic shuttling
mechanisms of COP1 in plants versus the one described here is
remarkable given the high degree of structural similarity between
plant and mammalian COP1. The net output of this regulation is
modulation of the amount of COP1 in the nucleus and hence the
efficiency with which it can degrade transcription factors. This
process is likely to be important in human leukemias where upregu-
lation of TRIB1 drives excessive COP1-dependent degradation of
transcription factors and might be important to consider in efforts
toward pharmacological targeting of this pseudokinase.

Materials and Methods

Plasmids, cell culture, and antibodies

The human TRIB1 coding sequence was synthesized by GenScript.
Human c¢DNAs for COP1, C/EBPo, and DET1 were purchased from

transOMIC (BC094728, BC160133, BC109060). Constructs for each
of these proteins were cloned into pcDNA3.1(+). 3xFLAG-CRM1

© 2019 The Authors
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was a gift from Xin Wang (Addgene plasmid #17647). GFP-DAXX
was a gift from Michael Rosen (UT Southwestern). Mutations and
deletions were introduced using QuikChange Site-Directed Mutagen-
esis Kit (Agilent). All constructs were verified by DNA sequencing.
COS7, HEK293, Huh7, NIH3T3, HCT116, and U20S cells were main-
tained in DMEM supplemented with 10% fetal bovine serum,
100 U/ml penicillin, and 100 pg/ml streptomycin. H1299 and C4-2
cells were maintained in RPMI supplemented with 10% fetal bovine
serum, 100 U/ml penicillin, and 100 pg/ml streptomycin. U87MG
cells were maintained in MEM supplemented with 10% fetal bovine
serum, 100 U/ml penicillin, and 100 pg/ml streptomycin. Huh?7
cells were obtained from Kevan Shokat (UCSF). HCT116 cells were
obtained from Frank McCormick (UCSF). U20S and U87MG cells
were obtained from Jim Wells (UCSF). H1299 cells were obtained
from Hani Goodarzi (UCSF). C4-2 cells were obtained from Jason
Gestwicki (UCSF). Transfections for COS7, HEK293, and Huh?7 cells
were carried out using Lipofectamine 3000 (Invitrogen), while those
for NIH3T3 cells were performed using Lipofectamine LTX (Invitro-
gen). The following primary antibodies were used: anti-FLAG
(Sigma, F1804), anti-COP1 (Bethyl, A300-894A), anti-COP1 (Abcam,
ab56400), anti-TRIB1 (Abcam, ab137717), anti-GFP (Santa Cruz, sc-
9996), anti-FLAG (Cell Signaling, 2368), anti-HA (Sigma, H9658),
anti-HA (Santa Cruz, sc-7392), anti-C/EBPo (Cell Signaling, 2295),
anti-nucleolin (Invitrogen, 39-6400), anti-SC-35 (Abcam, ab11826),
anti-coilin (Abcam, ab11822), anti-TRIB2 (Sigma, WH0028951M4),
anti-TRIB3 (Abcam, ab75846), anti-CRM1 (Santa Cruz, sc-5595),
anti-Lamin A/C (Abcam, ab8984), anti-GAPDH (Cell Signaling,
97166), anti-B-tubulin (Cell Signaling, 2128). For Western blotting
and immunoprecipitation, the following secondary antibodies were
used: anti-mouse-HRP (GE Healthcare, NA931), anti-rabbit-HRP
(Cell Signaling, 7074), anti-mouse IgG Veriblot (Abcam, ab131368),
and Veriblot for IP secondary (ab131366). GFP-tagged constructs
were immunoprecipitated using GFP-trap beads (ChromoTek). For
immunofluorescence, anti-mouse Alexa Fluor 405, anti-mouse Alexa
Fluor 568, anti-mouse Alexa Fluor 647, and anti-rabbit Alexa Fluor
680 secondary antibodies (Molecular Probes) were used.

Immunofluorescence

Cells were seeded onto glass coverslips in 6-well plates and trans-
fected with the indicated constructs. Approximately 24 h post-trans-
fection, cells were fixed in 3.7% formaldehyde, permeabilized in
0.1% Triton X-100, and blocked with 1% BSA. Cells were then incu-
bated with the indicated primary antibodies for 1 h at 37°C, washed
with PBS, and incubated with the indicated secondary antibodies for
1 h at 37°C. Nuclei were visualized using DAPI where indicated.
Coverslips were mounted onto glass slides using ProLong Anti-Fade
mounting medium (Thermo). Coverslips were imaged using a Nikon
spinning disk confocal microscope.

To calculate nuclear/cytoplasmic ratios of COP1 fluorescence,
confocal images were analyzed using FIJI (ImageJ). Binary image
masks were created of DAPI-positive staining to define nuclear
regions of interest (ROI) for analysis. This was done by applying a
Gaussian Blur filter (2 x 2 pixel radius) to reduce noise followed by
automatic thresholding using the Otsu algorithm to convert the
image into a binary mask that included all fluorescence above back-
ground. This mask was then used to calculate the average fluores-
cence intensity for COP1 in the nucleus of each cell. For COS7 and
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Huh?7 cells, the average fluorescence intensity of COP1 was then
measured in a cytoplasmic ROI of equal size to the corresponding
nuclear ROI for each cell. For HEK293 and NIH3T3 cells, the cyto-
plasmic ROI was defined by manually tracing the boundaries of each
cell. The average nuclear fluorescence intensity was then divided by
the average cytoplasmic fluorescence intensity to determine the
ratio of nuclear to cytoplasmic COP1 fluorescence in each cell. Cells
exhibiting punctate and diffuse nuclear localization of COP1 were
combined into one population when quantifying the nuclear/cyto-
plasmic ratio. Data presented are the means + s.e.m. determined
from at least three independent experiments. In each experiment, 50
cells per sample were randomly selected for analysis. Student ¢-tests
were used to compare samples. Statistical analyses were performed
using GraphPad Prism 7 (GraphPad).

Immunoprecipitation and Western blotting

COS7 cells were seeded onto 60-mm dishes at 3.5 x 10° cells/dish
and transfected with the indicated constructs. Approximately 24 h
post-transfection, cells were lysed in IP lysis buffer (50 mM Tris pH
7.5, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM NaF, 1 mM
Na3;VO,4) supplemented with Roche complete mini EDTA-free
protease inhibitor cocktail. The lysates were centrifuged for 10 min
at 21,000% g. The supernatants were then incubated with the indi-
cated primary antibodies and Protein A Sepharose beads (Invitro-
gen) or with GFP-trap beads (ChromoTek) overnight rotating at 4°C.
Beads were washed three times with wash buffer (50 mM Tris pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 mM Na3VO,)
supplemented with protease inhibitors. Proteins were eluted using
SDS-PAGE loading buffer, detected using standard Western blotting
protocols with the indicated antibodies, and visualized using
enhanced chemiluminescence (ECL) reagent (GE Healthcare, Amer-
sham). To reduce detection of IgG bands, Veriblot secondary anti-
bodies (Abcam) were used to detect immunoprecipitated proteins.
For Western blotting of endogenous protein expression levels and
for detection of exogenous protein expression in imaging experi-
ments, cells were lysed in RIPA buffer (50 mM Tris pH 7.5, 150 mM
NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM
EDTA, 1 mM NaF, 1 mM Na3VO,) supplemented with Roche
complete mini EDTA-free protease inhibitor cocktail. Subcellular
fractionation was performed using the NE-PER kit (Thermo).

Protein purification

His-tagged COP1 WD40 domain (residues 376-731) was expressed
in Sf9 cells using the Bac-to-Bac expression system (Invitrogen) and
purified with Talon beads (Clontech) followed by anion-exchange
chromatography on a Mono Q column (GE Healthcare). Purified
proteins were then buffer exchanged into storage buffer (20 mM
Tris pH 8.0, 250 mM NaCl, 5% glycerol, 2 mM TCEP), flash frozen,
and stored at —80°C.

Fluorescence polarization

Fluorescence polarization assays were performed using purified
COP1 WD40 domain in FP assay buffer (20 mM HEPES pH 7.5,
150 mM NacCl, 2 mM TCEP, 0.1% Triton X-100). FITC-labeled and
unlabeled peptides were synthesized by Elim Bio and purified to
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>90% purity, as assessed by HPLC. 25 nM FITC-TRIBI tail (resi-
dues 338-366) was pre-incubated with 1 uM COP1 WD40 domain
before addition of indicated concentrations of the unlabeled COP1
PSL peptide (residues 302-320) or unlabeled TRIB1 tail peptide.
Measurements were performed in duplicate in 20 pl well volumes in
black 384-well plates (Corning) on an Analyst AD plate reader
(Molecular Devices) with excitation and emission wavelengths of
485 and 530 nm, respectively. Data presented are the
means + s.e.m. determined from three independent experiments.

Peptide Sequence

FITC-TRIB1 tail FITC-DSEIGTSDQIVPEYQEDSD
DSEIGTSDQIVPEYQEDSD
LYSPVSEDSTVPQFEAPSP

LYSPVSAASTAAQFEAPSP

Unlabeled TRIBL1 tail

Unlabeled COP1 PSL

Unlabeled COP1 PSL 4A

Phylogenetic analysis

Sequences of COP1 homologs were collected from the UniProt and
NCBI databases. These sequences were aligned using MUSCLE 3.8
(Edgar, 2004), and this alignment was used to generate a phyloge-
netic tree using the phylogeny software PhyML 3.0, which built the
tree based on the maximum-likelihood principle (Guindon et al,
2010). The tree was visualized using Dendroscope 3 (Huson &
Scornavacca, 2012).

Expanded View for this article is available online.
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