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Abstract
Regulated activation of the CUL3 ubiquitin ligase by a
calcium-dependent co-adaptor complex

by
Colleen Amanda McGourty
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley
Professor Michael Rape, Chair

The small protein ubiquitin is an essential post-translational modification that regulates a
vast number of cellular processes in eukaryotes. Through a cascade of enzymatic steps, ubiquitin
is transferred from a ubiquitin activating enzyme (E1) to a ubiquitin conjugating enzyme (E2),
which interacts with a ubiquitin ligase (E3) that stimulates transfer of ubiquitin to a substrate.
Conjugation of ubiquitin to a substrate can result in a variety of outcomes, including changes in
protein stability, localization, or binding partners. This modification is utilized to control a
diversity of processes, including protein trafficking, cell division, DNA damage response,
immune signaling, transcriptional regulation, and many others.

Cullin-RING-ligases (CRLs) are the largest class of ubiquitin E3 ligases. CRLs are
comprised of one of seven Cullin scaffold proteins (CUL1, CUL2, CUL3, CUL4A, CUL4B,
CULS, and CUL7). The functions of these ligases are nearly as diverse as the function of
ubiquitin itself. In particular, CUL3 has functions in developmental processes, mitosis,
autophagy, organelle formation, endocytosis, and more. CUL3 exerts its many roles by pairing
with at least 90 substrate receptors that recruit proteins to be ubiquitylated. When in complex
with the substrate receptor KLHL12, CUL3 transfers a single ubiquitin to its substrate, SEC31, a
structural component of the COPII vesicle coat that helps transport proteins from the
endoplasmic reticulum to the Golgi apparatus. SEC31 ubiquitylation triggers an increase in
COPII vesicle size, allowing for the packaging and transport of large proteins such as collagen.

In this work, I examine the mechanisms by which SEC31 ubiquitylation by CUL3*"!?
is regulated. CUL3*""™'2 activity requires the calcium-binding proteins PEF1 and ALG2. PEF1
and ALG2 form a target-specific co-adaptor that acts as a calcium sensor. Together PEF1 and
ALG?2 are an integral part of the CUL3*"™"'? ubiquitin ligase and allow for SEC31 targeting
only in the presence of elevated cellular calcium concentrations. This translates a short-lived rise
in cytosolic calcium levels into sustained ubiquitylation of SEC31, which in turn triggers
formation of large COPII coats and collagen secretion. As calcium signaling is also known to
control chondrocyte differentiation and collagen synthesis, the regulated activation of
CUL3*"™M2 ¢ould allow organisms to integrate collagen secretion into programs of craniofacial
bone formation. This work shows that target-specific co-adaptors provide a mechanism for rapid
and signal-dependent activation of CUL3 complexes important for human development and
disease.
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Chapter 1

Introduction

The Ubiquitin System

Ubiquitylation is an essential post-translational modification in eukaryotes that regulates
a diversity of cellular processes including cell cycle progression, membrane trafficking,
translation, cell fate determination and differentiation, response to DNA damage, inflammation,
and others. Covalent attachment of ubiquitin to lysine residues of target proteins, or less
commonly methionine or cysteine residues, has a variety of effects, depending on the nature of
the ubiquitin modification. Monoubiquitylation, the attachment of a single ubiquitin to a protein
substrate, can modulate intramolecular interactions by relieving autoinhibition or intermolecular
interactions by altering protein-protein interactions. Additionally, monoubiquitylation can
change intracellular protein localization and trafficking (Hicke, 2001). Individual ubiquitin
moieties can also be linked to form chains, a process known as polyubiquitylation, in which a
ubiquitin is covalently attached to one of seven lysines or the N-terminal methionine of another
ubiquitin. The specific lysine or methionine linkages used to form these chains can dictate their
function: proteins carrying ubiquitin chains linked through K48 or K11 of ubiquitin are targeted
to the proteasome for degradation. K63 or N-terminal methionine-linked ubiquitin chains often
recruit other binding partners and coordinate signaling events (Rahighi and Dikic, 2012).

The human genome encodes for around 600 ubiquitin ligases, and proteomic studies have
detected ubiquitin modification of over 5000 unique proteins (Metzger et al., 2012). Determining
the substrates of these 600 ubiquitin ligases, elucidating their mechanisms of action, and
deciphering the functions of the vast varieties of ubiquitin modifications in the cell are active
areas of research aimed at achieving a more thorough understanding of this “ubiquitous” post-
translational modification.

Enzymatic Cascade

Conjugation of ubiquitin to target substrate proteins requires an enzymatic cascade
consisting of three classes of proteins: two ubiquitin-activating enzymes (Els), ~40 ubiquitin
conjugating enzymes (E2s), and ~600 ubiquitin ligases (E3s). In the first step, ubiquitin is
activated at its C-terminus and conjugated to the active site cysteine of the E1 enzyme in an
ATP-dependent thioester formation reaction. This ubiquitin is then transferred to the active site
cysteine of the E2 enzyme, after which the E2 enzyme pairs with an E3 ubiquitin ligase. There
are two classes of E3 ubiquitin ligases: the “homologous to the E6-AP carboxy-terminus”, or
HECT-type E3 ligases, and the “really interesting new gene”, or RING-type E3 ligases (Metzger
et al., 2012). This work focuses on RING-type E3 ligases, which bind to both a substrate protein
and a ubiquitin-charged E2 enzyme and stimulate the discharge of ubiquitin from the E2 to the
target substrate (Dou et al., 2012; Plechanovova et al., 2012; Pruneda et al., 2012). As substrate
binding to the E3 ligase is required to initiate ubiquitin transfer, E3 ligases are the major
determinant in selecting which proteins are ubiquitylated. Binding of the substrate to the E3
ligase can be regulated by a variety of mechanisms including post-translational modifications
such as target phosphorylation or hydroxylation (Petroski and Deshaies, 2005) and binding of
small molecules to the E2 (Sheard et al., 2010; Tan et al., 2007). These mechanisms control
when and where a particular substrate is ubiquitylated.



In this work, we report a mechanism in which binding of calcium ions to a subunit of an
E3 ligase is required for substrate binding and ubiquitylation. This allows for tight spatial and
temporal control of E3 ligase activity and ensures substrates are targeted only in the context of
elevated cytosolic calcium concentrations.

Cullin-RING-ligases and CRL3

Cullin-RING-ligases (CRLs) are the largest class of ubiquitin E3 ligases. CRLs are
comprised of one of seven Cullin scaffold proteins (CUL1, CUL2, CUL3, CUL4A, CUL4B,
CULS5, and CUL7) (Petroski and Deshaies, 2005). The cellular processes regulated by these
ubiquitin ligases are extremely diverse. CRLs facilitate ubiquitylation of substrates by binding
both an E2 enzyme charged with ubiquitin and a substrate, thereby stimulating discharge of the
ubiquitin from the E2 to the substrate (Dou, Buetow et al. 2012, Plechanovova, Jaffray et al.
2012, Pruneda, Littlefield et al. 2012). Cullin proteins bind neither substrate nor E2 enzyme
directly, but instead do so through various adaptor proteins. Cullins bind E2 enzymes C-
terminally through a RING domain-containing partner protein, either Rbx1 or Rbx2. Substrates
are recruited through a large number of substrate receptor proteins that bind the N-terminus of
the Cullin scaffold. For example, CRL1 recruits substrates through 69 distinct human F-box
protein/Skpl pairs, while CRL3 recruits substrates through ~100 BTB domain-containing
proteins. (Lydeard et al., 2013)

When paired with an F-box protein, CRL1 facilitates primarily K48-linked
polyubiquitylation of target substrates, resulting in their proteolytic degradation. In contrast,
CRL3 has been shown to facilitate formation multiple ubiquitin topologies including mono-
ubiquitylation K33-linked chains, and K48-linked chains (Jin et al., 2012; Liu et al., 2016; Yuan
et al., 2014). In several instances, a single CRL3/BTB pair is thought to assemble different
ubiquitin topologies on different substrates (Liu et al., 2016; Yuan et al., 2014). This diversity of
activity residing within the same enzyme suggests factors such as additional binding proteins,
small molecules, post-translational modifications, or unique properties of substrates themselves
may contribute to the unique activities of CRL3 complexes. In this work, we identify two protein
regulators of the ubiquitin ligase CUL3"""“!?| the calcium-binding proteins PEF1 and ALG2,
and show that calcium is required for full E3 ligase assembly and substrate modification.

CULS3 substrate binding through BTB proteins

Multiple classes of CRL3 substrate receptors bind substrates through a variety of
mechanisms. This work focuses on the KLHL-type CRL3 substrate receptors, which share 3
domains: a BTB domain, a BACK domain, and 5 or 6 Kelch motifs. The BTB domain binds to
CUL3 and undergoes homo- or hetero-dimerization with extremely high affinity (Genau et al.,
2015; Sumara et al., 2007; Zhuang et al., 2009a). Similarly, the BACK domain is responsible for
formation of higher-order oligomerization of substrate adaptors(Errington et al., 2012). The
Kelch repeats form a beta-propeller structure that mediates substrate binding, often through loops
that connect individual blades of the propeller (McMahon et al., 2006; Werner et al., 2015).
Because of the geometry and oligomeric nature of CUL3 substrate receptors, multiple Kelch
propellers are oriented in close apposition to each other, suggesting several mechanisms by
which substrates could be targeted. First, a single substrate could contact multiple Kelch
propellers, Second, a CUL3-substrate receptor complex could bind multiple substrates through
its Kelch propellers at the same time (McMahon et al., 2006; Zhuang et al., 2009a).



The first of these models has been demonstrated for the CUL3 ubiquitin ligase
CUL3XEAPL 4 regulator of the oxidative stress response, which ubiquitylates the transcription
factor NRF2. KEAP1 is a KLHL-type CUL3 substrate receptor that dimerizes through its BTB
domain. This positions the individual Kelch propellers near each other such that the KEAP1
dimer can bind two separate motifs of its substrate, NRF2. The “ETGE” motif of NRF2 contacts
one Kelch propeller, and the “DLG” motif contacts the other. Engagement of both propellers by
Nrf2 is required for its efficient polyubiquitylation and subsequent degradation (McMahon et al.,
2006; Tong et al., 2006).

This suggests a general model whereby efficient targeting of substrates by CUL3
ubiquitin ligases requires substrate engagement at multiple sites. Based on our work, we
hypothesize that the CUL3 ubiquitin ligase CUL3*"""'* recruits its substrate, SEC31A, through
multiple binding sites. One KLHLI12 Kelch propeller contacts SEC31 directly, and the
neighboring Kelch propeller engages an adapter complex of two proteins, PEF1 and ALG?2.
Together these form an additional SEC31 binding site that is required for efficient ubiquitylation.

CULS3 function in development

CULS3 has been linked to multiple processes in organismal development. Accordingly, many
CULS3 substrate receptors are transcriptionally up- and down- regulated upon differentiation of
mouse and human embryonic stem cells (Jin et al., 2012). Perturbing the levels of several of
these adaptors results in aberrant differentiation or cellular morphology of embryonic stem cells.
The CUL3 substrate receptor KBTBDS8 is downregulated upon human embryonic stem cell
differentiation and is required for formation of the neural crest cell lineage in both human
embryonic stem cells in vitro and in Xenopus laevis embryos (Werner et al., 2015). KLHL12 is
similarly downregulated upon differentiation of mouse embryonic stem cells and is required for
secretion of collagen. Inactivation of CUL3*""™'? function prevents trafficking of collagen and
results in disrupted stem cell morphology due to improper contacts with the collagen-deficient
extracellular matrix (Jin et al., 2012).

Aberrant activation of CUL3 is linked to human diseases such as autism, schizophrenia,
myopathy, and hypertension through unknown mechanisms (Louis-Dit-Picard, Barc et al. 2012,
Ravenscroft, Miyatake et al. 2013, De Rubeis, He et al. 2014). This indicates that CUL3 acts at
multiple stages of development and implies that activation of CUL3 and specific adaptor proteins
is under tight control. The mechanisms by which CUL3 activity is controlled in different
developmental contexts are currently under investigation.

The studies presented here suggest a mechanism by which CUL3*""™'? may become
activated in specific locations during development. Because CUL3*""™'? requires calcium ions,
this ligase may become activated in areas of high calcium concentration, such as regions of
developing bone. Accordingly, perturbation of this pathway in zebrafish causes a decrease in
collagen-containing craniofacial structures.

Collagen trafficking through the secretory pathway

Previous work in the lab identified a role for CUL in the secretory pathway.
Transmembrane proteins and proteins destined to be secreted from the cell are first inserted into
the endoplasmic reticulum, then packaged into membrane-bound units called COPII vesicles,
and finally trafficked to the Golgi apparatus. COPII vesicles are formed through the coordinated
assembly of multiple proteins (Jensen and Schekman, 2011). First, the guanine nucleotide
exchange factor SEC12 stimulates GTP uptake by the GTPase SAR1. GTP binding exposes an
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amphipathic helix on SARI1, which inserts into the ER membrane. This serves to deform the ER
membrane and to recruit the inner COPII coat complex comprised of SEC23 and SEC24. SEC23
is a GTPase activating protein (GAP) with weak activity toward Sarl, while SEC24 is a cargo
binding protein that selects cargo to be packaged into the budding vesicle. Next, the outer COPII
coat complex consisting of SEC31 and SECI13 is recruited. At the end of vesicle assembly,
SEC31 binds to SEC23, stimulating its GAP activity, and causing SARI1 to hydrolyze GTP. This
triggers disassembly of the COPII coat and completes the vesicle budding process.

The majority of COPII vesicles formed through this process are 60-80nm in diameter
(Matsuoka et al., 1998). This size is sufficient to package most proteins that traffic through the
secretory pathway with several notable exceptions including collagen, the lipid carrier molecules
chylomicrons, and very low density lipoprotein (VLDL) particles (Jensen and Schekman, 2011).
Collagen, a critical structural protein and major component of the extracellular matrix, assembles
into a rigid trimeric triple-helix structure that can measure up to 400nm in length. Despite this
discrepancy in size, collagen is transported from the ER to the Golgi through COPII vesicles, and
mutations in genes encoding COPII proteins lead to collagen deposition defects, skeletal
aberrations and developmental diseases, such as cranio-lenticulo-sutural dysplasia (Boyadjiev et
al., 2006; Fromme et al., 2007). It was recently discovered that ubiquitylation can increase
COPII vesicle size, allowing for efficient packing of collagen into COPII vesicles (Jin et al.,
2012).

Ubiquitin-dependent regulation of collagen secretion

CUL3*™12 wags recently identified as a major determinant of cellular collagen secretion
and COPII vesicle size. When activated, CUL3""""'> catalyzes the mono-ubiquitylation of
SEC31, a component of the outer COPII coat. This ubiquitylation drives the assembly of large
COPII coats competent to package collagen. Perturbation of this function in mouse embryonic
stem cells results in a cell compaction phenotype in which cells retain intracellular collagen and
cannot properly attach to their substrate due to a lack of collagen in the extracellular matrix (Jin
etal., 2012).

There are many open questions posed by this model. Namely, how is CUL
activity specifically coordinated with the packaging of collagen into COPII vesicles? For the
majority of COPII vesicles, cargo is recruited through four distinct isoforms of SEC24, which
bind to transmembrane cargo and cargo receptors in the ER membrane (Miller et al., 2002;
Miller et al., 2003). However, SEC24 is a soluble protein located in the cytosol and is not
capable of contacting soluble collagen molecules in the ER lumen. This suggests the existence of
a signal that communicates the presence of luminal collagen across the ER membrane to proteins
in the cytosol. In at least one case, this signal is transmitted by a transmembrane protein: The ER
transmembrane protein Tangol and its partner protein cTAGES coordinate collagen packaging
and COPII vesicle budding by binding type-VII collagen on the luminal side of the ER
membrane and SEC23/24 on the cytoplasmic side (Saito et al., 2009; Saito et al., 2011). This
pathway, however, is unique to type-VII collagen and does not explain the mechanisms by which
other types of collagen are packaged. Our work suggests that the cytoplasmic signal that marks
the presence of collagen in the ER lumen could be a small molecule like calcium that passes
through the ER membrane, rather than a transmembrane protein signal.

Secondly, the mechanisms regulating the spatial and temporal activity of CUL3*"-12
were previously unknown. As described above, CUL3"™'? activity must be specifically
directed to sites of collagen export; it must ubiquitylate SEC31 on collagen-containing COPII
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vesicles, but leave unmodified the SEC31 that is packaging other cargoes or is unassembled in
the cytosol. This requirement for spatial regulation can be expanded to the organismal level.
CUL3*"™M2 js present in cell types that do not secrete collagen, and it ubiquitylates targets with
diverse functions unrelated to COPII vesicle trafficking. CUL3*"™™'? must remain inactive
toward SEC31 in these cell types, but efficiently ubiquitylate it in collagen-secreting cells. The
mechanisms by which this tissue-specific activation could occur are currently under
investigation. Given the rapid timescale of COPII vesicle formation and ER-to- Golgi trafficking,
it is likely that CUL3*""™'? i also under tight temporal control. The work here suggests that
CUL3*"M2 i5 activated by ER calcium release, a rapid and transient cellular signaling event.



Chapter 2

Regulated activation of the CUL3 ubiquitin ligase
by a calcium-dependent co-adaptor

Colleen A. McGourty, David Akopian, Carolyn Walsh, Amita Gorur, Achim Werner,
Randy Schekman, Diana Bautista, and Michael Rape



Introduction

Metazoan development depends on carefully executed gene expression programs that instruct
pluripotent stem cells to adopt specific fates at defined times and locations within the growing
organism. A failure to establish the correct sequence of differentiation events, as caused by
mutations in transcription factors, loss of epigenetic regulators, or exposure to environmental
toxins, can result in severe birth defects (Lee and Young, 2013). This is illustrated by the neural
crest, a collection of multipotent cells that emerge at the boundary of the neural plate and non-
neural ectoderm and differentiate into various cell types, such as chondrocytes, melanocytes, or
glia (Betancur et al., 2010; Green et al., 2015). Mutations in genes required for neural crest
specification account for more than 500 human congenital diseases, and aberrant neural crest
maintenance can lead to cancer, such as neuroblastoma or melanoma.

Early during development, neural crest cells migrate into the embryonic territory that is
destined to become the craniofacial skeleton. These cranial neural crest cells differentiate into
chondrocytes, which secrete an extracellular matrix that is largely composed of type II and type
X collagen fibers (Cinque et al., 2015; Karsenty et al., 2009). During the final stages of
endochondral bone formation, chondrocytes are replaced by osteoblasts that produce type I
collagen (Alford et al., 2015). The collagen network secreted by chondrocytes and osteoblasts
provides a blueprint for the deposition of calcium-phosphate crystals that endow the developing
bone with the rigidity demanded of a major structural element of metazoan bodies (Karsenty et
al., 2009). As expected from the important role of collagen during bone formation, problems
with neural crest specification, chondrocyte differentiation, or collagen secretion have all been
shown to result in aberrant craniofacial development (Twigg and Wilkie, 2015).

We recently identified the ubiquitin ligase CUL3 as a major determinant of neural crest
specification and collagen secretion (Jin et al., 2012; Werner et al., 2015). CUL3 accomplishes
these tasks by cooperating with distinct BTB domain containing substrate adaptors that recruit
specific proteins for ubiquitylation (Furukawa et al., 2003; Geyer et al., 2003; Xu et al., 2003).
When paired with its adaptor KBTBDS, CUL3 monoubiquitylates the nucleolar proteins TCOF1
and NOLCI1, which establishes a ribosome biogenesis platform that includes RNA polymerase |
(Werner et al., 2015). CUL3*?™5_dependent changes in mRNA translation promote neural crest
specification and chondrocyte differentiation (Werner et al., 2015), and mutations in TCOF1 or
RNA polymerase I result in Treacher Collins Syndrome, a neurocristopathy characterized by
aberrant craniofacial development (Dauwerse et al., 2011; Dixon and Dixon, 2004). Upon
engaging the adaptor KLHL12, CUL3 catalyzes the monoubiquitylation of the COPII coat
protein SEC31 (Jin et al., 2012). Ubiquitylation of SEC31 drives formation of large COPII
carriers that are able to accelerate the traffic of collagen from the endoplasmic reticulum (Jin et
al., 2012). Mutations in the SEC31-interactor SEC23A prevent collagen secretion during
craniofacial chondrogenesis (Lang et al., 2006), which in humans results in cranio-lenticulo-
sutural dysplasia (Boyadjiev et al., 2006; Fromme et al., 2007). Underscoring their function in a
shared pathway, expression of KBTBDS8 and KLHL12 is tightly co-regulated in human
melanoma cells exposed to a small molecule disruptor of neural crest specification (White et al.,
2011).

Aberrant regulation of CUL3 not only affects craniofacial development, but has also been
associated with autism, schizophrenia, myopathy, and hypertension (De Rubeis et al., 2014;
Louis-Dit-Picard et al., 2012; Ravenscroft et al., 2013). This indicates that CUL3 acts at multiple
stages of human development and implies that activation of complexes between CUL3 and



specific adaptor proteins has to be under tight control. CUL3*"""'2, the complex driving collagen
secretion, illustrates the need for precise spatial regulation of CUL3 activation: as cells produce
collagen in the ER and package it into vesicles that bud from the ER membrane (Gillon et al.,
2012; Malhotra and Erlmann, 2015), CUL3*"""'? has to modify its substrate SEC31 at ER exit
sites, but not in the cytoplasm. The localized activation of CUL3*""!? on the cytosolic face of
the ER membrane should ideally be coordinated with the sorting of collagen into budding
vesicles, a reaction that occurs within the ER lumen. CUL3*™2 als0 showcases the need for
temporal regulation, as premature, delayed or reduced collagen secretion results in a spectrum of
diseases, such as fibrosis, fragile bones and organismal aging (Ewald et al., 2015; Malhotra and
Erlmann, 2015; Soret et al., 2015). It is likely that spatial and temporal control also ascertains
proper activation of CUL3 complexes that operate in mitosis, autophagy, organelle formation, or
endocytosis (Genau et al., 2015; Gschweitl et al., 2016; Lu and Pfeffer, 2013; Maerki et al.,
2009; Pintard et al., 2003; Sumara et al., 2007; Yuan et al., 2014; Zhang et al., 2015). Previous
studies had pointed to CUL3 neddylation, control of adaptor transcription, or autocatalytic
adaptor degradation as systemic and often slow-acting mechanisms of CUL3 regulation (Duda et
al., 2011; Jin et al., 2012; Schulman and Harper, 2009; Werner et al., 2015; Zhou et al., 2015).
By contrast, how intracellular signals are translated into rapid activation of distinct CUL3-
complexes is not known. As a consequence, mechanisms that allow cells to coordinate
CUL3X"M2 activation with events that drive vesicle budding, collagen secretion, or bone
formation remain to be discovered.

Here, we show that activation of CUL3*"""!* depends on a target-specific co-adaptor
composed of two calcium-binding proteins, PEF1 and ALG2. The PEFI-ALG2 co-adaptor
allows CUL3*""™'2 to translate the short-lived release of calcium from the ER into the more
persistent ubiquitylation of SEC31, which in turn drives COPII coat formation and collagen
secretion. As calcium signaling also triggers chondrocyte differentiation and collagen synthesis
(Lin et al., 2014; Tomita et al., 2002), the calcium-dependent activation of CUL3*M2 ¢ould
provide a mechanism to integrate collagen secretion into the developmental programs of bone
formation. We propose that target-specific co-adaptors, such as PEF1-ALG2, endow metazoan
organisms with the ability to precisely tune the activity of distinct CUL3 complexes in response
to specific signaling events.



Results

PEF1 and ALG?2 are novel components of the CUL3*"""!> ybiquitin ligase

To discover mechanisms of CUL3 activation, we focused on CUL3*""™'2 which ubiquitylates
the vesicle coat protein SEC31 and thereby promotes COPII coat formation and collagen
secretion (Jin et al., 2012). We hypothesized that regulators of CUL3*""™'> might associate with
KLHL12, SEC31, or both. To isolate such proteins, we utilized CompPASS mass spectrometry,
an approach that was designed to identify interactions even if the binding partners are present at
low abundance or associate with each other transiently (Huttlin et al., 2015; Sowa et al., 2009).
We expressed KLHL12 or SEC31 in human embryonic kidney cells and compared their affinity-
purification to approximately 150 immunoprecipitations that used the same epitope tag, cell line,
and purification procedure (Figure 1A; Figure S1). Confirming earlier observations (Jin et al.,
2012), these experiments showed that KLHL12 efficiently binds CUL3 and SEC31. In addition,
we found that KLHL12 specifically associates with PEF1 and ALG2, two penta-EF-hand
proteins that had been reported to interact with SEC31 (Yamasaki et al., 2006; Yoshibori et al.,
2012); Lunapark, which stabilizes three-way junctions in the endoplasmic reticulum (Chen et al.,
2015); the BTB-domain containing CUL3 adaptor KLHL26; RNF219, a ubiquitin ligase with
links to Alzheimer’s Disease (Rhinn et al., 2013); and the KELCH-domain directed HSP90
adaptor NUDCD3 (Taipale et al., 2014). Of these KLHL 12-interactors, only PEF1 and ALG2,
but not Lunapark, NUDCD3, or RNF219, were also identified in affinity-purifications of SEC31
(Figure 1A; Figure S1).

Proteomic dissection of PEF1 and ALG?2 interaction networks confirmed the association
of each protein with KLHL12 and CUL3 (Figure 1A; Figure S1). Accordingly, both HA-epitope
tagged and endogenous PEF1 and ALG2 co-precipitated with KLHL12"*“, as determined by
Western blot analysis (Figure 1B, C). Demonstrating that these interactions occurred at the
endogenous level, the affinity-purification of SEC31 revealed its binding to PEF1, ALG2, and
KLHL12 (Figure 1D). Notably, the reciprocal immunoprecipitation of endogenous ALG2 co-
depleted KLHL12 from cell lysates, which suggests that most of KLHL12 exists in complexes
with ALG2 (Figure 1E).

We had previously shown that KLHL12 binds its substrate SEC31 with sufficient
stability to result in co-localization of CUL3*""™'? and SEC31 on large COPII coats (Jin et al.,
2012). By performing sequential affinity-purification coupled to mass spectrometry we found
that PEF1 and ALG2 also remained associated with KLHL12-SEC31 complexes (Figure 2A;
Figure S1). Underscoring the stability of these interactions, Western blot analysis of sequential
affinity-purifications revealed that endogenous PEF1 and ALG2 were enriched in KLHL12-
SEC31 complexes (Figure 2B). Accordingly, PEF1 and ALG2, but not the alternative KLHL12-
binding partner Lunapark, co-localized with KLHL12 and SEC31 on large COPII coats (Figure
2C, D; Figure S2A), which frequently marked compartments that also contained collagen (Figure
2E). Together, these results identify PEF1 and ALG2 as components of the CUL3*-'?
machinery and suggest that these proteins could be involved in COPII vesicle size control and
collagen secretion.



PEF1 and ALG2 are required for CUL3*"""'%_activity

To determine whether PEF1 and ALG2 are required for CUL3*""""?_activity, we depleted each
protein by siRNAs and tested for the consequences of this treatment on substrate recognition by
CUL3*™12 A5 often observed with proteins that interact with each other (Jia et al., 2001),
depletion of PEF1 also reduced ALG2 levels (Figure 3A). In addition, the loss of either PEF1 or
ALG?2 prevented the binding of endogenous KLHL12 or CUL3 to endogenous SEC31 (Figure
3A), which, as shown for ALG2, could be rescued by expressing an siRNA-resistant protein
(Figure 6B). Similar observations were made if stably expressed KLHL12 was purified from
cells that lacked either PEF1 or ALG2: both siRNA conditions abrogated the interaction between
KLHLI12 and SEC31, without affecting the binding of KLHL12 to the CUL3 core of the
ubiquitin ligase (Figure S2B). Moreover, the interaction between endogenous SEC31 and
KLHL12 was lost upon inactivation of the PEFI or ALG2 genes using CRISPR/Cas9 (Figure
3B). We conclude that PEF1 and ALG? are required for the stable binding of CUL3*""'% 1o its
key substrate, SEC31, in cells.

Given their importance for the association of CUL3*""!? with SEC31, we asked whether
PEF1 and ALG2 were also required for the ubiquitylation of SEC31. To address this question,
we expressed His-tagged ubiquitin in a human cell line that allowed for inducible expression of
KLHL12, purified ubiquitin conjugates under denaturing conditions, and tested for ubiquitylation
of endogenous SEC31 by Western blotting. Consistent with previous findings using
overexpressed SEC31 (Jin et al., 2012), the induction of KLHL12 resulted in the predominant
monoubiquitylation of endogenous SEC31 (Figure 3C). CUL3*“"M? also catalyzed the
formation of some higher molecular weight ubiquitin conjugates, which likely represented
SEC31 molecules that were modified on multiple of its 65 lysine residues (Jin et al., 2012). In
contrast, if these experiments were performed in the absence of PEF1 or ALG2, CUL3"M2
dependent SEC31 ubiquitylation was not observed (Figure 3C).

As monoubiquitylation by CUL3*""“!? regulates COPII coat formation (Jin et al., 2012),
we next depleted PEF1 or ALG2 from human embryonic kidney cells and asked whether this
treatment affected the size of COPII coats. Similar to what we had observed before (Jin et al.,
2012), the induction of KLHL12 in control cells resulted in large COPII structures that were
marked by SEC31 and KLHL12 (Figure 3D, E; Figure S2C). By contrast, if cells were devoid of
PEF1 or ALG2, KLHL12 did not co-localize with SEC31 and large COPII coats were not
formed (Figure 3D, E; Figure S2B). The depletion of a separate KLHL12 binding partner,
Lunapark, did not affect the size of COPII coats (Figure S2C), which underscores the specific
requirement for PEF1 and ALG2 in these reactions.

Based on the function of large COPII vesicles in collagen transport (Jin et al., 2012;
Malhotra and Erlmann, 2015), we finally asked whether loss of PEF1 and ALG?2 affected the exit
of newly synthesized collagen from the ER. To this end, we exposed human osteosarcoma cells
to a heat pulse, which results in retention of pro-collagen-I in the ER, and then shifted these cells
to lower temperatures to trigger a synchronous wave of collagen export from the ER (Venditti et
al., 2012). Cells treated with control siRNAs rapidly transported collagen-I from the ER to the
Golgi apparatus (Figure 3F). By contrast, the loss of PEF1 or ALG2 resulted in a profound delay
of collagen-I arrival at the Golgi, with many cells displaying persistent collagen ER-staining
throughout the time course of this experiment (Figure 3F). To investigate whether the delay in
ER exit accordingly impaired collagen secretion from cells, we made use of HT1080 fibroblasts
that constitutively express collagen-I, yet secrete it so efficiently that only minor collagen-I
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levels are detected in cell lysates (Jin et al., 2012). As expected from our other experiments, the
depletion of PEF1 or ALG2 from these HT 1080 reporter cells led to a strong cellular retention of
collagen (Figure 3G). Thus, PEF1 and ALG2 are required for CUL3*"™'? to stably engage
SEC31, mediate SEC31 ubiquitylation, and trigger an increase in the size of COPII vesicles that
drives collagen secretion. PEF1 and ALG?2 are, therefore, essential for CUL3*"2 activation in
cells.

PEF1-ALG2 is a target-specific co-adaptor of CUL3*""""?

As a first step towards understanding the role of PEF1 and ALG2 in CUL3*"™'? activation, we
determined how these proteins engage the CUL3*"""'? E3 ligase or its substrate SEC31. While
analyzing the modification of SEC31, we noticed that CUL3*""“!? promoted the ubiquitylation
of PEF1 (Figure 3C), which occurred on specific Lys residues in its EF-hand domain (Figure
S3A). We did not observe ubiquitylation of PEF1 if cells expressed a KLHL12 variant that was
unable to bind CUL3 or if endogenous KLLHL12 had been depleted by siRNAs (Figure S3B, C).
As purified PEF1 was also modified by recombinant CUL3*"“"™? (Figure S3D), these
experiments identified PEF1 as a substrate of CUL3*"""'* and suggested that PEF1 might bind
CUL3*™12 in a similar manner as SEC31. In accordance with this hypothesis, the same
mutations in the Kelch repeat of KLHL12 that blocked SEC31 ubiquitylation (KLHL12"92%4%)
(Jin et al., 2012) also prevented CUL3*"™™? from binding to and ubiquitylating PEF1 (Figure
4A, B; Figure S3E, F). Moreover, increasing concentrations of PEF1 impaired SEC31
ubiquitylation by CUL3*"™2 i5 vitro (Figure S3G) and reduced the interaction between SEC31
and KLHL12 in cells (Figure S3H). These findings indicated that PEF1 and SEC31 access an
overlapping surface on the Kelch repeat of KLHL12.

Truncation analyses revealed that PEF1 binds KLHL12 through amino-terminal Gly-Pro
rich repeats (Figure S4A), whereas it uses its carboxy-terminal EF-hand domain to recognize
ALG2 (Figure S4B). PEF1 therefore engages KLHL12 and ALG2 through different motifs,
which enables it to bind both partners at the same time and thereby promote an interaction
between CUL3*"!? and ALG2 (Figure 4C). Conversely, ALG2 binds PEF1 through its fifth
EF-hand (Figure S4C), while it uses its first EF-hand to associate with SEC31 (Figure S4D); in a
similar manner to PEF1, ALG2 was able to mediate an interaction between PEF1 and SEC31
(Figure 4D). Finally, SEC31, which can bind KLHL12 and ALG2 directly (Jin et al., 2012; la
Cour et al., 2013), also promoted an association between these two proteins (Figure 4E). Thus,
KLHL12 binds PEF1, which in turn recognizes ALG2, which associates with SEC31. The latter
could finally interact with another molecule of KLHL12 (Figure 4G).

As both KLHL12 and SEC31 are known to oligomerize (Errington et al., 2012; Fath et
al., 2007; Zhuang et al., 2009b), the interactions described above likely occur in the same higher-
order protein complex, as we had observed in cells (Figure 2B). PEF1-ALG2 and SEC31 could
contact different subunits of a KLHL12 dimer; alternatively, KLHL12 bound to PEF1-ALG2
might associate with one SEC31 molecule, whereas a neighboring SEC31 subunit within the
same coat could directly engage another KLHL12 dimer (Figure 4G). In each of these cases, we
expected that the PEF1-ALG2 complex would stabilize, rather than compete for access to,
CUL3*"™M2_SE(C31. In agreement with this notion, we found that CUL3 was recruited to ALG2-
SEC31 complexes more efficiently in the presence of both PEF1 and ALG2 (Figure 4E), which
resulted in slightly better ubiquitylation of SEC31 in a minimal reconstituted system (Figure 4F).
In summary, these findings suggest that PEF1 and ALG2 endow CUL3*""“!? with an additional
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binding site for SEC31, which enhances the ability of CUL3*"""' to recognize and ubiquitylate
this particular substrate. We conclude that PEF1-ALG?2 acts as a target-specific co-adaptor of the
CUL3*"™2 ybiquitin ligase.

PEF1-ALG2 mediate calcium-dependent activation of CUL3*""""?

The domain architecture of PEF1 and ALG2 immediately suggested a regulatory mechanism for
CUL3XM12 activation. PEF1 and ALG?2 each contain five EF-hands, a domain that can undergo
conformational changes in response to calcium-binding and thereby alter its protein interactions
(Clapham, 2007). Indeed, previous work had indicated that calcium stabilizes the association of
ALG2 with SEC31 (la Cour et al., 2013; Takahashi et al., 2015). As CUL3*"""!? requires the
PEF1-ALG2 co-adaptor to bind and ubiquitylate SEC31 in cells, activation of CUL3*"""!2 might
therefore be calcium-dependent.

As a first test of this hypothesis, we used EGTA to chelate calcium in lysates of human
embryonic kidney cells and determined the consequences of this treatment on binding partners of
KLHL12 by mass spectrometry. Intriguingly, the chelation of calcium strongly reduced the
association of KLHL12 with SEC13/31, PEF1, ALG2, CUL3, and Lunapark, whereas other
KLHL12-binding partners were not affected (Figure 5A). When we analyzed affinity-
purifications of stably expressed KLHL12"™ or endogenous SEC31 by Western blotting, we
found that the absence of calcium abolished SEC31-recognition by CUL3**"“!? (Figure 5B, C).
Similar results were obtained in reconstitution experiments using recombinant proteins, which
underscored the essential function of calcium during the formation of CUL3*""“'2.PEF1-ALG2-
SEC31 complexes (Figure 5D). The in vitro binding reactions further showed that CUL3*"12
PEF1-ALG2-SEC31 complexes are dynamically regulated by physiologically relevant calcium
concentrations: full CUL3*""""2_PEF1-ALG2-SEC31 complexes were efficiently formed at a
calcium concentration of 130nM, while PEF1 was ejected at 800nM (Figure 5E). Thus, calcium
levels within the range of those observed during ER calcium release (Clapham, 2007) are
required for CUL3*""12 to engage both PEF1-ALG?2 and its key substrate SEC31.

We used our reconstituted system to determine the specific binding event within the
CUL3X"HL2_ pEF1-ALG2-SEC31 complex that was regulated by calcium. While calcium was
not required for the binding of PEF1 to KLHL12 or ALG2 (Figure 5D; Figure S4A), its removal
specifically prevented the interaction between ALG2 and SEC31 (Figure S5A). The chelation of
calcium in cell lysates accordingly abolished the binding of ALG2 to SEC31, whereas PEF1 and
CUL3*"12 remained associated (Figure 6A). In line with these and previous observations (la
Cour et al., 2013; Takahashi et al., 2015), mutating residues in the first EF-hand of ALG?2 that
prevented calcium binding (ALG2%*) or destroyed a surface exposed by calcium (ALG27")
also inhibited the interaction between ALG2 and SEC31 (Figure SE; Figure S4D). By contrast,
mutating the calcium-binding site in EF-hand 3 or deleting the PEF1-binding EF-hand 5 of
ALG?2 did not affect the association between ALG2 and SEC31.

These observations implied that ALG2 has to be loaded with calcium in order to allow
CUL3®™12 recruit SEC31. To test this hypothesis, we depleted ALG2 from human embryonic
kidney cells and then expressed either siRNA-resistant wild-type ALG2 or variants of ALG2 that
were deficient in calcium-binding (ALG25*"*) or had a mutant hydrophobic surface exposed by
calcium (ALG2"*"). We also produced an ALG2 mutant that was defective in its association
with PEF1 and thus, was unable to integrate into the CUL3*"""'? ligase (ALG2""). Next, we
affinity-purified endogenous SEC31 and monitored its interaction with CUL3*"""!?>, As we had
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seen before, the depletion of ALG2 abrogated the association of SEC31 with CUL3*""™2 which
was rescued by expression of siRNA-resistant wild-type ALG2 (Figure 6B). In contrast,
ALG2*, ALG2"* or ALG2*" did not reinstate recognition of SEC31 by CUL3*"""!? in
ALG2-depleted cells (Figure 6B), and the expression of ALG2**"* in fact had a dominant
negative effect on the formation of KLHL12-SEC31 complexes (Figure S5B). These findings
show that calcium-binding to ALG2 as well as integration of ALG2 into the CUL3*-H!2
complex are required for CUL3*""!? activation towards SEC31 in cells.

To establish whether ALG2 1is sufficient to mediate the effects of calcium on substrate
recognition by CUL3*""'?/ we engineered a SEC31-ALG2 fusion that mimics a constitutive,
rather than calcium-dependent, interaction between both proteins. We expressed the SEC31-
ALG?2 fusion in cells and monitored its ability to engage CUL3*"""'? in the presence or absence
of calcium. Importantly, we found that CUL3*"""'? was able to engage the SEC31-ALG2 fusion
even in the absence of calcium (Figure 6C), which strongly suggests that the formation of the
SEC31-ALG?2 interface is the major event in CUL3*""“'? activation that is controlled by
calcium. Interestingly, the SEC31-ALG2 fusion was poly-, rather than monoubiquitylated in
cells (Figure 6D), which was dependent upon CUL3 (Figure S5C) and induced the proteasomal
degradation of the fusion (Figure S5D). Together, these findings identify CUL3*™"'? a5 a
calcium-dependent ubiquitin ligase and show that calcium binding to ALG2 is required and
sufficient to establish recognition of the key CUL3*"""'>_substrate SEC31 in cells. In addition to
providing a potential mechanism of regulation, the calcium-dependent interactions of
CUL3*"™2 ensure that SEC31 is decorated with the biologically active modification,
monoubiquitylation.

Calcium release from the ER increases the size of COPII vesicles

The discovery of ALG2 as a calcium sensor for CUL3*""'? allowed us to monitor the kinetics
of CUL3 activation in real time. In these experiments, we monitored the localization of stably
expressed GFP-tagged ALG2 (“"*ALG2) in response to abrupt changes in intracellular calcium
concentrations. ALG2 was the only subunit of CUL3*"'* that could be labeled with a
fluorescent protein without compromising function. Moreover, as shown by affinity-purification
of endogenous proteins, the vast majority of KLHL12 was associated with ALG2 (Figure 1F),
suggesting ““FALG2-localization can serve as a proxy for CUL3*""2 activation.

To rapidly change calcium concentrations, we exposed cells kept in 2mM calcium to
ionomycin, which triggers calcium release from intracellular stores followed by sustained
calcium influx from the environment. Under these conditions, the global calcium concentration
started at 101 /- 15nM, reached 130 nM (i.e. the calcium concentration at which efficient
ALG2-SEC31 binding was observed in vitro) within 5 7/~ 1.2 seconds, and peaked at 1.4 /- 0.32
uM in 67 “/- 4 seconds. Alternatively, we solely triggered calcium release from intracellular
stores by ionomycin (i.e. in the presence of calcium chelators in the medium) or histamine, a
physiological compound that triggers IP3-dependent calcium release from the ER. The latter two
approaches resemble the physiological situation of signal-dependent calcium release from the ER
and produce a rise in cytosolic calcium levels that quickly dissipates through re-import of
calcium into the ER or buffering by cytosolic calcium-binding proteins (Clapham, 2007). Under
these conditions, we observed a resting intracellular calcium concentration of 61 /- 18 nM,
which increased to 130 nM in 5.2 "/~ 1.9 seconds. The maximum calcium concentration of 458
“/- 101 nM was observed after 32 */- 14 seconds.
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In line with previous observations (la Cour et al., 2007), the abrupt increase in calcium
concentrations caused the rapid re-localization of “"*ALG2 from a cytoplasmic pool to vesicular
structures (Figure 7A, B; Movie S1-3) that co-localized with SEC31 (Figure S6A). Importantly,
the time it took ““FALG2 to relocate to COPII coats (~5 seconds) coincided well with the time
required for cytosolic calcium concentrations to reach 130 nM. Whereas cells grown in calcium-
containing medium and exposed to ionomycin showed a more persistent COPII recruitment of
SFPALG2, the physiological release of calcium from the ER produced a rapid, but also reversible
targeting of “*" ALG2 to COPII coats (Figure 7A). The time of co-localization between ““FALG2
and COPII coats mirrored the duration of elevated cytosolic calcium levels in cells, and it
matched the time that was required by CUL3*""'? to ubiquitylate SEC31 and PEF1 (Figure
S6B). Mutating the calcium-binding site (ALG2"*""), the calcium-dependent hydrophobic
surface (ALG2"%), or the PEF1-binding motif that connects ALG2 to CUL3*™1? (ALG245F?)
disrupted the calcium-dependent recruitment of ALG2 to COPII vesicles (Figure 7B). Together,
these findings indicate that a short-lived rise in cytosolic calcium rapidly targets CUL3*-M2
PEF1-ALG2 to its key substrate, SEC31, where it resides sufficiently long to produce the more
persistent SEC31 monoubiquitylation.

In addition to providing evidence for the calcium-dependent activation of the
CUL3®™2 " 6ur observations raised the possibility that cells could use calcium signaling to
adjust the size of their COPII coats to altered conditions; for example, cells could activate
CUL3*™12and thus promote collagen secretion, in response to high calcium levels that are
found in the ossification centers of developing bones. To test for calcium- and ubiquitin-
dependent regulation of COPII coat size, we increased the calcium concentration in cells that
expressed FLAG-epitope tagged KLHL12 and then used automated image analysis to determine
whether the size of KLHL12-positive COPII structures changed in response to this treatment.
Strikingly, we observed a significant increase in average COPII coat size and the number of large
COPII vesicles within a minute of a rise in cytosolic calcium levels (Figure 7C-E). COPII coats
continued to grow to almost twice their original size but then plateaued, which is indicative of a
process that is limited by at least one intracellular component. Indeed, this regulatory circuit
operated through CUL3-dependent ubiquitylation, as either depletion of either CUL3 or the
CUL3XM12 o adaptor PEF1-ALG2 barred calcium from invoking an increase in the size or
number of large COPII vesicles (Figure 7E). The calcium-dependent activation of CUL3<"H?,
therefore, triggers the formation of large COPII coats that are required to initiate the process of
collagen secretion.
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Discussion

The intricate sequence of differentiation events that establishes the human body plan requires
that developmental signals are sent and received at precise times and locations within the
growing organism. Studies on phosphorylation-dependent signal transduction cascades have
revealed how kinases use scaffolds or adaptors to target specific substrates (Langeberg and Scott,
2015). Reminiscent of such kinases, the ubiquitin ligase CUL3, whose mutation has been
associated with autism, schizophrenia, myopathies and hypertension, can pair with ~90 distinct
substrate adaptors, yet how different CUL3 complexes are turned on at the right time or place is
not known. Here, we show that activation of CUL3 and its adaptor KLHL12 requires a target-
specific co-adaptor composed of the calcium-binding proteins PEF1 and ALG2. This co-adaptor
allows CUL3*"™™? to translate a transient rise in cytosolic calcium levels into the more
persistent ubiquitylation of the COPII protein SEC31, which in turn triggers an increase in
COPII coat size and promotes collagen secretion. Our studies suggest that target-specific co-
adaptors provide a means for the rapid and signal-dependent activation of specific CUL3
complexes that are critical for human development and disease.

Target-specific co-adaptors control substrate recognition by CUL3

Prior to their identification as subunits of a CUL3 ubiquitin ligase, PEF1 and ALG2 were known
to form a stable complex (Jia et al., 2001), which based on quantitative proteomics performed in
fibroblasts was present at equimolar levels with SEC31, and in excess over CUL3 or KLHL12
(Schwanhausser et al., 2011). Indeed, our affinity-purification experiments revealed that the
majority of endogenous CUL3*""'? is bound to ALG2. These findings indicate that PEF1 and
ALG?2 are able to regulate most, if not all, CUL3*™12 a5semblies in cells.

The PEF1-ALG2 complex is anchored on CUL3*"*'? by a proline-rich domain in PEF1,
which occupies the same KLHL12 surface that is also recognized by SEC31. Consistent with this
notion, the interaction of PEF1 with KLHL12 results in ubiquitylation of PEF1 by CUL3*-12,
Mutation of the lysine residues in PEF1 that are ubiquitylated by CUL3*"""'* did not have overt
effects on COPII size (data not shown), which might indicate that ubiquitylation of PEFI is a
bystander modification or has a role in fine-tuning or limiting the activity of CUL3*™*"?2
Although PEFI that is overexpressed in the absence of ALG2 may compete with SEC31 for
access to KLHL12, in vitro reconstitution experiments and sequential affinity-purification from
cells showed that the PEF1-ALG2 complex engages the same CUL3*"""'%_assembly as SEC31.
As KLHL12 and SEC31 are oligomeric proteins, distinct subunits of a KLHL12 dimer might
interact with SEC31 and PEFI1-ALG2-SEC31 at the same time (Figure 4G). It is also possible
that KLHL12 and KLHL12-PEF1-ALG?2 target neighboring SEC31 molecules within the same
COPII coat. Independent of the mechanism, whose dissection will depend on structural analyses,
the PEF1-ALG2 complex supports SEC31 recognition by CUL3*"""!2 i vitro, and is essential
for SEC31 binding, ubiquitylation, and COPII regulation in cells. We conclude that PEF1 and
ALG? function as SEC31-specific co-adaptor of CUL3*M112,

Why does the cellular CUL3*""“'* depend on the PEF1-ALG2 co-adaptor for recognition
of SEC31, even though CUL3*"™"™!? can directly bind and ubiquitylate SEC31 in vitro (Jin et al.,
2012)? Whereas reconstituted systems only interrogate the interaction between CUL3*™"'? and
few substrates, i.e. PEF1 and SEC31, cells contain many more proteins that can compete for
recognition by CUL3*""™'? or SEC31. Such factors include other CUL3*"""'? substrates, such as
Dishevelled, whose ubiquitylation by CUL3*"""'? induces its proteasomal degradation during
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Wnt signaling (Angers et al., 2006), or Lunapark, an ER-resident protein that we identified as a
KLHL12 partner in this study. Alternatively, interactors of SEC31, such as the COPII coat
component SEC23 or its very abundant binding partner SEC23IP (Figure S1), might suppress
SEC31 ubiquitylation until calcium is released from the ER to signal a need for larger COPII
vesicles to transport collagen. It is also possible that phosphorylation of SEC31, which has been
described in cells (Koreishi et al., 2013), but is absent from our reconstituted system, destabilizes
the SEC31-KLHL12 interface to impose a requirement for PEF1 and ALG2. The PEF1-ALG2
co-adaptor is therefore particularly important under physiological conditions that allow for
multiple components to compete for access to CUL3*"""'? or its cognate substrate SEC31.

Recent findings raise the possibility that also other CUL3 complexes might depend on
target-specific co-adaptors for activation. Indeed, we showed that the CUL3 complex that guides
neural crest specification, CUL3*B™P8 | requires B-arrestin for activity (Werner et al., 2015).
Akin to the phenotypes of PEF1- or ALG2-depletion, loss of B-arrestin abolished the recognition
and monoubiquitylation of the CUL3*P™P®_sybstrates TCOF1- and NOLC]1. B-arrestin typically
associates with phosphorylated peptides, a function that is best understood in the context of its
role as a desensitizer of GPCR-dependent signaling (Kovacs et al., 2009). It is tempting to
speculate that B-arrestin is a target-specific co-adaptor of CUL3*P'™P® that establishes
phosphorylation-dependent control over TCOF1- and NOLC1-ubiquitylation during neural crest
specification. In addition to KLHL12 and KBTBDS, large-scale proteomic studies had pointed to
additional CUL3 adaptors that stably associate with proteins enriched in interaction modules, and
we believe that many of these proteins function as co-adaptors rather than substrates (Huttlin et
al., 2015). We therefore anticipate that target-specific co-adaptors provide a general mechanism
to control substrate recognition and ubiquitylation by specific variants of the CUL3 ubiquitin
ligase.

Calcium-dependent coordination of collagen synthesis and secretion
By rendering the recognition of SEC31 reliant on PEF1-ALG2, CUL3*"""'2 establishes calcium-
dependent regulation of COPII coat size. As seen by quantitative measurements of calcium
concentrations in our binding reactions, the key event in substrate binding by CUL3*"""2 je.
formation of the ALG2-SEC31 interface, occurs very efficiently at 130nM calcium. Thus, the
CUL3*"M2_pPEF1-ALG2 axis is sufficiently sensitive to respond to the physiological changes in
cytosolic calcium concentrations that are imposed by ER calcium release (Clapham, 2007), a
finding that was corroborated by live cell imaging of “"*ALG2 expressed cells that were exposed
to histamine (Figure 7A). Our video microscopy experiments also showed that ALG?2 is recruited
to SEC31 within seconds of calcium-release from the ER, revealing that this machinery functions
on the time-scales imposed by intracellular calcium signaling. Interestingly, higher calcium
concentrations of ~800nM and above, which can be observed in ER-proximal calcium
microdomains (Petersen, 2015), resulted in the ejection of PEF1 from CUL3*""™'2 1t is possible
that PEF1 initially allows ALG2-bound SEC31 to recognize KLHL12, thereby effectively
increasing the local concentration of SEC31 on CUL3*™*2. If calcium levels keep rising, the
subsequent loss of PEF1 from CUL3*""™'> might open up additional binding sites for SEC31 to
directly bind its ubiquitin ligase, resulting in more efficient SEC31 ubiquitylation. CUL3*-H!12
is, therefore, a ubiquitin ligase that is dynamically regulated by calcium signaling.

As illustrated by the unfolded protein response (Wang and Kaufman, 2014), cells often
use calcium signaling to connect events that occur in the ER lumen with pathways that operate in
the cytosol. In most cases, the calcium signal released from the ER dissipates on a time scale of
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seconds (Clapham, 2007). While this might allow for enzyme activation, as seen with
CUL3XM12 or calcium-dependent kinases (Stratton et al., 2013), it is difficult to envision how
such dynamic signaling directly results in large-scale cellular changes, such as those required to
build a large vesicle coat. By activating an E3 ligase and thereby triggering the covalent
modification of a coat component, cells could translate a short-lived ER-proximal calcium signal
into a more persistent change to a cytosolic protein that is then read out by effector proteins that
build large COPII coats. We, therefore, propose that CUL3*""!? establishes a persistent domain
of COPII growth triggered by rapid calcium signaling from the ER.

Our observation that a signal originating from the ER can activate a cytosolic E3 ligase
has important implications for the mechanism of collagen secretion. Specifically, our work raises
the possibility that cells could employ calcium signaling to coordinate the packaging of collagen
into budding vesicles, which occurs in the ER lumen, with the cytosolic regulation of COPII coat
size (Malhotra and Erlmann, 2015). In this scenario, calcium channels that reside in proximity to
ER exit sites might be activated by cellular attempts to package collagen into a COPII vesicle.
The ensuing localized release of calcium, a process previously implicated in the formation of
calcium microdomains at the ER membrane (Petersen, 2015; Rizzuto and Pozzan, 2006), could
turn on a defined population of CUL3*"""'2 and thus, allow for the specific ubiquitylation of
SEC31 molecules that are present at the correct location to participate in collagen trafficking. In
support of this hypothesis, ALG2 does not only function as the calcium sensor of CUL3"-2
but it has recently been shown to also promote binding of SEC31 to SEC23 (la Cour et al.,
2013). SEC23 is a COPII coat component that associates with SEC24, which in turn binds to the
collagen VIl-specific receptor of COPII, TANGO (Saito et al., 2009). Thus, recruitment of
collagen into budding vesicles and ubiquitin-dependent formation of large COPII coats could
indeed be coupled processes. To establish whether calcium signaling provides the necessary
coordination, it will be important to identify the nature, localization, and regulation of the
calcium transporters that participate in COPII vesicle size control and collagen secretion.

We anticipate that organisms employ the calcium-dependent activation of CUL3*"™'? to
coordinate collagen secretion with other steps in their development. As metazoans store most of
their calcium in bones, CUL3*""'>.dependent collagen secretion should be active in
chondrocytes that reside close to the calcium-rich ossification centers of developing bone
structures. Indeed, these chondrocytes were previously found to be most active in secreting
collagen during bone formation (Karsenty et al., 2009). Calcium also activates a transcription
factor cascade that is centered on NF-AT and SOX9 and drives chondrocyte differentiation as
well as transcription of collagen genes (Lin et al., 2014; Tomita et al., 2002). This role of
calcium in bone formation is underscored by fetal alcohol spectrum disorders, in which aberrant
calcium signaling results in problems with neural crest specification and craniofacial
development (Smith et al., 2014). By using the same signal, calcium, to activate chondrocyte
differentiation, collagen synthesis and CUL3*"“"“.dependent collagen secretion, metazoan
organisms could ensure that these processes are coordinated with each other to establish robust
craniofacial development.

2
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Methods

Plasmids

For transient expression in human cells and in vitro transcription/translation, the following
constructs were cloned into pCS2+: KLHL1249 PEF17-4S KLHL12"*, PEF1"4, H4Sec31,
HAALG2, LunaparkHA, 6XHISUbiquitin, dominant negative CUL3 (residues 1-450), PEF1 N-
terminus (residues 1-109) PEF1 C-terminus (residues 109-284). Sec31A was cloned into RFP-
pRKS (a gift from Rosalie Lawrence and Roberto Zoncu, UC Berkeley). Sec31A-ALG2 fusion
constructs were generated by simultaneously ligating "Sec31A and ALG?2 inserts with
complementary restriction sites into pCS2+.

For stable expression, "ALG2, "*9ALG2, and “""ALG2 and corresponding mutants
were cloned into pEF-EntrA and recombined into pLentiX1-puro using Gateway LR clonase II
(Invitrogen).

For expression in Sf9 ES insect cell expression, Histxgec31A, "Sec13, and *M“MBP-
Tev-PEF1 were cloned into pFastbacl then recombined using the bac-to-bac baculovirus
expression system (Invitrogen). OXHIFLAGAT G2 was cloned into pET28 for expression in
Escherichia coli.

The following mutations were introduced into multiple vectors using site-directed
mutagenesis of parental DNA followed by Dpnl digestion: ALG2 E47A, E114A, F60A, and
AEF5, PEF1 K137R, K165R, and K167R, KLHL12 FG289AA and LSE67AAA).

CRISPR/Cas9 guides were designed using the MIT CRISPR design tool and cloned into
pLentiCRISPR v2 (a gift from Feng Zheng, addgene #52961). The sequences are as follows:
PEF1 targeting, (GGAGCTGCAGGACAAGCACO), and ALG2 targeting,
(GAACTCGCTGAAGTTCACGC), and non-targeting guide. Bacterial expression plasmids
CULS3 purification and Nedd8 E1 (APPBP1-Uba3) were provided by Brenda Schulman (HHMI,
St. Jude’s Childrens Research Hospital).

siRNAs:

The following siRNA oligos were purchased from Dharmacon: Scrambled control
(UAGCGACUAAACACAUCAAUU), PEF1 3’-UTR (GGUCCUUGUAAUGGAGUUAUU)
ALG2 3’-UTR (CAUUGUGCCAUGAGGUAAAUDL), KLHLI12 SMARTpool
(GGAAGGUGCCGGACUCGUAUU, GCAGGGAUCUGGUUGAUGAUU,
GGACUAAUGUUACACCAAUUU, UGACAAAUACUCAUGCUAAUU), Lunapark
SMARTpool (GAAACUUACAAGACGGCUAUU, GUGUUUACAUUAAGCGGUAUU,
ACGAUGUUCUUGAUGAUAAUU, GUGGAACAGUUAAGUAGAAUU).

Antibodies

The following antibodies were used: KLHL12 (Cell Signaling, 9406, mouse monoclonal),
KLHL12 (Novus, NB120-14233, chicken polyclonal), SEC31 (BD, 612350, mouse monoclonal),
Sec31 (Santa Cruz, sc-376587, mouse monoclonal), PEF1/peflin (Abcam, ab137127, rabbit
monoclonal), ALG2/PDCD6 (Proteintech, 12303-1-AP, rabbit polyclonal), CUL3 (Bethyl,
A301-109A, rabbit polyclonal), Lunapark (Abcam, ab121416, rabbit polyclonal), pro-collagen I
(QED, 42024, mouse monoclonal), GM130 (Abcam, ab52649 rabbit monoclonal) HA (Cell
Signaling, C29F4, rabbit monoclonal), FLAG (Sigma, F7425, rabbit polyclonal,), B-actin (MP
Biomedicals, clone 4, mouse monoclonal), GAPDH (Cell Signaling 14C10, rabbit monoclonal),
a-tubulin (Calbiochem, DM1A, mouse monoclonal). SEC13 rabbit polyclonal antibody was a
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gift from Randy Schekman at University of California Berkeley/HHMI. Goat-anti-Mouse
Alexa488 and Goat-anti-Rabbit Alexa568 (Invitrogen), Donkey-anti-Chicken IgY Fluorescien
(Jackson Immunoresearch), HRP Goat-anti-Mouse IgG light-chain specific (Jackson
Immunoresearch), HRP Goat-anti-Mouse IgG (Sigma), and HRP Goat-anti-Rabbit IgG (Sigma)
were used as secondary antibodies.

Recombinant Proteins
UbcHS, KLHL12, CUL3, and Nedd8 E1 were expressed and purified from BL21/DE3 (RIL)
cells as described (Eletr et al., 2005; Jin et al., 2012). ®MFLAGAT G2 was cloned into pET28 and
grown to LB medium to OD*®™ 0.8 and induced with 0.5mM IPTG (Lab Scientific, Inc.) at
37°C for 3h. Cells were harvested at lysed by sonication in 20mM Tris (pH 8.0), 150mM NacCl
with protease inhibitor tablets (Roche). Imidazole was added to 10mM and lysate was incubated
with NiNTA resin (QIAGEN) for 2h at 4°C, and eluted in 20mM Tris (pH 8.0), 150mM NaCl,
300mM imidazole. Protein was diluted to 50uM and dialyzed overnight into 20mM Tris (pH
8.0), 150mM NaCal, ImM DTT.

6xHisgec31A/Sec13 complex, Ube2M, and E1 were purified from Sf9 cells as described
(Scott et al., 2011; Stagg et al., 2006; Wickliffe et al., 2011). PEF1 was also purified from Sf9
cells: *"*MBP-TEV-PEF1 was cloned into pFastbacl, packaged into baculovirus, and expressed
in S19 cells for 72h. Cells were collected and lysed by douncing in 50mM Tris (pH 8.0), 150mM
NaCl with protease inhibitor. Imidazole was added to 10mM and lysate was incubated with
NiNTA resin for 2h at 4°C. ®*"*MBP-TEV-PEF1 was eluted with 50mM Tris (pH 8.0), 150mM
NaCl, 300mM imidazole. Protein was dialyzed overnight into 50mM Tris (pH 8.0), 150mM
NaCl. To obtain MBP-tagged protein, dialyzed protein at this step was used. To obtain untagged
protein, dialyzed “"*MBP-TEV-PEF1 was incubated overnight with “"TEV protease at 4°C.
Cleaved ®™MBP and ®*"“TEV were removed by incubating with NiNTA resin.

Mammalian cell culture, transfections, and lentiviruses
Human embryonic kidney (HEK) 293T, Saos-2, and IMR90 cells were maintained in DMEM
with 10% fetal bovine serum. HEK 293T cells expressing doxycycline-inducible KLHL12"49
were grown in DMEM with certified Tet- fetal bovine serum. HT1080 cells expressing pro-
collagen I and doxycycline-inducible KLHL12™*% were grown in DMEM with 10% Tet- FBS
with non-essential amino acids. Plasmid transfections of HEK 293T cells were with calcium
phosphate or lipofectamine 2000 according to the manufacturers instructions, and siRNA
transfections were with Lipofectamine RNAIMAX (Invitrogen) using 20nM for each siRNA.
Lentiviruses were produced in 293T cells by co-transfection of lentiviral constructs with
packaging plasmids (Addgene) for 48—72h. Viruses were collected and filtered through a 0.45um
filter and stored at -80°C. Cells were transduced in polybrene (6pg/ml) and selected in
puromycin (Sigma, 0.5-2pg/ml) until cell death was complete (2-7d).

Generating CRISPR/Cas9 knock-out cells

293T cells were transduced with lentiviruses containing Cas9 and sgRNA expression constructs
(LentiCRISPR v2) and selected using puromycin for 7d. After selection, the degree of editing of
the bulk cell population was determined by western blot for PEF1 and ALG2.
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Microscopy

For immunofluorescence, cells were seeded on poly-d-lysine coated coverslips. Cells were fixed
for 10min in 4% paraformaldehyde in PBS and washed three times in PBS. Cells were
permeabilized in PBS with 0.1% Triton-X-100 for 10 minutes and blocked for 30min in PBS
with 5% normal donkey serum. Cells were stained in primary antibody diluted in PBS for 2h at
room temperature, washed 4 times in PBS, and incubated with fluorescent secondary antibodies
and Hoechst (AnaSpec Inc.) for 45min at room temperature covered in foil. Coverslips were
washed 4 times in PBS then mounted on glass slides using Pro-long gold antifade reagent (Life
Technologies). For live cell imaging, cells were seeded on glass-bottom Lab-tek imaging
chambers. Images were acquired on a Zeiss LSM 710 confocal microscope using 40X, 60X, and
100X oil objectives.

Large-scale immunoprecipitation-mass spectrometry and CompPASS analysis

oFLAG immunoprecipitations for mass spectrometry analysis were performed from extracts of
HEK 293T cells transiently or virally expressing 1x-FLAG versions of KLHL12, Sec31A, PEF1,
ALG?2, and Lunapark (20 x 15c¢m dishes per condition). Cells were lysed in 2 pellet volumes of
50mM HEPES (pH 7.5), 1.5 mM MgCl2, 5mM KCI and 0.1% Triton-X100 by freeze//thaw in
liquid nitrogen and multiple passages through a 25G5/8 needle. Debris was pelleted by
centrifugation at 21000G for 1h, and lysates were passed through a 0.22um filter for further
clearing, then NaCl concentration was increased to 150mM. Under Ca’®" chelation conditions,
EGTA was added at this step and in all future buffers to SmM. Lysates were incubated with
100ul of aFLAG-M2 agarose resin (Sigma) for 2 h at 4°C, then beads were washed 5 times in
cold 50mM HEPES (pH 7.5), 150mM NaCl,1.5 mM MgCl,, 5SmM KCI and 0.1% Triton-X100.
Proteins were eluted in 3 incubation steps at 30°C each with 250ul of 3xFLAG peptide
(0.5mg/ml in PBS). For sequential IPs, eluates were further incubated 100ul anti-HA-resin
(SIGMA) for 2h at 4°C, washed 5 times as described above at eluted with 3xHA peptide
(Biosynthesis). Eluates were processed for multi-dimensional protein identification technology
(MuDPIT). CompPASS analysis was performed as described (Huttlin et al., 2015; Sowa et al.,
2009).

Small-scale immunoprecipitation for Western analysis

Cells were collected and lysates were obtained as described above, with the exception of the
0.22um filtration step, which was not performed for small-scale experiments. For FLAG IPs,
lysates were incubated for 2h at 4°C with 15ul of aFLAG-M2 agarose, washed 5 times in cold
HEPES (pH 7.5), 150mM NaCl,1.5 mM MgCl,, SmM KCI and 0.1% Triton-X100. For
endogenous IPs, lysates were incubated for 2h at 4°C with 3ug of primary antibody, then
coupled to 15ul Protein A/G fusion magnetic beads (ThermoFisher, #88803). Beads were
washed 4 times and proteins were eluted in 2x sample buffer (25% glycerol, 3% SDS, 50mM
Tris pH 6.8, 5% B-mercaptoethanol).

Vesicle size and number quantification

Doxycycline-inducible 293T::KLHL124¢ cells were reverse-transfected with 20nM siRNA
using Lipofectamine RNAIMAX and incubated for 48h on poly-lysine coated coverslips.
Expression of KLHL12F“*Y was induced by treatment with doxycycline (1pg/mL) for 12h. To
assess knock-out cells, Control, PEF1, and ALG2 CRISPR-Cas9 knock-out cells were treated
similarly. Cells were fixed for 10min in paraformaldehyde (4% in PBS) and processed for
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immunofluorescence. KLHL12™*“positive vesicles were determined by setting a pre-
determined FLAG brightness threshold and using this to create binary Z-stack images using
Metamorph. Vesicle number and size were then assessed by particle analysis in ImageJ. To
assess response to Ca’" influx, cells were processed as described above but treated for indicated
amounts of time with ionomycin (3uM) in Ringers buffer.

Live cell imaging of calcium responses

Human embryonic kidney (HEK) 293T cells or IMR90 cells were infected with lentiviruses to
express GFP-ALG2 WT and mutants. After 3 days, cells were seeded onto 8-well imaging
chambers (Lab-Tek). For two-color movies, cells were transfected for 12hrs with RFP-Sec31A
using lipofectamine 2000. Prior to imaging, cells were washed 2 times with Ringer’s buffer or
Ringer’s buffer containing 10mM EGTA. Buffer was removed immediately prior to imaging and
replaced with corresponding Ringer’s buffers with DMSO, 3uM ionomycin (Sigma), or 10uM
histamine (Sigma).

Calcium imaging

Ca®" imaging experiments were carried out as previously described (Wilson et al., 2011). Cells
were loaded for 30 min with 2 uM Fura-2AM, supplemented with 0.01% Pluronic F-127 (wt/vol,
Life Technologies), in physiological Ringer’s solution (in mM) 140 NaCl, 5 KCI, 10 HEPES, 2
CaCl,, 2 MgCl, and 10 D-(+)-glucose, pH 7.4. EGTA solution contained: (in mM) 140 NaCl, 5
KCI, 10 HEPES, 10 EGTA 10 D-(+)-glucose, pH 7.4. Images were collected and analyzed using
MetaFluor (Molecular Devices). Intracellular calcium concentration was determined from
background-corrected F;,/Fs ratio images using the relation [Ca2+]i = K*(R-R,in)/(Rnax-R)
(PMID: 3840439) with the following parameters measured in HEK293t cells: R,;,=0.27;
Riuay=6.2; K*=1.8mM. Image analysis and statistics were performed using custom routines in
Igor Pro (WaveMetrics).

Collagen trafficking assays

Saos-2 cells were reverse transfected with siRNAs (20nM) and seeded onto coverslips in a 6-
well dish. After 48h, cells were incubated for 3h at 40°C. After incubation, media was removed
and replaced with DMEM with 10% fetal bovine serum, ascorbate (50pg/ml) and cycloheximide
(50pg/ml) and temperature-shifted to 32°C. At indicated times, cells were fixed in 4%
paraformaldehyde in PBS and processed for immunofluorescence.

Collagen retention assay

HT1080 cells expressing procollagen I and containing doxycycline-inducible KLHL12 were
seeded into 35mm dishes at 150,000 cells per dish and reverse transfected with 20nM siRNAs
targeting ALG2, PEF1, or both. 24h post-transfection, the medium was replaced with fresh
DMEM/FBS and 20h later, the cells were induced with 2pg/mL doxycycline. The cells were
harvested 12h post-induction, washed once with sterile PBS, and trypsinized. Trypsin was
quenched with DMEM/FBS, the cells were spun down and washed once with sterile PBS. The
washed cells were resuspended in 2X Laemmli/6M urea lysis buffer, sonicated, heated to 65°C,
and the concentration of the total protein was determined by means of Pierce 660 protein assay.
Equal amounts of total protein were resolved on SDS gel and analyzed by Western blotting for
intracellular collagen.
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Immunofluorescence imaging of calcium responses

293T cells expressing doxycycline-inducible KLHL12 were seeded on poly-lysine coated
coverslips and reverse-transfected with siRNAs (20nM) when applicable. Prior to treatment,
cells were washed twice with Ringer’s buffer then incubated in Ringer’s buffer with DMSO or
3uM ionomycin. Cells were fixed and processed for immunofluorescence.

Cellular ubiquitylation assays

For detection of SEC31A and PEF1 ubiquitylation, HEK293T cells were transfected with
SHisUbiquitin and KLHL12"49. To determine the effect of PEF1 and ALG2 depletion, cells
with transfected with PEF1 and ALG2 siRNAs 24hrs before plasmid transfection. Cells were
harvested washed with PBS, lysed in Urea lysis buffer (ULB) (8M urea, 300 mM NaCl, 0.5%
NP40, 50 mM Na,HPO,, 50 mM Tris-HC] pH 8) and sonicated. “"*Ubiquitin conjugates were
purified by incubation and rotation with NiNTA agarose for 1h at room temperature. Beads were
washed 5x with ULB supplemented with 10mM imidazole. Ubiquitin conjugated were eluted in
sample buffer and ubiquitylated proteins were detected by western blot.

In vitro binding reactions
In vitro binding assays were performed at room temperature in binding buffer (150mM NaCl,
50mM KHEPES, pH 7.5, 3mg/mL BSA, 10% glycerol, 0.05% TWEEN, EDTA-free protease
inhibitor tablets) supplemented either with ImM EGTA or increasing CaCl2 concentrations
(determined by fluorescence-based calcium imaging using Fura-2 ratiometric calcium-binding
dye). Recombinant ®"SFMAGALG2, PEF1, KHLH12, CUL3/RBX1 (IuM each) and 0.5uM
SEC31 were mixed in the binding buffer and incubated at room temperature for 1h. The mixture
was incubated with M2 anti-FLAG affinity resin (10ul) with mixing for 2h in a total volume of
90pl. The beads were washed six times with binding buffer and eluted with FLAG peptide in a
total volume of 90ul by incubating at 30°C with mixing. 80ul of the eluted protein solution was
mixed with 3X Laemmli buffer and heated for Smin at 95°C. The elution mixture was resolved
on a denaturing gel and the protein levels were assayed by Western blotting. Similar experiments
were performed to interrogate the association between “"FMAYALG2 mutants (10pg) and
SEC31/13 complexes, only that binding was assessed by SDS-PAGE and Coomassie staining.
PEF1 full length, N-terminal domain, and C-terminal domain were synthesized from
pCS2+ vectors by in vitro transcription-translation in rabbit reticulocyte lysate (Promega). 1ug of
DNA was combined with 20pl of rabbit reticulocyte lysate and 3pl of °S-labeled
cysteine/methione mixture (Perkin Elmer). Reactions were incubated at 30°C for 2h. 10ug
MBPKTHL12 (wt and FG289AA) was coupled to 20ul amylose resin (New England Biociences)
in 50mM HEPES (pH 7.5), 150mM NacCl, 1.5 mM MgCl,, 5SmM KCl and 0.1% Tween20 for 1.5
h rotating at 4°C. Beads were washed 3 times in the same buffer, then 5ul in vitro translated
PEF1 constructs were added. Reactions were incubated at 4°C for 2h, then washed 4 times.
Proteins were eluted in sample buffer and detected by coomassie and autoradiography of SDS-
PAGE gels.

In vitro ubiquitylation assays

Ubiquitylation of SEC31 and PEF1 was performed using a modified reconstituted system as
previously described (Jin et al., 2012). 5uM Cul3/Rbx1 was neddylated in the presence of 63uM
Nedd8, 0.7uM E1, 0.8uM Ube2M, and energy regenerating system in 1X UBA buffer (50mM
Tris-HCI pH 7.5, 50mM NaCl, 10mM MgCl,) at 30°C for 7min. Recombinant KLHL12 was
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added to neddylated Cul3/Rbx1 and diluted to 200nM Cul3/Rbx1, 330nM KLHL12). The ligase
dilutions were mixed with the reaction mixture containing recombinant 50nM SEC31, 50nM
PEF1, saturating ubiquitin, E1, UBCHS, energy regenerating system, and 100mM DTT in 1X
UBA buffer. The reaction were carried out for 1h at 30°C and quenched with 2X Laemmli/6M
urea. The samples were heated at 65°C and analyzed by Western blotting. If ubiquitylation of
SEC31 was interrogated in the presence of PEF1 and ALG2, 50nM SEC31 was supplemented
with 150nM PEF1 and 150nM ALG2. The reactions were performed for 1 h at 30°C and
processed as described above. Competition between PEF1 and SEC31 ubiquitylation was
assayed using 50nM SEC31 and increasing concentrations of Pefl (0, 260, 520, 1040, 3420nM)
and assayed in the presence of saturating ligase (550nM Cul3/Rbx1 and 1.59uM KLHL12).

In vivo Sec31-Alg2 ubiquitylation

HEK?293T cells allowing for doxycycline inducible KLHL12 expression were transfected at 60%
confluence with plasmids encoding "**°ubiquitin, SEC13, "SEC31 or the SEC31-ALG?2 fusion
using polyethyleneimine. 24h post-transfection, the cells were treated with 2pug/mL doxycycline
and harversted 30h later. Cells were washed and the cell pellet was resuspened in 2mL of Urea
lysis buffer (ULB) (8M urea, 300mM NaCl, 0.5% NP40, 50mM Na,HPO,, 50mM Tris-HCI, pH
8) and incubated on a rotary shaker for 20min. The samples were lysed by sonication,
centrifuged at 15,000rpm, 15min, and the lysates were normalized for protein concentrations and
adjusted to 2mL using ULB. Lysates were supplemented with 10mM imidazole, mixed with
300ul of Ni-NTA agarose, and incubated on a rotary shaker at room temperature for 1.5h. The
resin was washed five times with SmL per wash of ULB/10mM imidazole. The final wash was
removed completely and the resin was resuspended in 250ul of 1X Laemmli buffer containing
300mM imidazole. The samples were incubated at 65°C with mixing for 10min, resolved on
10% and 5% denaturing gels, and analyzed by Western blotting. The CUL3-dependence of the
SEC31-ALG2 fusion ubiquitylation was tested in cells co-transfected with dominant negative
CULS3 (residues 1-252). The cells were treated and the samples processed as described above.
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Figure 1: PEF1 and ALG2 bind CUL3*"""'?, A, Graphical depiction of the protein interaction network
centered on CUL3*""™'? and SEC31. Proteins marked with red (KLHL12) or orange (PEF1, ALG2,
SEC31) dots were used as baits for affinity-purification coupled to CompPASS mass spectrometry, and
specific binding partners are shown. Total spectral counts for representative experiments are depicted in
Figure S1. B. Validation of proteomic experiments by aFLAG-affinity-purification coupled to Western
blotting, using KLHLI12™*% and selected HA-tagged high-confidence interactors of KLHLI12. C.
Validation of proteomic experiments by aFLAG-affinity-purification coupled to Western blotting, using
specific antibodies to detect endogenous high-confidence interactors of "“°KLHLI12. D. PEF1, ALG2,
and KLHL12 associate with SEC31. Endogenous SEC31 was affinity-purified using specific aSEC31-
antibodies, and co-purifying endogenous proteins were determined by Western blotting. E. ALG2
efficiently binds PEF1 and KLHL12. Endogenous ALG2 was affinity-purified using a ALG2-antibodies
and co-purifying PEF1 and KLHL12 were detected by Western blotting. The left side of the blots shows
the supernatant of the immunoprecipitation experiments. Depletion of ALG2 from cell lysates results in
co-depletion of KLHL 12, underscoring the efficient nature of this interaction.
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Figure 2: PEF1 and ALG2 associate with growing COPII coats. A. PEF1 and ALG2 stably bind
KLHLI12-SEC31 complexes. KLHL12-SEC31 complexes were isolated by sequential affinity-
purification, and bound proteins were determined by CompPASS mass spectrometry. Specific high-
confidence interactors and total spectral counts are shown. B. Validation of proteomic analysis of
sequential KLHL12-SEC31 affinity-purification by Western blotting, testing for endogenous high-
confidence interactors. Both PEF1 and ALG2 are enriched in affinity-purifications, indicative of a stable
interaction with KLHL12-SEC31 complexes. C. PEF1 and ALG2 localize with SEC31 on large COPII
coats. Cells expressing KLHL12 were stained for SEC31 (green), DNA (blue), and PEF1"* or ™ ALG2
(red), respectively. D. PEF1 and ALG2 co-localize with KLHL12. Cells expressing KLHL12 were
stained for KLHL12™9 (green), DNA (blue), and PEF1"* or "ALG2 (red), respectively. E. PEF1 and
ALG2 localize with KLHL12 to collagen-I carriers. HT1080 cells expressing collagen-1 were stained for
KLHL1249 (red), " ALG2 or PEF1™ (purple), collagen-I (green) and DNA (blue).
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Figure 3: PEF1 and ALG2 are required for CUL3*"""'? activation. A. PEF1 and ALG2 are required
for substrate recognition by CUL3*"™'?. Human embryonic kidney cells were depleted of PEF1 or
ALG?2, and endogenous SEC31 was affinity-purified using specific antibodies. Co-precipitating proteins
were detected by Western blotting. B. PEF1 and ALG2 are required for substrate recognition by
CUL3*™M2 a5 determined after CRISPR/Cas9-based genome editing. Human embryonic kidney cells
were transduced with sgRNAs targeting PEFI and ALG2, and endogenous SEC31 was purified as
described above. Co-precipitating proteins were detected by Western blotting. C. PEF1 and ALG2 are
required for SEC31 ubiquitylation in cells. "“*KLHL12 was induced in "®ubiquitin expressing human
embryonic cancer cells, and ubiquitylated proteins were purified by denaturing NiNTA-pulldown and
analyzed by Western blotting. D. PEF1 and ALG2 are required for the CUL3*"""'*_dependent increase in
COPII coat size. Expression of KLHL12 was induced in human embryonic cancer cells that were
transduced with control sgRNAs or sgRNAs targeting PEF1 or ALG2. Formation of large COPII coats
was monitored by SEC31 and KLHL12 co-localization using indirect immunofluorescence microscopy.
E. Quantification of multiple experiments measuring CUL3""""'>-dependent formation of large COPII
coats in the presence of different siRNAs or sgRNAs targeting PEF1 or ALG2. F. PEF1 and ALG2 drive
collagen secretion. Human SaOS2 osteosarcoma cells were pulsed at 40°C to retain collagen-I in the ER.
Cells were then shifted to 32°C to allow for synchronous export of endogenous collagen-I from the ER to
the Golgi apparatus. ER exit of collagen was monitored over time by indirect immunofluorescence
microscopy (left panel) and number of cells with ER-resident collagen-1 was quantified (right panel). G.
PEF1 and ALG2 support collagen secretion from cells. HT1080 cells stably expressing collagen-1 were
analyzed for intracellular retention of collagen-I in the presence of either control siRNAs or siRNAs
targeting PEF1 and/or ALG2.
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Figure 4: PEF1 and ALG2 form a target-specific co-adaptor for CUL3*"""'>, A, PEF1 binds to the
substrate-binding surface in the Kelch repeat of KLHL12. MBP, ™" KLHL12, or substrate-binding
deficient MPPKLHL12"**** were immobilized on beads and incubated with **S-labeled PEF1. Bound
PEF1 was detected by autoradiography. B. PEF1 binds to the substrate-binding surface of KLHL12 in
cells. FLAG-epitope tagged KLHL12 or KLHL12"9*** were affinity-purified from cells and analyzed
for bound proteins by CompPASS mass spectrometry. Normalized total spectral counts for both
proteomic experiments are shown. C. PEF1 bridges an interaction between KLHL12 and ALG2. Binding
of recombinant ALG2 to immobilized CUL3*"™'? was analyzed in the presence or absence of
recombinant PEF1. The reactions were performed in the presence of human cell lysate, which reduced
non-specific precipitation of PEF1. D. ALG2 mediates an interaction between PEF1 and SEC31. Binding
of recombinant PEF1 to SEC31/13 complexes was analyzed in the presence of either wild-type ALG2 or
ALG2"* (a mutant of ALG2 with reduced affinity for SEC31). E. SEC31 and PEF1 can both mediate
binding of ALG2 to KLHLI12. Binding of ALG2 to CUL3*""'* was analyzed in the presence of
SEC31/13, PEF1, or both. F. PEF1 and ALG2 slightly stimulated SEC31 ubiquitylation by CUL3*"""'? in
vitro. Left panel: titration of CUL3*""™'? shows dose-dependent ubiquitylation and turnover of SEC31.
Right panel: addition of PEF1-ALG2 complexes to CUL3*"™? in vitro ubiquitylation reactions
stimulates SEC31 modification. G. Proposed architecture of the CUL3*"2.PEF1-ALG2-SEC31
complex (two possible arrangements are shown).
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Figure 5: PEF1 and ALG2 impose calcium-regulation on CUL3*"""'2, A, Calcium chelation reduces
binding of KLHL12 to SEC31/13, CUL3, PEF1, ALG2, and Lunapark, but does not affect other
interactions of KLHL12. KLHL12"*¢ was purified from cell lysates that were treated with EGTA, and
bound proteins were identified by CompPASS mass spectrometry. Comparison of normalized total
spectral counts to control immunoprecipitations is shown. B. Calcium is required for substrate recognition
of CUL3*"™? KLHL12™4Y was precipitated from cell lysates either in the presence or absence of
EGTA, and bound proteins were detected by Western blotting using specific antibodies. C. Calcium is
required for substrate recognition of endogenous CUL3*"™"'2_ SEC31 was precipitated from cell lysates
treated with EGTA using specific antibodies, and endogenous proteins associated with SEC31 were
determined by Western blotting. D. Calcium is required for formation of CUL3*""™'“-PEF1-ALG2-
SEC31 complexes in vitro. "*“ALG2 was incubated with the indicated combinations of recombinant
proteins either in the presence (control) or absence (EGTA) or calcium. Complexes containing "““ALG2
were then immobilized on aFLAG-resin and analyzed for bound proteins by Western. CUL3 was
expressed as a split protein, with only the 50kD fragment being detected by the antibody. E.
Physiologically relevant calcium concentrations support formation of CUL3*"""'>.PEF1-ALG2-SEC31
complexes in vitro. "“*SALG2 or F**9ALG2"* (a calcium-signaling deficient variant of ALG2) were
immobilized on FLAG-agarose and incubated with the indicated proteins at either 10mM EGTA; 130nM
calcium (to mimic the cellular concentration seen upon calcium release from the ER); or 800nM calcium
and above.
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Figure 6: Calcium binding to ALG2 is required and sufficient for substrate recognition by
CUL3"""_ A, Calcium chelation inhibits association of ALG2 with SEC31, but not PEF1 and ALG2.
Cell lysates were treated with EGTA to chelate calcium or additional CaCl,, "*9ALG2 was purified, and
bound endogenous proteins were detected by Western blotting. B. Calcium-binding to ALG2 is required
for substrate recognition by CUL3*"“'*. Cells were depleted of endogenous ALG2 using specific
siRNAs. Following expression of siRNA-resistant wild-type ALG2, ALG2"* (deficient in calcium-
binding), ALG2"** (mutant hydrophobic surface exposed upon calcium binding), or ALG2** (deficient
in binding to PEF1 and thus, defective integration into CUL3*""™ ') endogenous SEC31 was affinity
purified. Bound proteins were detected by Western blotting. C. Calcium-binding to ALG2 is sufficient for
substrate recognition by CUL3*"™ 2. ALG2 and SEC31 were fused to establish a persistent, rather than
dynamic calcium-dependent, interaction. The fusion protein was purified from cell lysates that were
treated with either CaCl, or EGTA, as indicated, and bound proteins were detected by Western blotting.
D. Dynamic substrate recognition ensures monoubiquitylation. "“*“SEC31 or the "“*“SEC31-ALG2
fusion were purified from cells expressing "ubiquitin under denaturing conditions and tested for
ubiquitylation by aFLAG-Western blotting.
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Figure 7: Regulated activation of CUL3*"""" allows for calcium-dependent control of COPII coat

size. A. Release of calcium from the ER triggers relocalization of ““*ALG2 to vesicles. Immortalized
human IMR90 cancer cells were treated with histamine, which results in opening of ER-resident calcium
channels. Localization of “"ALG2 was then followed by live-cell imaging. B. Increasing cytosolic
calcium levels recruit “YALG2 to vesicles dependent on its ability to bind SEC31 and CUL3*""“'*_PEF1.
Localization of ““"ALG2, " ALG2"* (unable to bind calcium and SEC31), “FALG2"** (unable to
undergo a calcium-dependent conformational change required to bind SEC31), and “FALG2**" (unable
to bind PEF1) was analyzed after calcium influx using live cell imaging. Only wild-type “"ALG2
redistributed to vesicular structures following an increase in cytosolic calcium levels. C. Calcium induces
an increase in COPII coat size. Human embryonic kidney cells expressing KLHL12 were exposed to
higher cytosolic calcium levels, and the size of KLHL12-positive COPII coats was monitored by indirect
immunofluorescence microscopy. D. Images as described in Figure 7C were subjected to automated
image analysis and the average COPII coat size was determined as a function of the time after calcium
influx into cells. E. Ubiquitin- and calcium-dependent regulation of COPII coat size. Human embryonic
kidney cells expressing KLHL12 were depleted of CUL3, PEF1, or ALG2, as indicated. After calcium
influx was triggered, the number of large KLHL12-positive vesicles was measured using automated
image analysis.
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Figure S1: Interaction network of the CUL3*""!*> ubiquitin ligase. High-confidence interactors of
KLHL12, SEC31, PEF1, and ALG2 were determined by affinity-purification coupled to CompPASS
mass spectrometry. Peptide counts for high confidence interactors are shown. The last column shows the
results of a sequential affinity-purification of KLHL12-SEC31 complexes.
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Figure S2: PEF1 and ALG2 are required for substrate binding by CUL3*"" %, A, Lunapark does
not co-localize with KLHL12 on large COPII coats. Cells expressing both Lunapark™ and KLHL12"49
were analyzed for protein localization using indirect immunofluorescence microscopy. B. PEF1 and
ALG?2 are required for substrate binding by CUL3*""'2, KLHL12"4% expressing cells were transfected
with control siRNAs or siRNAs targeting PEF1 or ALG2. KLHL12 was immunoprecipitated on aFLAG-
agarose, and bound proteins were analyzed by Western blotting. C. PEF1 and ALG2, but not Lunapark,
are required for formation of large COPII coats. KLHL12-expressing cells were transfected with control
siRNAs or siRNAs targeting PEF1, ALG2, or Lunapark, and analyzed for SEC31 and KLHLI12 co-
localization by indirect immunofluorescence microscopy.
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Figure S3: PEF1 binds the Kelch repeats of KLHL12. A. PEF1 is ubiquitylated in cells. PEF1 or
variants of PEF1 with mutations in indicated Lys residues were expressed in cells that also produced
"Subiquitin. Ubiquitylated proteins were purified under denaturing conditions on NiNTA agarose and
analyzed for modified PEF1 by Western blotting. B. CUL3*"""'* ubiquitylates PEF1 in cells. FLAG-
epitope tagged KLHL12 or KLHL12“""™ (a variant unable to associate with CUL3) were affinity-
purified from human embryonic kidney cells and analyzed for bound proteins by Western blotting.
Expression of KLHL12, but not KLHL12°“""*, induced monoubiquitylation of PEF1. C. Endogenous
CUL3*™M2 ybiquitylates endogenous PEF1. Cells expressing "ubiquitin were transfected with siRNAs
targeting KLHL12. Ubiquitylated proteins were purified under denaturing conditions and tested for PEF1
modification by Western blotting. D. CUL3*""™'* ubiquitylates PEF1 in vitro. Increasing concentrations
of recombinant PEF1 were incubated with either 0.5uM or 1pM recombinant CUL3KLHL12, E1l, UBE2D3,
ubiquitin, and ATP. Ubiquitylation of PEF1 was analyzed by Western blotting. E. CUL3*"2
ubiquitylates PEF1 in cells. Cells were transfected with increasing amounts of KLHL12 or substrate-
binding deficient KLHL12F**** and ubiquitylation of PEF1 was analyzed by Western blotting. F.
CUL3*™MM2 ybiquitylates PEF1 in cells. "Subiquitin-expressing cells were transfected with KLHL12 or
substrate-binding deficient KLHL12F9****  Ubiquitylated proteins were purified under denaturing
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conditions over NiNTA agarose and analyzed for PEF1 by Western blotting. G. PEF1 and SEC31
compete for access to KLHL12. In vitro ubiquitylation reactions of recombinant SEC31 (in complex with
SEC13) were performed by CUL3*M™MM2 E1, UBE2D3, and ATP in the presence of increasing PEF1
concentrations. SEC31 and PEF1 ubiquitylation was detected by Western blotting. H. SEC31 and PEF1
compete for access to KLHL12 in cells. Endogenous SEC31 was affinity-purified from cells that
overexpressed either PEF1 or ALG2, and bound CUL3*""™'? was detected by Western blotting.
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Figure S4: Architecture of the CUL3*"""'*.PEF1-ALG2-SEC31 complex. A. PEF1 binds KLHL12
through its amino-terminal Gly-Pro repeats. *°S-labeled PEF1, N-PEF1 (i.e. Gly-Pro-rich repeats), or
PEF1-C (EF-hand domains) were incubated with immobilized MBP or ™"KLHL12, respectively. Bound
PEF1 proteins were detected by autoradiography. B. PEF1 binds ALG2 through its carboxy-terminal EF
hand domain. **S-labeled PEF1 proteins (described above) were incubated with immobilized ™*“ALG2,
and bound proteins were detected by autoradiography. C. ALG2 binds to PEF1 through its fifth EF hand.
Recombinant ALG2 or ALG2** were incubated with immobilized MBP or M*"PEF1, respectively.
Bound proteins were detected by Western blotting. D. ALG2 binds SEC31 through its first EF hand.
Recombinant SEC31 was incubated with immobilized wild-type ALG2 or variants of ALG2 with

mutations in the 1% EF hand (E47A, F60), 3" EF hand (E114A), or 5™ EF hand (AEF5). Bound proteins
were detected by Coomassie staining.
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Figure S5: CUL3*"""!? j5 a calcium-dependent ubiquitin ligase. A. Chelation of calcium abrogates the
interaction between SEC31 and ALG2. Recombinant SEC31 was immobilized on beads using aHA
antibodies, incubated with ALG2, and analyzed for bound proteins by Western blotting. Experiments
were performed in the presence or absence (EGTA) of calcium. B. Calcium-binding deficient ALG25*
disrupts formation of the CUL3*""™'* ubiquitin ligase. KLHL12 was immunoprecipitated from control
cells or from cells that overexpressed wild-type ALG2, ALG2"*, or ALG2"'"**. Bound proteins were
detected by Western blotting. C. CUL3*""™'? ubiquitylates the SEC31-ALG2 fusion protein. The SEC31-
ALG?2 fusion was expressed in human embryonic kidney cells that also produced "“ubiquitin. KLHL12
and dominant negative CUL3' > were expressed as indicated. Ubiquitylated proteins were purified under
denaturing conditions over NiNTA agarose, and analyzed for SEC31-ALG2 modification using Western
blotting. D. Polyubiquitylation of the SEC31-ALG2 fusion triggers its proteasomal degradation. Cells
were transfected with SEC31, SEC31-ALG2, and KLHL12 as indicated. When noted, cells were treated
with the proteasome inhibitor MG132, and protein levels were determined by Western blotting.
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Figure S6: CUL3"""'* j5 a rapid calcium-dependent ubiquitin ligase. A. Calcium influx caused co-
localization of ““"ALG2 and ""SEC31. Shown is a cells at 18s after calcium influx was triggered. B.
CUL3*™M? ybiquitylates SEC31 and PEF1 very quickly. Purified PEF1 and SEC31 were incubated with
recombinant CUL3*"™2 ALG2, E1, UBE2D3, ubiquitin, and ATP and incubated at 30C for the
indicated times. Ubiquitylation of SEC31 and PEF1 was analyzed by Western blotting.
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Chapter 3
Conclusions and Outlook

Conclusions

In this work we have elucidated a novel mechanism by which a CUL3 ubiquitin ligase,
CUL3XM2 g regulated. CULS3 itself functions in a broad spectrum of cellular processes and
likely ubiquitylates over a hundred proteins through its association with ~90 distinct substrate
receptors (Genschik et al., 2013; Petroski and Deshaies, 2005). CUL3 acts at multiple stages of
human development, and activation of complexes between CUL3 and specific substrate adaptors
must be tightly controlled. CUL3*""“!?| the complex driving collagen secretion, illustrates the
need for precise spatial regulation of CUL3 activation. When cells produce and package collagen
into COPII vesicles that bud from the ER, CUL3*MM2 st modify SEC31 at ER exit sites, but
not in the cytoplasm. Furthermore, the process of collagen packaging inside the ER must be
coupled to ubiquitylation at these sites, a process that requires communication across the ER
membrane. These requirements illustrate multiple reasons why CUL3*"™"!? activity must not be
constitutive and must be sensitive to specific aspects of the cellular environment.

We report that collagen trafficking driven by CUL3*"""'? _dependent ubiquitylation of
SEC31A requires the target-specific co-adaptor proteins PEF1 and ALG2. Depletion of either of
these proteins results in deficient SEC31/CUL3*"""'* binding, SEC31 ubiquitylation, large
COPII vesicle formation, and collagen trafficking. PEF1 and ALG2 form a complex and contact
the substrate-binding Kelch repeats of KLHL12 via the N-terminal proline/glycine-rich repeats
of PEF1. ALG?2 then forms a bridge between SEC31 and CUL3*""“!? by directly binding to
SEC31. Based on this and previous work, it is likely that SEC31 is targeted by a multimeric
CUL3*"12 ybiquitin ligase in which the substrate is directly engaged by one KLHL12 Kelch
propeller and indirectly engaged with an additional Kelch propeller through its interaction with
PEF1/ALG2.

PEF1 and ALG2 each contain 5 EF-hand domains, at least 2 of which are known to bind
calcium ions (Maki et al., 2011). Calcium binding by the target-specific co-adaptor ALG2 serves
as a major point of CUL3*"'? regulation, as the direct interaction between SEC31 and ALG2
occurs only when ALG2 binds calcium at EF-hand 1 (la Cour et al., 2013; Yamasaki et al.,
2006). Accordingly, CUL3*""'? is unable to target SEC31 when ALG?2 is mutated so that it
cannot bind calcium, CUL3*""'>.PEF1-ALG2-SEC31 complexes efficiently form only at
calcium concentrations >130nM, which is higher than the resting cytosolic calcium concentration
and within the physiological range that occurs during waves of ER calcium release.

Calcium-dependent activation of CUL3*"™™'? occurs rapidly, suggesting that cellular
calcium signaling regulates this ubiquitin ligase. When ER calcium release is induced by
ionomycin or histamine treatment, ALG2 relocalizes to SEC31-containing COPII vesicles within
~5 seconds. Upon ionomycin treatment, cytosolic calcium reaches a concentration of 130nM (the
concentration at which full CUL3*""""?_PEF1-ALG2-SEC31 complexes assemble in vitro) in
5.2 seconds. The agreement between these measurements suggests that CUL3*""'? is able to
target SEC31-containing COPII vesicles within seconds of ER calcium release. This provides a
mechanism by which collagen secretion and COPII vesicle trafficking are controlled by signaling
pathways that result in increased cytosolic calcium.

The target-specific co-adaptors PEF1 and ALG2 are essential for efficient collagen
secretion in cell culture experiments and in organisms. Depletion of PEF1 or ALG2 results in a
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profound delay in ER-to-Golgi trafficking of pro-collagen I in human osteosarcoma cells.
Similarly, depletion of PEF1 or ALG2 in pro-collagen I-expressing fibrosarcoma cells results in
intracellular retention of pro-collagen I. When PEF1 is targeted by morpholino injection,
Zebrafish embryos are deficient in craniofacial cartilage, suggesting that there is a collagen
secretion defect in craniofacial chondrocytes (data not shown). Based on this data we conclude
that calcium-dependent ubiquitylation of SEC31 by CUL3*"*'? is required for proper collagen
secretion in organismal development.

Future Directions

Oligomerization and substrate binding by Kelch-like CUL3 substrate receptors

Kelch-like BTB-domain-containing CUL3 substrate receptors are known to recruit
substrates to CUL3 via the Kelch domain, which forms a beta propeller structure that binds
substrates through loops in between propeller blades. Kelch-like substrate receptors dimerize and
bind CUL3 via their BTB domain, likely forming higher-order oligomers when they contain an
intervening BACK domain (Errington et al., 2012; Zhuang et al., 2009a). This creates a situation
in which a single CUL3 ubiquitin ligase complex contains multiple substrate-binding domains
aligned in close proximity to each other. Previous studies have suggested that a single substrate
can engage two of these domains at the same time. Multiple KEAP1-binding motifs on the
CUL3XEAP! substrate NRF2 allow one NRF2 molecule to contact two KEAPI polypeptides
(McMahon et al., 2006; Tong et al., 2006). Similarly, the CUL3 substrate receptor SPOP binds
its substrate, Puc, in a 2:1 ratio (Zhuang et al., 2009a). Our work suggests a related but distinct
function of CUL3 substrate receptor dimerization. Here, one KLHL12 Kelch propeller could
bind a PEF1-ALG2 co-adaptor complex, and the substrate SEC31 could simultaneously engage
the PEF1-ALG2 co-adaptor and the additional free KLHL12 Kelch propeller.

The simplest iteration of this model suggests a KLHL12:PEF1:ALG2:SEC31 ratio of
2:1:1:1, but evidence suggests that active CUL3*""'? complexes may be significantly larger.
Many of these proteins are known to self-associate. KLHL12 can likely form higher-order
oligomers through its BACK domain (Errington et al., 2012), ALG2 can likely homo-dimerize
(Maki et al., 2011), and SEC31 self-associates extensively as a repeating structural unit of COPII
vesicle coats (Stagg et al., 2006). Because of this, biophysical and structural studies will be
required to further elucidate the interaction of active CUL3""""“'? with its substrate. In particular,
gel filtration and analytical ultracentrifugation could be used to determine the size or sizes of
CUL3*™12 complexes, and electron microscopy could be used to more precisely determine the
architecture and molecular arrangement of these complexes.

Models of KLHL12 and KEAP1 suggest functional roles for homo-dimerization of these
proteins, but emerging literature also shows potential roles for hetero-dimerization of Kelch-like
CULS3 substrate receptors. The highly homologous substrate receptors KLHL9 and KLHL13
function as a heterodimer with roles in mitosis (Sumara et al., 2007). KBTBD6 and KBTBD7
heterodimerize and regulate actin signaling by modulating RAC1 dynamics (Genau et al., 2015).
In these cases, KLHL9/13 and KBTBDG6/7 pairs share upwards of 90% sequence identity and
seem to dimerize with near stoichiometric ratios. Our mass spectrometry detected interactions
between KLHL12 and several other CUL3 substrate adaptors including KLHL26, IPP, KLHL?2,
and KLHL21, suggesting a possible function for KLHL12 hetero-dimerization. However, unlike
KLHL9/13 and KBTBD6/7, KLHL12 is significantly divergent from its interacting substrate
receptors, and these receptors bind in comparatively low amounts. For these reasons, it is likely
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that KLHL12 functions primarily as a homo-oligomer, but the possibility of functional hetero-
dimers/oligomers cannot be excluded. Depletion of PEF1 or ALG2 has a significantly stronger
effect on collagen trafficking than depletion of KLHL12. This suggests that additional ubiquitin
ligases could drive collagen trafficking in the absence of KLHL12. To explore this possibility, it
would be useful to examine the interactions of PEF1 and SEC31 by mass spectrometry in the
absence of KLHL12 to uncover new interactions with other ubiquitin ligases.
Negative regulation of CUL3KMHL2

Experiments using recombinant proteins have demonstrated that CUL3*""“'*> can
ubiquitylate SEC31 in the absence of PEF1 and ALG?2, but these proteins are required for
efficient SEC31 ubiquitylation in cellular assays. The discrepancy between these two may lie in
the fact that recombinant assays measure ubiquitylation of SEC31 in the absence of other
CUL3*™12 gybstrates and potential negative regulators. In the crowded cellular environment,
CUL3*"12 ¢ould be engaged with other substrates, and SEC31 may be ubiquitylated only when
the ligase is maximally activated in the presence of calcium. Similarly, SEC31 is known to be
phosphorylated in cells (Koreishi et al., 2013), but the recombinant protein used for our assays is
unmodified. SEC31 phosphorylation may be an inhibitory modification, and the additional
activity imparted by calcium-dependent activation of CUL3*""“!? may overcome this inhibition.
Similarly, this process may be counteracted by deubiquitylating enzymes. In this case, enhanced
CUL3XMM2 aetivity could be required to overcome deubiquitylation activity and promote
sustained ubiquitylation of SEC31. Investigating additional regulatory mechanisms such as these
will be important to fully understand the mechanism of large COPII vesicle formation by
CUL3KLHLL2

Biochemical function of ubiquitylation in COPII vesicle trafficking

Once SEC31 is ubiquitylated, this modification must be translated into an increase in
vesicle size. The mechanism by which this occurs is currently unknown. The function of SEC31
ubiquitylation could be elucidated in part by determining which region of the protein is modified.
Mutational analyses were performed by mutating all lysines of SEC31 to arginine but no single
lysine was required for SEC31 ubiquitylation (Jin et al., 2012). However, a cluster of lysines or a
particular domain of the protein could be specifically targeted by CUL3*“"M2  Further
mutational analysis and mass spectrometry could be used the address the question.

SEC31 targeting by CUL3*"™"'* could have a variety of consequences depending on the
domain that is modified. The N-terminal WD-40 repeats of SEC31 form the junctions of the
COPII coat and have some structural flexibility (Zanetti et al., 2013); thus ubiquitylation of this
region could directly alter the conformation of the coat and promote a larger lattice of the outer
COPII coat. The C-terminal proline-rich domain of SEC31 contacts SEC23, stimulating its GAP
activity towards SARI and terminating the vesicle budding cycle (Antonny et al., 2001).
Ubiquitylation of this region could modulate this interaction and alter the temporal dynamics of
COPII vesicle budding, allowing COPII vesicles more time to grow and accommodate pro-
collage. Finally, ubiquitylation of any domain of SEC31 could lead to the recruitment of effector
proteins that affect COPII biogenesis through a variety of mechanisms.

Determining which region of SEC31 is ubiquitylated would allow for the construction of
a constitutively ubiquitylated SEC31 variant with ubiquitin internally fused near its endogenous
location or a variant that cannot be ubiquitylated at all. These mutants could be used to test the
previously proposed hypotheses with recombinant proteins and in cellular assays.
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Broadening the spectrum of calcium-dependent post-translational modifications

Monoubiquitylation is a post-translational modification that has many parallels to
phosphorylation. Similar to phosphorylation, attachment of a single ubiquitin can significantly
alter a target’s interactions with other proteins or intracellular localization (Hicke, 2001).
Specifically, calcium-dependent regulation of CUL3"™? ubiquitylation activity parallels the
calcium-dependent phosphorylation activity of calcium/calmodulin-dependent protein kinases
(CAMKSs) (Erickson, 2014; Hook and Means, 2001; Lucchesi et al., 2011). This work represents
the first example of a calcium-dependent ubiquitin ligase and broadens the parallels between
kinase signaling and ubiquitin signaling.

CAMKII is a calcium-dependent kinase involved in neuronal long-term potentiation,
learning, memory, and cardiomyocyte function (Erickson, 2014; Lisman et al., 2012; Lucchesi et
al., 2011). CAMKII forms a dodecameric ring structure that is autoinhibited at low intracellular
calcium concentrations (Rosenberg et al., 2005). When calcium becomes elevated, either through
neuronal depolarization or other mechanisms, the EF-hand-containing protein calmodulin binds
calcium, which allows it to bind CAMKII. Calmodulin binding relieves autohibition of CAMKs,
allowing activation through autophosphorylation and ultimately phosphorylation of target
substrates (Lai et al., 1986). Analogous to calmodulin, CUL3*"""!? senses calcium and becomes
activated through EF-hand 1 of its co-adaptor protein ALG2. In our model, ALG2 binds SEC31
in response to elevated calcium, facilitating its monoubiquitylation by CUL3*M:12,
Dephosphorylation can also be regulated by changes in cellular calcium concentrations. There
are at least four major calcium-calmodulin-dependent protein kinases, some with multiple
isoforms, that are all activated by calcium-bound calmodulin (Hook and Means, 2001).
Conversely, Calcineurin is a calmodulin-dependent serine-threonine protein phosphatase that
removes phosphates from target proteins in response to elevated cellular calcium (Rusnak and
Mertz, 2000). It is possible that calcium similarly regulates other ubiquitin ligases and
deubiquitylating enzymes.
Developmental functions of CUL3*""""?

While the cellular contexts in which CAMKII and other CAMKSs become activated are
characterized, the calcium-elevating stimulus or stimuli that activate CUL3*""™'? are currently
unknown. Based on our data, ER calcium release is sufficient to cause ALG2 relocalization to
ER exit sites, but it is not clear whether calcium released from other organelles or imported from
the extracellular space can also trigger formation of large collagen-containing COPII vesicles.
Furthermore, the specific ion channels that mediate this process and the context in which they
become activated are unknown. This may be most easily addressed by first determining the
developmental cell types that rely most heavily on CUL3*""!? activity, and then interrogating
the types of calcium signaling events that occur in those cells.

CUL3"12 ikely has multiple functions in organismal development. It is required to
maintain proper morphology of mouse embryonic stem cells through secretion of collagen into
the extracellular matrix and is downregulated upon differentiation (Jin et al., 2012). Additionally,
its cofactors PEF1 and ALG2 are required for secretion of collagen in a variety of cell types:
Depletion of these proteins in osteosarcoma and fibrosarcoma cells suggests they are required for
collagen secretion in osteoblasts and fibroblasts. CUL3*"""'? likely contributes to collagen
secretion in craniofacial chondrocytes because zebrafish embryos depleted of PEF1 show defects
in deposition of craniofacial cartilage. The range of cell types in which KLHLI2 and its co-
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adaptors PEF1 and ALG2 are expressed is currently unknown, and in situ hybridization or
immunohistochemistry during development would shed light on this question. Understanding
where and when CUL3*""'* functions will be an important step in understanding the critical
process of collagen secretion in organismal development.
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