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The calcium-dependent ribonuclease XendoU
promotes ER network formation through local

RNA degradation
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ow cells shape and remodel organelles in response

to cellular signals is a poorly understood process.

Using Xenopus laevis egg extract, we found that
increases in cytosolic calcium lead to the activation of
an endogenous ribonuclease, XendoU. A fraction of Xen-
doU localizes to the endoplasmic reticulum (ER) and is
required for nuclear envelope assembly and ER network
formation in a catalysis-dependent manner. Using a pu-
rified vesicle fusion assay, we show that XendoU func-
tions on the surface of ER membranes fo promote RNA

Introduction

Developmental differentiation results in changes to intracellular
organization and organelle structure as cells adapt to fulfill
more specialized roles. The transition from oocyte to embryo
requires several coordinated cellular events, including release
from meiotic arrest, exocytosis of cortical granules, fusion of
male and female pronuclei, cytoskeletal rearrangements, and
changes in protein expression (for review see Vacquier, 1981;
Whitaker, 2006a; Horner and Wolfner, 2008; Perry and Verlhac,
2008). The developmental program and signaling cascade is
initiated by a transient intracellular calcium wave released
through IP; receptors that reside on the surface of the ER, in
addition to an influx of extracellular calcium (Ridgway et al.,
1977, Steinhardt et al., 1977; Gilkey et al., 1978; Busa and
Nuccitelli, 1985; Miyazaki et al., 1992). Work in many other
cell types has shown that calcium is one of the most widely
used signaling molecules regulating such diverse processes
as neuronal signaling (Berridge, 1998), transcription (Ikura
et al., 2002), mitochondrial function (Brookes et al., 2004),
and apoptosis (Nicotera and Orrenius, 1998). Although it is
known that calcium plays a role in numerous cellular events, it
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cleavage and ribonucleoprotein (RNP) removal. Addition-
ally, RNA removal from the surface of vesicles by RNase
treatment leads to increased ER network formation. Using
human tissue culture cells, we found that hEndoU localizes
to the ER, where it promotes the formation of ER tubules
in a catalysis-dependent manner. Together, these results
demonstrate that calcium-activated removal of RNA from
membranes by XendoU promotes and refines ER remodel-
ing and the formation of tubular ER.

is unknown if there are additional roles for calcium during
fertilization and early development.

One of the major internal stores for calcium within a cell
is the ER (Jaffe, 1983; Eisen and Reynolds, 1985). The ER itself
is a complex, continuous membrane structure with a common
lumen and includes the nuclear envelope and peripheral ER,
which is comprised of sheets (rough ER) and tubules (smooth
ER; Baumann and Walz, 2001; Shibata et al., 2006). ER tubules
are connected by three-way junctions and include regions of
high membrane curvature (Voeltz et al., 2006). In contrast, ER
sheets are flat membrane structures with very little curvature
except at the edges (Shibata et al., 2010). During interphase,
the ER maintains its basic structure, though changes in inter-
actions with the microtubule cytoskeleton (Waterman-Storer
and Salmon, 1998; Grigoriev et al., 2008; Friedman et al.,
2010; Wang et al., 2013) and membrane-bound organelles
(English and Voeltz, 2013a), as well as continual structural rear-
rangements (Du et al., 2004), render this organelle quite dynamic.
During mitosis, the ER changes morphology and the nuclear
envelope fragments and becomes part of the ER (Poteryaev et al.,
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2005; Puhka et al., 2007; Lu et al., 2009, 2011; Wang et al.,
2013). ER tubules and sheets are present in all eukaryotic cells,
though the organization and ratios of sheets to tubules vary by
cell type (Shibata et al., 2006). In general, cells with a higher
ratio of sheets, which usually contain more ribosomes, are spe-
cialized for synthesizing secretory and membrane proteins
(Hu et al., 2011). In turn, tubules contain very few ribosomes
and usually serve as sites of lipid synthesis, vesicle budding,
and points of contact with other organelles and the cytoskeleton
(Hu et al., 2011).

Recent advances have provided insight into how these
different structures are formed and maintained. The reticulons,
and related DP1/Yop1 family, localize to the tubular ER (Voeltz
et al., 2006) and to the highly curved edges of sheets (Shibata
et al., 2010). These proteins form a unique hairpin configuration
within the outer membrane leaflet, leading to the highly curved
nature of tubules. Depletion of DP1 and reticulons in yeast cells
leads to an overabundance of sheets and loss of tubules (Voeltz
et al., 2006). In addition, purified reticulon and DP1/Yop1 fam-
ily members were sufficient to induce tubule formation from
vesicles (Hu et al., 2008), which indicates that these proteins
play a role in promoting tubule formation. Homotypic fusion
of ER tubules leads to network formation and is mediated
by members of the Atlastin family (Hu et al., 2009; Wang et al.,
2013), a class of dynamin-like GTPases, and the Rab10 GTPase
(English and Voeltz, 2013b). When Atlastins are depleted in
cells, long unbranched tubules are observed, which results from
the lack of fusion events (Hu et al., 2009). Alternatively, the
maintenance and stabilization of ER sheets is mediated by the
sheet-promoting factors Climp-63, kinectin, and p180 (Shibata
et al., 2010).

In addition to proteins, a large fraction of the transcrip-
tome localizes to the surface of the ER where these mRNAs are
translated on membrane-bound ribosomes (Reid and Nicchitta,
2012). Several proteins that promote ER sheet formation have
been shown to interact with mRNAs and ribosomes (Shibata
et al., 2010), and changes in the translational status of the cell
can alter ER morphology and protein distribution (Puhka et al.,
2007; Shibata et al., 2010). However, it is not clear how the reg-
ulation of stability and localization of mRNAs and ribosomes to
the ER affects ER structure. RNA degradation may significantly
influence the localization and function of an mRNA. Cellular
nucleases are the key enzymes mediating RNA turnover, and
their enzymatic activity is generally dependent on divalent cat-
ions. Here we used Xenopus laevis egg extracts to explore the
hypothesis that an increase in intracellular calcium could regu-
late the RNA content and morphology of the ER. We show that
the calcium-activated ribonuclease XendoU (Caffarelli et al.,
1994; Laneve et al., 2003) localizes to the surface of the ER,
where it functions in local RNA degradation and eviction of
ribosomes, RNPs, and RNA from the membrane surface to
ensure proper ER morphology. Additionally, we show that the
localization and function of XendoU are maintained in human
cells, demonstrating a conserved role for calcium-regulated
RNA degradation in control of ER morphology. Thus, we pro-
pose that the EndoU family of proteins regulate ER structure
and function by mediating local RNA degradation in response
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to changes in intracellular calcium levels, thereby contribut-
ing to the spatial reorganization of the ER network throughout
the cell cycle.

Results

Identification of a calcium-dependent
nuclease activity

Metaphase-arrested egg extracts from X. laevis are routinely used
to study various aspects of the cell cycle in vitro (Murray, 1991;
Desai et al., 1999). “Cytostatic factor (CSF)-arrested” extracts
are prepared with the addition of the calcium chelator EGTA in
order to maintain the CSF arrest during extract preparation. The
addition of ~0.6 mM calcium chloride to CSF extracts leads to
an increase in the free calcium concentration to ~1.5 uM, which
mimics the calcium release from intra- and extracellular stores
that occurs at fertilization (Busa and Nuccitelli, 1985; Lorca
et al., 1991), leading to activation of the calcium/calmodulin-
dependent protein kinase II (CamKII) and exit from CSF-mediated
meiotic arrest. X. laevis egg extracts have previously been used
to identify several important calcium-regulated factors that play
important roles during fertilization, demonstrating the fidelity
of this cell-free system (Lorca et al., 1993; Mochida and Hunt,
2007). To determine if calcium regulated RNA metabolism, in-
creasing concentrations of calcium chloride were added to egg
extract and total RNA was isolated to determine if there was a
change in RNA stability. Surprisingly, specific RNA cleavage
products were identified at physiologically relevant calcium
concentrations (Fig. 1 A). Addition of magnesium chloride or
manganese chloride, common metal cofactors for nucleases, at
the same concentrations did not lead to RNA cleavage, which
indicates that the nuclease activity in egg extract was dependent
on calcium. Treating the extract with EGTA, a known calcium
chelator, prevented RNA degradation when added before, and
in excess over calcium (Fig. 1 B). When calcium was added be-
fore EGTA, cleavage still occurred, indicating that the nuclease
acts rapidly and efficiently.

Purification of the calcium-dependent
ribonuclease

A previous report described purification of a calcium-dependent
ribonuclease activity from X. laevis oocyte extract (Seidel and
Peck, 1994), and we used this purification technique to search
for similar activity in egg extract. Precleared egg extract was
applied to a heparin column equilibrated in calcium-free buffer,
and nuclease activity was found in the flow-through. The hepa-
rin flow-through was adjusted to 1 mM CaCl, and reapplied to
the heparin column, which retained the nuclease activity in the
presence of CaCl,. Bound proteins were eluted with a linear
gradient of KCI and analyzed for protein content and nuclease
activity (Fig. 1, C and D).

Using these partially purified fractions, we used an in-gel
nuclease activity assay in which proteins are electrophoresed
through an SDS-PAGE gel containing radiolabeled RNA in the
resolving portion of the gel (Rosenthal and Lacks, 1977; Seidel
and Peck, 1994). After electrophoresis, the gels were soaked in
a buffer to remove SDS and renature the proteins followed by
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Figure 1. A calcium-dependent nuclease activity in X. laevis egg extract. (A) CaCl,, MgCl,, or MnCl, were added to extract at increasing concentra-
tions for 60 min. RNA was isolated from extract, 5" end-labeled, and run on a denaturing acrylamide gel. (B) Total RNA was isolated from reactions
supplemented with no metal, CaCl,, EGTA alone, or EGTA and CaCl, in the same reaction. RNAs were run on denaturing acrylamide gels and stained
with SYBR Green II. (C) Precleared egg extract was run over a Heparin HiTrap affinity column, and flow-through was collected. CaCl, was added to the
flow-through and run over a Heparin HiTrap column preequilibrated with CaCl,. Proteins were eluted with a salt gradient from 0.1 M to T M KCl. Peak
protein—containing fractions were pooled and run on a 10% SDS-PAGE gel and Coomassie stained. A band running just under 37 kD in fractions 7 + 8
and 9 + 10 (arrow) was submitted for mass spec analysis and identified XendoU as the putative nuclease. (D) Peak protein fractions from C were run on
10% SDS-PAGE gels containing *?P-labeled RNA in the resolving portion of the gel. Gels were soaked in buffer to remove SDS and renature proteins, then
soaked in buffer containing 1 mM of CaCl,, MgCl,, MnCly, or no metal overnight at 4°C and imaged by Phosphorlmager.

incubation in a buffer containing either no metal, CaCl,, MgCl,,
or MnCl,. Ribonuclease activity was detected by a clearing in
the gel after exposure to a phosphor image plate. Activity was
only detected in the presence of CaCl, and only in fractions
7-10 (Fig. 1 D). Examination of Coomassie blue—stained frac-
tions revealed a protein at the expected size of the nuclease ac-
tivity that also corresponded to the size of the protein isolated in
oocytes (Fig. 1 C, black arrow). Mass spectrometry of this band
resulted in the identification of XendoU, a nuclease previously
studied in the maturation of specific small nucleolar RNAs

(snoRNAs; Laneve et al., 2003). These results collectively sug-
gest that XendoU is the protein responsible for the calcium-
dependent nuclease activity observed in egg extract.

Characterization of XendoU activity

To examine the catalytic activity of XendoU, we cloned the cDNAs
from X. laevis egg extract and purified recombinantly expressed
His-tagged versions of XendoU from bacteria (Fig. S1 E). Two
paralogues of XendoU exist in X. laevis: A and B, which differ
by 15 amino acids throughout the protein. We expressed both
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Figure 2. XendoU is required for calcium-mediated RNA degradation in vifro. (A) Recombinant wildtype XendoU was incubated with increasing con-
centrations of CaCl,, MgCl,, MnCl,, and total RNA from egg extract. RNA was visualized on a denaturing acrylamide gel stained with SYBR Green Il
(B) Recombinant H162A and K224A were incubated with metal and RNA and visualized as in A. A very faint band (arrow) appears in the presence of
calcium and K224A. (C) XendoU or mock-depleted (IgG) cytosol was incubated with T mM CaCl,. Recombinant wild-type XendoU (rXU) was added to
XendoU-depleted, mock-depleted (IgG), or undepleted cytosol and analyzed as in A. (D) Western blot of XendoU demonstrating the antibody-mediated
depletion in CSF extract as compared with undepleted (CSF) or mock-depleted (IgG) extracts. (E) Cytosol or cytosol mixed with light membranes were
incubated with increasing concentrations of CaCl,, and RNA was visualized as in A.

paralogues and found that XendoU B purified as a single band,
whereas XendoU A purified with additional bands, potentially
heat shock proteins (unpublished data).

Next we incubated the recombinant, wild-type proteins with
increasing concentrations of CaCl,, MgCl,, and MnCl, in the pres-
ence of total RNA purified from egg extract (Fig. 2 A, Fig. S1 B
[XendoU B], and Fig. S1 D [XendoU A]). Both wild-type XendoU
protein isoforms exhibited activity in the presence of CaCl, and
lacked activity in the presence of MgClL. XendoU B exhibited
RNase activity with MnCl,, but this activity required 20-fold higher
levels of MnCl, and exhibited weaker nuclease activity, which sug-
gests that XendoU B prefers CaCl, for nuclease activity.

To further test the metal-dependent catalytic capacity of
XendoU, the wild-type recombinant protein was subjected to
the in-gel nuclease assay. In the presence of CaCl,, MgCl,, or
MnCl,, a clearing was only detected in the presence of CaCl,
(Fig. S1 A [XendoU B] and Fig. S1 C [XendoU A]) as seen with
the endogenous protein (Fig. 1 D). It has previously been shown
that XendoU is active in oocyte nuclear extract in the presence
of MnCl, on a specific snoRNA target, though it has also been
shown that the protein is generally very active in the presence of
CaCl, (Caffarelli et al., 1994, 1997). Here we show that recom-
binant XendoU B is an extremely robust, nonspecific ribonucle-
ase active at all calcium concentrations tested. Subsequent
assays were performed using recombinant XendoU B protein
because it showed greater activity and purified more homoge-
nously than XendoU A.

The catalytic site of XendoU is similar to RNase A and T1,
and is composed of a triad of residues important for snoRNA
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catalysis (Gioia et al., 2005). To determine if mutations to cata-
lytic and substrate-binding residues would reduce calcium-
dependent RNase activity, we mutated residues H162 (predicted
catalytic residue) and K224 (positively charged residue pre-
dicted to stabilize substrate binding and previously demon-
strated to be important for snoRNA processing) to alanine and
subjected the mutant proteins to the same in vitro cleavage assay
as the wild-type protein. XendoU B H162A showed no catalytic
activity against total RNA in the presence of any metal at any of
the concentrations tested (Fig. 2 B). XendoU B K224A showed
dramatically reduced activity in the presence of CaCl, (Fig. 2 B,
black arrow) and no activity with any other metal. Previous
work demonstrated that both recombinant proteins were ca-
pable of binding RNA (Gioia et al., 2005), demonstrating that
these specific residues play an important role in metal-dependent
RNA catalysis, but not in RNA binding.

To determine if XendoU is responsible for the specific
calcium-dependent cleavage products in egg extracts, we im-
munodepleted XendoU from cleared cytosolic extracts using
custom antibodies (Fig. 2 D). Depletion of XendoU from the
cytosol resulted in a near-complete loss of cleavage activity
in the presence of calcium (Fig. 2 C). Cleavage activity was
restored after the addition of recombinant wild-type XendoU to
the previously depleted extract. RNA cleavage products of the
same size and pattern as seen in the IgG control were detected
after addition of the recombinant protein, demonstrating that
XendoU is the protein responsible for the calcium-dependent
RNA catalysis. Interestingly, activity in membrane-free cytosolic
extract was more robust than in total egg extract at the same
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concentration of exogenously added calcium. When compar-
ing cytosolic extract alone and cytosolic extract with the ER
and membrane fraction added back, we found that more cal-
cium was required for nuclease activity when membranes were
present. This indicates that although the ER is a main source of
calcium in the extract, it can also reabsorb cellular calcium
(Fig. 2 E) and reduce global RNase activity.

One possible model for a calcium-activated nuclease is
that activity would be coupled to calcium release to completely
degrade a specific set of transcripts important for meiosis upon
fertilization. To determine if specific transcripts were degraded
in a XendoU-dependent manner after CaCl, addition to egg
extracts, we prepared mRNA-seq libraries from control and
XendoU-depleted extracts arrested in meiosis and after calcium
treatment. Because the poly-A tails of many mRNAs change at
fertilization (Horner and Wolfner, 2008), we isolated mRNAs
using CAP-capture (Blower et al., 2013). We found that there
were several mRNAs that appeared to be reduced in control-
depleted extracts upon calcium addition but were stable in
XendoU-depleted extracts (Fig. S2 A). We hypothesized that
mRNAs that are completely degraded after calcium addition
would be absent from both CAP-capture and oligo-dT selected
mRNA libraries. However, when we prepared mRNA-seq libraries
from an additional extract using oligo-dT selection, we did
not find any mRNAs that appeared to be degraded upon CaCl,
addition using both mRNA purification methods (Fig. S2 B),
which suggests that mRNAs that change in dT or CAP-capture
libraries are likely to be the result of deadenylation or decap-
ping, but not RNA degradation. Additionally, RT-PCR analysis
failed to confirm consistent degradation of any mRNAs upon
addition of CaCl, (unpublished data). We conclude that XendoU
does not function to completely degrade a specific subset of
mRNAs upon fertilization (Fig. S2 C), but may function in a
local RNA degradation pathway.

XendoU regulates membrane dynamics
after meiotic exit

The calcium-mediated activation of XendoU suggested that
XendoU could regulate aspects of the cell cycle or cell morphol-
ogy in response to calcium signaling. To determine if XendoU
regulated the cell cycle after meiotic exit, we incubated sperm
nuclei, CaCl,, GFP-Histone H1 (to identify chromatin in live
images), and Vybrant Dil (to image the nuclear envelope/mem-
branes) in control and XendoU-depleted extracts. We found that
XendoU depletion resulted in a significant delay in nuclear
envelope formation (Fig. 3 A) and onset of DNA replication
(Fig. S3, A and B), common hallmarks of interphase. Impor-
tantly, the timing of cyclin B degradation was not affected
(Fig. S3 C) after XendoU depletion (Fig. S3 D), which suggests
that the observed effects were not the result of changes in cell
cycle timing. Taking into consideration the defect seen in nuclear
envelope closure, we investigated general membrane dynamics
in the extract, as the nuclear envelope and ER comprise a con-
tinuous membranous structure sharing a common lumen. Exami-
nation of bulk membranes in the XendoU-depleted extract using
octadecyl rhodamine revealed a lack of network formation and
characteristic three-way junctions between tubules (Fig. 3 B).

Instead, only a few long tubules were observed compared with
IgG control-depleted extracts, where a complete network of ER
tubules joined by three-way junctions was detected. Previous
studies have found that antibody-mediated protein depletion
can cause physical damage to extracts, resulting in suboptimal
assembly of cellular structures in depleted extracts (Desai et al.,
1999). We found this to be especially true for the formation of
the ER network, as treatment of extracts with IgG or XendoU
antibody beads resulted in a reduction in ER network formation
(Fig. 3 B) compared with network formation assays performed in
extract that was never incubated with beads (Fig. S4 A). How-
ever, XendoU-depleted extracts consistently exhibited ER net-
work assembly defects that far exceeded those caused by control
antibody depletion alone (Fig. 3, C and D). Collectively, these
results demonstrate that XendoU plays an important role in reg-
ulating membrane dynamics during meiotic exit.

To determine if the nuclease activity of XendoU is required
for the regulation of membrane dynamics, we performed “res-
cue” experiments of XendoU immunodepletions using both the
wild-type (Fig. 2 A) and the catalytically dead point mutants
(Fig. 2 B). The addition of the recombinant proteins (wild-type
or catalytically dead) did not affect network formation in the
IgG mock-depleted extract (Fig. 3 C, top; and Fig. 3 D). The
wild-type recombinant protein was able to partially rescue
the defect in ER network formation while the catalytically dead
point mutants were unable to rescue the network formation
phenotype (Fig. 3 C, bottom; and Fig. 3 D). This indicates that
RNA cleavage mediated by XendoU is important for proper ER
network formation.

XendoU localizes and functions on ER
membranes to promote network formation
The finding that XendoU regulates ER dynamics suggested that
the nuclease may be performing a novel role on the membrane to
control ER structure and function. To determine if XendoU as-
sociated with the ER, we fractionated egg extract into cytosol and
light membrane fractions, which are enriched in ER membranes
(Powers et al., 2001). Membrane proteins such as TRAPa were
only found in the light membrane fractions, whereas highly abun-
dant proteins, such as a-tubulin, were only found in the cytosol
(Fig. 4 A). XendoU was present in both fractions. We found that
endogenous XendoU consistently colocalized with ER networks
and exhibited a punctate localization to the ER (Fig. 4 B). Interest-
ingly, both XendoU and RNA were present on membranes, and
subpopulations of both remained stably bound to membranes
washed in moderate (200 mM KCI, washed light membrane
[wlm] 200) or high salt (500 mM KCI, wlm 500; Fig. 4, C and D).
Conversely, dynein and ribosomal proteins S6 and L.7a were largely
dissociated from light membranes at 500 mM KCI, whereas the as-
sociation of TRAP« with light membranes and salt-washed mem-
branes remained unchanged. Collectively, these results demonstrate
that a subpopulation of XendoU is tightly bound to membranes,
where it may directly regulate ER dynamics.

To determine if membrane-bound XendoU acts on mem-
branes to regulate ER network formation, we performed vesicle
fusion reactions in the absence of cytosol. These vesicle fusion
reactions have been used to demonstrate a direct role for the
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Figure 3. XendoU plays a role in nuclear envelope formation and proper ER morphology. (A) Demembranated X. laevis sperm nuclei were incubated
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reticulons (Voeltz et al., 2006), Atlastin (Hu et al., 2009), and
Rab10 (English and Voeltz, 2013b) in mediating homotypic ER
fusion events. Salt-washed vesicles (200 mM KCl) devoid of
cytosolic and peripheral membrane proteins were incubated
at 25°C in the presence of ATP and GTP, resulting in the for-
mation of a network (Fig. 5 A). No networks formed in the
absence of ATP and GTP (Fig. 5 A). Networks formed in the
presence of IgG (Fig. 5 A). Conversely, when XendoU antibody
was included in the reaction, networks failed to form and only
small vesicles were detected (Fig. 5 A). It is important to note
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Figure 4. A subpopulation of XendoU local-

izes to ER membranes. (A) Cytosol (cyt) and light
10 01 0.5 0.1 (ul) 7 were

membrane (Im) preps (~20x) were isolated as
described in the Materials and methods. West-
ern blots were performed on each fraction for

a-tubulin, TRAPa, and XendoU. (B) ER networks
were formed in flow cells and fixed with para-
formaldehyde and glutaraldehyde. Immuno-
fluorescence for XendoU was performed with
aXendoU antibody and a-rabbit Cy3 secondary
antibody (red). Alexa fluor 488 Concanavalin A
(conA) was added in with secondary antibodies
to defect glycoproteins and the ER (green). The
boxed region is magnified 5x in the lower pan-
els. Bars: (top) 10 pm; (bottom) 2 pm. (C) Light
membranes (Im) were washed in buffers con-
taining 200 mM (wim 200) or 500 mM (wlm
500) KCl. Membranes were washed twice and
resuspended in the same original volume. RNA
was isolated from each membrane prep (prep A
and B), run on denaturing acrylamide gels, and
stained with SYBR Green II. (D) Western blots for
XendoU, dynein, ribosomal protein Sé (Rib S¢),
ribosomal protein L7a (Rib L7a), and TRAPa
were performed on light membranes (Im) and
membranes washed in 200 mM KCI (wim 200)
or 500 mM KCI (wlm 500). TRAPa serves as a
loading and wash control.

XendoU

O O
O

Q\\é‘ Q\\é‘

XendoU _37kD
dynein @& | 751D
Rib 56 /W & | . o

Rib L7a [ ] o

TRAP. [ >"<°

that vesicle fusion in this system does not rely on the addition
of exogenous calcium, but the vesicle fusion reaction itself
releases calcium from the lumen of the ER (Voeltz et al., 2006).
Consistent with our results, addition of 5'5'-dibromo BAPTA,
a calcium chelator, blocks vesicle fusion in this system (Dreier
and Rapoport, 2000), and BAPTA blocks nuclear envelope
formation in X. laevis egg extracts (Sullivan et al., 1993). These
results demonstrate that the membrane-bound subpopulation
of XendoU plays an integral role in vesicle fusion and net-
work formation.

(bottom) CSF was incubated at room temperature in the presence of 1 mM CaCl, and 1x PBS + 15% glycerol (PBSg, protein storage buffer) for 60 min followed
by staining of membranes by octadecyl rhodamine and imaged live. (C) Mock-depleted (top) or XendoU-depleted (bottom) extracts were incubated with
recombinant proteins (wild-type [left], H162A [middle], or K224A [right]) on ice for 30 min followed by addition of 1 mM CaCl, and incubated for 60 min
at room temperature. Membranes were stained and imaged as above. (D) 10-12 randomly selected fields were taken for each condition in B and C in
three separate egg extracts. Three-way junctions between ER tubules were counted for each field to assess network formation. Statistical comparison of IgG +
PBSg to experimental samples was performed using a one-sample t test. Comparison of XendoU-depleted to rescued extract was performed using an

unpaired Student's t test. Error bars indicate SD. Bars, 10 pm.
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Figure 5. XendoU plays a role in vesicle fusion and controls local RNA degradation on membranes. (A) Light membranes were washed one time in buffer
containing 200 mM KCI (wlm 200) and incubated in the absence of ATP and GTP (no fusion) or in the presence of ATP and GTP (vesicle fusion). Alterna-
tively, wims were incubated for 30 min at RT with 5 pM control (IgG) or XendoU antibody followed by the addition of ATP and GTP. Aliquots were mixed
with octadecyl rhodamine at 15 min, incubated for an additional 15 min at RT, and imaged live. Representative images of each condition are shown.
(B) RNA was isolated from membrane pellets from the end points of reactions containing IgG or XendoU antibodies in A, 5’ end-labeled with [*2P-y]ATP
as described, and run on a denaturing gel. (C) Membranes were pelleted from standard vesicle fusion reactions (+ATP +GTP) or control reactions (—ATP
-GTP), and RNA was isolated from the supernatant, run on a denaturing gel, and imaged with SYBR Green II. (D) Western blots of XendoU, ribosomal
protein Sé (RibSé), ribosomal protein L7a (RibL7a), dynein, and TRAPa on membranes after vesicle fusion (+ATP +GTP) or in the absence of fusion (—ATP
—GTP) in the presence of IgG or XendoU antibody. (E) Wims were mock-treated or RNaseA treated (0.01 ng/pl, 0.1 ng/pl, or 1 ng/pl), then washed
once more, and RNA was isolated and imaged as in C. (F) RNaseA-reated vesicles from E were incubated and imaged as in A at 20 min and 50 min
after addition of ATP and GTP. Bars, 10 pm.
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ER membranes exhibit localized

nuclease activity

To determine if the nuclease function of XendoU was active on
membranes, we isolated RNA from membrane pellets of vesicle
fusion reactions in the presence of IgG control or XendoU antibody
and labeled the 5 end of cleavage products with **P (Fig. 5 B).
Many cleavage products (between 10 and 100 nt) were present in
IgG reactions and absent in reactions containing XendoU anti-
bodies, demonstrating that the XendoU antibody blocks the cata-
Iytic activity of XendoU on membranes. These data, combined
with the ability of the XendoU antibody to block network forma-
tion (Fig. 5 A), suggest that the nuclease function of XendoU on
membranes is required for the generation of the ER network.

To determine if RNAs were released from membranes
over the course of vesicle fusion, we repeated the reaction in
the absence of ATP and GTP (no vesicle fusion) or in the pres-
ence of ATP and GTP (vesicle fusion). When the supernatant
was isolated after membrane pelleting, we found that RNA was
released from the membranes after vesicle fusion (Fig. 5 C),
indicating that RNA cleavage and release from membranes are
important steps for efficient vesicle fusion.

Because we observed that XendoU persisted on membranes
before and after vesicle fusion (Fig. 5 D), we wondered if the abun-
dance of other proteins on membranes was affected during vesicle
fusion. Interestingly, we detected that a subpopulation of ribosomal
proteins L7a and S6 as well as the microtubule motor dynein are
removed from membranes after vesicle fusion (Fig. 5 D), as seen
by a reduction in protein levels on membranes isolated after fusion.
In addition, when vesicle fusion is blocked by the presence of
XendoU antibody, this subpopulation of L7a and S6 and dynein
remains on the membranes, which indicates that RNA degradation
induced by XendoU results in the ejection of a subpopulation of
ribosomal proteins from membranes (Fig. 5 D).

To determine if general RNase activity on membranes
was sufficient to promote vesicle fusion, we RNAaseA treated
salt-washed vesicles, which is a technique previously used to
strip ribosomes and mRNAs from isolated ER membranes
(Lee et al., 1971; Rosbash and Penman, 1971). Using a very
conservative RNase treatment at 0.01 ng/ul, we observed that
only a small fraction of the RNA present on membranes was
degraded (as compared with 0.1 and 1 ng/ul), as seen by com-
paring the accumulation of specific RNA fragments over in-
creasing concentrations to untreated wims (Fig. 5 E). When
these treated membranes were used in the vesicle fusion reac-
tion in the presence of ATP and GTP, a dense ER network
formed more rapidly, with a far greater number of tubules as
compared with standard wlms (Fig. 5 F). In the absence of
ATP and GTP, neither membrane preparation formed a net-
work (Fig. S4, B and C). Additionally, in the presence of high
RNase concentrations (0.1-1 ng/ul), extremely dense, aber-
rant networks formed, exhibiting large round vesicles and an
absence of tubular ER network (Fig. 5 F). These results indi-
cate that low-level nonspecific RNA cleavage on ER mem-
branes promotes network formation, but that excess RNA
removal results in aberrant ER morphology, indicating that
controlled RNA removal from the ER is important for normal
ER morphology.

EndoU activity and localization

in human cells

To determine if the localization and function of XendoU are
evolutionarily conserved, we examined human EndoU in cul-
tured cells. The human EndoU gene encodes splice variants that
encode at least four different polypeptides, three of which con-
tain a predicted N-terminal signal sequence or transmembrane
domain (Poe et al., 2014). We examined two EndoU isoforms in
HeLa cells: EndoU2, which contains a putative signal sequence/
transmembrane domain; and EndoU-short (Fig. 6 A), which
contains the catalytic domain and is similar to X. laevis EndoU.
To determine the localization of the two human EndoU iso-
forms, we created GFP fusion constructs and cotransfected
these into HeLa cells with an mCherry-Sec61 plasmid to iden-
tify ER (Fig. 6, C and D). EndoU2 localizes throughout the ER
sheets and tubules (Fig. 6 C), whereas EndoU-short localizes
throughout the cytoplasm and to puncta along, or directly abut-
ting, the ER tubules (Fig. 6 D), similar to the localization ob-
served for XendoU.

To determine if EndoU also regulated ER morphology
in human cells, we used endoribonuclease-prepared siRNAs
(esiRNAs; Yang et al., 2002, 2004) to knock down EndoU in HeLa
cells. esiRNAs were designed for a portion of the coding region
or the 3" UTR of EndoU (see Materials and methods), and
therefore targeted all EndoU isoforms. Quantitative RT-PCR
demonstrates knockdown of EndoU (Fig. 6 B). Knockdown of
EndoU, either by esiRNAs directed against the coding region or
3" UTR, resulted in loss of the tubular ER and expansion ER
sheets (Fig. 6, E and F), similar to the phenotype observed upon
loss of Rab10 function (English and Voeltz, 2013b). We ob-
served an identical expansion of ER sheets upon knockdown
of EndoU with a pool of siRNAs directed against the coding
region and 3’ UTR (Fig. S5, B-E).

To determine if EndoU can rescue this phenotype, we
transfected an RNAi-resistant plasmid (lacking the 3’ UTR)
after treatment of the cells with the 3" UTR—directed esiRNAs
(Fig. 6 G). Catalytically active, but not catalytically inactive,
EndoU2 and EndoU-short are able to partially rescue the ER
defect phenotype (Fig. 6 G and Fig. S5 A), similar to the rescue
observed using the recombinant XendoU protein in X. laevis
extract (Fig. 3, C and D). Partial rescue of the ER morphology
phenotype by both ER-localized EndoU2 and largely cytoplas-
mic EndoU-short demonstrates that EndoU can regulate ER
morphology whether it is statically localized to the ER (EndoU2)
or recruited to the ER from the cytoplasm (EndoU-short), simi-
lar to the situation observed with XendoU. Collectively, these
results demonstrate that EndoU exhibits a conserved localiza-
tion and function at the ER in humans and X. laevis in a catalysis-
dependent manner.

Discussion

Our study has uncovered a novel role of calcium signaling in
the regulation of ER morphology. Here we show that XendoU
is a calcium-activated nuclease that localizes to the ER and af-
fects ER morphology and nuclear envelope formation. Our re-
sults support the hypothesis that localized RNA degradation on
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Figure 6. Human EndoU localizes to the ER and controls ER morphology. (A) Schematic of the structures of XendoU, human EndoU2, and EndoU-short.
The locations of conserved catalytic residues and putative signal sequence/transmembrane domains are indicated. Residue 112 in XendoU is where the
homology between the X. laevis and human proteins begins; the N termini are relatively unconserved. (B) Quantitative RT-PCR showing effective knockdown
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the surface of the ER is important for promoting and refining
ER network formation.

Using X. laevis egg extracts, we identified a ribonucle-
ase activity that is activated by physiologically relevant levels
of calcium (Busa and Nuccitelli, 1985; Lorca et al., 1991). We
purified the protein responsible for calcium-dependent catalysis
and found that it was XendoU, a protein previously described
to play a role in snoRNA processing in X. laevis oocyte nuclear
extract (Caffarelli etal., 1994, 1997). Although it has been shown
that XendoU activity on a snoRNA target in nuclear extract and
with recombinant protein relies on manganese, we also note that
the previously described XendoU was dramatically more active
in calcium (Caffarelli et al., 1994, 1997), which is consistent
with our results. The XendoU crystal structure does not contain
Mn?* ions even when the crystals are soaked in MnCl, (Renzi
et al., 2006), which suggests that XendoU likely has a higher
affinity for calcium than for manganese. Activity of XendoU in
the presence of manganese occurs at 5—7 mM (Caffarelli et al.,
1994), which is significantly higher than what occurs in the cell
(Tholey et al., 1988; Zhang and Ellis, 1989), whereas XendoU
activation by calcium in extracts occurs at the same concentra-
tion that mimics fertilization (Busa and Nuccitelli, 1985; Lorca
et al., 1991). Collectively, these data suggest that calcium is
likely the relevant cofactor for the majority of XendoU func-
tions, whereas manganese may play a more limited role in acti-
vating XendoU for snoRNA processing.

Structures of both XendoU and the viral homologue NendoU
have demonstrated that both of these ribonucleases possess a
catalytic site similar to RNase A (Renzi et al., 2006; Ricagno
et al., 2006), which is consistent with production of cleavage
products containing 2',3" cyclic phosphates (Renzi et al., 2006).
RNase A, which also produces cleavage products with ends
identical to those produced by XendoU, does not require a diva-
lent cation for catalysis. In turn, XendoU lacks an obvious metal
binding site (Renzi et al., 2006), yet requires a metal cofactor
for catalysis. These observations are consistent with XendoU
belonging to a novel class of ribonucleases.

In this study, we used X. laevis egg extracts to mimic ele-
vation of cytosolic calcium levels that occur upon calcium re-
lease from the ER at fertilization. It is known that many changes
in organelle structure and distribution take place at fertilization,
including the mitochondria and ER (Terasaki et al., 2001; Sun
et al., 2011). In addition to fertilization, there is evidence from
many different systems that calcium transients occur during mi-
tosis (for review see Whitaker, 2006b) and may play a role in vari-
ous aspects of cell cycle control. A recent study has demonstrated
that X. laevis egg extracts faithfully recapitulate changes in ER
morphology that occur during the cell cycle (Wang et al., 2013).

Previous work has demonstrated that the mitotic ER is com-
posed almost entirely of sheets, which reorganize to form the
nuclear envelope, and an ER composed of a mixture of sheets
and tubules at mitotic exit (Lu et al., 2009; Lu et al., 2011; Wang
et al., 2013). The dramatic morphological changes of the ER
during mitosis highlight the dynamic nature of this organelle
(Voeltz et al., 2002) and demonstrate that large changes in ER
structure are well correlated with calcium transients. Interest-
ingly, we found that immunodepletion of XendoU in interphase
extracts blocked formation of the nuclear envelope and ER net-
work assembly. The requirement for XendoU in ER network
assembly was strictly dependent on the catalytic activity of
XendoU, which is identical to what we observed for human
EndoU in cultured cells. These results are consistent with XendoU
playing a role in ER remodeling at fertilization, although fur-
ther studies will be required to directly test this hypothesis.
Previous studies of X. laevis, human, and viral XendoU
homologues have demonstrated that these nucleases have very
limited sequence specificity, cleaving RNAs after UU dinucleo-
tides or a single U in vitro (Caffarelli et al., 1997; Bhardwaj
et al., 2006; Laneve et al., 2008), although no target RNAs have
been identified in vivo. In an attempt to determine if specific
mRNAs were degraded in a XendoU-dependent manner, we
sequenced mRNAs before and after calcium addition to egg
extracts. We found that there were no mRNAs that were dra-
matically degraded upon calcium addition, demonstrating that
XendoU does not function to completely degrade any specific
set of mRNAs. Because we have observed that XendoU is ac-
tive on the surface of ER membranes, and is likely to have very
little sequence specificity, we speculate that the RNAs targeted
by XendoU will likely be determined by proximity to the nucle-
ase upon activation by calcium release from the ER. We hypoth-
esize that these target RNAs will include both ribosomal RNAs
(rRNAs) and mRNAs localized to the surface of the ER that are
in the process of being translated into secreted and membrane-
bound proteins. Rapid uptake of free calcium by the ER will
likely limit the RNase activity of XendoU, which is consistent
with our observation that the addition of purified membranes to
clarified cytosol dampens XendoU activity as compared with
the same concentration of calcium added to cytosol alone. This
mechanism would limit RNase activity on the surface of the ER,
which is important for proper ER morphology, as we found that
high RNase concentrations result in aberrant ER morphology.
Our data, in particular the use of purified vesicles, support
the hypothesis that XendoU acts by locally cleaving membrane-
bound mRNAs and rRNAs followed by release of a subpopula-
tion of ribosomes and other RNA-associated proteins from the
ER. We speculate that RNA cleavage functions to clear a patch

of EndoU with esiRNAs directed against the coding region and 3’ UTR. (C) Hela cells were cotransfected with EndoU2-GFP and mCherry-Sec61p, and
analyzed by fluorescence microscopy. (D) Hela cells were cotransfected with EndoU-short-GFP and mCherry-Secé 18 and analyzed as in C. (E) Cells treated
with control esiRNAs (left) or esiRNAs against the coding region (middle) or 3" UTR (right) of EndoU were transfected with mCherry-Sec618 and analyzed
by fluorescent microscopy. (F) Quantification of the percentage of cells exhibiting expanded ER sheets in control, EndoU coding, and EndoU 3’ UTR RNA.
Error bars indicate standard deviation. At least 200 cells were scored and the experiment was performed in triplicate. (G) Hela cells were treated with
control or EndoU 3" UTR esiRNAs, then transfected with wild-type or catalytically dead EndoU2-GFP or EndoU-short-GFP (resistant to RNA, lacking the
3’ UTR) and mCherry Sec61B. The percentage of cells exhibiting expanded ER sheets is quantified. Error bars indicate standard deviation. At least 200 cells
from three replicates of each condition were scored. Inset panels in C and D are magnified 3x. Bars: (main panels) 10 pm; (insets) 2 pm.
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Figure 7. Model of XendoU nuclease activity
on membranes. (A) The ER network exists as a
mixture of tubules and sheets. A decrease in
XendoU results in the expansion of sheets. (B) Ri-
bosomes, ribonucleoproteins (RNPs), XendoU,
Atlastin, and (closed) calcium channels are
localized to membrane vesicles containing
Ca?". Dimerization of Atlastin leads to eventual
membrane fusion and calcium release through
calcium channels on the membrane. XendoU
binds calcium and mediates local RNA degra-
dation (mRNAs, rRNAs, other RNAs), resulting
in the release of ribosomes, RNPs, and RNA
from the surface of membranes.

o~mre  ERtubule

‘ ER sheet

o

of ER membrane, possibly to remove complexes that could
sterically hinder the vesicle fusion machinery, allowing for tu-
bule growth and fine-tuning of network remodeling (Fig. 7 A).
In X. laevis egg extracts, the loss of XendoU leads to a failure of
vesicle fusion and a lack of tubular ER network. Loss of EndoU
in HeLa cells leads to a loss of tubular ER and an expansion of
ER sheets. This is consistent with the observation that ER tu-
bules generally contain fewer ribosomes than ER sheets (Puhka
et al., 2007; West et al., 2011), though it is unknown how the
difference in ribosome occupancy is achieved by the cell. Our
results support the model that XendoU is part of the molecular
mechanism that regulates ribosome occupancy on the surface of
the ER, and therefore affects ER morphology.

Recent work has indicated that several proteins play a
key role in regulating the shape of the ER. Among the most in-
triguing is the membrane-bound GTPase Atlastin, which is re-
quired for ER formation in several different systems (Hu et al.,
2009; Orso et al., 2009; Wang et al., 2013) and is sufficient to
promote vesicle fusion in a purified system (Orso et al., 2009;
Bian et al., 2011). Structural and biochemical studies have
demonstrated that Atlastin can form two different types of
dimers that are likely to be important intermediates in the ves-
icle fusion reaction (Bian et al., 2011). Because XendoU is not

Ribosome

(.@/Ribosome :
. XendoU . Atlastin

Calcium channel

Membrane receptor

homologous to other proteins that are important in vesicle
fusion, it seems likely that XendoU facilitates vesicle fusion at
a step after Atlastin functions (Fig. 7 B). Perhaps Atlastin-
mediated vesicle dimerization promotes calcium release from
the ER lumen that activates XendoU activity to promote effi-
cient vesicle fusion.

Our original identification of XendoU used the addition of
CaCl, to egg extracts to mimic fertilization-induced calcium in-
creases. However, vesicle fusion experiments performed in the
absence of cytosol did not require exogenous calcium, demon-
strating that XendoU is activated by calcium released from the
lumen of the ER. Calcium plays a well-documented role in the
fusion of vesicles with the plasma membrane during exocytosis
(for review see Jahn and Fasshauer, 2012). In addition, several
studies have shown that release of calcium from the lumen of
fusing vesicles is required for SNARE-mediated vesicle fu-
sion (Peters and Mayer, 1998; Schekman, 1998; Ungermann
et al., 1998), although it is unclear how vesicle fusion triggers
calcium release or what calcium channel is used. Work using
X. laevis extracts has demonstrated a role for both calcium and the
IP; receptor in mediating nuclear envelope formation (Sullivan
etal., 1993, 1995), which suggests that the IP; receptor could be
a potential calcium channel activated during vesicle fusion.
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Consistent with a role for luminal calcium in ER struc-
ture, we also observe the EndoU-mediated effects on tubule
formation in human cells, where knockdown of EndoU results
in an expansion of ER sheets, a phenotype also seen in loss-of-
function Rab10 (English and Voeltz, 2013b). In human cells,
all changes in intracellular calcium arise as a consequence of
release from intracellular stores, primarily the ER. Recent work
has shown that calcium signaling in neuronal cells leads to
a dramatic rearrangement of the ER (Cui-Wang et al., 2012).
In addition, a recent study demonstrated that down-regulation
of mouse EndoU suppressed activation-induced cell death in
B cells (Poe et al., 2014). B cell activation is accompanied by
increased calcium signaling and an enormous expansion of the
ER, which is consistent with the observation that changes in
EndoU levels modulate ER structure. Collectively these results
suggest that EndoU proteins are likely to function in general ER
structure, but that they may play an increased role in response
to calcium signaling.

Materials and methods

Extract preparation

X. laevis metaphase-arrested egg extract was prepared fresh as described
previously (Hannak and Heald, 2006). In brief, female frogs were primed
with 100 U pregnant mare serum gonadotropin (PMSG; EMD Millipore)
followed by injection of 500 U human chorionic gonadotropin (HCG;
Sigma-Aldrich) at least 48 h later. Laid eggs (1618 h) were collected,
dejellied, washed (with buffer containing 5 mM EGTA), packed (200 g for
1 min followed by 800 g for 30 s), and crushed (17,000 g for 15 min).
Cytoplasm was collected via needle puncture through the side of the tube,
protease inhibitors and energy mix were added, and extract was kept at
12°C until use.

Fractionated inferphase extract was prepared from X. laevis unfertil-
ized eggs, as described previously, into cytosolic and light membrane frac-
tions (Powers et al., 2001). In brief, frogs were injected as described for CSF
preparation, eggs were collected (100 mM NaCl), dejellied, washed (without
EGTA), and packed (400 g for 15 s). Protease inhibitors and cycloheximide
(50 pg/pl final) were added on top of the packed eggs that were then lysed
(12,000 g for 15 min). Crude interphase extract was collected via needle
puncture on the side of the tube and centrifuged (250,000 g for 70 min at
4°C). A clear cytosolic fraction was collected and spun again (250,000 g for
25 min at 4°C) while the light membrane fraction was isolated, diluted, and
spun over a sucrose gradient (26,000 g for 20 min at 4°C). Light membranes
were collected and along with the cytosolic fraction were aliquoted, snap
frozen in liquid nitrogen, and stored at —80°C.

RNA isolation and electrophoresis
Aliquots of egg extract reactions (in the presence of metal at the concen-
trations indicated) were added to 100 pl 2x PK buffer (200 mM Tris-Cl,
pH 7.5, 25 mM EDTA, pH 8.0, 300 mM NaCl, and 2% wt/vol SDS) and
deproteinized with 10 pl of 20 mg/ml proteinase K (Roche) at 65°C for
15 min. Samples were phenol extracted using equal volume of phenol:
chloroform and precipitated with 1 pl of 20 mg/ml glycogen (USB) and
3 vol absolute ethanol (Haley et al., 2003). Alternatively, RNA was iso-
lated using TRIzol (Invitrogen) according to manufacturer’s directions.
RNAs were resuspended in 2x urea dye (8 M urea, 25 mM EDTA, pH 8.0,
0.025% wt/vol xylene cyanol, and 0.025% wt/vol bromophenol blue)
and separated on 10% 8 M urea acrylamide gels. RNA was detected by
staining with SYBR Green Il (Invitrogen) according to the manufacturer’s
directions and visualized using a Typhoon TRIO (GE Healthcare). Alter-
natively, RNAs were 5’ end labeled with 50 pCi ATP [y-*2P] (6000 Ci/
mmol; PerkinElmer) and T4 polynucleotide kinase (New England Biolabs,
Inc.) according to the manufacturer’s directions. RNAs were electropho-
resed on 10% 8 M urea acrylamide gels, then gels were exposed to a
Phosphorlmager plate (GE Healthcare) and imaged on a Typhoon TRIO
(GE Healthcare).

To test the effects of chelators on RNA cleavage, reactions were as-
sembled in the presence of EGTA (either 2 or 10 mM over exogenous

CaCly). EGTA was either added alone (no CaCl, present), at the same time
as CaCly, or at the times indicated before, or after, the addition of CaCl,.
RNA was isolated and processed as described for isolation of RNA from
CSF extract.

Purification of nuclease activity from X. laevis egg extract

X. laevis egg exiract (200 pl) was precleared (200,000 g for 2 h) and run
over a 1-ml HiTrap Heparin HP column (GE Healthcare) on an AKTA Purifier
10 (GE Healthcare) equilibrated in 1x XB (without CaCl,): 100 mM KCl,
1 mM MgCl,, 50 mM sucrose, and 10 mM Hepes-KOH, pH 7.7. Flow-
through fractions were collected and bound proteins were eluted using a
linear salt gradient to 1 M KCl. Flow-through (2.5 ml) was adjusted to 1 mM
CaCl, and run over the same Heparin column preequilibrated in 1x XB +
1 mM CaCl,. Bound proteins were eluted using a linear salt gradient to
1 MKCI (Seidel and Peck, 1994). Fractions (0.5 ml) containing protein were
analyzed by SDS-PAGE and Coomassie Imperial staining (Thermo Fisher Sci-
entific). Bands were excised and submitted for mass spectrometry (LC/MS/
MS) analysis (Taplin Mass Spectrometry Facility, Harvard Medical School).

Cloning, expression, and purification of recombinant proteins

Full-length XendoU A and B were cloned from total egg extract RNA. First
strand synthesis was performed with random hexamers (Promega) and
reverse transcription was performed with Superscript Il RT (Invitrogen).
PCR was performed using the Fast Start High Fidelity system (Roche) using
primers oMB 929 (5'-TATTGACTCGAGTCAGTACAGATCCGGGTT-3’,
Xhol site underlined) and oMB 910 (5'-TTACTAGGATCCGCGAGTAA-
CAGGGGGCAG-3’, BamHI site underlined) for XendoU A and oMB930
(5" TATTGACTCGAGTCAGTACAGATCTGGGTT-3’, Xhol site underlined)
and oMB912 (5'-TTACTAGGATCCGAGGCCAACAGGGGGCAG-3’,
BamHI site underlined) for XendoU B. PCR products were digested with
BamHI (New England Biolabs, Inc.) and Xhol (New England Biolabs,
Inc.), and gel purified (QIAGEN). pET30a plasmid was digested with
BamHI (New England Biolabs, Inc.) and Xhol (New England Biolabs, Inc.),
treated with calf alkaline phosphatase (New England Biolabs, Inc.), and
gel purified (QIAGEN). Linearized plasmid and digested PCR products
were ligated with T4 DNA (Quick) ligase (New England Biolabs, Inc.)
and transformed into DH5« competent cells (Invitrogen). Sequence-verified
clones (XendoU A [pMB523] and XendoU B [pMB524]) were transformed
info BL21 Rosetta-gami competent cells (EMD Millipore). Single colonies
were used to inoculate overnight cultures. 10 ml of overnight culture was
used to inoculate 1 liter of LB + kanamycin with 0.1% glucose. Cells were
grown at 37°C until ODggo = 0.6. Cells were induced with 0.5 mM IPTG
for 6 h at 21°C and collected by centrifugation at 4,000 g for 30 min
and snap frozen in liquid nitrogen. Cell pellets were thawed on ice and
resuspended in 1x PBS with 150 mM NaCl and 20 mM imidazole and
lysed with a French press. Native purification was performed on NiNTA
beads (QIAGEN) according to manufacturer’s directions and dialyzed into
1x PBS + 15% glycerol. Aliquots were snap frozen in liquid nitrogen and
stored at —80°C.

Oligos used for site-directed mutagenesis (H162A, K224A) were as
follows: H162A (oMB 1619, 5-GGAGAATCTAAGAGAGGGAAGGAG-3’;
and oMB 1614, 5'-CACAAACACGGCCTCAAAGCCGCAC-3’, where
underlined nucleotides represent amino acid change) and K224A (oMB
1617, 5-AAGGAGATGGTGGCACCCGTCGGC-3’; and oMB 1618, 5'-CC-
AACTGAACTGCAGGTTCAACACC-3’, where underlined nucleotides rep-
resent amino acid change). Oligos were phosphorylated using T4 PNK
(New England Biolabs, Inc.) according to manufacturer’s directions. PCR
was performed using Phusion polymerase (New England Biolabs, Inc.) ac-
cording to the manufacturer’s directions based on the Tm of the oligos. PCR
products were purified using the QIAquick PCR purification kit (QIAGEN),
ligated using T4 DNA (Quick) ligase (New England Biolabs, Inc.) according
to manufacturer’s directions, and transformed into chemically competent
cells. Sequence-verified clones (XendoU B H162A [pMB837] and XendoU
B K224A [pMB838]) were transformed and proteins were expressed and
purified as described for wild-type XendoU.

In vitro cleavage assays using recombinant XendoU

Purified recombinant XendoU was used at 0.05 pM final concentration in
reaction buffer (50 mM NaCl, 25 mM Hepes, pH 7.4, 1 mM DTT, 0.1%
glycerol, and 20 U RNasin) in a 25-pl reaction containing 2 pg of total RNA
isolated from egg extract (as described for isolation of RNA from CSF ex-
tract). CaCly, MgCl,, or MnCl, were used at the concentrations indicated
(0-5 mM) and incubated at 25°C for 30 min, and RNA was isolated and
electrophoresed on 10% 8 M urea acrylamide gels.
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In-gel nuclease assay

In-gel nuclease assays (Rosenthal and Lacks, 1977; Seidel and Peck, 1994)
were performed essentially as described previously. In brief, heparin col-
umn fractions or purified recombinant XendoU (at 0.4 or 1 pg) were run on
a 10% SDSPAGE gel containing *2Plabeled fulllength Xpat RNA incorpo-
rated info the resolving portion of the gel. Gels were washed four times for
30 min each at room temperature in 50 mM Tris-Cl, pH 7.5, 1 mM EDTA,
and 0.5 mM DTT fo renature proteins. Identical gels were soaked in buffer
containing either no metal, 1 mM CaCly, T mM MgCly, or 1 mM MnCl,
overnight at 4°C and imaged using a Typhoon Phosphorlmager.

In vitro transcription of 2P RNAs

T7 transcription reactions were performed as described previously (Haley
et al., 2003). RNA labeling with UTP [a-*?P] was performed using 50 pCi
(3,000 Ci/mmol; PerkinElmer) per 20 pl reaction. RNAs were treated with
Turbo DNase (Ambion) and purified over G-25 microspin columns (GE Health-
care) according to manufacturer’s directions. RNAs were stored in milliQ H,O
and concentrations were determined by NanoDrop (Thermo Fisher Scientific).

Antibodies

Rabbit a-XendoU B antibodies were generated by Covance against full-
length native protein and affinity purified over Affi-Gel 10 agarose beads
(Bio-Rad Laboratories). In brief, 5 mg of purified recombinant protein was
incubated overnight at 4°C with 1 ml packed agarose beads, proceeded
by a 1-h incubation at RT with 100 mM Tris-Cl, pH 7.8, 100 mM KCl, and
200 mM NaCl to neutralize unreacted sites. 1 ml of serum was incubated
with washed beads overnight at 4°C, beads were washed with 1x PBS,
and affinity purified antibody was collected after 2 x 1.2 ml addition of
200 mM glycine and 300 mM NaCl. Fractions were collected into 1/10
volume of 1.5 M Tris-Cl, pH 8.8, to neutralize, then dialyzed into 1x PBS +
50% glycerol. Antibodies were used at dilutions indicated. Rabbit
o-TRAP alpha was raised against the C-terminal domain (CTD) by Covance
and offinity purified from serum. Gifted antibodies used in this study in-
clude a-lmportin B (rabbit; K. Weis laboratory, ETH Zurich, Zurich, Swit-
zerland) and a-Cyclin B2 (mouse; T. Hunt laboratory, Llondon Research
Institute, London, England, UK). Commercial antibodies used in this study
include a-Dynein (74 kD intermediate chain MAB1618, mouse; EMD Milli-
pore), a-a tubulin (DM1A, mouse; Sigma-Aldrich), a-ribosomal protein S6
(5G10, rabbit; Cell Signaling Technology), a-ribosomal protein L7a (E109,
rabbit; Cell Signaling Technology), a-kinectin-C (rabbit, K1644; Sigma-
Aldrich), and ChromPure Rabbit IgG (whole molecule; Jackson Immuno-
Research Laboratories, Inc.).

Depletions of XendoU in egg extract

40 pg of affinity purified antibody or rabbit IgG was incubated with 160 pl
washed protein A Dynabeads (Invitrogen) for 1 h at room temperature.
50 pl of extract was incubated with coupled and washed beads on ice for
30 min, flicking every 10 min. A second round of depletion was performed
identically to the first round of depletion.

Rescue of depleted extract

Recombinant proteins (or protein storage buffer, 1x PBS + 15% glycerol)
were added to depleted or mock-depleted extracts at 10 pM for 30 min on
ice. CaCl, was added at a 0.8-mM final concentration, and reactions were
incubated at 25°C and monitored by squash (2 pl reaction mixed with 1 pl
0.025% octadecyl rhodamine [Molecular Probes] placed on a glass slide
and covered with an 18-mm glass coverslip).

Visualization of ER membranes

Calcium chloride was added to a final concentration of 0.8 mM in
metaphase-arrested extracts to send them into interphase. Reactions
were performed at 25°C for 60 min, and 2 pl of the reaction was
mixed with 1 pl of 0.025% octadecyl rhodamine in buffer (10 mM
Hepes, pH 7.4, 250 mM sucrose, 50 mM KClI, and 2.5 mM MgCl,).
Images were acquired with a 60x oil objective lens (NA 1.42) on
a microscope (BX61; Olympus) equipped with a charge-coupled de-
vice camera (ORCA-ER; C4742-80; Hamamatsu Photonics) at ~20°C.
Images were acquired and analyzed using the MetaMorph software
package (Molecular Devices), and three-way junctions were counted to
assess network formation.

Monitoring rate of replication and nuclear envelope

formation in CSF extract

CSF extracts were depleted of XendoU or control IgG, and Cy5-dCTP (GE
Healthcare) was added to extracts at a concentration of 1 pM. Samples
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were extracted every 10 min and examined by squash using the Olympus
microscope setup described for visualization of ER networks. Nuclear in-
tensity of Cy5-dCTP was calculated at each time point using MetaMorph.
To monitor nuclear envelope formation in depleted extracts, Vybrant Dil
(Invitrogen) was diluted 1:500 in extract that contained sperm nuclei and
GFP Histone H1. Aliquots were monitored by squash every 10 min with
10-15 random fields imaged live.

Immunofluorescence on fixed ER networks
Light membranes (~20x) were mixed with cytosol in a 10-pl reaction in-
cluding 1 mM ATP and loaded into a flow cell that had been preblocked
for 2 min at RT with cytosol/light membranes diluted 1:20 in 1x XB
(100 mM KCI, 0.1 mM CaCl,, 1 mM MgCl,, 50 mM sucrose, and
10 mM Hepes, pH 7.7). Flow cells consisted of a standard glass slide,
two rows of double-sided tape with an 18 x 18 x 1-mm coverslip (Corn-
ing) inverted on top of the tape, creating a channel ~3-4 mm in width. All
glass slides and coverslips were treated with 1 M HCl at 55°C overnight,
cooled to RT, then washed several times with milliQ H,O. Cleaned slides
were rinsed with ethanol and allowed to dry on Whatman paper. Ad-
ditionally, coverslips were treated with poly-lysine (Sigma-Aldrich) diluted
1:10 in milliQ H,O for 15 min RT. Coverslips were rinsed several times
with milliQ H,O and ethanol and allowed to dry.

Reactions in flow cells were kept in a humid chamber for 60 min at
RT. Chambers were gently washed three times with 1x XB, leaving the
chamber filled with 1x XB. Fix (4% PFA and 0.1% glutaraldehyde [Sigma-
Aldrich] in 1x XB) was slowly flowed into the chamber. Flow cells were
kept at RT for 20 min in a humid chamber then washed with 1x XB. Cover-
slips were removed and postfixed for 5 min in —20°C methanol. Unre-
acted glutaraldehyde was reduced with 10 mM sodium borohydride in 1x
PBS for 4 min, repeated twice, and washed three times with 1x PBS (Allan,
1995). Coverslips were blocked for 30 min at RT with 0.2% fish skin gela-
tin in 1x PBS and incubated with primary antibodies by inverting coverslips
over antibody solution overnight at 4°C. Coverslips were washed and in-
cubated with secondary antibody (e-rabbit Cy3; Jackson ImmunoResearch
Laboratories, Inc.) and Alexa Fluor 488 Concanavalin A (A488 conA,;
1:250; Life Technologies) for 1 h at RT. Washed coverslips were mounted
in Vectashield (1:2,000; Vector Laboratories) and visualized as described
previously (Allan, 1995; Wollert et al., 2002).

Vesicle fusion assay

Light membranes were washed twice with BufferA200 (50 mM Hepes-
KOH, pH 7.5, 2.5 mM MgCl,, 250 mM sucrose, and 200 mM KClI). Net-
work formation was performed by incubating wims (0.5 mg/ml final
concentration) in BufferA200 with 1 mM ATP and 0.5 mM GTP at 25°C for
60 min. Images for vesicle fusion assays were acquired on an inverted mi-
croscope (Eclipse TE2000-E; Nikon) equipped with a charge-coupled de-
vice camera (ORCA-ER; C4742-80; Hamamatsu Photonics) and a 100x
oil objective lens (NA 1.4) using the Openlab software package (Perkin-
Elmer). Antibody addition (5 pM) experiments included a 30-min preincuba-
tion of antibody at RT with wims followed by addition of ATP and GTP as
described for visualization of membranes in CSF extract. Networks were
visualized by taking aliquots of the reactions at 15 min onto a passivated
coverslip and mixed with octadecyl rhodamine as described for CSF ex-
tracts. Coverslips were attached with double-sided tape to the bottom of a
glass slide with a 6-mm hole drilled into it and sealed with another cover-
slip on top. Coverslips were passivated essentially as described previously
(Field et al., 2014) with minor modifications. Coverslips (gold seal; BD)
were efched for 1 min in an oxygen plasma etcher (March Instruments) and
silanized using 10% wt/vol methoxy-PEG-silane (5,000 MW; JenKem
Technology) for 2 h at 70°C, rinsed with 100% ethanol and milliQ H,0,
air dried, and sealed until use.

RNAs were isolated from membranes (pellet) or supernatants after a
10-min pelleting spin at 20,000 g at 4°C. Membrane RNAs were labeled
with ATP [y-2P] as described for labeling of total extract RNA after treat-
ment with calf intestinal phosphatase (CIP; New England Biolabs, Inc.) ac-
cording to the manufacturer’s directions to remove 5’ phosphates and
enable more efficient labeling with PNK.

RNaseA treatment of light membranes

Light membranes were washed twice in 15 volumes of BufferA200 and
resuspended in the original volume. WIms were mock-reated (H,O) or
treated with RNaseA (Type X IIA; Sigma-Aldrich) at 0.01 ng/pl, 0.1 ng/pl,
or 1 ng/pl final concentration for 20 min at RT. Treated membranes
were washed one more time in BufferA200 and reactions were set up for
each condition with or without ATP and GTP for 15 min at RT. Aliquots
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of each sample were placed on a passivated coverslip and mixed with
octadecyl rhodamine and imaged at 20 min and 40 min from the start of
the reaction.

DNA constructs

Human EndoU-2 was PCR amplified from ¢cDNA corresponding to
BC074763 (Refseq EndoU-2) using primers (F, 5'-AGACTTGTACTCG-
GCACCCA3’; R, 5-GGAAGACACTATGTAGGC-3') and subcloned info
PEGFP-N1 using Sall and Sacll (pMB651). A short version of EndoU (cor-
responding to cDNA AK295963) was PCR amplified from the same cDNA
using the forward primer (5-AGACTTGTACTCGGCACCCA-3’) and the
reverse primer (R, 5-GGAAGACACTATGTAGGC-3’) and subcloned into
PEGFP-N1 (pMB836). Sec61p was amplified from Hela cell cDNA and
subcloned into pEGFP-C1 using Bglll and EcoRl (pMB648). mCherry
Sec61B (pPMB680) was generated by replacing GFP with mCherry using
Nhel and Bglll. Catalytically dead, GFP-tagged point mutants of EndoU2
H259A (pMB678) and EndoU-short H66A (pMB679) were created using
site directed mutagenesis.

esiRNA production

A portion of the coding region of EndoU (bp 172-704 of EndoU2) was
amplified by PCR from the cDNA BC074763 using primers (F, 5-ATC-
TCCCTGGTATTGGCCGT-3'; R, 5'-TCCTGGGCACTGAAGTGCT-3') or
1,000 bp of the 3" UTR were amplified by PCR from Hela cDNA using
primers (F, 5'-TAGAACTTCGAGCCAGAAAGG-3'; R, 5'-CTTCAATGA-
CTTTAATGGAAAC-3'). PCR products were TOPO cloned into pCR2.1 (In-
vitrogen) and verified by sequencing. Control esiRNA sequences came
from the 3’ UTR of X. laevis MenF (pMB463 and pMB464). One clone in
each orientation with respect to the T7 promoter sequence in pCR2.1 was
amplified by PCR using M13 primers. Each PCR product was used as the
template for in vitro transcription using T7 RNA polymerase. Complemen-
tary RNAs were annealed by heating to 90°C for 3 min followed by cool-
ing at 0.1°C/s to 70°C (holding for 3 min), cooling at 0.1°C/s to 50°C
(holding for 3 min), and cooling at 0.1°C/s to 25°C (holding 3 min), cool-
ing to 4°C. Double-stranded RNA (dsRNA) was processed into esiRNA
using the ShortCut RNaselll system (New England Biolabs, Inc.) and puri-
fied using the Purelink miRNA isolation kit (Invitrogen). Digested esiRNAs
were run on denaturing PAGE gels to ensure that RNAs were of the correct
size. siRNAs against human EndoU were purchased from Thermo Fisher
Scientific (SiIGENOME SMART pool). The sequences of these siRNAs are:
5-GCAGUGAUGCCAUAACAAA:3’, 5'-CAACUGGGACGGCUACUAU-3’,
5'-GAGGAUAUCCCUUAGCUGU-3', and 5'-GGUUUGGGCUCUAUAU-
UCAAG-3'. Verification of knockdown was confirmed by quantitative RT-
PCR as described previously (Sharp et al., 2011) and normalized to
endogenous actin levels.

Cell culture, transfection, and RNAi

Hela cells were grown in DMEM (Invitrogen) supplemented with 10% FBS.
To examine localization of GFP- or mCherry tagged proteins, cells were
plated on glass coverslips in a 24-well plate at ~80% confluency and
transfected using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. Each transfection contained 400 ng of DNA. Trans-
fected cells were examined 24 h after transfection. For esiRNA experiments,
cells were seeded at 50% confluency and transfected using 10 nM of each
esiRNA and Lipofectamine RNAIMAX (Invitrogen). Cells were examined
48-72 h after transfection. For RNAi rescue experiments, cells were trans-
fected with esiRNA, incubated for ~36 h until cells had reached ~80%
confluency, then transfected with mCherry-Sec6 18 and various GFP-tagged
EndoU constructs. For siRNA experiments, cells were seeded at 50% con-
fluency and transfected with 5 nM siRNA using Lipofectamine RNAIMAX
(Invitrogen). Cells were examined 72 h after transfection.

Fixation and immunofluorescence

Cells were washed twice with 37°C 1x PBS then fixed with 37°C 1x PBS
+ 4% paraformaldehyde (Electron Microscopy Sciences) + 0.1% glutaral-
dehyde (Electron Microscopy Sciences) for 10 min at 37°C. Cells were
washed twice with 1x PBS, incubated with 10 mM NaBH4 for 10 min,
washed three times with 1x PBS, then examined by microscopy or pro-
cessed for immunofluorescence. Cells were mounted in Vectashield and
examined using the Olympus microscope setup described for visualization
of ER networks at 20°C, with the exception that all images were acquired
using an Olympus spinning disc confocal attachment (DSU) and all images
were acquired as 3D stacks. For immunofluorescence with kinectin anti-
bodies, anti-rabbit Cy3 was used as the secondary antibody. All images
were acquired and processed using MetaMorph software.

RNA-seq and analysis

RNA was purified from CSF-arrested or interphase (30 min after addition of
0.6 mM CaCly) extracts using TRIzol (Invitrogen). Extracts were untreated,
immunodepleted using control IgG, or immunodepleted using XendoU anti-
bodies. mRNA was purified by CAP-capture (Blower et al., 2013) for IgG
and XendoU-depleted extracts or oligo-dT (untreated extracts) and used as
input for the TruSeq mRNA library (lllumina) preparation kit. Libraries were
multiplexed (four samples per lane) and sequenced on an lllumina HiSeq
as single-end 50 mers.

The resulting reads were reduced to unique reads (we assumed that
all perfectly matching reads were the result of PCR duplication) using a cus-
tom Perl script. Reads were the aligned to the X. laevis rRNA precursor
(gi| 65056, gi| 64487, gi| 65094, gi|65095) using Bowtie (Langmead
et al., 2009). Reads aligning to X. laevis rRNA were subtracted using a
custom Perl script. The remaining reads were aligned to a draft assembly
of the X. laevis genome (7.0 downloaded from Xenbase, June 2013) using
tophat2. Reads aligning to transcripts were counted using Cufflinks.

Online supplemental material

Fig. S1 presents additional characterization of recombinant XendoU.
Fig. S2 presents analysis of mRNA stability in X. laevis CSF-arrested
and calcium-reated egg extracts. Fig. S3 presents the effects of XendoU
depletion on DNA replication timing and cyclin B degradation. Fig. S4
presents additional information on ER network formation in untreated
CSF extract and in purified light membranes. Fig. S5 presents images of
the rescue of EndoU RNAI phenotype and the phenotypes of Hela cells
treated with EndoU siRNAs. Supplemental script S1, uniquefastq.pl, is a
Perl script that collapses all the reads in a fastq file into unique reads.
Supplemental script $2, removerrna.pl is a Perl script that uses the SAM
alignment file of reads aligned against rRNA to remove these reads from
a fastq file. Online supplemental material is available at http://www.jcb

.org/cgi/content/full /jcb.201406037/DCT1.
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