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SUMMARY

The eukaryotic RNA exosome is an essential and conserved 3’ to 5’ exoribonuclease complex that
degrades or processes nearly every class of cellular RNA. The nuclear RNA exosome includes a
nine-subunit non-catalytic core that binds Rrp44 (Dis3) and Rrp6 subunits to modulate their
processive and distributive 3’ to 5’ exoribonuclease activities, respectively. Here, we utilize an
engineered RNA with two 3’ ends to obtain a crystal structure of an eleven-subunit nuclear
exosome bound to RNA at 3.1 A. The structure reveals an extended RNA path to Rrp6 that
penetrates into the non-catalytic core, contacts between the non-catalytic core and Rrp44 that
inhibit exoribonuclease activity, and features of the Rrp44 exoribonuclease site that support its
ability to degrade 3’ phosphate RNA substrates. Using reconstituted exosome complexes, we show
that 3’ phosphate RNA is not a substrate for Rrp6, but is readily degraded by Rrp44 in the nuclear
exosome.
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INTRODUCTION

A small fraction of most eukaryotic genomes code for proteins, but nearly all of it is
transcribed (ENCODE Project Consortium, 2012). Of the non-coding RNA that is
transcribed, some serves a functional purpose (e.g. tRNAs, sn(0)RNAs, rRNAs, and
IncRNAs such as HOTAIR, XIST) (Cech and Steitz, 2014; Rinn and Chang, 2012) but much
of it is degraded co- and post-transcriptionally by the RNA decay machinery. The RNA
exosome, a conserved multi-protein complex, processes and degrades RNA in the 3’ to 5’
direction in eukaryotes (Houseley and Tollervey, 2009; Januszyk and Lima, 2014).
Substrates of the nuclear RNA exosome include Cryptic Unstable Transcripts (CUTS)
(Wyers et al., 2005), PROMoter uPstream Transcripts (PROMPTS) in humans (Preker et al.,
2008), hypomodified tRNAs (Kadaba et al., 2004), sn(0)RNAs (Allmang et al., 1999a), and
ribosomal RNAs (Mitchell et al., 1997). Mutations that result in loss of function of the RNA
exosome have been identified in hematopoietic malignancies (Chapman et al., 2011) and
neurodegenerative disorders (Fabre and Badens, 2014), underscoring its physiological
importance.

The RNA exosome core (Ex09) includes nine subunits, a six-membered ring formed by the
RNase PH-like proteins Rrp45, Rrp41, Rrp43, Rrp46, Rrp42, and Mtr3 (the PH-like ring),
that is capped by a three-membered ring of S1 and K-homology (KH) domain containing
proteins Rrp4, Rrp40, and Csl4 (the S1/KH ring). The structure of Exo9 from human
revealed a donut-shaped architecture with a prominent central channel large enough to
accommodate single-stranded RNA (Liu et al., 2006). Both yeast and human Exo9 cores are
devoid of catalytic activity (Dziembowski et al., 2007; Liu et al., 2006).

In the budding yeast Saccharomyces cerevisiae, the cytoplasmic RNA exosome includes the
Exo09 core and the processive exoribonuclease Rrp44 (Figure 1A) to form a ten-component
complex (Ex010%4). In the nucleus, Exo10%* associates with the distributive exoribonuclease
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Rrp6 (Figure 1A) to form an eleven-subunit complex (Exo1144/6). Protein cofactors such as
Rrp47, Mpp6, and the Trf/Air/Mtr4 poladenylation (TRAMP) complex associate with the
nuclear exosome to target particular RNA substrates or to alter its activities (Houseley and
Tollervey, 2009; Januszyk and Lima, 2014; LaCava et al., 2005; Lubas et al., 2012; Wasmuth
and Lima, 2012a; Wyers et al., 2005). All protein subunits of Exo10%* are essential for cell
viability in yeast (Brouwer et al., 2000; Dziembowski et al., 2007; Mitchell et al., 1997),
while deletion of Rrp6 results in temperature sensitivity, slow-growth, and RNA processing
defects (Allmang et al., 1999a; 1999b; Briggs et al., 1998).

Previous efforts to understand how Exo9 contributes to the RNA decay activities of the
exosome revealed that the central channel was essential, that Rrp6 and Rrp44 activities are
attenuated or altered when bound to the RNA exosome core, that RNA passes through the
PH-like and S1/KH rings to access the Rrp44 active site, that RNA engages the S1/KH
proteins to access the Rrp6 active site, and that RNA path(s) to the catalytic subunits are
partially overlapping (Bonneau et al., 2009; Drazkowska et al., 2013; Makino et al., 2013b;
Malet et al., 2010; Wasmuth and Lima, 2012b; Wasmuth et al., 2014).

A crystal structure of Exo10*4 bound to a stem-loop RNA with a 3’ polyUsgg single-stranded
extension at 2.8 A (PDB 4IFD) showed RNA passing through the Exo9 central channel and
a conformation for Rrp44 that differed from that observed in the absence of RNA (Bonneau
et al., 2009; Makino et al., 2013b). A similar conformation of Rrp44 was observed in a
recent 2.7 A structure of Exo10% bound to an ~110 amino acid fragment of the cytoplasmic
RNA Exosome cofactor Ski7 and RNA (PDB 5JEA [Kowalinski et al., 2016]). Negative
stain EM studies on Exo10%* at 2025 A resolution (Liu et al., 2014) revealed two
conformations for Rrp44, one in the absence of RNA or in the presence of short RNAs or
structured RNAs with short 3’ overhangs (termed the direct access or channel-independent
Rrp44 conformation) and the other conformer observed in the presence of RNAs with
single-stranded 3’ ends long enough to span the Exo9 central channel (termed the through
channel or channel-dependent Rrp44 conformation). When Exo010%* was degrading a
structured RNA that included a long single-stranded 3’ extension, sub-classification of EM
data suggested that both conformations co-exist. More recent cryo-EM structures captured
these same two conformations for Exo10** in complex with Ski7, now at 4.2 A for the
channel-independent Rrp44 conformation and 5.8 A for the channel-dependent Rrp44
conformation (Liu et al., 2016).

A structure of Ex09 bound to Rrp6 (Ex0106) and 24 nt polyA RNA at 3.35 A resolution
(PDB 4001) revealed an RNA path to Rrp6 that partially overlapped with the channel-
dependent RNA Ex010% path (Wasmuth et al., 2014), confirming predictions based on
biochemical and genetic methods (Wasmuth and Lima, 2012b). Based on mutational
analysis, a similar path was posited for the human Ex010° complex (Wasmuth et al., 2014).
A twinned crystal structure reported at 4.6 A resolution (69.5% data completeness) of the
nuclear exosome bound to the cofactor Rrp47 and 18 nt AU-rich RNA (PDB 5C0W)
revealed its overall architecture, a speculative path for RNA bypassing Rrp6, and 12 nt of
RNA bound to the channel-independent conformation of Rrp44 (Makino et al., 2015).
Atomic resolution features of the nuclear exosome containing both Rrp6 and Rrp44,

Mol Cell. Author manuscript; available in PMC 2017 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zinder et al.

RESULTS

Page 4

including the RNA path to Rrp6 and elements that stabilize the channel-independent
conformation of Rrp44, remain unclear due to the nominal resolution of structures to date.

Here we report a crystal structure at 3.1 A resolution of a nuclear Exo1144/6 complex with
RNA bound to both Rrp6 and Rrp44 active sites. The structure reveals extensive RNA
contacts to Rrp6 and the S1/KH subunits, Rrp44 in a channel-independent conformation
bound to RNA, elements of the Exo9 core that interact with Rrp44 in the channel-
independent conformation and inhibit its activities, and details within the Rrp44-RNA active
site that provide a structural basis for its ability to degrade 3’ phosphorylated RNA
substrates.

3’-3" RNA and the nuclear RNA exosome structure

High-resolution structures of the nuclear exosome have not been achieved thus far, possibly
because the Rrp44 and Rrp6 catalytic subunits are dynamic when not bound to RNA
substrates. As both catalytic subunits require a 3’ end to bind RNA in their respective active
sites, we employed Cu'-catalyzed alkyne-azide cycloaddition, or ‘copper click chemistry,” to
synthesize an RNA with two 3’ ends that we hypothesized would enable simultaneous
capture of both catalytic subunits (Figures 1B and S1). After surveying different RNA
lengths, we obtained crystals that diffracted to 3.1 A resolution of the S. cerevisiae nuclear
exosome (Exo1144exo-endo-/6exo-ANAC) jn complex with an RNA composed of two 17 nt
segments linked by 19 carbon to carbon, nitrogen, or oxygen bonds (Figures 1A, 1B, and
S1). A molecular replacement solution was obtained using S. cerevisiae Exo10® (PDB
4001) and Rrp44 from the Rrp44-Rrp41-Rrp45 complex (PDB 2WP8) as search models
(Bonneau et al., 2009; Wasmuth et al., 2014), and iterative rounds of building and refinement
resulted in an Rwork/Rfree of 0.201/0.249 with good stereochemistry for a structure that
includes 3731 amino acids and 24 nucleotides of RNA (Table 1).

The overall architecture of the complex (Figure 1C) reveals Rrp6 and Rrp44 at opposite ends
of the Exo09 central channel with Rrp6 bound to RNA above the S1/KH ring of the Exo9
core and Rrp44 below the PH-like ring bound to RNA in the channel-independent Rrp44
conformation. This conformation of Rrp44 resembles that observed in previous structures
(Bonneau et al., 2009; Liu et al., 2014; 2016; Makino et al., 2015), while the Rrp6
conformation resembles that observed for Exo10° bound to polyA (Wasmuth et al., 2014), a
position that is rotated away from the S1/KH ring in a model of the nuclear exosome
structure with Rrp6 bound to the cofactor Rrp47 and not bound to RNA (PDB 5COW
[Makino et al., 2015]). Distance constraints and electron densities suggest that the 3’-3’
RNA traverses between Rrp6 in one Exol1 complex to Rrp44 in an adjacent complex
(symmetry mate) rather than traveling through the central channel of a single complex
(Figure 1D).

Contacts between the Exo9 core and Rrp44 contribute to Rrp44 activities

Previous structural studies observed a channel-independent conformation of Rrp44 in
association with the Exo9 core (Liu et al., 2014; 2016; Makino et al., 2015), but none were
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determined at sufficient resolution to reveal all of the features of the Exo9 core proteins that
stabilize this conformation. We now observe that Rrp43 residues 100-120 (Rrp43L1) form a
loop followed by a pair of helices that contact Rrp44 near the point of RNA ingress (Figures
2A, 2B and S2). Inspection of electron density in a previous structure revealed the presence
of Rrp43L1 however it was not modeled (PDB 5COW [Makino et al., 2015]) (Figure S3). In
addition, the C-terminus of Rrp45 (Rrp45cterm) forms an extended strand that contacts
Rrp44 near the 3’ end of its bound RNA in our structure as previously observed (Bonneau et
al., 2009; Liu et al., 2016; Makino et al., 2015).

Comparison to the Exo10%4-RNA channel-dependent structure (PDB 41FD) reveals that
contacts between Rrp44 and the Rrp45¢cierm and Rrp43L1 element are lost. While the
Rrp43L1 element becomes disordered, the Rrp45cterm forms a helix and does not contact
Rrp44 in the channel-dependent Exo10% (Liu et al., 2016; Makino et al., 2013b) or in the
absence of Rrp44 in the Ex0108 structure (Wasmuth et al., 2014) (Figures 2 and S2). Instead,
different contacts are established between the Exo9 core and Rrp44 including Rrp43
residues 251-270 (Rrp43L2), which form a beta hairpin that bridges the Rrp44 cold-shock
domain 1 (CSD1), catalytic domain, and RNA (Figures 2A, 2C and S2) (Liu et al., 2016;
Makino et al., 2013b). By contrast, this feature of Rrp43 is disordered in our structure
(Figures 2B and S2). A recent structure of Exo1144/Ski7N-term \vith Rrp44 bound in the
through-channel conformation (PDB 5JEA) observed that Rrp43L2 was disordered
(Kowalinski et al., 2016), but the authors noted that Rrp44 CSD1 is rotated relative to other
RNA-through-channel structures due to crystal lattice contacts in that region, suggesting that
ordering of Rrp43L2 may be dependent on rotation of Rrp44 CSD1 to that observed in the
channel-dependent Rrp44 conformation. The unique contacts between Rrp44 and the Exo9
core in channel-dependent and channel-independent Rrp44 conformations suggested they
might contribute differentially to the ability of Rrp44 to bind and degrade RNA.

We reconstituted exosome complexes containing deletions of Rrp43L1, Rrp43L2, and/or
deletion of Rrp45¢term (Figures 3A and 4A) to test the importance of these elements in RNA
binding and degradation assays. Mutant Rrp43 and Rrp45 behaved as wild-type with respect
to formation of Exo9 complexes and stable association with Rrp44. Consistent with
Rrp43L1 and Rrp43L2 contacts to Rrp44 and not Rrp6, no differences in activity were
observed for Rrp6 when associated with Exo9 containing the Rrp43 mutants (Figure S4C
and S4D).

We first assessed the impact of deleting Rrp43L1 and Rrp43L2 in the context of Exo10%4
complexes in degradation of long (36/37 nt) and short (14 nt) AU-rich and polyA RNA
substrates (Figures 3 and 4A). Deleting Rrp43L1 increased Rrp44 activity on short and long
AU-rich RNA substrates. In contrast, deletion of Rrp43L2 had no detectable impact on
degradation of short AU-rich RNA although a measurable defect was observed in degrading
the long AU-rich substrate (Figure 3). Interestingly, deletion of Rrp43L2 suppressed the
stimulation observed for Rrp43L1 deletion in degradation assays with short and long RNA
when Rrp43L1 and Rrp43L2 deletions were combined. A similar pattern was observed for
degradation of short polyA RNA for the respective Exo10* complexes, however none of
these complexes exhibited activity on 37 nt polyA RNA in comparison to Rrp44 (Figure
S4A). The latter observation is consistent with previous results showing that the Rrp6

Mol Cell. Author manuscript; available in PMC 2017 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zinder et al.

Page 6

protein was required for Rrp44 to bind and degrade polyA RNA in nuclear exosome
complexes (Wasmuth and Lima, 2012b).

Binding and decay assays with the AU-rich RNA substrates were also performed using
Ex010%4 complexes that contained a loop-insertion mutant of Rrp41 (41CN0cC) that partially
occludes the central channel (Wasmuth and Lima, 2012b). We observed that binding and
initial rate of decay were inhibited when the channel was occluded, supporting the
conclusion that Rrp44 remains dependent on RNA passing through the central channel when
bound to Ex09 cores containing the mutated Rrp43 subunit (Figures 3B, 3C, 3D and S4B).
Notably, the dependence on the central channel was more pronounced for the 36 nt AU-rich
RNA than the 14 nt RNA (Figures 3 and S4B), consistent with previous observations that
Rrp44 conformational changes from channel-independent to the channel-dependent are
promoted by incubation with long (>24 nt) single-stranded RNAs under non-degrading
conditions (Liu et al., 2014).

We next assessed reconstituted wild-type and mutant nuclear Exo1144/6 complexes (Figure
4A) in degradation assays using short (14 nt) or long (37/36 nt) polyA (Figures 4B, 4C, and
4D) and AU-rich RNAs (Figures 4E and 4F). For Exo1144/6 complexes, deletion of Rrp43L1
increased Rrp44 activity for each RNA substrate tested, especially evident for the short RNA
substrates. In contrast to that observed for Exo10% complexes, deletion of Rrp43L2 resulted
in a measurable loss of Rrp44 activity for the 14 nt AU-rich while deletion of Rrp43L2 had
little impact on degradation of the 14 nt polyA RNA. Deletion of Rrp43L2 reduced Rrp44
activity on both 36 nt AU-rich and 37 nt polyA substrates. Consistent with results obtained
using Ex010%* complexes, deletion of Rrp43L2 suppressed the stimulatory effect of
removing Rrp43L1 while removal of Rrp43L1 largely suppressed the defects observed for
Rrp43L2 deletion. Deletion of Rrp45¢ierm tail resulted in a measurable increase in Rrp44
activity, albeit less than that observed for deletion of Rrp43L1. Deletion of both the
Rrp45cierm tail and Rrp43L1 appeared additive. The presence of Rrp6 activities in these
assays could lead to artifacts in analysis of Rrp44 decay products, so we also added
catalytically inactive Rrp6 (Rrp6ey,.) to Ex010%4 complexes in degradation assays with the
polyA RNA substrates (Figure S4A). Results from these assays are qualitatively similar to
those obtained for catalytically active Exo1144/6 complexes. Deletion of Rrp43L1 and
Rrp45¢term Stimulated degradation, deletion of Rrp43L2 inhibited degradation, and deleting
both Rrp43L1 and Rrp43L2 suppressed the effects observed for the individual deletions.

Taken together, these results suggest that Exo9 subunit contacts between the Rrp43L1,
Rrp45cierm and channel-independent Rrp44 conformation inhibit Rrp44 activity in Exo10%
and Ex01144/6, while Rrp43L2 contacts to the channel-dependent Rrp44 conformation
promote activity in Exo11446. Longer RNA substrates presumably enter the eleven-subunit
exosome via its central channel, and the greater dependence on Rrp43L2 for degrading
longer RNA is consistent with Rrp43L2 contacting RNA as it exits the central channel to
Rrp44 (Liu et al., 2016; Makino et al., 2013b). Rrp43L2 appears dispensable for degradation
of shorter RNA substrates, but enhanced degradation of 14 nt RNA by deletion of Rrp43L1
and Rrp45¢ierm Was suppressed by deletion of Rrp43L2. Although other models are possible
(see Discussion), we believe the simplest explanation is that Rrp44 is stabilized in the
channel-independent conformation by contacts to Rrp43L1 and Rrp45¢term, and that Rrp44
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is stabilized in the channel-dependent conformation by contacts to Rrp43L2. Because
deletion of Rrp43L1 enhances activity in a manner dependent on Rrp43L2, we posit that
Rrp44 conformational changes are important for degrading both long and short substrates
independent of whether RNA enters the exosome through the central channel (long RNA) or
via direct binding to Rrp44 (short RNA). It remains unclear if this could be a regulated
feature of the RNA exosome, or if it serves to inhibit Rrp44 activities when RNA is not
presented through the Exo9 central channel, the presumed route for most cellular RNAs
(Drazkowska et al., 2013; Han and van Hoof, 2016; Wasmuth and Lima, 2012b).

3’ phosphate RNA is a Rrp44 substrate

The RNA path for the last 7 nt of RNA in the Rrp44 active site in our structure resembles
that previously observed in the structure of Rrp44 bound to polyA RNA (PDB 2VNU
[Lorentzen et al., 2008]). A similar RNA path was modeled in the nuclear RNA exosome
structure bound to an 18 nt AU-rich RNA (PDB 5C0OW [Makino et al., 2015]), but its path
diverges after the 7" nt and its 5” end is modeled into densities that we assign to the
Rrp43L1 loop near residue Aspl105 (Figure S3). Inspection of electron densities proximal to
the Rrp44 active site and 3’ end of RNA in our structure revealed a sulfate ion that was
present in the crystallization medium (Figure 5A). The sulfate ion is positioned 2.6 A or 3.4
A from the 2’ and 3’ OH groups of the terminal base, respectively, and is situated in a
positively charged pocket formed by Rrp44 Arg600 (2.8 A) and Rrp45 Arg303 (2.7 A).

The location of the sulfate ion in the Rrp44-RNA complex suggested that Rrp44 could
accommodate a 3’ phosphate RNA in its active site. In contrast, inspection of the Rrp6 active
site in this and previous structures of Rrp6 bound to AMP (PDB 2HBL) or Ex010° bound to
polyA (PDB 4001) suggested that the Rrp6 active site could not accommodate a 3’
phosphate RNA because the RNA 2’ OH is 2.5 A from the backbone carbonyl of His 241
while the 3’ OH is coordinated by side chains of Asp240 and backbone amide of His241
(Midtgaard et al., 2006; Wasmuth et al., 2014) (Figures 5B and S5A). The RNA and last
nucleotide adopts a different configuration in the twinned structure of Rrp6 catalytic domain
bound to polyU RNA modeled with partial occupancy (PDB 5CO0Y) (Figure S5), however
contacts to the RNA 3’ end in this structure would still appear to preclude accommodation of
a 3’ phosphate RNA substrate (Makino et al., 2015).

Consistent with the aforementioned predictions, Rrp44 can bind and degrade a 3’
phosphorylated RNA (Figures 5C and 5D). By contrast, Rrp6 cannot degrade 3’ phosphate
RNA, consistent with previous findings (Burkard and Butler, 2000; Domanski et al., 2016),
despite its ability to bind it (Figures 5C and 5D). These respective activities persist when
Rrp6 and Rrp44 are reconstituted in complexes as Ex010%4, Exo108 or Exo1144/6 (Figure
5C). A question remained as to whether Rrp44 initiates degradation of the 3’ phosphate
RNA substrate by first removing the 3’ phosphate of the terminal ribonucleotide, followed
by subsequent hydrolysis and release of NMP products, or if it accommodates the 3’
phosphorylated terminal ribonucleotide in the active site, releasing 3’-5” pNp and NMPs as
products. To address this, Rrp44 decay products were analyzed by ion-pair reverse-phase
HPLC. To validate our HPLC protocol, we first analyzed products of 3’ phosphate RNA
decay by the Rrp44 homolog RNase R from E£. coliand observed quantitative 3’-5’ pAp
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release, as previously observed using radiolabeled substrates and thin-layer chromatography
(Vincent and Deutscher, 2006) (Figure S6C and S6D). Quantitative release of 3’-5" pAp was
also observed as a product of Rrp44 degradation for 3’ phosphorylated but not 3° OH RNA
substrates (Figures 5E, S6A, and S6B), indicating that cleavage by Rrp44 occurs at the 5’
phosphate of the terminal ribonucleotide, consistent with our structural model.

An attempt to disrupt recognition of 3’ phosphate RNA identified Rrp44 Arg600 and
Asp602, as they are conserved in eukaryotic homologs (Figure S6E) and located near the
sulfate ion and 3’ end of the RNA (Figure 5A). Differential binding defects were observed
for the R600D/D602R mutant with 3° OH RNA preferred over 3’ phosphate RNA (Figure
S6F), however mutation of Arg600, alone or in combination with mutation of Asp602,
resulted in diminished decay activities on both 3’ phosphate and 3° OH RNA substrates.
This is perhaps consistent with amino acid substitutions at these positions in RNaseR and
RNasell as both enzymes are able to degrade 3’ phosphorylated RNA substrates (Cheng and
Deutscher, 2002) (Figure S6E and S6G). It is notable that Rrp44 homologs from human,
including Dis3, Dis3L and DisL2, can also degrade 3’ phosphate RNA by releasing pNp,
suggesting that this activity may be evolutionarily conserved (Lubas et al., 2013; Tomecki et
al., 2010). Although we were unsuccessful identifying separation of function mutations to
selectively diminish Rrp44 activities on 3" OH or 3" modified RNA substrates, future efforts
along this line will be critical to determine if Rrp44 participates in the degradation of 3’
modified RNA substrates in vivo.

RNA path to Rrp6

The structure of Exo10° bound to polyA RNA (PDB 4001) revealed 6-8 nt of the 24 nt
substrate with the RNA 3’ end anchored in the Rrp6 active site, the 5’ end extending toward
the S1/KH ring, and the remaining RNA disordered (Wasmuth et al., 2014). An alternative
model was proposed based on a twinned crystal structure of the isolated Rrp6 catalytic
domain bound to 15 nt polyU RNA modeled with partial occupancy (PDB 5CO0Y) suggesting
that RNA would not contact the S1/KH ring, and that an 18 nt AU-rich RNA bypassed the
Rrp6 active site altogether in a nuclear exosome complex (Makino et al., 2015) (Figure
S5A).

Electron densities are evident for 17 nt of RNA in our structure up to the position where the
di-triazole linker connects the two segments in our symmetric 34 nt RNA substrate (Figure
6A). As observed in the Ex0108 structure bound to polyA RNA (Wasmuth et al., 2014), the
RNA 3’ end is anchored in the Rrp6 active site, extending toward and contacting the S1/KH
ring (Figure 6A). After reaching the bottom of the S1/KH ring, the RNA is deflected and
makes a U-turn back toward the Rrp6 helicase and RNase D C-terminal (HRDC) domain.
Although not modeled, additional electron densities ~20 A from the 5’ end are observed
between the HRDC and Exo domains of Rrp6 (Figures 1A, 1D, 6A and 6B), consistent with,
but not identical to, a path proposed based on the twinned crystal structure of the Rrp6
catalytic domain bound to a 15 nt polyU RNA (Makino et al., 2015). Electron densities were
not evident for the linker atoms, and RNA was not modeled in the HRDC/Exo domain
channel due to poor definition of electron densities in this region.
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As anticipated for a non-specific exoribonuclease, protein-RNA interactions are dominated
by contacts to the polyribonucleotide backbone and non-specific stacking with the
nucleobases of the RNA chain. Contacts between the last 3 nt of RNA (A47.15) and Rrp6 are
similar to those described for Ex0106 bound to polyA RNA (Wasmuth et al., 2014), however
the paths diverge at the fourth nt (Figure S5A). Instead, the nucleobase of Aq4 stacks on
Rrp40 Arg110 while the A14 phosphate is coordinated by Rrp6 Tyr315 and His326 (Figure
6C). The U13 nucleobase is stacked on Rrp4 Phel77 and directed toward Rrp4 Serl75
(Figure 6D). The U12 and U11 nucleobases form base edge interactions with A2 and U4,
respectively, with the U12 phosphate proximal to the Rrp41 Arg119 side chain and the U11
phosphate contacting Rrp4 Arg123. Density for the U10 nucleobase is not evident, but it
points toward Rrp41 Lys62 (Figure 6D). The A9 nucleobase is sandwiched between Rrp40
Phe80 and the nucleobase of U7 while the A9 phosphate contacts Rrp40 Lys85 (Figure 6E).
The U8 nucleobase contacts Rrp40 Ser94 above Glul131 before turning to enable contacts
between the U8 phosphate and Csl4 Arg150, a side chain that is also in proximity to the U7
phosphate (Figure 6E). The U6 nucleobase is stacked between A9 and A5 and makes
contacts to the Rrp40 Ser81 side chain and backbone amide (Figure 6E). The A5 nucleobase
stacks between U6 and U11 with its base edge directed toward A14 and the U4 nucleobase
stacks between A5 and the A2 ribose with it base edge directed toward U12. The path twists
to point the U3 nucleobase toward that of A16, with the A2 nucleobase contacting Rrp4
Met137 with its edge directed toward U12. The final U1 nucleobase is sandwiched between
Rrp4 Leul38 and Rrp6 Tyr430.

Previous mutational analysis reported that Rrp6 Phe294 and Tyr315 did not play a role in
Rrp6 mediated decay (Makino et al., 2015), although these residues contact RNA in both the
Ex010° and present structure (Wasmuth et al., 2014). Indeed, F294A/Y315A diminished
Rrp6 activities when associated with Exo9 (Ex010°) or in the nuclear exosome (Figures 6F,
S7A, and S7C). Consistent with a path that guides RNA between the HRDC and Exo
domains of Rrp6, Y244A and R245A substitution in Rrp6 reduced degradation activity in
the exosome and as a free enzyme as noted previously (Makino et al., 2015) (Figures 6F and
S7C). Rrp6 Arg461 and Asn466 are just below Tyr244 and Arg245, and R461V and N466D
substitutions resulted in altered degradation patterns for polyA RNA in an eleven-subunit
exosome complex or when combined with Rrp40 K85E (see below; Figure S7B and S7D).

RNA contacts occur deep in the S1/KH ring with Csl4 Arg145 and Arg150 side chains
contacting the phosphate backbone at U7 and U8, while Rrp40 Arg110 buttresses the Al14
nucleobase (Figures 6C and 6E). Consistent with these contacts, prior analysis revealed that
mutation of these conserved residues diminishes both Rrp6 and Rrp44 activities (Wasmuth
et al., 2014). In addition, insertions between residues 63 and 64 of Rrp41 also disrupt Rrp6
and Rrp44 activity (Wasmuth and Lima, 2012b), consistent with occluding the RNA path to
Rrp6 near U10 (Figure 6D). Among several unique contacts observed in our structure are
those at the deepest point of RNA ingress to the S1/KH ring between the conserved Lys85 of
Rrp40 (Liu et al., 2006) and the RNA backbone phosphate of A9 (Figures 6E and S7D). Of
note, Lys85 lies just below that last nucleotide modeled in the channel-dependent RNA
bound exosome structure (Makino et al., 2013b). Consistent with contacts observed in our
structure and predicted contacts in the channel-dependent structure, Rrp40 K85E decreased
both Rrp6 and Rrp44 activities, supporting a role in coordinating RNA via overlapping but
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distinct paths as RNA is guided to Rrp6 or Rrp44 (Wasmuth and Lima, 2012b; Wasmuth et
al., 2014) (Figures 6G and S7D).

DISCUSSION

The strategy employed here to satisfy both Rrp6 and Rrp44 exoribonuclease sites with a
single RNA containing two 3’ ends enabled determination of a high-resolution structure of
the nuclear RNA exosome, and it may prove useful in characterizing other RNA exosome
complexes in association with additional nuclear cofactors.

Association of Rrp6 and Rrp44 with the essential non-catalytic Exo9 core attenuates or
alters their activities. Previous studies suggested that attenuation is due in part to
sequestration of their active sites relative to the apo enzymes by imposing a requirement that
RNA must pass into the S1/KH ring to be degraded by Rrp6 or through the entire central
channel to be degraded by Rrp44 (Drazkowska et al., 2013; Makino et al., 2013a; 2013b;
Malet et al., 2010; Wasmuth and Lima, 2012b; Wasmuth et al., 2014). Using the high-
resolution structure presented here, extensive interactions were revealed between the RNA
and S1/KH ring of central channel on its way to the Rrp6 active site. While other RNA paths
can be envisioned, especially for structured RNAs, mutational analysis presented here and
elsewhere suggests that amino acid residues along this path contribute to both Rrp6 and
Rrp44 activities, supporting the existence of overlapping yet distinct RNA paths that guide
substrates to the respective catalytic subunits (Makino et al., 2015; Wasmuth and Lima,
2012b; Wasmuth et al., 2014) (Figure 6). We also resolved a feature of the Exo9 core,
namely Rrp43L1, which together with Rrp45¢ierm interact with the channel-independent
Rrp44 conformation (Figures 2A, 2C, and S2A through S2C) and inhibit Rrp44 activity. We
found that deleting these features enhanced Rrp44 activity on long and short RNAs, and that
activities remained dependent on the Exo9 central channel, especially for longer RNA
substrates (Figures 3D, 3C, 4, and S4B).

One alternative explanation for enhanced activity in the absence of Rrp43L1 is that Rrp43L1
is highly acidic and contacts Rrp44 near the RNA point of ingress. As such, it might create
an electrostatic barrier that inhibits binding to the direct access or channel-independent
Rrp44 conformation. However, this model predicts that binding and decay of RNA by the
Rrp43L1 deletion mutant should not be affected by a channel occlusion nor should its
activities be suppressed by deletion of Rrp43L2, which is not the case (Figures 3 and S4B).
We propose a model in which Exo9 elements that bind and stabilize the channel-independent
Rrp44 conformation (Rrp43L1 and Rrp45¢ierm) compete with Exo9 elements that bind and
stabilize the channel-dependent Rrp44 conformation (Rrp43L2). Since deletion of Rrp43L2
suppresses the activities gained by deleting Rrp43L1 on both long and short RNA substrates,
we propose that conformational changes to the channel-dependent Rrp44 conformation are
required for the most efficient degradation of long and short RNA substrates regardless of
whether they pass through the Exo9 central channel (Figure 2A).

A recent study in S. cerevisiae showed that expressing a sole copy of Rrp44 containing
mutations predicted to disrupt its channel-independent conformation was viable, though it
exhibited a growth defect relative to the WT enzyme (Han and van Hoof, 2016). This strain
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accumulated certain RNA species such as hypomodified tRNA;Mét and the rRNA 5’
externally transcribed spacer (5’ ETS). Intriguingly, expression of this mutant Rrp44 could
suppress growth defects, but not certain 3’ processing defects, observed in strains harboring
a channel occluding mutation in Rrp41 (Wasmuth and Lima, 2012b). Future studies
comparing the biochemical activities of exosome complexes containing this mutant Rrp44
versus complexes containing the Rrp43 and Rrp45 deletions described here will be
necessary to fully rationalize these observations, but they support the hypothesis that distinct
Rrp44 conformations contribute differentially to the activities of the RNA exosome in vivo.

The models presented here and elsewhere provide a structural basis for the ability of Rrp44,
but not Rrp6, to degrade 3’ phosphorylated RNA substrates. Although the in vivo relevance
of Rrp44 activities on 3° modified substrates remains unclear, the RNA exosome is involved
in several processing steps during ribosomal RNA biogenesis, including trimming the 7S
rRNA precursor to the 5.8S rRNA (Mitchell et al., 1997). In Arrpé6 strains, the 3’ end of this
molecule is processed by the exosome to generate 5.8S with a ~30 nt extension at the 3’ end
(Allmang et al., 1999a; 1999b; Briggs et al., 1998), the approximate length required to span
the Ex09 channel to the Rrp44 active site. This suggests a model where Rrp44 and Rrp6
cooperate to generate the mature 3’ end of 5.8S rRNA. Interestingly, a recent study
identified that endoribonucleolytic cleavage of the 27SB precursor at the C2 site of
internally transcribed spacer 2 (1TS2) is carried out by the Las1 complex, resulting ina 5’
OH end of the 25S fragment and a 2°, 3’-cyclic phosphate 3’ end of the 7S fragment (Gasse
et al., 2015). While it is unclear if the 2°, 3’-cyclic phosphate 3’ end of the 7S precursor is
acted upon by a phosphodiesterase or other enzyme prior to degradation, our structural
model predicts that a 2’, 3’-cyclic phosphate 3’ end could be accommodated in the Rrp44
active site. Previous studies implicated the 5’-3” decay pathway in degradation of 2’, 3’-
cyclic phosphate tRNA introns (Wu and Hopper, 2014), but the observation that Rrp44 and
related human enzymes can degrade 3’ phosphorylated RNA begs the question as to whether
the RNA exosome also participates in the degradation of aberrant 3° modified forms of
RNA, or if this activity contributes to generating clean 3’OH RNA ends to promote post-
transcriptional polyadenylation by TRAMP (LaCava et al., 2005; Wyers et al., 2005) or 3’
trimming by Rrpé.

EXPERIMENTAL PROCEDURES

Cloning, expression, and protein purification

Genes for the Rrp43 deletion mutants were synthesized by Life Technologies and were as
follows: Rrp43AL1 has residues 101-119 of Rrp43 replaced with Gly-Ser-Gly-Ser-Gly-Ser,
Rrp43AL2 has residues 254-270 deleted, and Rrp43AA contains both of these modifications.
Rrp45ACterm (residues 1-290) has the C-terminal 14 amino acids deleted and was
generated using standard PCR/restriction enzyme based cloning. Point mutants in Rrp6,
Rrp40, and Rrp44 were introduced by PCR based site-directed mutagenesis. All mutants
were verified by Sanger sequencing of the entire gene. Saccharomyces cerevisiae proteins
were expressed as His6-Smt3 fusions in £. coli and reconstituted into complexes as
described previously (Greimann and Lima, 2008) with slight modifications (see
Supplemental Experimental Procedures).
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3’-3’ RNA synthesis
RNA sequences can be found in Supplemental Experimental Procedures. Copper click
chemistry was carried out via modification of published protocols (EI-Sagheer and Brown,
2012; Paredes and Das, 2011). Click reactions (10-200 pL) contained 200 UM 5’ hexynyl
oligonucleotide, 5 mM sodium ascorbate, 80 mM potassium phosphate pH 7.0 and 100 uM
1,5 diazido-3-oxapentane (Santa Cruz Biotechnology, 10 mM stock made in DMSO).
Reactions were initiated with the addition 1/10 volume of 5 mM CuCl,, 5 mM Tris(3-
hydroxypropltriazolemethyl) amine (Sigma-Aldrich) and incubated at 25°C for 30 minutes.
Reactions were quenched by addition of EDTA to 10 mM, diluted to 500 uL with Tris-
EDTA (TE) buffer and fractionated by DEAE chromatography as described in Supplemental
Experimental Procedures. The concentration series for the 1,5 diazido-3-oxapentane titration
shown in Figure 1B is 10, 25, 50, 100, 200, 400, and 1000 uM.

Crystallization of Exol1l in complex with 3’-3' RNA

Exo11Rrp44 DI7IN/DSSIN, Rrp6(residues129-684)D238N ot o concentration of 13-15 mg/mL (by
Bradford assay) in 20 mM Tris-Cl pH 8.0, 100 mM NacCl, 0.1 mM MgCl,, 1 mM TCEP-HCI
was mixed in a 1.0:0.9 protein:RNA molar ratio with 3’-3’ RNA and incubated for 2 hours
on ice prior to mixing with well solution. Then, 0.8 pL of protein/RNA solution was mixed
with 0.4 pL of well solution (100 mM sodium citrate pH 5.25, 7 mM NaMES pH 6.5, 6.5—
7% PEG 3350, 175 mM (NH,4)2S04, 0.25-1 mM MgCly; final pH 5.6) in 24-well hanging
drop format, sealed and incubated at 4°C. Crystals appeared after 1.5 days and grew to their
full size (~350 pm in the largest dimension) after 1-2 weeks. Prior to freezing in liquid
nitrogen, crystals were transferred to well solution containing 5% v/v glycerol, incubated for
1-5 min, then transferred in four steps with increasing glycerol to final well solution
containing 30% v/v glycerol.

RNA binding and decay assays

RNA sequences and detailed protocols can be found in Supplemental Experimental
Procedures. Briefly, for decay assays 1 nM enzyme and 10 nM 5’ 6-carboxyfluorescein
(FAM) RNA substrate were incubated at 30°C in 20 mM Tris-Cl pH 8.0, 50 mM KCI, 0.5
mM MgCls, 0.1 % v/v IGEPAL CO-630, 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP)-
HCI (RNA decay buffer) for the indicated times before the reaction was quenched and
fractionated by urea-PAGE. RNA was visualized using a Typhoon FLA9500 instrument
(GE). Binding reactions (20 uL) contained 30 nM 5 FAM RNA and variable concentrations
of catalytically inert enzymes, and were incubated at ~22°C in the same buffer for 20 minute
s prior to fluorescence anisotropy measurement using a Spectramax M5 plate reader
(Molecular Devices).

lon-pair reverse phase HPLC analysis of decay products

20 pL RNA decay reactions containing 1 uM enzyme and 10 UM 49 nt 5° FAM AU-rich
RNA (or mock substrates) were incubated for 25 minutes at 30°C in RNA decay buffer
lacking IGEPAL CO-630. After incubation, reactions were quenched with the addition of
EDTA to 10 mM, adjusted to 10 mM N(C4Hg)4HSO4 (Sigma), and the products separated
by HPLC using a Nova-Pak C18 60 A 4 uM 3.9 x 150 mm reverse-phase column (Waters).
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The column was equilibrated with RP buffer A (50 mM potassium phosphate pH 7.0, 10
mM N(C4Hg)4HSO,) and run at a flow rate of 1 mL/min at 40°C. Products were eluted with
a linear gradient to 100% RP buffer B (RP buffer A containing 50% v/v acetonitrile) from
t=5 to t=20 minutes (Figures 5E and S6A through S6D). UV absorbance was monitored at
260 nm for detection of nucleotides and small RNA decay products (Figures 5E, S6A, and
S6C) and 490 nm for detection of the 5 FAM label (Figure S6B and S6D).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Click chemistry produced a 3’-3’ RNA that was used to capture a nuclear
RNA exosome

Contacts between the non-catalytic core and Rrp44 (Dis3) modulate its
activity

Rrp44 but not Rrp6 degrades 3’ phosphate RNA in reconstituted exosomes

Extended RNA path to Rrp6 through the S1/KH ring of the non-catalytic
core
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Figure 1. Architecture of Ex011%4/6 Bound to 3’-3’ RNA
(A) Domain schematics of Rrp6 and Rrp44. The shaded areas indicate the amino acid

boundaries used for crystallization. Active site aspartates that were mutated to asparagine for
binding assays and crystallization are indicated.

(B) Schematic for synthesis of a 34 nt RNA molecule with two 3’ ends. RNA is represented
as an arrow pointing from 5’ to 3’. Gel is 15% acrylamide TBE-urea and RNA is visualized
using SYBR gold stain. The lane for the reaction containing 2:1 [RNA]:[diazide] is indicated
with an asterisk.
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(C) Surface representation of Exo1144/6 bound to 3’-3’ 34 nt RNA. RNA is shown as a
cartoon with 3’ and 5’ ends of the model indicated.

(D) RNA path in Ex011446/3°-3" RNA crystals. Mesh is a simulated annealing 2Fo-Fc omit
map contoured at 1.0 o. The dashed lines indicate the most likely path connecting 5 ends of
the RNA fragments. See also Figure S1. RNB, RNase Il catalytic domain; PIN, PilT N-
terminal domain
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Figure 2. Features in the Non-Catalytic Exo9 Core Contact the RNA Channel-Independent and
Channel-Dependent Conformations of Rrp44

(A) Hlustration of the channel-independent and channel-dependent conformations of Rrp44
along with associated features in the Exo9 core from the side and top views. The center
panel depicts a theoretical transition between the two states in which the Rrp43L1, Rrp43L2
and Rrp45¢ierm are disordered. Surface representations of Rrp44 were generated using the
model from this work and PDB 41FD for the channel-independent and channel-dependent
conformations, respectively.
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(B and C) Rrp43L1, Rrp43L2 and Rrp45¢ierm features associated with the channel-
independent (B) and channel-dependent (C) conformations of Rrp44 from this work and
PDB 4IFD, respectively. Order/disorder boundaries of Rrp43L1 and Rrp43L2 are indicated
by colored spheres. See also Figures S2 and S3.
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Figure 3. Exo010% Activity on AU-rich RNAs is Enhanced by Deletion of Rrp43L1
(A) SDS-PAGE analysis of reconstituted Exo10%* complexes containing Rrp43 mutants.

“41ChOce- refers to a loop insertion mutant in Rrp41 that occludes the central channel.
(B and C) WT and mutant Ex0104 activity on 14 nt (B) and 36 nt (C) 5° FAM AU-rich

RNA substrates. The experiment was performed

in triplicate and quantification of mean

values is shown with error bars at +1 standard deviation. Representative polyacrylamide

TBE-urea gels are shown below.

(D) Quantification of initial rates of decay of Exo10%* complexes on 14 nt and 36 nt 5° FAM
AU-rich RNA substrates from the experiments in panels (B) and (C). Mean values of the

triplicate experiments are plotted with error bars
S4.

at +1 standard deviation. See also Figure
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Figure 4. Deletion of Features Associated with the Channel-Independent Conformation of Rrp44

Enhance its Activity in Ex01144/6 complexes

(A) SDS-PAGE analysis of reconstituted Exo1144/6 complexes containing mutant Rrp43

and/or Rrp45 proteins.

(B and C) WT and mutant Exo1144/6 activity on 14 nt (B) and 37 nt (C) 5° FAM polyA RNA
substrates. The experiment was performed in triplicate and quantification of mean values is
shown with error bars at 1 standard deviation. Representative polyacrylamide TBE-urea

gels are shown below.
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(D) Initial rates based on decay products generated by Rrp44 in Exo1144/6 complexes and
free Rrp44 on short (14 nt) and long (37 nt) 5 FAM polyA RNA substrates from the
experiments in panels (B) and (C). Mean values are shown with error bars at +1 standard
deviation.

(E and F) WT and mutant Exo1144/6 activity on 14 nt (E) and 36 nt (F) AU-rich RNA
substrates. The experiment was performed in triplicate and quantification of mean values is
shown with error bars at 1 standard deviation. Representative polyacrylamide TBE-urea
gels are shown below. See also Figure S4.
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Figure 5. 3° Phosphate RNA is a Substrate of Rrp44 but not Rrp6
(A and B) 3’ end of the RNA bound to Rrp44 (A) and Rrp6 (B). Mesh represents electron

density from a simulated annealing 2Fo-Fc omit map contoured at 1.2 o. Distances are
shown in Angstroms.

(C) Binding affinities of Rrp44 and Rrp6 for a 5’ FAM 3’ phosphate or 3 OH 36 nt AU-rich
RNA as measured by fluorescence anisotropy. Mean values are plotted with error bars at +1
standard deviation of a triplicate experiment.

(D) Polyacrylamide TBE-urea gel analysis of RNA decay time-courses using a 5’ FAM 3’
phosphate AU-rich 49 nt RNA performed in the presence or absence of calf intestinal
phosphatase (CIP) as indicated.

(E) lon-pair reverse-phase HPLC analysis of Rrp44 decay products. Reactions contained
Rrp44 and either 5° FAM 3’ phosphate 49 nt AU-rich RNA, 5° FAM 3’ OH 49 nt AU-rich
RNA, 3’5" pAp, or no substrate. Absorbance was monitored at 260 nm for detection of
nucleotides and 4-5 nt RNA decay products. See also Figures S5 and S6.
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Figure 6. RNA Path to Rrp6 in Ex01144/6/3"-3'RNA Structure
(A to E) RNA contacts to Rrp6, the S1/KH proteins, and Rrp41. Mesh represents electron

density from a simulated annealing 2Fo-Fc omit map contoured at 1.2 . Unmodeled density
between the Exo and HRDC domains of Rrp6 is shown (B). Residues mutated in this and/or
previous studies that contribute to the activities of the RNA exosome are highlighted with
colored asterisks.

(F) Polyacrylamide TBE-urea gel analysis of decay of 5° FAM 37 nt polyA RNA by mutants
in Rrp6.
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(G) Polyacrylamide TBE-urea gel analysis of decay of 5’ FAM 37 nt polyA RNA by WT
Ex011446 and a mutant in the S1/KH protein Rrp40. See also Figure S7.
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Crystallographic data and refinement statistics

EXOlerp4AIR rp6/RNA

Data collection
X-ray Source
Space group
Cell dimensions
a b cA)
aBy ()
Wavelength (A)
Resolution (A)
Rimerge
lle!
CCip
Completeness (%)
Redundancy
Wilson B factor (A?)
Refinement
Resolution (A)
No. reflections observed
No. unique reflections
Ruorkd! Riree
No. atoms
Protein
RNA
Ligands
Water
Average B-factors
Protein
RNA
Ligands
Water
R.m.s deviations
Bond lengths (A)
Bond angles (°)
Ramachandran plot
% favored
% allowed
% outliers
Molprobity

Clashscore/Percentile

MolProbity Score/Percentile

APS NE-CAT 241DC
P2,2,2¢

140.7, 212.3, 218.2
90.0, 90.0, 90.0
0.9795

106-3.1 (3.21-3.1)
0.111 (0.534)

14.3 (2.8)

0.994 (0.495)

98.8 (97.0)
36(3.0)

66.2

106-3.1
423414
106037
0.201/0.249
30252
29377

502

92

280

80
107
96
52

0.002
0.43

94.6
5.2
0.16

5.7/100th
1.68/100t

Table 1
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One crystal was used. Highest resolution shell is shown in parenthesis.
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