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ABSTRACT

The RNA exosome is an essential, multisubunit complex found in eukaryotes that
houses 3’ to 5’ exoribonuclease and endoribonuclease activities. It is a major player in a
diverse set of processes, including, but not limited to, normal RNA turnover, quality
control, biogenesis and maturation pathways in the cytoplasm, nucleus, and nucleolus.
Its 9 subunit non-catalytic core (Ex09) is composed of a two-stacked ring, featuring a
prominent central channel. Two enzymes, Rrp44 and Rrp6, associate with Exo9, both
possessing 3’ to 5’ exoribonuclease activity. The exosome was first discovered and its
constituents described in 1997 — soon after, it became clear that different compositions
of exosomes exist in various cellular compartments — for example, in the cytoplasm of S.
cerevisiae, Rrp44 associates with Ex09, while Ex09, Rrp44 and Rrp6 form the nuclear
exosome. It has been thought that various flavors of exosomes exist to allow targeting of
distinct RNA substrates, but how a common Exo9 core could impart very different
activities to its associated ribonucleases had not been well understood.

Chapter 1 of this dissertation begins by describing the findings of biochemical
and genetic studies that probed the functions of the exosome, namely that Exo9
regulates both Rrp44 and Rrp6, that Rrp6 significantly activates Rrp44 in the 11 subunit
nuclear exosome, and that all three enzymatic activities rely on the integrity of the Exo9
central channel.

Chapter 2 then focuses on addressing questions regarding Rrp6-associated
exosomes. Specifically, 1) how does Rrp6 bind to the Exo9 core, 2) how does the Rrp6
exosome engage RNA (or any member of bacterial RNase D for that matter), and 3) how
does the Rrp6 activation of Rrp44 in the nuclear exosome occur? Discussion will be
centered on insights gained from the crystal structure of a Rrp6-Ex09 exosome engaged
with polyA RNA, a decay substrate in the nucleus, and on subsequent structure-function

analysis. Briefly, the highly conserved catalytic module of Rrp6 rests atop the Exo9 core
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and central channel on one face of the S1/KH ring, with its non-catalytic C-terminus
tethering Rrp6 to the core. The 3’ end of the RNA is engaged in the Rrp6 active site,
then threads into the S1/KH ring of the Exo9 core. With both Rrp44 and Rrp6 active sites
positioned on opposite ends of the Exo9 central channel and using partially overlapping
yet distinct paths for RNA decay, it is now appreciated that the basis for 3’ to 5’
directionality rests solely on Rrp6 and Rrp44 active sites, with Exo9 bearing no
specificity for 3’ ends.

The final two chapters will focus on the large contribution of small, disordered
regions to greater exosome function — a polypeptide stretch dubbed the Rrp6 “lasso” in
Chapter 3, and a basic protein cofactor, Mpp6, in Chapter 4. Using a combination of
biochemical and genetic techniques, the Rrp6 lasso has been found to have an integral
role in recruiting RNA towards the exosome, directing its path of ingress, and in
facilitating decay by all three ribonuclease activities of the exosome. Mpp6, meanwhile,
primarily modulates Rrp6 activity in an exosome-dependent fashion. Biochemical and
preliminary structural results will be discussed to elucidate how Mpp6 stimulates

exosome decay.
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INTRODUCTION

3'to 5' RNA decay is an evolutionarily conserved process in all known kingdoms
of life and the family of enzymes that catalyze RNA decay share mechanistic and
structural relationships. In eukaryotes, nuclear and cytoplasmic 3' to 5' decay is
catalyzed by an essential multi-subunit complex termed the RNA exosome™? (Figure 1).
The RNA exosome includes a non-catalytic core formed by six subunits (Rrp41, Rrp45,
Rrp42, Rrp43, Mtr3 and Rrp46) that share similarity to bacterial RNase PH and three
subunits (Csl4, Rrp4 and Rrp40) that share similarity to proteins containing S1/KH RNA
binding domains. The exosome core associates with two hydrolytic endo- and
exoribonucleases (Rrp44 and Rrp6) that catalyze processive and distributive 3' to 5'

exoribonuclease activities as well as endoribonuclease activities.

The RNA exosome is essential in budding yeast and its subunit composition is
largely conserved from yeast to human®®. In yeast, nuclear RNA exosomes include the
nine-subunit exosome core, Rrp44 and Rrp6, while cytoplasmic exosomes appear to
include only the exosome core and Rrp44°?. Interestingly, human encodes two Rrp44
homologs as well as Rrp6, and while each can associate with the RNA exosome core
they exhibit distinct subcellular localizations’. This observation suggests that RNA
exosome subunit composition may be dynamically regulated or that distinct exosomes
exist for distinct functions. For instance, subcellular localization patterns suggest the
existence of a nucleolar human exosome that includes the RNA exosome core and

Rrp6.

Components of the eukaryotic RNA exosome share evolutionary relationships to
bacterial and archaeal factors that catalyze 3'-5' RNA decay. In bacteria 3' to 5° RNA

decay is catalyzed by RNase Il and RNase R, two processive hydrolytic enzymes that



share similarity to Rrp44; RNase D, a distributive hydrolytic enzyme that is homologous
to Rrp6; and PNPase, a processive phosphorolytic exoribonuclease that shares
similarities to the non-catalytic eukaryotic RNA exosome core®®. PNPase is a multi-
domain protein that homooligomerizes as a trimer to form a two-ring structure that
features a prominent central channel. The top ring is formed by S1/KH domains while
the bottom ring is formed by PH-domains that harbor the 3' to 5' processive
phosphorolytic active sites. RNA must pass through the central channel to enter the
phosphorolytic chamber™.

Archaeal exosomes are also processive phosphorolytic enzymes™! but are
composed of up to four individually encoded proteins that oligomerize to form a two-ring
structure analogous to PNPase. In this case six PH-domain subunits form the bottom
ring while three S1/KH domain proteins form the top ring****. No RNase Il or RNase D
family members have yet been identified in archaea'**. Also, no Rrp40 homolog exists
in archaea; rather Csl4 and Rrp4 homologs form the S1/KH cap. Analogous to PNPase,
archaeal exosome rings possess a central channel that guides RNA substrates into the
phosphorolytic chamber and active sites™.

The eukaryotic RNA exosome core is structurally related to bacterial PNPase
and archaeal exosomes although it is composed of nine distinct subunits. Furthermore,
unlike PNPase and archaeal exosomes, the nine-subunit eukaryotic exosome core is
devoid of catalytic activities*’*8. Therefore it seems that the RNA exosome core has
diverged mechanistically from its bacterial and archaeal cousins, dropping
phosphorolytic capacity in its core in favor of interactions with the hydrolytic endo- and
exoribonuclease Rrp44 and the hydrolytic exoribonuclease Rrp6 as well as protein
cofactors such as Rrp47, Mpp6, and the TRAMP and SKI complexes? which presumably

add additional layers of regulation to 3' to 5' decay pathways in eukaryotes (Figure 2).



This introduction will focus on the literature regarding RNA exosome structure and

function primarily before the studies described in this dissertation were initiated.

Discovery of the RNA exosome

The RNA exosome was discovered in S. cerevisiae during the 1990s rather
serendipitously by the group of David Tollervey and others. During this time, Tollervey
and his group were interested in elucidating the steps of ribosomal RNA biogenesis;
however, this proved to be complicated because depletion of the factors involved led to
global loss of rRNA, thus making it challenging to assign a particular molecular function
to each player. Thus, they focused on isolating enzymes whose depletion resulted in
accumulation of pre-rRNAs at specific steps along the rRNA pathway, rather than those
that resulted in a global loss of rRNA. Through these genetic screens, temperature
sensitive lethal yeast strains of exosome core subunit mutants were obtained that
exhibited defects in processing of 5.8S rRNA, with a ladder of 3’ extended forms. Once
the gene was cloned, it was desighated RRP4 (Ribosomal RNA Processing defective 4).
Endogenous Rrp4 was purified from yeast and assayed, and erroneously concluded to
be a 3’ to 5’ exoribonuclease because it exhibited such activity in vitro. Through glycerol
gradient ultracentrifugation, Rrp4 was found to be part of a larger 300-400 kilodalton
(kDa) complex; other components of this complex were identified by mass spectrometry
of the peak fractions, which led to the discovery of Rrp41, Rrp42, Rrp43, and Rrp44, all
of which recapitulated the rrp4 ts phenotype upon genetic depletion®. Because of its
homology to bacterial RNase R, and activity of the recombinant protein in vitro, Rrp44
was ascribed as the processive 3’ to 5’ exoribonuclease in the exosome. Rrp6 remained

undiscovered as a component of the exosome for two years, as its distributive activity



was erroneously attributed to the core subunits. Roy Parker’s lab discovered Rrp41 and
Mtr3 around the same time, and noted their roles in cytoplasmic mMRNA decay, and
homology to bacterial RNase PH®, which later facilitated the discovery of Rrp45 and
Rrp46 (Ref. 3). Improvements in the protocol for purification of endogenous exosomes
also facilitated the discovery of the final constituents of the exosome — Rrp40, Csl4 and
Rrp6 (Ref. 3).

Since its initial discovery as a player in ribosomal RNA biogenesis, the exosome
has been found to also play essential roles in other types of RNA decay, quality control,
and maturation. Messenger RNAs can be deadenylated, decapped and degraded either
5'>3’ via the exoribonuclease Xrn1 (Ref. 92), or 3'>5’ by the cytoplasmic exosome?®.
In addition to normal mRNA turnover, the exosome functions in rapid decay of CUTs, or

cryptic unstable transcripts®”**

, transcripts endonucleolytically cleaved by the RNA
Induced Silencing Complex®, RNAi-induced heterochromatin spreading at
centromeres®®, microRNA processing®’ and in targeting activation-induced cytidine

deaminase for optimal class switch recombination®°

. Quality control functions for the
RNA exosome include degradation of misfolded RNAs, including tRNAs, rRNAs,
snRNAs, snoRNAs, and pre-mRNAs**°, and degradation of aberrant mRNAs that feed

into nonsense-mediated decay, nonstop decay, and no-go decay%*°.

Global architecture of the eukaryotic exosome core

The structure of the human nine-subunit exosome core (Exo09) revealed a
pseudo-hexameric six-component ring composed of the RNase PH-like proteins Rrp41,
Rrp45, Rrp42, Rrp43, Mtr3 and Rrp46 that is capped by a three-component ring formed

by the S1/KH-domain proteins Csl4, Rrp4 and Rrp40'’ (Figure 3). This structure
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revealed overall architectural similarities to bacterial PNPase and archaeal

exosomes'?1®

including a prominent central channel. In the human exosome structure,
Rrp4 bridges Rrp41 and Rrp42, Rrp40 bridges Rrp45 and Rrp46, and Csl4 contacts Mtr3
and to lesser extent Rrp43. While archaeal exosomes form stable and catalytically active
six-subunit RNase PH subunit rings, eukaryotic exosomes require at least one cap
protein to form stable complexes in vitro. The general architecture and subunit
composition of the human Exo09 core is likely conserved across eukaryotic phylogeny
based on sequence analysis and conservation of individual subunits in organisms
ranging from budding yeast to man*’. Furthermore, some human exosome core subunits

can complement deletion of the corresponding yeast genes®>%.

RNase PH-like domains comprise a PH-like ring in eukaryotic exosomes

RNase PH domains are comprised of a fapa fold and are conserved in RNase
PH, and PNPase in prokaryotes, archaeal exosomes, and eukaryotic exosomes (Figure
3). Exosome subunits with structural homology to RNase PH are thus referred to as “PH-
like” proteins and include Rrp41, Rrp42, Rrp43, Rrp45, Rrp46, and Mtr3. The 6
component PH-like ring in eukaryotes consists of three distinct heterodimer pairs that
are arranged in a head to tail configuration. Although eukaryotic organisms have
diverged to encode these subunits in six distinct genes, Rrp41, Mtr3 and Rrp46 share
higher sequence and structural similarity to archaeal Rrp41 or PNPase RNase PH 2-like
proteins while Rrp42, Rrp43 and Rrp45 share greater similarity to archaeal Rrp42 or
PNPase RNase PH 1-like proteins. In eukaryotes, Rrp41 pairs with Rrp45; Rrp43 pairs

with Rrp46; Mtr3 pairs with Rrp42 (Figure 4).



The majority of amino acid side chains that form the phosphorolytic active site
and RNA binding surfaces in bacterial PNPase and the archaeal exosome are not
conserved in eukaryotic exosomes; however, amino acid side chains that comprise one
potential RNA binding surface are conserved in the Rrp41-Rrp45 heterodimer interface
(Figure 3). The location of this putative RNA binding site was evident in sequence
alignments and by location of a tungstate ion in crystals of the human exosome core'’.
Furthermore, point mutations that disrupt this anion binding site (Rrp41 R95E/R96E and
Rrp45 K62E/S63D) attenuate RNA decay activity of cytoplasmic exosomes (Exo9 core
plus Rrp44) in vitro [25]. However, the functional consequences of mutating these

4416
1

residues, and their effects on Rrp6-exosome activities (Exo10° and Exol ) were

unknown, and will be discussed in this dissertation.

S1 and KH domains cap the PH-like ring

Rrp4, Rrp40, and Csl4 form a ring and cap the PH-like ring of the eukaryotic
exosome core. Each of these subunits contain an N-terminal domain (NTD) that makes
extensive contacts to their respective RNase PH-like 2 binding partner, tethering the cap
proteins onto the PH-like ring®’ (Figure 4). The Rrp4 NTD interacts with Rrp41; the
Rrp40 NTD binds to Rrp46; the Csl4 NTD contacts Mtr3. Rrp4 and Rrp40 include two
putative RNA binding domains, KH type | and S1 while Csl4 contains an S1 domain and
C-terminal zinc ribbon fold. KH type | domains®® feature a f1-al-a2-B2-B3-a3 secondary
structure topology and tertiary structure that consists of three beta-strands that form a
sheet and pack against three alpha helices. Single stranded RNA typically binds KH type
| domains via surfaces formed by residues within helix al, a conserved GXXG motif

between helices al and a2, helix a2, the variable loop between strands 32 and 3, and



residues within strand 2 (Ref. 27). However, this motif is not conserved in eukaryotic
Rrp4 and Rrp40; instead, a unique and conserved GXNG motif is found between strands
B7 and B8. The GXNG motif is buried at the interface between the S1 and KH domains,
and unless RNA binding induces a dramatic conformational change to expose the
GXNG motif, this surface likely contributes to the structural stability of the protein rather

than to RNA binding.

S1 domains® contain an OB (Oligonucleotide/oligosaccharide Binding) fold with

1*°. OB domains generally bind

a five-stranded B-sheet coiled to form a closed B-barre
nucleic acid through surfaces composed of positively charged and hydrophobic residues
on the solvent exposed B-sheet®. Rrp40 exhibits the typical B-barrel, with long loops
between B3 and B4 that project into the central channel*”*'. A comparably long loop
between B3 and B4 is also present in Rrp4; however, both of these regions are
disordered in the structure of the human exosome. These loops project toward the
central channel and contain several basic residues that are highly conserved throughout

eukaryotes and thus may be responsible for binding or guiding RNA into the central

channel.

The zinc ribbon domain of Csl4 contains a 3-stranded B-sheet and is structurally
related to archaeal Csl4; however, the four cysteine residues that coordinate Zn%"in
archaea are not conserved in eukaryotes nor is Zn** coordinated in human Csl4. While
this domain in not essential in vivo, its deletion results in conditional defects in
nonsense-mediated decay in budding yeast®’. Furthermore, while Csl4 is essential in
vivo, budding yeast strains expressing Csl4 truncations that lack either the NTD or S1
domain are still viable. These data are perhaps consistent with the observation that Csl4
is not stably associated with exosomes reconstituted in vitro®. In contrast, each of the

Rrp4 and Rrp40 NTD, S1, and KH domains are essential in budding yeast®.
7



The arrangement of the cap subunits on the PH-like six-subunit ring in the human
exosome positions conserved and positively charged putative RNA binding S1 domain
surfaces towards the central channel while the NTDs and KH domains are located on
the periphery of the complex (Figure 5). While RNA binding cannot be detected for
Rrp40 alone®, reconstituted exosomes lacking one cap subunit exhibit weaker RNase
protection patterns compared to a complete Exo9 core®. Alignment of multiple crystal
structures of the archaeal exosome from S. solfataricus indicates that the cap proteins,
specifically Rrp4, sometimes deviate from the three-fold symmetry observed in other
crystal structures, suggesting limited conformational flexibility*® **. Furthermore, Csl4
and Rrp40, and not the PH-like subunits, display increased flexibility when the crystal
structure of the human exosome core is compared to a 14 A cryo-electron microscopy
reconstruction of reconstituted Exo10 from budding yeast'” *%. The significance of this
structural flexibility in the context of RNA coordination and association of additional

protein factors with Exo9 will be further discussed in subsequent chapters.

Rrp44, a hydrolytic endoribonuclease and processive exoribonuclease

Rrp44 includes five domains, an N-terminal Pllus-forming N-terminus (PIN)
domain that contains an active site capable of endoribonuclease activity®® and is
responsible for tethering Rrp44 to the Exo core (see below); two cold-shock domains
(CSD1 and CSD2); a central ribonuclease domain (RNB) that catalyzes processive 3' to
5' exoribonuclease activity; and a C-terminal S1 domain (Figure 6). Rrp44 is structurally

and mechanistically related to bacterial RNase Il and RNase R*".

Humans and other metazoan eukaryotes encode three homologs of budding

yeast Rrp44, including Dis3 and Dis3L, which are localized to the nucleus and
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cytoplasm, respectively”*. The third paralog, Dis3L2, lacks a PIN domain and thus does
not associate with the exosome, but rather has been implicated in decay of
oligouridylated species, including mRNAs and microRNAs®**%. |ts mutation is associated
with Perlman syndrome®. A recent crystal structure reveals that Dis3L2 degrades RNA
through the path utilized by bacterial RNase Il, which is described in detail below™.
Human Dis3 is most similar to yeast Rrp44, and budding yeast strains depleted of Rrp44
can be partially rescued by human Dis3, but not Dis3L’. Dis3 and Dis3L associate with
exosomes in vivo as evidenced by their ability to pull down other exosome core subunits

as well as Mtr4 in lysate from human cells”*.

A crystal structure of budding yeast Rrp44 lacking the PIN domain but bound to
RNA*? revealed many overall similarities to RNase Il in its apo- and RNA-bound states*?
(Figure 6) including conservation of CSD1, CSD2, RNB and S1 domains. Comparison of
the structures reveals that Rrp44 and RNase || RNB active sites make similar contacts to
the four ribonucleotides upstream of the 3' OH. Based on structural similarities within
their active sites, it is likely that Rrp44 employs the same two metal ion catalytic
mechanism as RNase Il to hydrolyze RNA 3’ to 5’, resulting in the release of 5’
nucleotide monophosphates™. One of two catalytic magnesium ions is visible in the
Rrp44 structure and is coordinated by Asp543 and Asp552. Although the second
magnesium is not detected in the Rrp44-RNA structure, it is likely to be coordinated by
Asp551 and Asp549. In fact, mutation of Asp551 to Asn retains RNA binding, but leads

to loss of exoribonuclease activity in vitro, and a slow growth phenotype in vivo®.

Several basic residues within the RNB domain line the active site and contact
RNA via contacts to the RNA backbone. An exception is Tyr595, which participates in
base stacking interactions with the 3' most nucleotide, while bases 1-5 stack with each

other*’. The prominence of protein contacts to the RNA backbone and absence of base
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specific interactions are consistent with the enzyme'’s lack of sequence specificity;
however, several direct or water-mediated hydrogen bonds between protein residues
and the 2’ hydroxyl groups of nucleotides 2, 3, 4, 6, and 8 impart specificity in
recognition of ssRNA rather than ssDNA as Rrp44 binds ssRNA 50-fold better than
ssDNA*2. Rrp44 can degrade duplex RNAs with 3’ single stranded overhangs as short
as 4 nucleotides, but is most efficient when overhangs of at least 10 nucleotides™,
similar to bacterial RNase R*. The requirement of a 3' single stranded overhang is
consistent with the structures insofar as the channel to the RNB active site is only large

enough to accommodate single-stranded RNA.

Many similarities are shared between Rrp44 and RNase II; nevertheless,
differences are readily apparent with respect to how they engage RNA via the CSDs and
S1 domain. In RNase I, RNA threads through a channel formed by the CSDs and S1
domain into the RNB active site. In addition to contacts to the 3' end via the RNB
domain, CSD2 and the S1 domain make additional contacts to single stranded RNA that
contribute to the enzyme’s processive activity®. In contrast, the Rrp44-RNA complex
shows the 5’ end of RNA in a path perpendicular to that observed in RNase Il in a
channel formed at the interface between the RNB domain and CSD1 which is 15 A
closer to the RNB domain compared to RNase Il, and more recently, Dis3L2 (Ref. 41).
Analysis of the electrostatic surfaces of RNase Il, Dis3L2, and yeast Rrp44 reveal that
the route of ingress to RNase Il and Dis3L2 is highly basic, while the same surface is
acidic in yeast Rrp44. Conversely, the path ingressing RNA takes to the Rrp44 active
site is basic, while the same regions in RNase Il and Dis3L2 are more acidic and less
solvent accessible (Figure 7). The distinct mode of RNA binding by RNase Il and Dis3L2
explains their processive activities while the rationale for the unique path observed for

Rrp44 is less clear. This alternative route may allow for additional modes of RNA ingress
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to facilitate decay of structurally diverse sets of RNAs, accommodating substrates exiting
the central channel of the eukaryotic exosome core, or directly accessing the Rrp44
active site from the solvent. It is interesting to note that the S1/KH ring and CSDs/S1 ring
share overall architectural similarities, particularly with respect to their positions over an
extended channel in the Rrp44 RNB domain and the exosome PH-like ring, invoking a
role for the S1/KH domain ring of the eukaryotic Exo9 core analogous to the CSDs and

S1 domains in RNase Il and Dis3L2 with respect to ssRNA binding.

The structure of the yeast Rrp44 PIN domain was revealed in a crystal structure
of full-length Rrp44 bound to Rrp41 and Rrp45 (ref. 25) (Figure 6). The PIN domain
consists of a central twisted five-stranded 8 sheet flanked by a helices and is similar to
the overall fold observed in other RNase H family members***®. PIN domains that
catalyze nuclease activity include four conserved acidic residues that coordinate two
divalent cations to cleave nucleic acid via a similar mechanism involving two-metal-ion
catalysis*”*°. The endoribonucleolytic active site of the Rrp44 PIN domain from budding

yeast consists of Asp91, Glul120, Aspl71, Asp198 (Figure 6).

Rrp44 endoribonuclease activity is dependent on the integrity of the PIN active
site and can be observed in vitro in the presence of millimolar concentrations of
manganese; however, an active site point mutation (D171N) that abolishes
endonuclease activity in vitro does not display a growth defect in vivo®™. While RRP44 is
essential, a point mutation in the RNB domain that disrupts exoribonuclease activity
(D551N) is viable although it exhibits a severe growth phenotype'®. These observations
make the biological function of the endoribonuclease activity unclear, but it is important
to note that a combination of mutations (D551N/D171N) that simultaneously disrupt
exoribonuclease and endoribonuclease activities results in synthetic lethality®**°. The

four acidic residues are conserved in human Dis3 but not in Dis3L as it only retains 2 of

11



the 4 acidic residues. Consistent with this observation, only Dis3 appears catalytically
competent for endoribonucleolytic function’. In addition to its catalytic activities, the PIN
domain interacts directly with Rrp41/Rrp45 heterodimer as exemplified in the structure of
Rrp44 in complex with Rrp41 and Rrp45 (Figure 6). While the endoribonuclease activity
is not essential, deletion of the PIN domain is lethal in budding yeast suggests that

contacts to Rrp41/Rrp45 and presumably the exosome core are essential for growth®.

Rrp44 and the 10-component exosome

Models of the eukaryotic 10 component cytoplasmic exosome Ex010* have
been proposed based on the x-ray structure of the human nine-component exosome
core'’, the crystal structure of the budding yeast Rrp41-Rrp45-Rrp44 trimer® (Figure 6),
and negative stain and cryo-EM structures of apo budding yeast Rrp44-bound to the
core exosome (Ex010%%)3*!, These models reveal that Rrp44 is anchored to the bottom
of exosome core through extensive interactions between the PIN domain of Rrp44 and
Rrp41/Rrp45 in addition to contacts between the Rrp44 CSD1 and Rrp43. More recently,
a crystal structure of Exo10*“™ pound to RNA was solved®?. How RNA engages the
activities of Rrp44 when Rrp44 is associated with the exosome core, how the Exo9 core
modulates Rrp44 endo- and exoribonuclease activities, and the importance of the central
channel for exosome function in vivo and in vitro will be discussed extensively

throughout this dissertation.
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Rrp6, a eukaryotic exosome subunit with distributive hydrolytic activities

Rrp6 is associated with the nuclear exosome (Exo11*¥®) in budding yeast and
humans, although recent evidence suggests the existence of a nucleolar exosome in
human cells consisting of Rrp6 and the Exo9 core which | denote Exo10° (Ref. 7). Rrp6
is the only non-essential subunit of the exosome; however budding and fission yeast
strains lacking Rrp6 exhibit a temperature sensitive growth phenotype and accumulate
many nuclear RNA precursors®***. Rrp6 is involved in 3’ end processing of snRNAs,
snoRNAs>**°, pre-rRNAs*®, destruction of aberrant nuclear RNAs, and the degradation
of cryptic unstable transcripts that result from bidirectional transcription®” *%. In fission
yeast, Rrp6 and the nuclear exosome cooperate with the RITS complex to induce

constitutive heterochromatin spreading at centromeres®®®

and to silence meiotic genes
in vegetative cells®*®2. Evidence for exosome-independent functions of Rrp6 have been
reported in budding yeast, but these findings are restricted to nuclear RNAs®*®**. In other
species, including trypanosomes®, Drosophila®, and humans”®, Rrp6 has been
detected in the cytoplasm, although the biological implications of these findings have not
been fully characterized. Furthermore, in S. cerevisiae, combining rrp6A4 with rrp44exo-

results in synthetic lethality and combining rrp6A4 with rrp44endo- results in a synthetic

growth defect®.

Rrp6 is composed of a PMC2NT domain, a N-terminal domain (NTD), a DEDD-Y
exoribonuclease domain (EXO), a helicase and RNase D carboxy terminal (HRDC)
domain, and a C-terminal domain (CTD). The PMC2NT domain is required for
interaction with its nuclear cofactor, Rrp47 and this interaction is essential for both Rrp6
and Rrp47 stabilization in vivo®"®®. The exoribonuclease domain of Rrp6 is related to
RNase D and members of the DEDD-Y nuclease family that are so named for four

conserved acidic residues, DEDD, and a conserved tyrosine that coordinate two metals
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to catalyze distributive, hydrolytic 3’ to 5’ exoribonuclease activity via a two metal ion
mechanism®. HRDC domains are posited to bind nucleic acid; however it remains
unclear if this is its function in Rrp6 although deletion of the HRDC leads to severely
diminished catalytic activity in human Rrp6 (Ref. 70). The CTD contains two putative
nuclear localization sequences that are not necessary for interaction with the exosome®?,
A structure of the PMC2NT domain of Rrp6 bound to Rrp47 and a N-terminal helix of
Mtr4 was recently published™, illustrating the PMC2NT domain as a helical bundle.
Structural and biochemical information regarding the CTD will be extensively discussed

in this dissertation.

Crystal structures of Rrp6 fragments that include the NTD, EXO, and HRDC
domains were determined from budding yeast®® and human (Figure 8). The NTD wraps
around the EXO domain and forms a platform with a linker that connects the EXO and
HRDC domains. The EXO core shares the o/ fold observed in the Klenow fragment of
DNA Polymerase | from E. coli’® as well as conserved DEDD residues in the EXO
domain that are required for coordination of the divalent metal ions for two metal ion
catalysis. In Rrp6, the conserved tyrosine side chain activates a nucleophilic water
molecule for cleavage of the phosphodiester. Mutating any of the conserved active site
residues either abolishes or severely attenuates exoribonuclease activity in vitro’®. The
human and yeast Rrp6 structures show the EXO domain and active site to be solvent-
exposed, thus potentially explaining Rrp6 distributive activity as these structures lack
channels that could bind or guide single-stranded RNA into the active site. The HRDC
domain resembles the first HRDC domain of E. coli RNase D’ and consists of five alpha
helices. The HRDC confers substrate specificity, as disruption of the EXO/HRDC
interface in budding yeast Rrp6 (D457A) results in deficiencies in 3’ end processing of

nuclear RNAs, such as snRNAs, but not in the clearance of the 5’ ETS fragment of pre-
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rRNA and maturation of 5.8S rRNA". Although Rrp6 fragments containing the
NTD/EXO/HRDC domains exhibit similar catalytic activities when compared to full-length
Rrp6, it is worth noting that Rrp6 fragments that include the NTD, EXO, and HRDC do

not complement growth defects observed in budding yeast strains lacking RRP6%.

Although the structures of the catalytic domains from budding yeast and human
share many similarities throughout the EXO and HRDC domains, the human Rrp6 active
site appears more solvent exposed when compared to the active site in yeast Rrp6 (Ref.
70). This structural difference is attributed to a difference in linker length between the
EXO and HRDC domains — in yeast and lower eukaryotes the linker is 26 residues but in
human the linker is only 10 residues long®® ™. The net effect of a shorter linker is a more
solvent exposed human Rrp6 active site that it is able to degrade structured RNAs more
efficiently than yeast Rrp6 in vitro, presumably because these larger substrates can

access the human Rrp6 active site.

Rrp44, Rrp6 and the 11-component nuclear exosome

The 11 subunit nuclear exosome of budding yeast (Exo11*/®

) has genetically
been the best characterized Rrp6-associated exosome complex, and includes the Exo9
core, Rrp44, and Rrp6 (Ref. 3). Although Rrp6 is not essential in budding yeast,
mutation of the Rrp44 endoribonuclease site (D171N) in combination with rrp6A leads to
a synthetic growth defect®®, and inactivation of the Rrp44 exoribonuclease site (D551N)
with rrp6A results in synthetic lethality’®. These data suggest overlapping functions for
Rrp6 and Rrp44 activities in vivo. Insights to how the nuclear exosome differs from its

cytoplasmic and nucleolar counterparts, and how Rrp6 contributes to the activities of and

interacts with the exosome will be major emphases of this dissertation.
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Figure 1. Schematics of eukaryotic exosomes.
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Cartoon schematics depicting subunit compositions and general architecture of the nine-

subunit exosome core (upper left), the cytoplasmic ten-subunit exosome (upper right),

the nucleolar ten-subunit exosome (lower left) and nuclear eleven-subunit exosome

(lower right). Subunits are labeled and color coded and include the PH-like ring subunits

Mtr3 (orange), Rrp42 (red), Rrp4l (purple), Rrp45 (blue), Rrp46 (green) and Rrp43

(yellow); the S1/KH domain proteins Csl4 (light blue), Rrp4 (green) and Rrp40 (pink); the

catalytic subunits Rrp44 (grey) and Rrp6 (grey-blue). The exoribonuclease active sites

are depicted by red circles in Rrp44 and Rrp6 and the endoribonuclease active site of

Rrp44 is depicted with a yellow circle. The names of subunits are indicated on the right

under headings for yeast and human although human proteins are often referred to by

the corresponding yeast nomenclature.
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(a)

S. cerevisiae H. sapiens

Figure 2. Exosome complexes and their various known protein cofactors
in S. cerevisiae (a) and H. sapiens (b). In addition to the cartooned exosome complexes,
of particular interest in this dissertation is the nuclear cofactor, Mpp6 (Chapter 4). Figure

by A. Wasmuth, from Januszyk and Lima, 2014 (Ref. 76).
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Figure 3. Structure of the human nine-subunit exosome core.

Surface representations of the human exosome core (PDB 2NN6) from the top (upper
left) and bottom (lower left) in addition to two orthogonal views depicting the structure
from side views to enable visualization of each exosome subunit in the complex. The
subunits are labeled and color coded as in Figure 1 showing Mtr3 (orange), Rrp42 (red),
Rrp41l (purple), Rrp45 (blue), Rrp46 (green) and Rrp43 (yellow); the S1/KH domain
proteins Csl4 (light blue), Rrp4 (green) and Rrp40 (pink). The central channel is
apparent in the left panels and indicated by a label and arrows. The positions of the
S1/KH cap and PH-like ring are indicated in the right panels with lines and labels. All

structure depictions generated with the program PyMol"”.
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Rrp41 R93,K94 $
Rrp45 R104,R108,R111

Figure 4. The human PH-like subunit ring.

Ribbon diagram of the human PH-like ring (PDB 2NNG6) depicting beta strands as
arrows, alpha helices as coiled ribbons and connecting elements as thin tubes (upper
left). The view of the intact PH-like ring is from the 'top' as presented in Figure 1 and
Figure 3 with subunits labeled and color coded with Mtr3, Rrp42, Rrp41, Rrp45, Rrp46,
and Rrp43. The Rrp41/Rrp45 heterodimer is shown lower left in a side view as if the
viewer were inside the central channel looking outward. Amino acid side chains
implicated in RNA binding interactions labeled and side chains colored yellow for Rrp41

Arg61, Ser62, Arg93 and Lys94 and Rrp45 Arg104, Arg108 and Arg111.
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Figure 5. The human S1/KH protein ring.

Ribbon diagram of the human S1/KH proteins on top of a transparent surface
representation of the PH-like ring shown from the 'top' with subunits labeled and color
coded as in previous Figures with Csl4 (light blue), Rrp4 (green) and Rrp40 (pink) (top).
The N-terminal (NTD), S1, KH and zinc ribbon-like domains are labeled. Note that the
S1 domains from each S1/KH protein face the central channel. The bottom panel depicts
just the S1/KH proteins in surface representation in the same orientation as in the top
panel indicating sequence conservation colored from red (variable) to blue (conserved)
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as calculated by ConSurf’® from manually assembled sequence alignments’. Note that
the most conserved surfaces are located on the S1 domains that face the central

channel.
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Figure 6. The endo- and exoribonuclease Rrp44.

A) Schematic representation of the Rrp44 polypeptide indicating the PIN, CSD1, CSD2,
RNB and S1 domains with labels and color coded pink, green, orange, blue and purple,
respectively. Amino acid numbering is for Saccharomyces cerevisiae Rrp44. Below the
schematic is the structure of yeast Rrp44 bound to RNA (PDB 2VNU) in cartoon ribbon

representation with beta strands as arrows, loops as ribbons and helices as solid tubes.
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The domains are labeled and color coded as in the schematic. The exoribonuclease
active site is indicated by a label and arrow with key residues colored green in stick and
surface representation. RNA is shown as a red ribbon with bases indicated as sticks with
the 5' end labeled and indicated by an arrow; the 3' end is buried in the exoribonuclease
active site. B) Structure of full-length yeast Rrp44 in complex with yeast Rrp41 and
Rrp45 (PDB 2WP8) in cartoon ribbon representation color coded as in the top panel with
the PIN domain in pink. The endoribonuclease active site is labeled and indicated by an

arrow with key residues colored yellow in stick and surface representation.
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Figure 7. Structural comparison of RNA paths in murine Dis3L2, bacterial RNase II,

and yeast Rrp44.
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Surface representations and corresponding electrostatics for these 3 homologs. Dis3L2
(PDB: 4pmw) in cyan; RNase Il (PDB: 2ix1) in green; Rrp44 (PDB: 2vnu) in pink. RNA
ingress in Dis3L2 follows a similar route as RNase Il, and has similar electrostatic
surfaces and architecture. Ingressing RNA takes an alternative, and more
electrostatically favored route to the RNB in Rrp44; this same path is utilized in Rrp44-
associated exosomes engaged with RNA>?, which will be discussed extensively in this

dissertation.
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Figure 8. The exoribonuclease Rrp6.

Schematic of the Rrp6 polypeptide indicating the PMC2NT (white), NTD (light blue),
EXO (dark blue), HRDC (purple) and C-terminal (CTD; black line) domains. Domains are
labeled with the exoribonuclease active site colored red. Amino acid numbering is for
yeast Rrp6. Lower panel depicts a cartoon ribbon representation of the human Rrp6
catalytic domain structure with alpha helices in cartoon ribbon, loops as thin ribbons and
beta strands as arrows (PDB 3SAF). Domains are colored and labeled as in the
schematic with the linker between the EXO and HRDC domain in grey. The EXO active
site is labeled and indicated with an arrow with key side chains colored red and shown in

stick representation; the magnesium ion is shown as a small green sphere.
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MATERIALS AND METHODS

Yeast exosome subunit purification and complex reconstitution

A list of constructs described in Chapter 1 and used for expression in E. coli is
provided in Table 1. Unless otherwise noted, all constructs in this dissertation were
cloned into pRSF-Duetl with Hisg-Smt3 cloned into MCSI to generate exosome subunits
with cleavable N-terminal Smt3 tags’®. Fundamentally, expression included PH-like ring
heterodimers (Smt3-Rrp41/Rrp45, Smt3-Rrp42/Mtr3, Smt3-Rrp46/Rrp43) and distinct
subunits (Smt3-Csl4, Smt3-Rrp4, Smt3-Rrp40, Smt3-Rrp6, Smt3-Rrp44, Smt3-Mpp6).
Point mutations in exosome catalytic or core subunits were introduced by PCR-based
mutagenesis. Constructs bearing loop insertions were generated by PCR amplifying
RRP41 coding regions corresponding to residues 1-63 and 64-246 to insert an
exogenous Sacl site between coding regions for 1-63 and 64-256. DNA encoding EL,
ELGESEG, and ELGESEGESEG insertions were included in the 3’ primer used to
amplify amino acids 1-63. PCR products were digested with Sacl (NEB), ligated with T4
DNA ligase (NEB), and sub-cloned into pRSF-Duetl. The same procedure was used to
engineer Rrp45 loop insertions between amino residues 94 and 95. Constructs were
verified by sequencing.

Plasmids encoding yeast RNA exosome subunits were transformed into E. coli
BL21 (DE3) RIL (Novagen). Various liter amounts of cultures were grown in Luria
Bertani broth or Superbroth at 37°C with constant shaking; when cells reached Aggo Of
1.5, cultures were cold shocked on ice for 30 minutes, expression induced by addition of
0.4 mM isopropyl-B-D-thiogalactoside and incubated with shaking at 18°C overnight. For
the mutant subunits of the S1/KH ring, cells were grown in shaker flasks at 37°C in

Superbroth (Teknova), induced by cold shock on ice, addition of ethanol to a final

27



concentration of 2% and 0.05 mM isopropyl-B-D-thiogalactoside (IPTG), and grown at
18°C overnight. The only other exception was full-length Rrp6, which required growth in
a 10 liter fermenter, and a 3 hour induction at 30°C for expressionso.

Cells were resuspended in high salt buffer (350 mM) and lysed by sonication as
described™. After high speed centrifugation to pellet the insoluble material, the
supernatant was loaded on a nickel-NTA column (Qiagen) and allowed to flow by
gravity. After washing with 350 mM NacCl, 20 mM Tris pH 8.0, 1mM BME, and 20 mM
imidazole, the column was further washed with 350 mM NaCl, 50 mM KCI, 20 mM Tris
pH 8.0, 1 mM BME, 2 mM ATP, 10 mM MgSO, to displace chaperone impurities. Protein
was eluted with 350 mM NaCl, 20 mM Tris pH 8.0, 1mM BME, and 250 mM imidazole
and then purified by size exclusion chromatography. Most subunits were purified on the
Superdex 200 (GE) with the exception of Smt3-Csl4 and Smt3-Rrp40, which were
purified on a Superdex 75 (GE). Wild type and mutant subunits eluted at the same
volumes on gel filtration. Rrp44 proteins harboring mutation in the exoribonuclease
active site (D551N and D171N/D551N) were further purified by anion-exchange
chromatography (MonoQ 10/10, GE) to remove nucleic acid. After elution from Ni-NTA,
Smt3-Mpp6 was purified on a heparin column to remove nucleic acid, cleaved with Ulp1
overnight, and re-run on gel filtration (Superdex 75). After elution from Ni-NTA, Hisg-
GST-Rrp6 CTD was purified by size exclusion chromatography (Superdex 200 gave
better separation than Superdex 75), and run on a final heparin column to remove
contaminating nucleic acid and to separate degradation products. Prior to
reconstitutions, only Smt3-Mpp6, Smt3-Rrp6, Smt3-Rrp44, and Smt3-Rrp42/Mtr3 were
subjected to overnight cleavage by the SUMO protease Ulpl (Ref. 79) and another step
of purification by gel filtration to remove the 6x histidine Smt3 tags; Smt3-Rrp42/Mtr3
was Ulpl cleaved prior to formation of Exo9 as inclusion of this tag interferes with

reconstitution. At this stage, subunits were concentrated to 6 to 12 mg/mL and stored at
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-80°C. For reconstitution, Exo9 subunits were mixed together as Smt3 fusions,

incubated on ice for 30 minutes, followed by addition of Ulp1 for another 30 minutes prior
to overnight dialysis in 100 mM NacCl, 20 mM Tris pH8.0, 10 mM DTT. Size exclusion
runs (Superdex 200) of reconstituted exosomes were performed in 100 mM NacCl, 20
mM Tris pH8, 5 mM DTT. After purification, exosomes were concentrated to 12 to 14
mg/mL and stored at -80°C in a final buffer of 100 mM NacCl, 20 mM Tris pH 8.0, 0.1 mM

MgCl;, 1 mM TCEP.
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Ribonuclease Assays
RNA oligonucleotides were synthesized with a 5' fluorescein as described

17.70 and purchased from Invitrogen, IDT, or Dharmacon. The 49 nucleotide

previously
poly(A) and AU-rich RNA oligonucleotides have the sequences AAA AAA AAA AAA AAA
AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA A and AAU UAU UUA UUA
UUU AUU UAU UAU UUA UUU AUU UAU UAU UUA UUU AUU A, respectively. Cold
RNAs used in this study included AU-rich RNAs of 10, 17, 21, 24, 28, 32, 36 and 49 nts
with sequence AUU AUU UAU U; AUU AUU UAU UUA UUA UU; AUU AUU UAU UUA
UUA UUU AUU; AUU AUU UAU UUA UUA UUA UUU AUU; AUU AUU UAU UUA UUA
UAU UUU AUU UAU U; AUU AUU UAU UUA UUA UUU AUA UUU UAU UUA UU; AUU
AUU UAU UUA UUA AUU AUU UAU AUU UUA UUU AUU; AAU UAU UUA UUA UUU
AUU UAU UAU UUA UUU AUU UAU UAU UUA UUU AUU A.

Unless otherwise noted in text and figure legends, exoribonuclease assays were
performed under multiple turnover conditions. For mix-in experiments (Figure 34e) 2-fold

molar excess of Rrp6 protein was incubated with Exo10%?**

on ice for 1 hour prior to
initiating RNA decay by addition of RNA. Exoribonuclease assays were conducted using
in 50 mM KCI, 20 mM Tris-HCI (pH8.0), 10 mM DTT, 0.5 mM MgCl,, and 1U/uL RNase
inhibitor (NEB) (1 nM enzyme and 10 nM RNA). At indicated times, 10 uL aliquots were
removed and quenched in 2X TBE-urea loading dye and flash-frozen in Nyj. Samples
were analyzed by denaturing PAGE using 15% TBE-urea polyacrylamide gels
(Invitrogen) and gels imaged using a Fuji FLA-5000 scanner. For Exol1l complexes,
Rrp44 and Rrp6 activities were quantified separately. Rrp44 exoribonuclease activity
was quantified by integrating the signal from the final 4-5 nt RNA product using

MultiGauge v2.02 (Fuijifilm). For experiments in Chapter 1, the fraction of full-length RNA

degraded at a given time was calculated and values obtained from triplicate experiments
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were plotted using Prism 5.0 and fit to a one-phase decay curve. Initial rates were
calculated from data obtained within the linear range. Rrp6 activity was quantified by
dividing the median length of the RNA intermediates at a given time by the full-length
(49nt) RNA substrate to determine the fraction of RNA remaining. Data from triplicate
experiments were analyzed using Prism 5.0 and fit to a one-phase decay curve. Initial
rates were calculated from data obtained within the linear range.

Endoribonuclease assays utilized variants of Rrp44 and Rrp6 that contained
mutations in their respective active sites (Rrp44-D551N and Rrp6-D238N).
Endoribonuclease assays were carried out in the same reaction buffer used for
exoribonuclease activity except that MnCl, was added to initiate the assays. Proteins (10
nM) were pre-incubated with 10 nM RNA at 30°C for 5 minutes and reactions were
initiated by addition of 3 mM MnCl,. Endonuclease assays conducted using unlabeled
RNAs was scaled to 100 nM enzyme and 100 nM RNA to facilitate detection of reaction
intermediates by Sybr Gold staining (Invitrogen). Samples were analyzed by denaturing
PAGE using 15% TBE-urea polyacrylamide gels (Invitrogen) and gels imaged using a
Fuji FLA-5000 scanner. Rrp44 endoribonuclease activity was quantified by integrating
the signal of full-length (49 nt) RNA remaining at each time point using MultiGauge v2.02
(Fujifilm), and calculating the fraction of full-length RNA lost per minute. Initial rates were

calculated from data obtained within the linear range and plotted using Prism 5.0.
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UV-RNA crosslinking

700 nM of exosome subunits or complexes with mutations in the exoribonuclease
active site were incubated on ice for 20 minutes with 50 nM of a 36 nt 5’ fluorescein AU-
rich RNA in a 70 uL reaction volume. The binding reaction buffer consisted of 50 mM
KCI, 20 mM Tris (pH 8.0), 10 mM DTT, 0.5 mM MgCl,. Samples were then placed in a
UV-Stratalinker (Stratagene) and subjected to 400,000 or 700,000 pJ of short-wave UV
radiation (254 nM). 15 L aliguots were taken, added to 4X LDS loading buffer, and
separated by SDS-PAGE on a 4-12% Bis-Tris gel (Invitrogen). RNA-protein adducts
were visualized immediately with a fluoroimager (FITC filter); protein integrity was
assessed after initial imaging by staining with Sypro Ruby (Invitrogen) and visualized

with a fluoroimager (LPB filter).

For steady state UV-RNA crosslinking to 4-thiouridine (4-thioU) bearing RNAs,
500 nM of exosome complexes with mutations in the exoribonuclease active sites
(D238N for Rrp6, D551N for Rrp44) were incubated for 20 minutes on ice with 50 nM 36
nt 5’ fluorescein RNAs with a single internal 4-thioU (Thermo Scientific) in a 70 pL
reaction volume. Binding buffer includes 50 mM KCI, 20 mM Tris pH 8.0, 10 mM DTT,
0.5 mM MgCl,. Crosslinking was performed by subjecting the RNA-exosome mixture to
long-range UV (365 nm) for 15 minutes in the dark using a 4W handheld lamp. For the
time course described in Figure 31D, 350 nM of exosome was incubated with 150 nM of
RNA, and the binding reactions allowed to proceed for indicated times before initiating
crosslinking for 10 minutes. 15 pL was quenched with LDS loading buffer, and the
crosslinked products were separated by SDS-PAGE (Invitrogen) and visualized with a
Fuji FLA-5000 scanner (FITC filter). 4-thioU RNA included the following sequences,
each of which contained a 5’-Fluorescein: 5’-FI-AAU UAU 4thioUUA UUA UUU AUU

UAU UAU UUA UUU AUU UAA; 5'-FI-AAU UAU UUA UUA UU4thioU AUU UAU UAU
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UUA UUU AUU UAA; 5'-FI-AAU UAU UUA UUA UUU AUU UAU UAU UUA UU4thioU
AUU UAA; 5-FI-AAA AAA 4thioUAA AAA AAA AAA AAA AAA AAA AAA AAA AAA; 5'-
FI-AAA AAA AAA AAA AA4thioU AAA AAA AAA AAA AAA AAA AAA; 5-FI-AAA AAA

AAA AAA AAA AAA AAA AAA AAA AA4thioU AAA AAA.

Fluorescence polarization

For experiments described in Chapter 1, 200 nM 5’ fluorescein labeled AU-rich
36 nt or polyA 37 nt RNA was incubated on ice with increasing concentrations (0 — 6000
nM) of proteins or complexes that harbored indicated mutations in the ribonuclease
active sites (Rrp44 or Rrp6) or central channel (Rrp41 and Rrp45) for 20 minutes in a 20
WL reaction volume. Binding buffer consisted of 50 mM KCI, 20 mM Tris (pH8.0), 10 mM
DTT, 0.5 mM MgCl,, and 0.1% NP-40. Fluorescence polarization (mP) was measured at
23°C with a SpectraMax M5 (Molecular Devices), with Aex 495 nm and Aem 525 nm.
Subsequent mP values were converted to anisotropy (mA). Using data from triplicate
experiments, a model for receptor depletion was employed to calculate apparent Kq
values and to plot binding curves with Prism, GraphPad Software. The receptor

depletion model is

(L+K, +R)_\/(_LT - Ky =Ry )? —4LR;

A=A + - A/ )x
(A=A o

where A is the measured anisotropy, A, is the anisotropy at 100% saturation, At is the
anisotropy of the free RNA ligand, L is the fixed concentration of the RNA ligand, R is

protein concentration.

The same procedure was following for experiments presented in Chapters 3 and 4

except 50 nM RNA was used rather than 200 nM.
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Yeast strains and complementation by plasmid shuffle

Heterozygous S. cerevisiae diploid strains, RRP41/rrp41A and RRP45/rrp454
were obtained from Open Biosystems, and are derivative of the parental strain BY4743.
Strains were transformed with a CEN URA3 (pRS416) plasmid bearing wild-type RRP41
or RRP45 and their respective endogenous 5' and 3' UTRs. Haploids were generated
using standard sporulation protocols and the resulting haploid strains were transformed
with CEN LEU2 (pRS415) plasmids encoding WT or mutant alleles which included
rrp41-K62E/S63D/R94E/R9I5E, rrp41-R106N/R113N, and loop insertion mutants rrp41-
S, rrp41-M, rrp41-L, rrp45-S, rrp45-M and rrp45-L. Strains bearing pRS416 and pRS415
plasmids were selected after transformation by plating on minimal media (SD-Leu-Ura).
Loss of the respective CEN URA3 plasmid was selected for by plating on SD-Leu that
contained 5-floroorotic acid (5-FOA). Growth was monitored at 23°C, 30°C, and 37°C
over a period of 10 days.

The rrp41Arrpd5A strain was constructed by mating MAT a, his3A1, leu2A0,
ura340, metl5A40, rrp41A::KAN [RRP41, URA3] to MATa, his3A1, leu240, ura3A0,
met15A0, rrp45A::KAN [RRP45, URAZ]. Diploids were sporulated and haploid spores
selected based on their ability to grow on agar media containing G418, SD-Ura, and
their inability to grow on media containing 5-FOA. The absence of both endogenous
RRP41 and RRP45 was confirmed by analyzing genomic DNA (Harju et al., 2004) and
genotyping by PCR to validate the presence of the kanMX cassette in both RRP41 and
RRP45 loci by amplifying regions bridging the 5’ UTR and the kanMX cassette. This
strain was subsequently transformed with CEN LEU2 (pRS415) plasmids encoding WT
or mutant rrp41 alleles and CEN HIS3 (pRS413) plasmids encoding WT or mutant rrp45
alleles. Transformants carrying pRS416-RRP41, pPRS416-RRP45, pRS415-RRP41 or

pRS415-rrp41l and pRS413-RRP45 or pRS413-rrp45 were selected by plating on SD-
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Leu-His-Ura. Loss of the CEN URA3 plasmids were selected by plating on media
containing 5-FOA and lacking leucine and histidine. Growth was monitored at 23°C,
30°C, and 37°C over a period of 10 days.

The rrp64 strain in the W303 background was a gift from Michael Rosbash®”.
Haploid strains were transformed with a CEN URA3 (pRS416) plasmid bearing wild-type
RRP6, Rrp6 lasso or EAR deletions, or vector alone under its endogenous 5' and 3’
UTRs. Strains bearing pRS416 plasmids were selected after transformation by plating
on minimal media (SD-Ura). Loss of the respective CEN URA3 plasmid was selected for
by plating on SD+5-FOA. Growth was monitored at 23°C, 30°C, and 37°C over a period
of 10 days. No readily discernable phenotype was apparent at 23°C so further growth
experiments were conducted at 30°C and 37°C.

To introduce Rrp44-TAP into the rrp41Arrp45A strains for purification of
exosomes by tandem affinity purification, genomic DNA was isolated from the Rrp44-
TAP tagged strain (Open Biosystems). The Rrp44-TAP cassette and endogenous 5’ and
3’ UTRs were PCR amplified and cloned into a CEN URA (pRS416) plasmid. Constructs
were verified by sequencing and transformed into rrp41Arrp45A strains carrying either
Rrp41WT/Rrpd5WT or Rrp41Med/Rrp45Sm covering plasmids. Transformants were
selected on SD-Leu-His-Ura. 12L of culture were grown at 25°C in SD-Leu-His-Ura until
Aeoo 1.5. Cells were harvested and processed using methods described®. Extracts were
placed over IgG sepharose (GE Healthcare), eluted by cleavage with TEV protease
(homemade), and purified over calmodulin affinity resin (Agilent Technologies). To
detect exosome subunits by Western blot, polyclonal antibodies were raised against
Rrp41, Rrp45, and Rrp6 (Pocono Rabbit Farms) and used to detect levels of Rrp41,
Rrp45, and Rrp6. Anti-calmodulin binding protein epitope tag antibody (Millipore) was

used to detect Rrp44-CBP.
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RNA analysis by qPCR

Yeast strains were grown in YPD at 30°C until Agp 0.8. 100 mL cultures were collected
by centrifugation and total RNA extracted using the hot acid phenol method®3. 1 pg total
RNA was treated with DNase for 2 hours at 37°C before reverse-transcription (RT) using
Superscript I First-Strand synthesis system, following manufacturer’s instructions
(Invitrogen). For reverse-transcription (RT) reactions, oligonucleotides complementary to
the RNA target were used for cDNA synthesis (Primer 1 in Table 2), unless otherwise
noted. PCR reactions were performed in triplicate and prepared in a 50 pL reaction
volume, with 2X Sybr Green 2X PCR Master Mix (Applied Biosystems), and 2 uL of the
RT reaction used as a template for PCR amplification using Primers 1 and 2, the
exception being ITS2-1, which used 1 pL of the RT reaction as a template. Data were
acquired using ABI Prism 7500 Real-Time PCR System (Applied Biosystems). scR1
mRNA was used for normalization. Target levels were calculated using the 222°T

method® and are represented as fold enrichment over wild-type.
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Crystallization and structure determination

Ex010°*° samples were mixed with polyA,s RNA (Invitrogen) in a 1:1.1 molar
ratio and incubated on ice for 1 hour prior to crystallization. Crystals grew at 18°C by
vapor diffusion in either sitting (Greiner Bio One, Crystalquick) or hanging (Hampton
Research, VDX) drop formats, in 7-11% PEG3350, 100 mM MES pH 6.7, 4-15% MPD,
typically taking 3 to 5 days to appear. Crystals were harvested within 2 weeks. For
cryoprotection, well solution was replaced with crystallization buffer augmented with 25-
30% MPD and crystals were incubated for three days before harvesting; one day before
harvest, trays were transferred to 4°C. A light polarizer was used to exclude multiple
crystals and to identify crystals with single regions, which were broken off and flash
frozen in liquid nitrogen for data collection. X-ray diffraction data were collected at the
Advanced Photon Source 24-ID-E and 24-1D-C beam lines, and the National
Synchrotron Light Source X29 beam line. Data were processed using HKL2000% and
the structure solved by molecular replacement using Phaser® and coordinates of human
apo Exo9 (PDB: 2NN6) and yeast Rrp6“"" (PDB: 2HBL) as search models followed by
docking yeast Exo1QRP**6¢**™ (ppB: 4|FD). The structure was determined by molecular
replacement (Table 8). The structure is refined to R/Rgee Values of 0.223/0.262 with good
stereochemistry The final model includes six nucleotides of the polyA 24mer, and two
phosphate ions that likely represent the RNA backbone (Figure 23), and 2751 of the

3156 amino acids present in the crystal.

The asymmetric unit contains one complex. Iterative rounds of refinement were
accomplished using Phenix®’. RNA and side chains were manually built using 0®® and
Coot®. The model was initially refined using secondary structure restraints in
conjunction with positional refinement followed by individual B-factor refinement.

Secondary structure restraints were released and a final round of positional and B-factor
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refinement was performed followed by refinement of TLS parameters which resulted in a
further decrease in R and Rgee Values. Figures depicting the structure were prepared
with Pymol’’. Surface conservation was calculated using ConSurf’®. Electrostatics were
calculated using either Pymol or APBS® - see figure legends for details. Structure

quality was assessed using MolProbity®".

Similar methods as those described above were used for crystallization and
structure determination of Exo11°%#°™PPé and Exo12*4ex076ex0Mpré hoth complexes bound
to RNA. Ex011%°™PP8 \yas grown in 11% PEG3350, 200 mM ammonium nitrate, 2%
MPD. For cryoprotection, Exo11°®°"™MPPé a5 first dehydrated to 25% PEG3350 in mother
liquor with additional 7% increments of PEG3350, and supplemented with 10% ethylene
glycol prior to flash freezing. Exo12#4€x°76ex0Mppé \y 54 crystallized in 11-13% PEG3350,
either MES pH®6.5 or NaCitrate pH6.0 as the buffer, and 175-200 mM ammonium sulfate.
Cryoprotection was achieved in mother liquor augmented with 21% glycerol, introduced
in three steps of 7% increments. Further details of crystallization conditions and structure

determination are described in text in Chapter 4.
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CHAPTER 1

Exo- and endoribonucleolytic activities of yeast cytoplasmic and nuclear RNA exosomes

are dependent on the non-catalytic core and central channel

1.1 Introduction

While RRP44 is essential, a point mutation in the RNB domain that disrupts
exoribonuclease activity (D551N) is viable although it exhibits a severe growth
phenotype®®. A point mutation that disrupts endoribonuclease activity (D171N) has no
discernable phenotype but a double mutant disrupting both RNB and PIN activities fails

to support growth®2>.

The nuclear exosome includes Rrp6, Rrp44 and Exo09. Rrp6 is a distributive
3'>5' exoribonuclease and contains an N-terminal domain important for binding to
Rrp47 and the TRAMP complex®3467.71104 5 central exoribonucleolytic domain and a C-
terminal HRDC domain®®™. RRP6 is not essential, but rrp64 phenotypes include slow
growth and buildup of 3’ extended forms of 5.8S rRNA, snRNAs and snoRNAs>**°.
Furthermore, combining rrp6A4 with rrp44exo- results in synthetic lethality and combining

rrp64 with rrp44endo- results in a synthetic growth defect®.

The function of the eukaryotic Exo9 core in regulating the RNA decay activities of
the exosome has been a subject of interest given that each of its nine subunits are
essential for viability although devoid of catalytic activity'*®. Analysis of the human
exosome structure and comparison to bacterial and archaeal counterparts revealed the
presence of conserved residues in the central channel that could contribute to interaction
with RNA substrates®’. Furthermore, co-incubation of Rrp44 with Exo9 harboring

channel-facing charge reversal point mutations diminished Rrp44 exoribonuclease
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activity in vitro® and electron microscopy showed density at the entry and exit points of
the channel in RNA bound complexes of Exo9 and Rrp44 (Ref. 33). Although these data
are highly suggestive that Exo9 functions to regulate Rrp44 exoribonuclease activities,
the contribution of the RNA exosome core and central channel to each RNase activity of

the exosome or for function in vivo remains unclear.

| report here that Exo9 modulates Rrp6 exoribonuclease, Rrp44 exoribonuclease
and endoribonuclease activities and that mutations designed to physically occlude the
PH-like ring and central channel inhibit exosome activities in vitro and fail to support the
essential functions of the RNA exosome in vivo. My data invokes an RNA path that
passes through the S1/KH and PH-like rings to Rrp44, one that partially overlaps with a
path used by RNA to reach Rrp6 that entails the S1/KH cap and upper portions of PH-
like ring. | show that Rrp6 stimulates Rrp44 activities independent of Rrp6 catalytic
activity and that Rrp6 is potently inhibited by a mutation in the Rrp44 exoribonuclease
active site. Taken together, these data suggest that the RNA exosome core coordinates
RNA binding to regulate substrate access to the endo- and exoribonuclease activities of

the RNA exosome.

1.2 The exosome core modulates Rrp44 and Rrp6 activities in ten-subunit exosomes
The contributions of Ex09 to Rrp44 and Rrp6 RNase activities were analyzed by
reconstituting 34 distinct exosomes and comparing their ability to bind and degrade RNA
(Table 3). Exosome reconstitutions used recombinant proteins as described!’®® with
notable exceptions including removal of N-terminal hexa-histidine tags from Csl4, Rrp4,
Rrp40, Rrp42, Rrp46 and Rrp41l. | isolated a ten-subunit complex containing Rrp44 and
Ex09 (Ex010*), a ten-subunit complex containing Rrp6 and Exo9 (Ex010°), and an

eleven-subunit complex containing Exo9, Rrp44 and Rrp6 (Exo11*®) (Figure 9A).
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Although Ex010° has not been reported in yeast, recent work suggests its presence in
nucleoli of human cells’. Ex010°® and Exo11*"® solubility was increased by removing 128
N-terminal residues of Rrp6 (NA;,gRrp6) that are not required for association with
exosomes®’. Differences in catalytic activity are not observed in vitro when comparing

exosomes containing NA;,gRrp6 or Rrp6 (Figure 9B).

Ribonuclease activities of Rrp44, Rrp6 and reconstituted exosomes were
assayed using synthetic 5'-fluorescein labeled 49 nucleotide RNAs as models for
cytoplasmic (AU-rich) and nuclear (polyA) substrates of the RNA exosome. Products
were detected by monitoring fluorescein fluorescence as described'”®. AU-rich and
polyA RNA are single stranded and small enough to penetrate the central channel,
however biophysical data suggest that AU-rich RNA is highly unstructured and readily
deformable while polyA RNA forms helical domains with base-stacking interactions that
make it more rigid and less deformable’®%. RNase activities were assayed under
multiple turnover conditions (10-fold substrate excess) to facilitate initial rate
measurements, as rates were too fast to measure using single turnover conditions for
AU-rich RNA. It is important to note that degradation patterns for polyA RNA were similar
using single (enzyme excess) or multiple turnover conditions (Figure 9C). Apparent
dissociation constants (Kq) for RNA binding to catalytically dead versions of Rrp6 and
Rrp44 (exo-) in free and exosome-associated states were derived using fluorescence

polarization.

Comparative analysis of Rrp44 exoribonuclease activity shows Exo10** is 8-fold

and 42-fold less active than free Rrp44 on AU-rich and polyA RNA, respectively (Figure

10A, Table 4). These results are consistent with trends observed previously*’%.

Ex010*®* binds AU-rich RNA 3-fold weaker than free Rrp44®*° and more than 30-fold

044ex0—

weaker for polyA RNA although binding can not be saturated for Exol with polyA
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RNA indicating a K4 >10 uM (Figures 10A, 10B; Table 5; Figure 11). Thus, the

44exo-
0

magnitude of defects for RNA binding with Exol mirror catalytic deficiencies

observed for Exo10* RNase activity when compared to Rrp44.

Endoribonuclease activity of free Rrp44 has been shown to be dependent on
manganese and is most readily observed when Rrp44 exoribonuclease activity is
disrupted in Rrp44®° (Ref. 35) while inactivating mutations in both exoribonuclease and

4®°/endory rasylt in no ribonuclease activity (Figure

endoribonuclease active sites (Rrp4
12A). Products of free Rrp44®*° endoribonuclease activity differ dramatically in length
and distribution when compared to those generated by Exo10%***° (Figures 10C, 10D).
While free Rrp44®° generates a distributive pattern of 5' labeled RNA intermediates
(from 5 nt to 49 nt) at the earliest time points for AU-rich and polyA RNAs, Exo10%4¢*
generates intermediates with the AU-rich RNA with apparent 3' to 5' directionality
because longer 5' labeled products appear before shorter products and intermediates
accumulate around 23-26 nt prior to complete degradation (Figure 10C). Patterns are
similar using unlabeled RNA and are consistent with distributive endoribonuclease
activities for Rrp44®° and 3' to 5' directionality for Exo10**** (Figure 12C).
Endonuclease activity of Rrp44 is attenuated upon association with the Exo9 core. For
polyA, the initial rate of substrate degradation, as measured by loss of the 49 nt

substrate over time, is diminished 13-fold in Exo10**®*° compared to Rrp44®*° (Figure

10D; Figure 12B; Table 6).

Comparing Rrp6 and Exo010° activities reveals similar initial rates as determined
by measuring the decrease in median RNA intermediate lengths over time (Table 7);
however, Exo10° and Rrp6 products differ with respect to their pattern and distribution
(Figure 13). Rrp6 generates RNA products that range in size between 49 nt and 20 nt as

early as 0.5 minutes while Exo10° produces intermediates that cluster closer together for
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both AU-rich and polyA RNA substrates (Figures 13A, 13B; Figure 12D). Rrp6%*° and
Ex010°° bind AU-rich RNA with similar affinities (23 nM and 19 nM, respectively), but
Rrp6°*° binds polyA RNA 13-fold better than Ex010°®*° (121 nM and 1619 nM,
respectively) (Figure 13B; Table 5). Taken together, RNase and binding data for Rrp44,
Rrp6, Ex010** and Ex010° suggest that the non-catalytic Exo9 core modulates Rrp44
and Rrp6 exoribonuclease and Rrp44 endoribonuclease activities, especially for polyA,
and that defects in RNase activity can be explained in large part by a diminished

capacity to bind RNA.

1.3 Rrp6 and Rrp44 activities in the eleven-subunit exosome

Rrp6 and Rrp44 activities were assessed next in the context of the eleven-
subunit exosome (Exo11*®). The presence of Rrp44 does not noticeably alter Rrp6
activities (Figure 13), but Rrp6 confers a 7-fold or 43-fold increase in Rrp44
exoribonuclease activity compared to Exo10* using AU-rich or polyA RNA, respectively
(Figures 10A, 10B). This is not due to Rrp6 generating additional RNA substrates for
Rrp44 as Rrp6®“ is also able to stimulate Rrp44 in Exo11**®. In agreement with these
biochemical trends, the K, for polyA RNA is the lowest when all eleven components are

present IN X0 ijgure .
in Exo11*¥® (Fi 10B

The initial rates of RNA decay and intermediate patterns generated by
endonuclease activity in Exo11*4®*°7%® are similar to Exo10*****: however, degradation
products are reduced to smaller sizes more quickly for the AU-rich RNA for Exo11*®**
/6exo (Figure 10C). The stimulatory effect of having Rrp6 in the complex is more evident
for polyA RNA when comparing initial rates and products as Exo11*®©" is 28-fold
more active than Exo10*®* (Figure 10D). Furthermore, the distributive pattern of

intermediates generated by Rrp44°° with polyA RNA is compressed in reactions with
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Ex011%4®°7% ‘mgore closely resembling the pattern and accumulation of 23-26 nt
intermediates generated by Exo10*®** and Ex011**¢*°7%* with AU-rich RNA. These
data suggest that Rrp6 stimulates both Rrp44 endo- and exoribonuclease activities

within the context of Exo11%.

Differences are not detected for Rrp6 activity in Exo11**® when compared to
Ex010° but it is noteworthy that Rrp6 is inhibited 100-fold in Exo11*®°" (Figure 13).
This suggests that RNA binding to Rrp44%® in Exo11*®°"® precludes Rrp6 from
accessing RNA despite a 10-fold excess of RNA substrate in these reactions. These
data also suggest that apparent K values for Exo11*#*°75¢x°- (23 nM for AU-rich and 103
nM for polyA) report on RNA binding to Rrp44 rather than Rrp6 (Table 5). Why does
Rrp44 outcompete Rrp6 for binding? | believe this is likely due to differences in catalytic
mechanism between Rrp44, a processive enzyme that binds and holds onto the
substrate until it is completely degraded, and Rrp6, a distributive enzyme that catalyzes
successive rounds of degradation and product release during decay. Data presented
thus far suggests that Exo9 modulates RNA binding and RNase activities of both Rrp6
and Rrp44, albeit to differing extents. Furthermore, exosome-associated activities of
Rrp6 and Rrp44 appear interdependent because Rrp6 confers a gain of function on

Rrp44 activities and Rrp44®° severely inhibits Rrp6 activity in Exo11%4¢*°7,

44



1.4 RNA-protein interactions in exosomes containing Rrp6 and Rrp44

To identify exosome subunits that contact RNA | employed UV cross-linking in
reactions containing Rrp6”° or Rrp44®° and their respective complexes with Exo09. It is
worth noting that appearance of UV cross-linked species only suggests and by no
means proves that interactions are on pathway to a productive substrate/enzyme
complex. UV cross-linking efficiency was enhanced by using AU-rich RNA, and protein-
RNA adducts were resolved by SDS-PAGE. The identities of core subunits were
determined by reconstituting exosomes containing unique combinations of N-terminal
hexa-histidine tagged subunits to generate tag-dependent mobility shifts of RNA-protein

adducts upon UV-crosslinking (Figure 14).

Very weak cross-linking is observed for Exo9 (Figure 15), consistent with
fluorescence polarization data (Figure 11) and RNase foot-printing® that fail to detect a
specific RNA bound complex. In contrast, UV cross-linking produces several protein-
RNA adducts unique to Exo10*®, Ex010°®*° and Exo011*®*°"®®** (Figure 15).
Specifically, adducts are observed to Rrp44°*®, the S1/KH cap proteins (Csl4, Rrp4, and
Rrp40) and half of the six PH-like proteins (Rrp43, Rrp45, and Rrp41) using Exo10%4*",
Adducts are observed to Rrp6®° and more weakly to the S1/KH cap proteins and to
lesser extent Rrp41 using Exo10°*°". Cross-linking patterns of Exo11%4®*°7* are similar
to Exo10***, namely adducts are observed to Rrp44®° and the respective Exo9
subunits with only minimal cross-linking to Rrp6®°". The observation that Rrp44®
inhibits RNA cross-linking to Rrp6%° in Ex011**®*°7%* and Rrp6 catalytic activity in
Ex011%*®*°" suggests that RNA, when bound to Rrp44®*, blocks a path used by RNA

4416
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to engage Rrp6 in respective Exol complexes. Because UV cross-linking to the

S1/KH-proteins is observed in Exo10*®*°", Ex010%®** and Ex011**®*°"®®*° and since UV
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044exo— and

cross-linking to the RNase PH-like proteins is only observed in Exol
Exo11%e76e- | hosit that RNA enters a channel formed by the S1/KH cap proteins on
its way to Rrp6 or Rrp44 and that RNA passes through or by the RNase PH-like ring to

engage Rrp44.

1.5 The exosome central channel is essential in vivo

Previous in vitro studies indicated that Rrp44 exoribonuclease activity was
compromised when Rrp44 was incubated in the presence of exosome cores that
contained channel-lining charge-swap mutations in the PH-like protein Rrp41 (Ref. 25).
Consistent with earlier complementation assays that incorporated three channel-lining
point mutations®®, | observe no growth phenotype for charge-swap point mutations in
Rrp41l in vivo (Figure 16A). If the central channel plays an important role in exosome
function one might expect phenotypes such as growth defects and aberrant RNA
processing as observed in strains lacking RRP6 or in strains harboring a mutation in the
Rrp44 exoribonuclease active site'®%?'%. These apparent discrepancies suggest that
interior channel surfaces are not important, that RNA can bypass the central channel to
engage Rrp44 or Rrp6, or that mutations on the channel surface are not sufficient to

physically occlude the channel in vivo.

To physically and electrostatically occlude the channel that is formed by the PH-
like ring | constructed insertions based on the structure of human Exo9 (Ref. 17) in two
loops that project into the channel. Insertions include acidic side chains and range
between 2 (EL), 7 (ELGESEG) and 11 (ELGESEGESEG) amino acid residues. | refer to
these insertions as Small [S], Medium [M], and Large [L] and rough calculations suggest
they could project into the channel by 3.5 A, 9 A and 15 A, respectively. Given the

dimensions of the RNA exosome central channel and position of the loops | posit that
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the flexible, extended loops in Rrp41 and Rrp45 would pose steric impediments to RNAs

entering near the top and middle of the PH-like ring, respectively (Figure 17A).

The rrp41 or rrp4d5 alleles containing S, M, or L insertions were assessed in
complementation assays in S. cerevisiae using rrp41A, rrp45A4, and rrp41Arrp45A strains
(Figure 17B). While S and M insertions had little impact on growth in isogenic rrp414 and
rrp45A strains, L insertions in rrp41 or rrp45 (rrpd1-L or rrp45-L) resulted in a severe
temperature sensitive growth defect or lethality, respectively (Figure 16B). In the
rrp41Arrp45A strain, rrp41-S/rrp45-M exhibited a slight growth defect at 37°C, while
rrp41-M/rrp45-S grew slowly at 30°C and 37°C. Although individual rrp41-M and rrp45-M
mutants had no discernable growth phenotype in rrp41Arrp45A4, combining these alleles
resulted in synthetic lethality at all temperatures tested. TAP-purification of Rrp44 from
the viable rrp41-M/rrp45-S strain confirms that channel occluded exosomes remain
associated in vivo (Figure 16C). These results suggest that mutations predicted to

physically occlude the central channel fail to support the essential functions of the RNA

exosome in vivo.
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1.6 Channel occluding mutations inhibit Rrp44 and Rrp6 activities in vitro

Our data suggest that Exo9 modulates Rrp44 and Rrp6 RNase activities, and
binding and cross-linking data suggest that RNAs interact with and potentially pass
through the S1/KH-protein ring to access Rrp6 and through the S1/KH-protein and PH-
like ring to access Rrp44. To test this model | combined medium length insertions
(Rrp41-M/Rrp45-M) to reconstitute Exo11*¥"a™e hacause this combination failed to
complement the essential functions of the exosome in vivo (Figure 16B). Exo11*¥/6/channel

behaves similarly in vitro to Exo11**® during reconstitution and purification suggesting

that loop insertions do not interfere with exosome assembly (Figure 16D).

Rrp44 exoribonuclease activity on AU-rich and polyA RNA is inhibited 45-fold
and 100-fold, respectively, by channel occlusion in Exo11*/¢hae- re|ative to WT
Exo11*" (Rrp41-WT/Rrp45-WT) (Figures 18A, 18B; Figure 19A). This effect is
independent of Rrp6, as | observe similar trends in Exo10* (Figure 19B). Occluding the
channel also diminishes Rrp44 endonuclease activities in Exol11*ex/6exo/channel 1y, 50
fold on polyA in comparison to Exo11*¢*°"® (Figures 18A, 18B), a defect that is further
exacerbated using exosomes reconstituted with large insertions in both Rrp41 and

Rrp45 (Figure 19D).

If the central channel is used to guide RNA to Rrp44 then channel occlusion in
the PH-like ring should impair RNA binding and UV cross-linking and this is exactly what
is observed. Binding assays confirm that Exo10*¢*°7hame! i5 >100-fold less able to
interact with AU-rich RNA (Figure 18A) while binding to polyA RNA is further weakened
to nearly undetectable levels compared to Exo10*** (Figure 18B; Figure 11).
Consistent with binding data, UV cross-linking patterns to Exo9 are weakened further

when its channel is occluded and RNA adducts to Rrp44%° and Exo9 are greatly
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44exo-/channel- 44exo-
0 0

diminished in Exol relative to Exol although some cross-linking to

Rrp41 and Rrp44° is still observed (Figure 18C).

Channel occlusion in the PH-like ring was not predicted to impact Rrp6 to the
same degree as Rrp44 because strong cross-linking was not observed to PH-like ring
subunits in Exo10°%°: however | observe that PH-ring channel occlusion attenuates

44/6/channel-
1

Rrp6 activity in Exol , particularly with the polyA RNA, resulting in a relatively

4416
1

modest 5-fold reduction in initial rate relative to Exol (Figure 18B). Perhaps more

interesting is that PH-ring channel occlusion prevents Rrp6 from stimulating Rrp44

1*¥® and partially alleviates Rrp6 inhibition by Rrp44®* as evidenced by

activities in Exol
comparing activities of Exo11%4€*°76 Exo11%*ex/elehannel ang Exg1144echamel (Figyre 18A;

Figure 19A). Similar changes in activities were observed for Exo109""" (Figure 19B).

Consistent with inhibition of Rrp6 RNase activities in Exo10%""™" Ex010°®*>
fehannel hinds AU-rich and polyA RNAs 10- and 40-fold less well, respectively, compared
to Exo10°® (Figures 18A, 18B) and exhibits slightly diminished cross-linking patterns to
the S1/KH cap proteins, Rrp41 and Rrp6%*® (Figure 18C). Similarly, channel occlusion in
Exo1144exe-/éexoehannel atenyates binding to AU-rich and polyA RNA by 20- and 50-fold,
respectively, relative to Exo11*®°7 (Figure 18A). While cross-linking is diminished to

PH-like ring subunits and Rrp44®° (Figure 18C) it is interesting that cross-linking is

l44exo—/6exo—/channe|— 144exo—/6exo—

enhanced to Rrp6%° in Exol compared to Exol . Because PH-
like ring channel occlusion inhibits RNA from gaining access to Rrp44 and partially
alleviates inhibition of Rrp6 activity in exosomes containing Rrp44°, this cross-linking
pattern is consistent with PH-like ring channel occlusion diverting RNA to Rrp6. This also
suggests that RNA binding to Exo11%4xe/éexo-ehannel ranqrts on RNA interactions with the

S1/KH-proteins and Rrp6%*° because apparent K4 values are similar to those measured

for Exo10°®x°7e"amel (Taple 5).
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If RNA passes by or through the S1/KH cap and PH-like rings to engage Rrp44,
and by or through the S1/KH cap and top portion of the PH-like ring to bind Rrp6, | might
expect that a larger insertion at the top of the PH-ring would impact Rrp6 more than a
large insertion in the middle of the PH-ring. As predicted, Rrp6 activity is diminished 4-
fold further in an Exo11*/¥"- yariant that contains a large insertion near the top of the
channel (Rrp41-L) compared to one where a large insertion is placed in the middle
(Rrp45-L) (Figure 20A). Furthermore, UV cross-linking patterns between RNA, the

S1/KH cap proteins and Rrp6 is enhanced slightly in Exo10°¢**

complexes containing a
large insertion in the middle of the channel, rather than the top (Figure 21A). Importantly,

Rrp44 activity is similarly inhibited independent of insertion placement (Figure 20A).

To test this model by other means | took advantage of the observation that Rrp6
is potently inhibited (100-fold) in Exo11 complexes containing Rrp44°*° when a 49 nt
AU-rich RNA is used (Figure 13A). The human Exo9 channel extends 125 A and is long
enough to accommodate approximately 30 nts of single stranded RNA if extended (~4 A
per base; Figure 17A). Based on a model of Rrp44 bound to Rrp41/Rrp45 (Ref. 25) and
the observation that at least 9 nts are required for binding to Rrp44¥° (Ref. 42), | posit
that Rrp6 is inhibited when a 49 nt RNA substrate is bound to Exo11*®*°”® because the
RNA is long enough to span the entirety of the channel through the S1/KH and PH-like
rings thereby competing with the portion of the S1/KH ring channel that is required by
Rrp6. If true, competing 23-30 nt single-stranded RNAs should bind Rrp44°° (9 nt) and
engage the PH-like ring (14-23 nt). Because these RNAs are too short to reach the
S1/KH ring channel, they should mimic PH-like ring channel occlusion in Exo11%4¢*76

l44exo—/6 and

and alleviate inhibition of Rrp6 (Figure 17A). | tested this by incubating Exol
Exo11*exe70ehannel \ith unlabeled AU-rich RNAs of 10, 17, 21, 24, 28, 32, 36, and 49 nts

and then challenged these mixtures with 5' labeled 49 nt AU-rich RNA. Indeed, Rrp6
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inhibition is alleviated in Exo11*¢*"

in a manner dependent on RNA length — 17 and 21
nt RNAs partially restore Rrp6 activity while 24 and 28 nt RNAs mimic PH-like ring
channel occlusion by loop insertions. Further increase in RNA length beyond 32 nt
recapitulates Rrp6 inhibition (Figure 20B). This effect is mediated by RNA binding to
Rrp44®° and the PH-like ring central channel because competing RNAs have no
discernable effect on Rrp6 activity when assayed with Exo11%4€x07¢/channel (i re 20B). It

is worth nothing that inhibition is only partially alleviated by the 10 nt RNA, an RNA too

short to simultaneously bind Rrp44®*° and engage the PH-like ring channel.

1.7 Functional consequences of channel occlusion in vivo

The data presented thus far suggest that the central channel mediates RNA
decay because channel occluding mutations inhibit RNA binding and RNase activities in
vitro and fail to complement the essential functions of the exosome in vivo. To test if
partial occlusion of the central channel alters exosome functions in viable strains
containing rrp41-S/rrp45-M and rrp41-M/rrp45-S, | analyzed the abundance of several
RNA substrates previously identified as exosome substrates by quantitative PCR and
compared them to strains containing RRP41-WT/RRP45-WT or lacking RRP6. RNA
targets included a pre-ribosomal RNA, ITS2-1 (Ref. 56), the U4 snRNA***® and several
CUTs, including NEL0O25C®®, CUT638, and CUT273 (Ref. 107). | also analyzed the open
reading frames (ORFs) APM2 and YLR356W that are located adjacent to CUT638 and

CUT273, respectively (Ref. 107).

Defects could be observed for many of the substrates in rrp41-S/rrp45-M and
rrp41-M/rrp45-S when compared to WT (Figure 22). The rrp41-M/rrp45-S strain exhibits
similar deficiencies in early pre-rRNA processing and reduced levels of ITS2-1,
corresponding to the 27SA,; pre-rRNA, as observed in rrp6A and reported in previous
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studies®®. While rrp64 exhibits greater defects for all but CUT638, strains including
channel occlusions accumulate a 3' extended form of the U4 snRNA (3-fold), and the

CUTs NELO025C (3-fold), CUT638 (5-fold) and CUT273 (4-fold) when compared to WT.

1.8 Conclusion

The results presented here underscore the importance of the Exo9 core and
central channel in RNA processing and decay because Exo9 modulates the endo- and
exoribonuclease activities of Rrp44 and Rrp6 because mutations that occlude the PH-
ring channel inhibit Rrp44 and Rrp6 RNase activities in vitro and fail to complement
essential functions of the exosome in vivo. My data suggest that RNA passes through a
channel formed by the S1/KH cap and PH-like ring to reach Rrp44 because PH-like ring
channel occlusion inhibits Rrp44 RNase activities, weakens binding and UV cross-linking
and alleviates Rrp44®° mediated inhibition of Rrp6 with RNAs longer than 32 nt (Figures
21B, 21C). This latter observation, along with RNA binding and UV cross-linking,
supports the hypothesis that RNA passes through the S1/KH ring to access Rrp6. How
RNA exits the upper portion of the S1/KH channel to access Rrp6 remains unknown, but
four channels that are large enough to accommodate single stranded RNA exist below

the S1/KH cap and above the PH-like ring in the human Exo9 structure (Figure 17A).

Another unresolved issue is how the exosome core selects a path for RNA to
Rrp6 or Rrp44 although it appears stochastic based on the two substrates used in this
study, as both Rrp6 and Rrp44 activities are evident in Exo11**® (Figure 10). Once
through the S1/KH and PH-like rings RNA can be directed to either the Rrp44
endoribonuclease or exoribonuclease site because unlike Rrp6, which is potently
inhibited by Rrp44®*®, Rrp44 endoribonuclease activity is clearly evident in exosomes
containing Rrp44%. These in vitro data are perhaps consistent with the genetic interplay
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reported between endo- and exoribonuclease active sites in vivo®?*>1%1% Details
regarding how a particular RNA is directed down a distinct path to one or more of the
three RNase activities of the nuclear exosome will remain a focus of investigation for

some time.

Our studies may shed some light on genetic and functional analysis of exosome
activities in strains harboring rrp44-D551N (exo-) or in strains lacking RRP6. The near
lethal growth phenotype observed for strains harboring rrp44-D551N and shared RNA
processing defects in rrp44-D551N (exo-) and rrp6A4 indicated partially overlapping
functions for Rrp6 and Rrp44 in vivo'®. My data suggest that strains harboring rrp44-
D551N may also experience a partial loss of Rrp6 function because Exo11*°" inhibits
Rrp6 activity by 100-fold over Exo11*¥®. With respect to Rrp6, phenotypes observed in
rrp6A strains could be due in part to partial loss of Rrp44 activities since | observe that
Rrp6 can stimulate Rrp44 activities in vitro, especially for polyA RNA. In support of this
hypothesis, strains harboring rrp6-D238A (exo-) grow better than rrp64 and accumulate

less nucleolar polyA(+) than rrp6A (Ref. 73).

Rrp44 activities are severely compromised by channel occlusion and Rrp6 is
potently inhibited by RNA bound Rrp44%° in Exo11*®*°" These observations suggest
that each active site is sequestered from solvent when associated with the exosome
core. The structural basis for this remains unclear because Exo10* models derived from
human Exo09 and S. cerevisiae Rrp44-Rrp41-Rrp45 structures show Rrp44 exo- and
endoribonuclease active sites to be solvent exposed'’**%°. Sequestration of catalytic
activities within a chamber is a regulatory mechanism and organization shared among

192 and my data suggest

other RNA and protein degrading complexes as noted previously
that the exosome core functions in this regard to modulate or limit access to all three

identified RNase activities of the RNA exosome.
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No structural models exist yet for Exo11*®, but the observation that Rrp6 can
stimulate RNA binding and Rrp44 activities in Exo11*/® is particularly intriguing as
evidenced by the 40-fold activation in polyA degradation when comparing Exo10** and
Ex011*¥®. As noted earlier, single stranded polyA differs from the AU-rich substrate
because it has secondary structure that makes it more rigid compared to the more
flexible AU-rich RNA. As such, | posit that polyA is more susceptible to exclusion from
the central channel because it is less able to navigate through steric impediments,
including those presented by loop insertions. Furthermore, my data suggest that polyA is
restricted from binding and entering the central channel in Exo10*, an effect that is
alleviated by Rrp6 in Exo11*®. This suggests that Rrp6 serves to gate the channel,
activate unwinding of the polyA structure and/or activate Rrp44 through some other
mechanism. These features are particularly attractive as they provide opportunities to
regulate the activities of the exosome through direct targeting of RNA to the central

channel or by gating the channel with other RNA or RNA-protein complexes.
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Insert Vector

His,-Smt3-Csl4 pRSF-Duet1
His,-Smt3-Rrp4 pRSF-Duet1
His -Smt3-Rrp40 pRSF-Duet1
His,-Smt3-Rrp41/Rrp45 pRSF-Duet1
His,-Smt3-Rrp42/Mtr3 pRSF-Duet1
His -Smt3-Rrp46/Rrp43 pRSF-Duet1
His,-Smt3-Rrp44 pSMT3-TOPO
His,-Smt3-NA ,,Rrp6 pSMT3-TOPO
His,-Smt3-Rrp44-D551N pSMT3-TOPO
His,-Smt3-Rrp44-D551N/D171N pSMT3-TOPO
His,-Smt3-NA ,,Rrp6-D238N pSMT3-TOPO
His,-Smt3-Rrp41-M/Rrp45-M pRSF-Duet1
His,-Smt3-Rrp41-L/Rrp45 pRSF-Duet1
His,-Smt3-Rrp41/Rrp45-L pRSF-Duet1

Table 1. E. coli expression constructs used in Chapter 1.

Cloning and expression of above constructs described in Methods and Material.
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Oligo Sequence Reference

** scR1-1 5-GGCAACCGTCTTTCCTCCGTCGTAAATTTGT-3’ This study
scR1-2 5-ATCCCGGCCGCCTCCATCAC-3 Kufel et al., 2000
U4-1 5-AAAGAATGAATATCGGTAATG-3’ Allmang et al., 1999
u4-2 5-ATCCTTATGCACGGGAAATACG-3' This study
ITS2-1 5’-AGATTAGCCGCAGTTGG-3' Allmang et al., 2000
ITS2-2 5-AGCGTCATTTCCTTCTCA-3’ This study

**NEL025C-1 5-CGCAGAGTTCTTACCAAACG-3’ Wyers et al., 2005
NEL025C-2 5’-GCAAAGATCTGTATGAAAGG-3 Wyers et al., 2005
CUT638-1 5-TTCAAGGACTACGAAACCACAT-3' Xu et al., 2009
CUT638-2 5-CCGGACGTCTATATCGCTAA-3 Xu et al., 2009
CUT273-1 5-TTCTGTATCCCTAAATAACTCCCTTA-3’ Xu et al., 2009
CuUT273-2 5-CCTTAAATTGGTGGGCAAGAA-3 Xu et al., 2009
APM2-1 5-GCAGAAAGTCTCTCTTCAAATGT-3' Xu et al., 2009
APM2-2 5-GTCGTCAAGCCTTTTTATCCT-3’ Xu et al., 2009
YLR356W-1 5’-GCCGAAAAAGCTCACACAAAA-3’ Xu et al., 2009
YLR356W-2 5-GTCTGTTTGTTTAGCCATCACAA-3’ Xu et al., 2009

Table 2. Oligonucleotides used for gPCR
Unless otherwise indicated, Oligonucleotide 1 used for cDNA synthesis during reverse
transcription. Oligonucleotides 1 and 2 used for subsequent PCR reactions.

**Qligo dT used for cDNA synthesis. Primers 1 and 2 used for PCR.
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Subunits

Reconstituted Exosomes

mm Rrp44
mm Rrp44
- Rrp44exo-/endo-

== Rrp6
mm Rrp6e©

... Exo9
1 EXOQRP4IMRpASM

Exo10%

Exo10%ex

Exo1 0449xo-lendo
Exo10%4/Rrp41MRrpasM

EX01 OMexc-erpMM/RrMSM
EXO1 OMexo-lendoJRrpM M/Rrpd45M
Ex01 Q%/Rrp41LURp4SWT

E X0 1 044exo-erp41 L/Rrp45WT

E X0 1 044/Rrp4 1WT/Rrp45L

EX01 044exo-/Rrp41WTIRrp45L

p EXO1 044exo—/Rrpd1WT/Rrp45L

Exo108

Exo10Q8exe
Ex01 Q8/Rm4TMRrpasM

EXO1 06exo-erp41 M/Rrp45M
Exo1Q8/RP41LRmpasWT
EXO 1 06exo-erp41 L/Rrpd5WT
EXO1 06/Rrp41 L/Rrpd5WT
EXO 1 06exo-erp41 L/Rrp45WT

SERRRRRR

Exo1144%

EX01 1 44exo-/6exo-
EX01 1 44exo-/endo/6exo-

Ex01144/6/Rrp41M/Rrp45sM

EX01 1 44exo-/6exo-/Rrpd IM/Rrp45M
Exo11 44exo-/endo/Gexo-
Ex01144/6/Rp41LRpASWT
Ex01144/6/Rp41WT/RrpasL

EXO 1 1 44/6exo-

EXO 1 1 6exo-/Rrp4 1M/Rrp45M

Exo1144exe-
EX01 1 44exo-/Rrpd 1M/Rrpd5M

T EX01 1 44exo-/6exo-/Rrp41L/Rrp45L

Table 3. Characterized Exosome Subunits and Complexes

Exosome subunits and reconstituted complexes characterized in Chapter 1.

Representative color codes used in main text are positioned to left of subunit or

complex. WT or active site mutants are indicated below the respective subunit/complex.

Rrp44°° corresponds to Rrp44-D551N; Rrp44°"* is Rrp44-D171N; Rrp6¥ is Rrp6-

D238N. Exosome complexes designated as “channel-" in the main text are reconstituted

with Rrp41M/Rrp45M.
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AU-rich RNA

PolyA RNA

Rrp44
Exo104

Exo1 044!41 M/45M
Ex01 044/41 L/ASWT
Exo1 044/41 WT/45L
Exo11446
Exo1144/6exo-
Exo11 44/6/channel-

Exo11 44/6exo-/channel-

Exo11 44/6/41LI45WT

Exo11 44/6/41WT/45L

0.153 +/- 0.017
0.020 +/- 0.007
0.00393
0.00450
0.00239
0.133 +/- 0.007
0.290 +/- 0.018

0.0129 +/- 0.0119
0.00635 +/- 0.00125
0.00134 +/- 0.00042

0.000635 +/- 0.000443

0.0122 +/- 0.0004
0.000289 +/- 0.000072

0.0123 +/- 0.0004
0.0151 +/- 0.0013
0.000134 +/- 0.000005
0.000127 +/- 0.000034
0.000254 +/- 0.000136
0.000219 +/- 0.000029

Table 4. Initial rates for Rrp44 exoribonuclease activity

Initial rates represent accumulation of final 4-5 nt product as a fraction of total substrate

(49 nt RNA) during the linear range of RNA decay:

Initial rate =

Errors indicate assays conducted in triplicate and represent +1 standard deviation.

Blank fields indicate that rates were not determined as products were below the limit of

detection.

Product accumulated

Total substrate RNA

+minutes
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AU-rich RNA PolyA RNA

Rrp44°x°- 34 +/-5 320 +/- 94
Exo1044exe- 108 +/- 13 *>10,000
Exo1(44exc-endo- 310 +/-70 *>10,000
EXO1 044exo-channel- NB NB
Rrp6°*°- 23 +/-9 121 +/- 42
Exo10°%exe- 19 +/-4 1619 +/- 336
Exo1(8exc-channel- 214 +/- 65 *>10,000
Exo1144exo-/Gexo- 23 +/-6 103 +/- 38
Ex o1 144exo-endo-/Gexo- 17 +/- 9 272 +/- 54
Ex o1 144exo-/6exo-/channel- 212 +/- 22 4742 +/- 1122
EXO1 144exo-endo-16exo-lchannel- 145 +/_ 13 4663 +/_ 1296
Exo9 NB NB

Table 5. Apparent K4 values

Kq4 values in nM for complexes described in Chapter 1.

Assays conducted in triplicate and errors represent +1 standard deviation
Asterisk in front of values indicates binding could not be saturated.

NB indicates no detectable binding with fluorescence polarization.
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PolyA RNA

AU-rich RNA
Rrp44°% 0.1537 +/- 0.0384
Exo10%4exe- 0.1651 +/- 0.0362
Exo1(#4exc-/channel- 0.0125 +/- 0.0014
Exo1144exo-f6exo- 0.1106 +/- 0.0103
Exo1144exo-l6exo-/channel- 0.0222 +/- 0.0025

0.0717 +/- 0.0087
0.0054 +/- 0.0004
0.0045 +/- 0.0027
0.1488 +/- 0.0170
0.0075 +/- 0.0051

Table 6. Initial rates for Rrp44 endoribonuclease activity
Initial rates of substrate degradation represent the fraction of full-length 49 nt RNA

degraded per minute during the linear range of RNA decay:

Initial rate =

(1- fraction 49nt RNA remaining

minutes

where 1 represents the fraction of full-length 49nt RNA present at time=0 minutes.

Assays conducted in triplicate and errors represent +1 standard deviation.
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AU-rich RNA PolyA RNA

Rrp6 0.547 +/- 0.021 0.0231 +/- 0.0034
Exo10° 0.436 +/- 0.001 0.0278 +/- 0.0033
Exo108/41M/4smM 0.0975 0.00279
Exo1Q8/41L/4sWT 0.0616 0.00185
Exo10Q8/41WTisL 0.178 0.00789
Exo1144¢ 0.376 +/- 0.037 0.0290 +/- 0.0016
Exo1144exc’6 0.00376 +/- 0.00102 0.00266 +/- 0.00052
Exo1144/6/channel- 0.0922 +/- 0.0053 0.00583 +/- 0.00024
Exo11sexe-ichannal: 0.0969 +/- 0.0029 0.00616 +/- 0.00090
Exo1144/6/41Li45WT 0.0609 +/- 0.0026 0.00182 +/- 0.00011
Exof14Hsswtitn 0.1643 +/- 0.0048 0.00748 +/- 0.00092

Table 7. Initial rates for Rrp6 exoribonuclease activity
Initial rates represent the median RNA product length as a fraction of full-length 49 nt

RNA accumulated per minute during the linear range.

Median Product Length
49 ntRNA

Initial rate = +minutes

Errors indicate assays conducted in triplicate and represent +1 standard deviation.
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Figure 9. AN;,3Rrp6 can associate with exosomes and has similar activity to full-
length Rrp6.

(A) Ex010°, can be reconstituted as a stoichiometric particle in vitro. Overlay of gel-
filtration traces (Superdex 200) of Exo9 (293 kDa) and Ex010° (379 kDa), showing
apparent size shift in Exo10°, indicating formation of a larger molecular weight complex
(left). Sypro-stained SDS-PAGE of reconstituted Exo10° after purification on Superdex
200 (right). (B) N-terminal truncation of Rrp6 does not affect its exoribonuclease activity
in vitro in comparison to that of full-length Rrp6. RNA decay assay on 5’ fluorescein
PolyA RNA. (C) Single turnover conditions (enzyme excess) result in the same pattern of
RNA decay as multiple turnover (substrate excess). 5nM of 5’ fluorescein-labeled polyA
49 nt RNA was assayed in the presence of 25 or 40 nM Exo11**® at 30°C (left) or 22°C
(right) using buffer conditions described in Methods. Reaction products were resolved by

denaturing PAGE and visualized with a fluoroimager.
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Figure 10. The Ex09 core alters exoribonuclease, endoribonuclease and RNA
binding activities of Rrp44.

Association of Rrp44 with Exo9 (Exo10*') diminishes the exoribonuclease and RNA
binding activities on (A) AU-rich and (B) polyA RNAs. Rrp6 stimulates Rrp44 activity in
Ex011*® independent of Rrp6 catalytic activity. Multiple turnover RNA decay assays
performed using 5’ fluorescein labeled RNAs and reaction products separated by Urea-
PAGE. Representative gels and quantitation. Bar graphs depicting initial rates of Rrp44-
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mediated exoribonuclease activity determined from data obtained in the linear range.
Bar graphs depicting dissociation constants (Kq) were derived by fluorescence
polarization of catalytically dead variants of free and Ex09 core-associated Rrp44
assayed using 5’ fluorescein labeled (A) AU-rich or (B) polyA RNA. The pattern of
intermediates generated by Rrp44°° changes after association with Exo9 (Exo10%¢*)
or Exo9 and Rrp6%° (Exo11*®*°75¢x° for (C) AU-rich and (D) polyA RNA (See Figure
S3C for assays using unlabeled RNA). The distributive pattern of intermediates
observed for Rrp44¥° (short and long 5' labeled products accumulate simultaneously) is
altered to patterns that appear to be generated 3' to 5' in Ex010**®*°" and Exo11*ex-6ex-
for AU-rich RNA because longer 5' labeled products appear before appearance of
shorter products. Exo10**®*° has weaker endonuclease activity on polyA RNA but is
stimulated by addition of Rrp6®° in Exo11**°%¢x°- A stoichiometric ratio of enzymes
and 5'-fluorescein RNA (10 nM) was incubated in reaction buffer in the presence of 3
mM MnCl, (See Methods and Materials). Error bars represent + 1 standard deviation as
calculated from three independent experiments. Bar graphs color coded according to

Table 3.
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Figure 11. Experimental data used to derive apparent dissociation constants for
various exosome subunits and complexes on AU-rich and PolyA RNAs.

(A) Assays on 5’ fluorescein 36nt AU-rich RNA. (B) Assays on 5’ fluorescein 37nt PolyA
RNA. Assays conducted in triplicate. Error bars are + 1 standard deviation. Assay
conditions and data analysis are listed in Methods and Materials. Full list of apparent Kq4

values is found in Table 5.
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Figure 12. RNase activities associated with the exosome are modulated by the
Exo9 core.

(A) Endonuclease activity is dependent on integrity of the Rrp44 PIN active site and
Exo09 central channel, is modulated by association with the Exo9 core. Exo10%° displays
endonuclease activity while mutating the Rrp44 PIN active site abolishes activity in
Ex010%°7"%°- (B) Representative gels used to quantitate initial rates presented in Figure
1. Rrp44 endonuclease activity is stimulated by presence of Rrp6 (comparing Exo10%4*
and Exo11%e©76ex%) ‘narticularly on polyA RNA. Assays were conducted at 30°C, with 10
nM enzyme and 10 nM 5’ fluorescein-labeled RNA. (C) Endoribonuclease activity of
Rrp44® displays a channel-dependent 3’ to 5’ directionality when associated with the
exosome. RNA decay assays conducted using 100 nM 5’ fluorescein labeled AU-rich 49
nt RNA, or 100 nM unlabeled AU-rich 49 nt RNA to visualize the total population of RNA
intermediates. Endonuclease activity of free Rrp44°° displays differing patterns of decay
on 5’ labeled versus unlabeled AU-rich RNA, indicative of non-directional distributive
activity. In contrast, the similar patterns obtained with 5’ labeled or unlabeled RNAs
suggest that the Exo9 core lends 3’ to 5’ directionality to Rrp44 endonuclease activity.
100 nM enzyme was used for all reactions. 5’ fluorescein products detected with a
fluoroimager; unlabeled RNA reaction intermediates were stained with Sybr Gold before
visualization with a fluoroimager. (D) The distribution of AU-rich RNA intermediates
characteristic of free Rrp6 exoribonuclease activity becomes more compact when Rrp6
associates with the Exo9 core (Ex010°). Representative urea-PAGE of AU-rich RNA
intermediates processed by Rrp6 and Exo10° (left) used to generate histogram plots

(right) with ImageJ software®®.
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Figure 13. The Ex09 core alters Rrp6 exoribonuclease activity and RNA binding.

1*/%) results in formation of a unique

Association of Rrp6 with Exo9 (Ex010° or Exol
pattern of (A) AU-rich or (B) polyA RNA intermediates compared to Rrp6. Bar graphs
representing initial rates of Rrp6-mediated exoribonuclease activity calculated by
determining the median length of products generated over time and dividing the median
length by substrate length (49 nt). Bar graphs depicting dissociation constants (Kg)
derived by fluorescence polarization of catalytically dead variants of free and Exo9 core-
associated Rrp6 using 5’ fluorescein labeled (A) AU-rich or (B) polyA RNA. Error bars

represent = 1 standard deviation as calculated from three independent experiments. Bar

graphs color coded according to Table 3.
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Figure 14. Exo10%*° and Exo010*®° form RNA crosslinks with the cap proteins
and Rrp41 while Ex010***°" also crosslinks with the PH-like subunits in the Exo9
core.

Exosomes were reconstituted with subunits that would display a mobility shift relative to
their tagless variants and analyzed by SDS-PAGE. Subunits either contained
engineered loop insertions (Rrp41-M/Rrp45-M) or N-terminal Hise-tags. For Exo10%*
and Exo10%¢* complexes containing Hisg-Csl4, Hisg-Rrp4, Hisg-Rrp40, corresponding
shifts in the mobilities of UV-RNA crosslinks are observed, indicating crosslinking to the
tagged-subunits. Exo10%*®* complexes reconstituted with Rrp41-M/Rrp45-M display a
weak RNA-crosslink to Rrp41-M. Red dots indicate Hise-tagged S1/KH cap subunits;

blue dots indicated the PH-like ring component, Hises-Rrp46.
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Figure 15. UV-RNA cross-linking reveals exosome-RNA contacts.

Schematics of Exo10**®* (top), Ex010°*° (middle) and Ex011**®*°/%¢**" (hottom) shown
on left. Subunits for which no cross-linking was observed are outlined, labeled and
shown in white while subunits for which RNA-protein cross-links were detected are
outlined, labeled and colored. Exosome subunits and exosomes were incubated with 5’
fluorescein AU-rich RNA and illuminated by UV to induce cross-linking. UV RNA-protein
cross-linked products were separated by SDS-PAGE and gels were scanned to detect
5'-fluorescein RNA-protein adducts (middle), then stained with Sypro Ruby and scanned
to visualize total protein (right). Subunit positions in respective gels indicated by labels

and arrows. Molecular weight markers shown in left lane for the Sypro Ruby stained gel.
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Figure 16. Channel-lining loop insertions fail to rescue the essential functions of
the exosome in vivo, but do not interfere with exosome assembly in vivo or in
vitro.

(A) Charge swap point mutations lining the exosome channel (Rrp41-
K62E/S63D/R95E/R96E and Rrp41-R106N/R113N) grow similar to wild-type Rrp41 in S.
cerevisiae. 5-FOA selected strains were spotted on YPD-agar and incubated for 3 days
at 23°C, and for 2 days at 30°C and 37°C. (B) S. cerevisiae rrp41A, rrp45A, or
rrp41Arrp45A strains bearing Rrp41WT, Rrp45WT, or Rrp41WT/Rrp45WT plasmids,
respectively, were complemented with wild-type or mutant alleles bearing various sized
loop insertions and were assessed for growth at 30°C on minimal media lacking (left) or
containing (right) 5-FOA. Not shown in rrp41Arrp45A4 background is vector control for
Rrp45/Rrp41WT, which failed to support growth on 5-FOA. (C) S. cerevisiae
rrp41Arrpd5A strains bearing Rrp41WT/Rrp45WT, or Rrp41Med/Rrp45Sm plasmids
were transformed with Rrp44-TAP plasmid and selected on 5-FOA. 12L cultures were
grown in SD-Leu-His-Ura, lysed, and purified on IgG sepharose, followed by calmodulin
affinity resin. Antibodies raised against Rrp41 and Rrp45, and an antibody recognizing
calmodulin binding protein (CBP) were used to detect Rrp41, Rrp45, and Rrp44-CBP,
respectively, by Western blot (top). Eluate from calmodulin affinity resin was resolved by
SDS-PAGE, alongside reconstituted Exo11*¥® and stained with Sypro Ruby (bottom).
(D) Channel occluded Exo11**® complexes can be reconstituted in vitro and behave
similar to WT Exo11*¥® complexes. Gel-filtration overlay (Superdex 200) of
Exo11%46/channel ang Exo114/¢chame (calculated molecular weight of 493 kDa). A peak
representing excess Rrp44 (114 kDa) is also present (left). Sypro Ruby-stained SDS-
PAGE of reconstituted Exo11*¥¢/hae* ang Exo114/¢hame after purification on Superdex

200 (right).

74



A Side

Central Channel Central Channel Channel 4, central Channel

Rrp4
01 I 8 103
= S
< Rrp41 <
< = 4
a 504 0 . Rrp46
3 > od o
£
2 Rrpd5 % % ] sid
S 100 = = ide
5 T 1 Channel 3
(@] o A
1504 _—r—T—T7—T—T1 side 7
75 525 025 575 Channel 1

Average Channel Width (A)

Rrp4
Side
Channel 1
Rrp42
Side
Channel 2
0 Mtr3
® @
O i
Side
— Nogrowth — —————————— pp45-L Channel 3

RRP41/RRP45

1p41-S/pas-M

Side
PRATMIPASS Channel 4 —&

— Nogrowth —  —— ;4 1-M/mpd5-M

Figure 17. The exosome central channel is essential in vivo.

A) The width and dimensions of the channel (left) were calculated using the dimensional
analysis program, HOLE''?. Axes are labeled. The middle panel shows a view of the
human Exo9 core (PDB 2NNB®6) in surface representation. The central channel is made
apparent by removing Mtr3 and cutting away remaining surfaces of Csl4, Rrp43 and
Rrp42. The positions of insertions in Rrp41 and Rrp45 are colored yellow in the structure
and indicated by labels and yellow arrows in the graph depicting channel dimensions.
Right panel depicts an orthogonal view of the Exo9 core in surface representation

showing all nine subunits. A label and black arrow indicates the positions of the central
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channel and four putative side channels. Subunits colored and labeled. Below this panel
are four side views of the S1/KH cap and top portion of the PH-like ring highlighting four
potential side channels. B) Serial 10-fold dilutions of S. cerevisiae rrp41A (top), rrp454
(middle) or rrp41Arrp45A (bottom) bearing RRP41 or RRP45 or mutant rrp41 or rrp45
alleles containing insertions ranging between 2 [S], 7 [M] and 11 [L] amino acids spotted

on YPD agar grown at 23°C (left), 30°C (middle), and 37°C (right).
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Figure 18. Channel occlusion inhibits RNA binding and RNase activities of Rrp44
and Rrp6.

Bar graphs depicting initial rates calculated for Rrp6 and Rrp44 RNase on A) AU-rich
and B) polyA RNA. Occluding the central channel of Exo11*¥® (Exo11*¥¢"a™eb) with loop
insertions (Rrp41-M/Rrp45-M) inhibits both Rrp44 activities while Exo11*4ex/6/channel

diminishes Rrp6 exoribonuclease activities and alleviates Rrp6 inhibition by Rrp44®*,
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044exo— an d

Rrp44 endonuclease activities are inhibited by channel occlusion in Exol
Exo11%4€x°7%e Assays performed in triplicate and initial rates calculated from data
obtained in the linear range (Figures 19A and 19C). Bar graphs on the right depict
apparent Kq4 values for various exosome complexes with RNA. Error bars are £ 1
standard deviation. C) Channel occlusion in Exo9 leads to diminished cross-linking (left).
Panel to the right shows that channel occlusion in Exo10**®** |eads to loss of most RNA-
protein adducts to core subunits. Next panel shows that channel occlusion in Exo10°¢**
slightly weakens cross-linking to the S1/KH cap proteins and Rrp6. On the right, channel
occlusion in Exo11*#*76¢x°- ghifts the cross-linking pattern from one involving Rrp44, the
PH-like and S1/KH rings to one involving Rrp6 and the S1/KH ring. Products separated
by SDS-PAGE and imaged by detecting the fluorescence of the 5' labeled AU-rich RNA.

Major cross-linked species are labeled and indicated by arrows.
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Figure 19. All three RNase activities associated with the exosome are attenuated
by channel occlusion by loop insertions.

(A) Exoribonuclease assays of Exo11*® complexes used to derive initial rates of Rrp44
and Rrp6 on AU-rich and PolyA RNAs in Figures 18A and 18B, respectively. RNA decay
assays were performed in triplicate under multiple turnover conditions, samples taken at
indicated time points, separated on Urea-PAGE, and visualized with a fluoroimager. (B)
Rrp6 utilizes the top of the central channel to process RNAs while Rrp44 requires the
entire channel to access and degrade RNA. Exoribonuclease assays of Exo10* and
Ex010° complexes bearing large loop insertions placed towards the top of the channel
(Rrp4lLarge/Rrp45WT), towards the middle (Rrp41WT/Rrp45Large), or medium loop
insertions engineered onto both subunits (Rrp41Medium/Rrp45Medium). Loop insertion
placement equally blocks Rrp44 activity in Exo10* complexes, while loop insertions
located towards the top of the channel (Rrp4lLarge/Rrp45WT) impair Rrp6 activity more
than those placed towards the middle (Rrp41WT/Rrp45Large). Representative decay
assays were performed on the same day with 5’-fluorescein labeled AU-rich and PolyA
RNAs. (C) Rrp44 endonuclease activity is dependent on the integrity of the central
channel. Representative gels used to derive initial rates of Rrp44 endonuclease activity

44exo-/6exo-
1

shown in Figure 18. (D) Exol complexes bearing large loop insertions
(Rrp41Large/Rrp45) are less able to degrade 5’ fluorescein labeled AU-rich RNA than

complexes with smaller loop insertions (Rrp41Medium/Rrp45Medium).
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Figure 20. Rrp6 is more dependent on the upper portion of the channel to access
RNA.

A) RNA decay assays using AU-rich or polyA RNA for WT exosomes and exosomes
reconstituted with large loop insertions at the top (41Large) or middle (45Large) of the
channel. Bar graphs on right indicate initial rates of decay mediated by Rrp44 or Rrp6.
Rrp44 activity is inhibited by insertions at either position while the insertion at the top of
the channel (Exo11*¥® 41Large/45WT) impedes Rrp6 activity more than insertion in the
middle (Exo11*¥® 41WT/45Large). Decay assays performed in triplicate. Error bars are +
1 standard deviation. B) Inhibition of Rrp6 activity in Exo11%*®*°"® by 49 nt AU-rich RNA is
alleviated by short competing RNAs that mimic channel occlusion in the PH-like ring.

End point assay (15 minutes) of reactions containing 10 nM unlabeled AU-rich RNAs
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(10, 17, 21, 24, 28, 32, 36, 49 nts) that were pre-incubated with 1 nM Exo11%*®°" or
Exo11%exe/é/channel ‘peaactions were then challenged with 10 nM 49 nt 5-fluorescein AU-
rich RNA and reaction intermediates detected by denaturing PAGE. Reactions

containing unlabeled 24 or 28 nt mimic channel occlusion and alleviate Rrp6 inhibition in

Ex011*®*°76 to similar levels observed in Exol1%4exc-/6/channel-
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Figure 21. Loop insertions placed towards the bottom of the channel (Exo10°%*

Rrp41WT/Rrp45L) enhance UV-RNA crosslinks in Exo010°*° while insertions
placed towards the top of the channel (Ex010°° Rrp41L/Rrp45WT) attenuate UV-
RNA crosslinks relative to channel open complexes.

(A) Patterns of UV-RNA crosslinks in Exo10**®*° complexes do not vary with location of
loop insertion placement, and RNA-protein crosslinks to core subunits and Rrp44®° are

OGEXO- and

equally attenuated. Products of 5’ fluorescein AU-rich RNA crosslinked to Exol
Ex010*®* by UV light were resolved by SDS-PAGE and visualized with a fluoroimager
(left); protein products were later stained with Sypro Ruby (right). Blue dots indicate
medium insertions; red indicates large insertions; black represent WT subunits (no
insertions). (B) Model of Exo9 and central channel modulation of Rrp44 and Rrp6 exo-
and endonuclease activities. Association of Rrp44 with Exo9 attenuates Rrp44
endoribonuclease activity 13-fold and exoribonuclease activity 42-fold on polyA RNA,

1*¥® stimulates both Rrp44

relative to free Rrp44 (left). Presence of Rrp6 in Exol
activities 28-fold and 43-fold on polyA RNA (right). (C) Extended loops within the PH-like
ring of the central channel block Rrp44 exonuclease activity 100-fold and endonuclease
activity 20-fold, while attenuating Rrp6 activity 5-fold on polyA RNA (left). 49 nt AU-rich
RNA bound by Rrp44%® in Exo11*®°"® extends through the entirety of the PH-like and
S1/KH rings, inhibiting Rrp6 activity on AU-rich RNA 100-fold (middle). AU-rich RNAs

24-28 nts engaged by Rrp44%° in Exo11*®*°”® are not long enough to bind the upper

S1/KH ring, resulting in reactivation of Rrp6 by 25-fold (right).
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Figure 22. Channel occlusion results in aberrant RNA processing in vivo.
Previously identified substrates of the RNA exosome were analyzed by qPCR from total
RNA obtained from rrp41Arrp45A strains bearing WT RRP41/RRP45 or mutant alleles
containing small/medium (rrp41-S/rrp45-M), and medium/small (rrp41-M/rrp45-S)
insertions and compared to levels in an rrp6A strain. Bar graphs show quantitation of
results obtained from triplicate experiments. Error bars represent + 1 standard deviation.
Targets were normalized to Scrl mRNA. APM2 and YLR356W ORFs serve as controls

for CUT638 and CUT273, respectively.
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CHAPTER 2

Structure of an Rrp6-RNA Exosome Complex Bound to PolyA RNA

2.1 Introduction

The eukaryotic RNA exosome core is a large and essential nine subunit complex
formed by a two-stacked ring of six RNase PH-like proteins on the bottom and three
S1/KH domain “cap” proteins on the top. Exo9 associates with two catalytic subunits, the
endo- and 3’ to 5’ processive exoribonuclease Rrp44, and the 3’ to 5’ distributive
exoribonuclease Rrp6 (Ref. 111). In Saccharomyces cerevisiae, the cytoplasmic
exosome includes Exo9 and Rrp44 (Exo107™*), the nuclear exosome contains Exo09,
Rrp44 and Rrp6 (Exo11RP*/R®%8 ‘and a nucleolar exosome including Exo9 and Rrp6
(Ex010%™®) has been posited in Homo sapiens’. It is thought that each exosome
complex may be uniquely equipped to target different RNA substrates, in conjunction
with protein cofactors, to catalyze RNA turnover, quality control, or processing within the

context of their respective cellular compartments™*.

Rrp6 is a member of the RNase D family of exoribonucleases*®, and is proposed
to hydrolyze RNA via two metal ion catalysis*”*****°. Its domain structure includes a N-
terminal PMC2NT domain that associates with its protein cofactor Rrp47 (ref. 67), an
exoribonuclease domain (EXO), a HRDC domain, and an intrinsically unstructured C-
terminal domain (CTD) that associates with the Exo9 core®. The EXO and HRDC
domains constitute the catalytic module as illustrated in crystal structures of S.
cerevisiae and human Rrp6 (Ref. 69,70). A crystal structure of Exo10RP44*RPCteM hyqng
to RNA revealed how approximately 100 Rrp6 CTD residues interact with Exo9 (Ref.

52); however, no structures yet exist for Rrp6 in complex with Exo9 or RNA.
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Chapter 1proposed a model wherein Rrp44 and Rrp6 utilize an overlapping
channel within the S1/KH ring to engage RNA substrates, that Rrp6 activities are
modulated by Exo9 and dependent on the integrity of the central channel, and that Rrp6
can stimulate Rrp44 in binding and degradation of single-stranded RNA in the context of
the nuclear exosome'®. To determine the structural basis for these observations, |

crystallized Rrp6 with Exo09 and single-stranded polyA RNA.

2.2 Global architecture of Exo107"™®-polyA RNA

Crystals of Exo10%™® were obtained in the presence of a 24 nucleotide single-
stranded polyA RNA that included a Rrp6 construct containing residues 128-685 that
lacked exoribonuclease activity (D238N)"**'® the PMC2NT domain (1-127)**° and its
last 48 C-terminal residues. Analysis of RNA in washed crystals shows partial
degradation with RNA spanning 20-24 nucleotides (nt) (Figure 23D). These crystals
diffracted x-rays to 3.3 A and the structure was determined by molecular replacement
(Table 8). The final model includes six nucleotides of the polyA 24mer, and two

phosphate ions that likely represent the RNA backbone (Figure 23A-C).

The structure shows Rrp6 positioned atop the Exo9 S1/KH ring with Exo9
subunits resembling that determined for human Exo9 (ref. 17) and yeast Ex09 (ref. 52) in
Exo1QRP44*RmECtem (Eiqre 24A,B). The polyA RNA is coordinated within the S1/KH ring
with residues from the Rrp6 active site contacting the RNA 3’ end (Figure 24C). The N-
terminus of my Rrp6 construct (Met128) is in a location that would place the N-terminal
PMC2NT domain of Rrp6 over the Exo9 central channel in an ideal position to interact
with cofactors such as Rrp47 that presumably facilitate recruitment of substrates to the
RNA exosome (Figure 24A). The Rrp6 EXO domain is wedged between and contacts

both Rrp4 and Rrp40. While the Rrp6 HRDC domain is proximal to Rrp4, no direct
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contacts are apparent in the structure. Consistent with previous results?, the Rrp6 CTD
wraps around the N-terminal domain (NTD) of Csl4 and engages in interactions with the
PH-like subunit, Rrp43, before reemerging near the top of the Exo9 core between the C-
terminal domain of Csl4 and the NTD of Rrp40 (Figure 24A; Figure 25A,B). CTD
residues 629-684 and eight residues (517-524) that link the Rrp6 HRDC domain and

CTD were not observed in electron density.

The NTD of Rrp4 and the S1 domains of Rrp4 and Rrp40 comprise the
interaction surface with the Rrp6 EXO domain burying approximately 2230 A? of surface
area in the complex. The interfaces between Rrp6 and the Rrp4 NTD (Region 2) and S1
domain (Region 3) form the primary contact interface (1750 A?) while interactions with
the Rrp40 S1 domain and a portion of the Rrp4 S1 domain encompass a region proximal
to the RNA binding site (Region 1), surfaces that are highly conserved across evolution
(Figure 26A,B). Rrp6 surfaces are less well conserved compared to Rrp4 or Rrp40, but it
is notable that they are better conserved in comparison to the Rrp6 CTD, which is
important for interaction with the exosome core (See below)®. Alignment of exosome-
associated Rrp6 to the yeast Rrp6 catalytic module (EXO-HRDC) reveals few
differences with the exception that residues 424-432 alter conformation, reorganizing
from a loop and short hairpin in free Rrp6, to a a-helix that is proximal to a disordered
loop between residues 145 and 158 from the Rrp4 S1 domain (Figure 25C). Residues
424-432 link the Rrp6 EXO and HRDC domains, are highly conserved, and were
previously thought to comprise a protein interaction module®. While extensive, the
interactions between the catalytic module and Exo9 are not sufficient for Rrp6
association with the exosome. Analytical gel filtration studies show the CTD of Rrp6 is
necessary and sufficient for exosome association and thus likely facilitate interactions

between Exo09 and the Rrp6 catalytic modules (Figure 27).
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The structure of Exo107™® bound to polyA RNA reveals how an RNase D family
member interacts with RNA (Figure 26C). The Rrp6 catalytic domain and active site bind
Az1A2A3A4 With the 2'-OH and 3'-OH of the terminal Ay4 coordinated through two main
chain hydrogen bonds to the backbone amide and carbonyl oxygen of His241 and the
Glu240 side chain carboxylate in a manner similar to that observed for AMP within the
Rrp6 catalytic domain®. An additional contact is observed to A,,; between the N7
adenine position and GIn345 side chain amide. The scissile phosphate of A, and Ayz is
coordinated by a single magnesium ion that bridges the phosphate and the side chain
carboxylate of Asn238 (Asp in the wild-type enzyme) based on positive electron density.
In addition, a hydrogen bond is observed between the scissile phosphate and invariant
side chain hydroxyl of Tyr361, a residue that was mutated to alanine in the yeast AMP-
Rrp6 complex (Figure 28A,C). Consistent with the two-metal ion reaction mechanism**,
two metal ions are coordinated by conserved side chain carboxylates in the yeast Rrp6-
AMP complex in an ideal position to contact the scissile phosphate based on
superposition of the RNA in my complex with AMP in the Rrp6-AMP complex (Figure
28C,D). Several contacts between the metal ions and RNA are missing in my structure
due to the D238N substitution as this residue bridges both metal ions in the Rrp6-AMP

active site.

The remaining contacts to the polyA RNA are notable as they reveal several non-
specific interactions that are consistent with the ability of Rrp6 to degrade RNA of any
sequence. The A,; 2’-OH is within hydrogen bonding distance of the side chain
carboxylate of Asp296 while the A,3; phosphate is in hydrogen bonding distance of the
Leu328 backbone amide. The A,3 base is situated over the A4, base with additional van
der Waals contacts provided by side chains of Trp299, Met295 and Phe294. Phe294 is

positioned between the A,; and Ay, bases, presumably disrupting base stacking
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interactions. The A, base and ribose are cradled by van der Waals contacts to Phe294,
Gly292, His291 and Tyr315 while its phosphate is within hydrogen bonding distance with
the backbone amide of His291. Lys319, His326 and Tyr315 contribute the remaining
contacts to the A,; base although none appear to interrogate the identity of the base.
Consistent with the importance of the aforementioned interactions, sixteen of eighteen
residues observed in direct contact to the RNA or metal cofactors are conserved in

human Rrp6 (Figure 28A,B)%"°.

2.3 RNA passes through the S1/KH ring to reach the Rrp6 active site

Four of the six nucleotides of polyA 24mer RNA observed in electron density (5'-
A10A20A21A2A23A24-3") are coordinated by Rrp6 placing the 5' end (A1g) proximal to
conserved, basic side chains from Rrp4 residues Lys122 and Arg123, while Rrp40
Lys108 points toward A4 and Arg110 is proximal to the phosphate of A,; and ribose of
Ay (Figure 29A). Additional densities, modeled as PO4, and POy, with spacing
consistent with the RNA phosphate backbone, are observed within the S1/KH ring
nearest to Arg150 and proximal to Arg145 and Arg202 of Csl4 (Figure 23A-C). Each of
the residues noted in Csl4, Rrp4 and Rrp40 are highly conserved in other family
members®’. No additional density consistent with RNA is observed within the PH-like

ring.

Based on biochemical data | previously suggested that Rrp6 and Rrp44 utilized a
shared portion of the central channel to engage their RNA substrates®®. Alignment of
Ex0107"® with Exo1QRP+*RPECteM shaws that the RNA molecules overlap within the
S1/KH central channel (Figure 29A,B). Yet, a striking feature of Exo107"™® is that RNA
passes through the S1/KH ring in the reverse direction from that observed in

Exo1QR™P44*RIPECteM (Raf 52). Although a subset of side chains emanating from the S1/KH
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cap proteins contact RNA, none make contacts that would enforce directionality.
Because no additional density is apparent within the central channel in the Exo10%?°
complex, | sought to determine the relative importance of the S1/KH ring and PH-like
ring in directing RNA to Rrp6 as was observed, albeit in the opposite direction, for RNA

interactions within Exo1QRP44+RrpeCterm

Yeast Ex010%™® and Ex011"P*/R™5 complexes were reconstituted with Csl4 and
Rrp40 that contained amino acid substitutions for Arg145, Arg150, Arg202; and Lys107,
Lys108, and Arg110, respectively. Indeed, mutations in the S1/KH cap proteins severely
diminish Rrp6 and Rrp44 mediated degradation of polyA RNA (Figure 29C) or AU-rich
RNA (Figure 30A) in both Exo107™® and Exo11R™*¥R®® complexes. In contrast, insertion
of a large loop in Rrp45 that is predicted to occlude the PH-like ring channel well below
the S1/KH ring™*® did not impair Rrp6 activities in Exo10%™® or Exo11~™P*/R™5 Consistent
with the RNA bound Exo10%P**6¢*™ strycture, the Rrp45 loop insertion inhibits Rrp44

activity.

To further delineate the role played by Exo9 in directing RNA to Rrp6 and Rrp44 |
reconstituted catalytically dead yeast exosome complexes comprising Exo10%°,
Ex010%™* and Exo11%"**R™™® and subjected them to long wavelength UV crosslinking in
the presence of 36nt polyA or AU-rich RNA bearing single 4-thiouridine substitutions in
positions 6, 21, and 29 from the 3’ end in addition to a fluorescein molecule linked to the
5" end (Figure 31A; Figure 32A,B). 4-thiouridine substitutions do not impair the decay
activities of the exosome complexes (Figure 32C). In the respective 4-thiouridine
positions from the 3’ end, the AU-rich RNA crosslinks to Rrp44, followed by the PH-like
ring, and finally to the S1/KH cap in Exo10%"** and Exo11R™*/R?® entirely consistent
with previous biochemical studies and the RNA path observed in the Exo10RP44*Rreecterm

crystal structure?>***®7 Consistent with previous biochemical data showing that Rrp6
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was important for Exo107™* binding to polyA RNA (Chapter 1)*'®, crosslinks were only
observed to Rrp44 in Exo10%™**: however, addition of Rrp6 in Exo11R™*/R®® resylts in
crosslinks that progressed from Rrp44 through the PH-like ring to the S1/KH ring and

Rrp6 as the 4-thiouridine probe was moved 3'to 5'.

Consistent with the Exo107™° polyA RNA structure, crosslinks are observed to
Rrp6 and Rrp4 when 4-thiouridine is placed 6 nts from the 3’ end. Although there is no
obvious structural impediment to prevent RNA from entering the PH-like ring, both polyA
and AU-rich RNA crosslinked products are only observed to Rrp4, Csl4 and Rrp40 when
the 4-thiouridine is positioned 21 or 29 nts from the 3’ end (Figure 31C; Figure 32). This
pattern contrasts with crosslinking patterns observed for Exo10%"** and Exo11RP#4/Rre
wherein crosslinks are observed to the PH-like ring subunits when 4-thiouridine is placed

at positions predicted to crosslink to the PH-like ring.

The data described thus far are consistent with a model in which distinct but
overlapping paths guide RNA to Rrp6 or to Rrp44 (Figure 31D). So how is a path
selected? It appears that path selection is stochastic in vitro because both Rrp6 and
Rrp44 degradation products can be observed under conditions of limiting enzyme
(Figure 29C) or limiting substrate (Figure 31C). Unlike the distributive mechanism
utilized by Rrp6 that binds and releases substrates repeatedly, Rrp44 is a processive
enzyme that binds and holds onto its substrates until completely degraded. As such, UV
crosslinking patterns under steady state reflect the most stable interaction with Rrp44
even when Rrp6 is present (Figure 32A), a pattern that can be reversed in complexes
containing PH-like ring channel occlusions (Chapter 1)*°. A time course was conducted
under conditions of slight enzyme excess to observe stochastic sampling of the two
paths via UV crosslinking (Figure 31C). As predicted based on the distributive and

processive mechanisms of Rrp6 and Rrp44, respectively, crosslinked products are
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observed to Rrp44, Rrp6 and the S1/KH ring proteins at the earliest time points and this

pattern is lost once most of the RNA finds its way into the active site of Rrp44.

Structural analysis of the Exo10%™® polyA complex suggests at least four
potential paths into the S1/KH ring and Rrp6 (Figure 31E; Figure 33A) although paths 1
and 2 appear most likely with respect to electrostatics and conservation. Importantly,

these paths are available in Exo11RP#4/Rre

as they do not involve surfaces from the PH-
like ring or Rrp44. Because Rrp6 sits atop the S1/KH ring | next modeled Rrp6 onto the
Exo010%™** RNA complex to determine if a path to Rrp44 was still available (Figure 31D;
Figure 33B). As can be observed, the central channel is still visible proximal to the

proposed 5’ end of a single stranded RNA substrate suggesting those paths to Rrp6 and

Rrp44 are available in Exo11XP44/RS

2.4 The central channel widens in Exo107™®

| previously reported that Rrp6 enhanced the ability of Rrp44 to bind or degrade
RNA by 100- and 43-fold, respectively, an observation that was especially evident for
polyA RNA (Chapter 1)**°. This phenomenon is also evident in crosslinking experiments
(Figure 31A). These observations suggest that Rrp6 enables RNA penetration into the
PH-like ring and central channel. To query differences in Exo10%"® that might account

for this activity, | compared structures of Exo10%"® and Exo1QRP44+Rrecterm

The global architecture of the PH-like ring does not exhibit large differences
(Figure 34D); in contrast, the Exo9 channel widens in Exo107™® principally through
movement of Rrp4, Rrp40 and Csl4 away from the central channel (Figure 34A,B). RNA
binds between the Rrp4 and Rrp40 S1 domains (Figure 29A,B) and in Exo107™° the gap
between Rrp4 and Rrp40 S1 domains increases by ~4 A resulting in widening of the

channel throughout the S1/KH ring as calculated by HOLE''® (Figure 34C). Although
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Ex0107"® and Exol1QRP*4*RPECeM are already bound to RNA in these structures, the
increase in channel width could account for the stimulatory effects of Rrp6 on Rrp44
activities, especially since no direct physical interaction exists between Rrp44 and Rrp6.

OR™* structure

While it remains unclear how Rrp6 exerts this change or if an apo Exol
differs from its RNA bound configuration, the Rrp6 EXO domain is positioned between
the S1 domains of Rrp4 and Rrp40 (Figure 26A), and this position could push Rrp4 and

Rrp40 outward to widen the S1/KH ring central channel.

Rrp44 exoribonuclease activity was assayed using single-stranded polyA RNA in
reactions containing Exo107™* and different Rrp6%*° constructs lacking the PMC2NT
domain to identify Rrp6 domains required for Rrp44 stimulation. Addition of Rrp6¥° in
trans stimulates Rrp44 activity to levels comparable to reconstituted Exo11RP44/Rrpbexe-
(Figure 34E). In contrast, adding the Rrp6 CTD or catalytic module, alone or together,
fails to stimulate Rrp44 activity. Given that the Rrp6 CTD is necessary and sufficient for
Ex09 interaction, it would appear that intact Rrp6 is necessary to stimulate Rrp44 activity
in Exo11RP44/RmEexe- hacause the Rrp6 CTD is required to bring the Rrp6 catalytic module
in proximity to the S1/KH ring which elicits channel widening through its interaction with
Rrp4 and Rrp40. Further experiments and structures will be required to determine if
channel widening is a regulated feature of Exo11%P*¥RP® or if additional cytoplasmic

factors elicit channel widening of Exo10%™*.
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2.5 Conclusions

The structure of Exo107™® shows Rrp6 positioned above the Exo9 S1/KH ring
and central channel with RNA spanning the S1/KH ring and Rrp6 active site. Analogous
to Rrp44 and its PIN domain, which is necessary and sufficient to bind the exosome
core, Rrp6 is tethered to Exo09 by its CTD, which is also necessary and sufficient for
exosome core interaction. As such, | deem it highly likely that the catalytic domains of
Rrp44 and Rrp6 may adopt a variety of conformations that differ from those observed in
the Exo107™° and Exo10R™P44*RmeCte™ complexes, and that this feature could enable

interactions between the RNA exosome and a variety of RNA substrates or cofactors.

It is notable that Rrp6 activities are altered when associated with Exo9 (Chapter
1). | believe these differences can be attributed to Rrp4, Rrp40 and Csl4 residues that
provide additional contacts to the RNA within the S1/KH ring as mutation of these
residues decreases Rrp6 activities when associated with Exo9 (Figure 29C). Analogous
to Rrp44, Rrp6 becomes dependent on the integrity of the central channel when
associated with the Exo9 core, an observation that is remarkable given that Rrp44 and
Rrp6 active sites are somewhat exposed to solvent in both Exo10%"® and
Exo1QRP#+RPECteM oqmplexes, perhaps consistent with a recent report that shorter RNAs

are directed to the Rrp44 active site via a channel-independent “direct access” route™*®.

That a similar segment of the central channel is used to engage RNA in opposing
directions suggests that 3' to 5’ directionality is not imparted by the Exo9 core but by the
exoribonuclease active site in either Rrp6 or Rrp44. Distinct but overlapping paths to
Rrp6 and Rrp44 could serve as a point of regulation by committing the exosome to
distributive trimming or processive degradation depending on how a particular RNA
substrate is delivered to the exosome. Another advantage of this model is that once a

path is selected, the exosome is unable to interact with another substrate until
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completing the task at hand because the paths overlap. Although path selection is
stochastic in vitro (Figure 31D), cofactors of the nuclear exosome include Mpp6 (ref.
119), Rrp47 (ref. 67), and TRAMP (ref. 120) and these factors may impart directionality
to bias selection of a particular path, or may hold RNA substrates proximal to the
exosome to enable multiple encounters to facilitate transitions between editing,

processing or degradation activities of the exosome.

Rrp6 interaction with the Exo9 core stimulates Rrp44 activities, perhaps through
widening of the S1/KH ring, thus enabling RNA ingress through the PH-like ring toward
the Rrp44 active site. Channel gating mechanisms as a point of regulation have been
described in many other systems including, but not limited to, the proteasome®*"*%,
While many other degradation complexes place their catalytic activities in a protected
compartment accessed by gating a substrate responsive channel, the RNA exosome
appears inside out, with its catalytic subunits located on the periphery of the exosome
core and central channel. While the functional relevance of this architecture is not
entirely clear, it is evident that the exosome core and central channel modulate the

activities of its catalytic subunits by requiring RNA to pass through distinct elements of

the channel before being processed or degraded.
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Exo10R¢/polyA

Data collection

Space group P21212
Cell dimensions
a, b, c () 193.3,200.1,97.4
a By () 90.0,90.0,90.0

Resolution (A)

50-3.3 (3.42-3.3) *

Rmerge 6.1 (653)
I/ol 15.5 (1.4)
Completeness (%) 97.7 (96.9)
Redundancy 5.2(3.1)
Refinement
Resolution (A) 50-3.3
No. reflections 56332
Rwork/ Rfree 227/265
No. atoms 21595
Protein 21450
Ligand/ion 145
Water 0
B-factors
Protein 125
Ligand/ion 156
Water n/a
R.m.s deviations
Bond lengths (A) 0.002
Bond angles (°) 0.47

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

Table 8. Data collection and refinement statistics for Exo10°

* Statistics calculated using Phenix®’; highest shell statistics indicated in parentheses,

t+ Calculated with the program Molprobity®
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Figure 23. View highlighting electron densities covering RNA bound to Rrp6, Rrp4,
Rrp40 and Csl4 within the Exo10%"®-polyA structure.
(A) Simulated annealing 2fo-fc omit map contoured at 1.0 ©.

(B) Simulated annealing fo-fc omit map contoured at 2.0 .
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(C) Final 2fo-fc omit map contoured at 1.0 0. RNA and phosphate oxygen, nitrogen,
carbon and phosphate atoms are colored red, blue, orange and deep orange,
respectively. Electron density maps shown as wire mesh colored blue for 2fo-fc maps
and green for the fo-fc map. Rrp6, Rrp40, Rrp4 and Csl4 are labeled and shown in
cartoon representation in teal, magenta, green and light blue, respectively.

(D) 20 to 24 nucleotides of polyA RNA are present in crystals of Exo10%"®. Crystals of
Ex010%"® bound to polyA,s RNA were first washed by two rounds of transfer to 1 pL well
solution, then dissolved in water and TBE-urea sample buffer, and analyzed by 15%
TBE-urea PAGE. A drop without crystals was run as a control. RNA was stained by Sybr

Gold.
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Figure 24. Overall structure of a RNA bound Rrp6 exosome.
A,B,C, Cartoon and surface representation of S. cerevisiae Exo107™° bound to polyA
RNA showing views from the (A) sides and (B) top, and (C) close-up view with RNA
engaged by the Rrp6 exoribonuclease (EXO) domain and S1 domains of Rrp40, Rrp4,
and Csl4. The RNase PH-like ring is depicted as transparent surfaces, the S1/KH ring

and Rrp6 as cartoons, and RNA as spheres. The Rrp6 catalytic module sits above the

S1/KH ring and engages the RNA at its 3’ end.
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PH-like ring  S1/KH ring

Variable B Conserved

Rrp6 (Exo10R®5)

Rrp6 CTD (Exo10R™®) Rrp6 CTD (4ifd)
Figure 25. Rrp6 features within Exo107™®
(A) The primary sequence of the catalytic module of Rrp6 (EXO and HRDC) is highly
conserved, whereas sequence conservation within the CTD varies. Rrp6 in Exo107"™ is
represented as a surface, and colored according to sequence conservation as calculated
by ConSurf’®, colored from red (highly conserved) to blue (variable). The Exo9 core is
depicted as a transparent cartoon, with the S1/KH ring in orange, and the PH-like ring in
grey.
(B) Superposed structures of the Rrp6 CTD from Exo107"™® (residues 525-628; teal) and
Exo1QRPARIPECteM (ragidues 532-557, 565-619; magenta; PDB 4IFD) reveal overall
similarity between for residues within the respective models.
(C) The conserved linker between the EXO and HRDC domain of Rrp6 adopts an a-helix

when associated with the exosome core. Superposition of the Rrp6 catalytic domains
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from the structures of Exo10%"® and Rrp6-AMP (PDB: 2HBL) shows residues Pro424 to
Asn433 rearrange from a loop in the AMP-bound structure to a helix that is adjacent to a
conserved albeit disordered loop in the S1 domain of Rrp4. Rrp6 is represented as
cartoons, with Rrp6 from the Ex010%"® structure in teal, and the Rrp6-AMP structure in
grey. Rrp4 is in light green and depicted as a cartoon with a transparent surface, with the

S1 loop representing residues Gly145 to GIn158 shown as a dashed line.
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Figure 26. Rrp6 contacts with the S1/KH ring and RNA.

(A,B) The Rrp6 EXO domain interacts with the S1/KH proteins, Rrp4 and Rrp40,
spanning three regions, indicated as yellow surfaces (A) and in atomic detail (B). A.
Regions of interaction between Rrp6 and Rrp4/Rrp40 are depicted as an open book
representation (160°), with Rrp6 in teal (left) and Rrp4 in pale green and Rrp40 in

magenta (right). Below, surfaces are colored by sequence conservation from red
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(conserved) to blue (variable). B. Atomic contacts between Rrp6 and the Rrp4 and
Rrp40 are depicted as sticks. C. Zoom-in of atomic contacts between RNA and residues
within the Rrp6 active site in Exo107™°-RNA. Rrp6 residues are depicted as sticks and
colored teal; RNA is orange; magnesium as a green sphere and labeled. A catalytic
aspartate, N238, is mutated (D238N) and labeled in red. Potential hydrogen bonds are

depicted as dashed lines.
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Figure 27. The Rrp6 CTD is required for interaction with yeast Exo9.

(A) Schematic representation of Rrp6 including from N- to C-terminus the PMC2NT,
EXO, HRDC and C-terminal (CTD) domains. EXO and HRDC comprise Rrp6“*". Below
are lines representing individual elements used in gel filtration analysis in (B) along with
amino acid numbering specific for S. cerevisiae (Sc) Rrp6.

(B) Interaction studies of budding yeast Rrp6 with ScExo107™**. Rrp6 (residues 128-
733), Rrp6“"" (residues 128-518), the Rrp6°™ (residues 518-733), or both were
incubated with Exo10%™** for one hour on ice before analysis by size exclusion

chromatography (Superose 6) in reconstitution buffer. Rrp6 and Rrp6“*T were added in

QR4 6CTD

1.5-fold molar excess to Exol , While Rrp was added in 3-fold molar excess.
Rrp6 (residues 128-733) and Rrp6°'™, but not Rrp6“"", interact with Exo107™**,

Fractions were analyzed by SDS-PAGE and protein detected with Sypro Ruby.
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Figure 28. RNA interactions within the Rrp6 active site.

(A,B) View of RNA nucleotides 24 to 20 from the 3’ end in the active site of S. cerevisiae
Rrp6 from the structure of Exo10%™® (A) and the same RNA modeled into the active site
of H. Sapiens Rrp6 (PDB: 3SAF) based on superposing the respective EXO domains
(B). Residues involved in RNA contacts in the structure of yeast Exo10""™° are shown as
teal sticks in (A); the corresponding residues in human are shown in (B). In both
structures, a catalytic aspartate is mutated to asparagine and labeled in red (N238 in
yeast; N313 in human). RNA is shown as orange sticks, and magnesium ions are
represented as green spheres.

(C) Structure of the yeast Rrp6 catalytic domain in complex with zinc (Zn; blue sphere)
and manganese (Mn; yellow sphere) in complex with AMP (PDB 2HBL). Active site
residues are depicted as in (A,B). The conserved Tyr361 side chain was mutated to
alanine in this structure (labeled Y361A in red).

(D) Model of the Rrp6 active site constructed by superposing the 3’ nucleotide in the
Ex0107™® polyA structure to the AMP ligand from PDB 2HBL. Amino acid side chains are
labeled and putative interactions between metal ligands, active site residues and RNA

are depicted by dashed lines.
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Figure 29. Rrp6 activities depend on the integrity of the S1/KH ring.

(A,B) RNA in complex with (A) Exo10%™® and (B) Exo1QR™*+*RPECte™ ghaws partially
overlapping but distinct paths for RNA within the S1/KH ring. RNA and S1/KH side
chains involved in contacts in either structure are depicted as sticks, with color-coded
labels adjacent to corresponding subunits. Rrp6 EXO domain (A) depicted as a surface

0Rrp44+Rrp6Cterm

representation, and the stem loop (B) in Exol is drawn as a ribbon. (C)

Mutating residues proximal to RNA in the S1/KH ring severely inhibits Rrp6 activities in

yeast Exo10%"™®, and Exo11RP4/Ro

, While introducing a channel occluding insertion
within the lower half of the PH-like ring (Rrp45-Large) does not. Rrp44 exoribonuclease
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activity in Exo11%P*/R®® i5 impaired by mutations in both S1/KH and PH-like rings. RNA
decay assays performed using synthetic 5’ fluorescein labeled 49 nucleotide (nt) polyA
RNA with reconstituted exosomes, intermediates were resolved by denaturing PAGE.
RNA decay assays were conducted at least three times for each of the samples with

typical results depicted in (C).
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Figure 30. Central channel mutations and their impact on Rrp6 degradation of AU-
rich RNA.

1 nM of reconstituted wild-type and mutant yeast Exo10%"® and Exo11RP44/Rm6

were
incubated with 10 nM 49 nt 5’ fluorescein AU-rich RNA at 30°C. Reaction intermediates
were analyzed after indicated time points by denaturing PAGE and imaged with a
fluoroimager. Rrp6 activity decreases in the presence of the Rrp40
K107E/K108E/R110D and Csl4 R145A/R150A/R202D mutations in both Exo10%"® and
Exo11R™*R™8 \vhile is mostly unaffected by the channel occlusion in the Rrp45-2%
exosome. Rrp44 exoribounclease activity is attenuated by mutations in both the S1/KH

and PH-like ring in Exo11RP4/Re,
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Figure 31. Distinct but overlapping RNA paths to Rrp6 and Rrp44.

(A) Schematic representation of RNA crosslinking patterns. The RNA path to Rrp6
depends on the S1/KH ring while the RNA path to Rrp44 depends on the S1/KH and PH-
like ring to engage RNA. 5’ fluorescein 36 nt synthetic RNAs labeled with a single 4-
thiouridine at 6, 21, or 29 nts from the 3’ end to enable site-specific UV crosslinking to
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exosome complexes containing catalytically dead Rrp6 and/or Rrp44. Crosslinked
products were resolved by SDS-PAGE (Figure 32A).
(B) Models for the RNA path to Rrp6 and Rrp44 in Exo11*¥™*R™5_Cartoon

1RPA4RPE made by superposing PH-like rings from Exo10%"° and

representation of Exol
Exo10R™P#4*eCm™ \uith the S1/KH ring colored orange, the PH-like ring colored grey, Rrp6
colored teal and Rrp44 colored pink. The RNA is depicted as an arrow with the
arrowhead representing the 3' end anchored in Rrp6 (left) or Rrp44 (right). The position
of 4-thioU at 6, 21 or 29 nt is depicted by red, purple or blue circles, respectively, based
on observed patterns shown in (A).

(C) RNA engages Rrp6 or Rrp44 in a stochastic manner in Exo11RP*/RPe (| eft) RNA
degradation assays under enzyme excess (5 nM 5’ fluorescein 36nt 4-thioU RNA, 25 nM
enzyme) indicating the presence of Rrp6 products and Rrp44 products. (Right) Time
course and RNA crosslinking to 350 nM Exo11RP#4exo/Riméexo- qing 150 nM 5’ fluorescein
36 nt polyA RNA bearing a 4-thiouridine 6 nts from the 3’ end. The reaction was initiated
by combining protein and RNA followed by UV crosslinking for 10 minutes. Decay and
binding reactions performed at 22°C, and reaction intermediates resolved by denaturing
urea PAGE and SDS-PAGE, respectively. RNA decay assays and crosslinking were
conducted at least three times for each of the samples with typical results depicted.

(D) Structure of an Exo11"P*R™ model derived by superposing the PH-like ring
subunits in Exo107™® and Exo10"™***¢¢**™ RNA paths to the Rrp6 active site. RNA
(yellow) shown as derived from the Exo107™° polyA complex. Top view of the complex
with subunits colored as in Fig. 24 (left) next to a representation with surfaces colored
according according to electrostatic potential as calculated by Pymol**. Subunits that are
visible are labeled in the left panel as is the RNA. Three putative paths that traverse the
S1/KH ring into the Rrp6 active site denoted by yellow arrows and labels (P1, P2, P3)

(See Figure 33A).
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Figure 32. UV crosslinking with 36 nt RNAs for yeast exosome complexes using 4-
thioU RNA substrates.

(A) Raw data used to generate Figure 31A in main text for polyA and AU-rich RNA. See
Methods for crosslinking details. Presence or absence of crosslinks to given subunits is
summarized in the table and denoted by color-coded dots, with red corresponding to 4-
thioU 6 nt from the 3’ end; purple for 4-thioU 21 nt from the 3’ end; and blue for 4-thioU
29 nt from the 3’ end.

(B) RNA-protein adducts observed in UV crosslinking to Exo10%™ correspond to the
S1/KH cap proteins. Exo107™ bearing N-terminal hexahistidine tags on the S1/KH cap
proteins Rrp4, Rrp40, and Csl4 (Chapter 1) or tag free variants were crosslinked to the

three 4-thioU RNAs described above, and resolved by SDS-PAGE and imaged with a
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flouorimager. In comparing the Hisg-tagged and tagless complexes, mobility shifts are
apparent in crosslinks corresponding to the S1/KH cap proteins.

(C) 4-thioU RNAs are bona fide decay substrates for exosome complexes and catalytic
subunits, Rrp6 and Rrp44. Conditions using substrate excess (10 nM RNA, 1 nM
enzyme), 4-thioU polyA RNAs (left) and AU-rich RNAs (right) are comparably degraded
to corresponding 36 nt RNAs lacking 4-thioU. Reactions were performed at 30°C and
stopped after indicated time points and resolved by denaturing PAGE and imaged with a

fluoroimager. 4-thioU RNAs are color-coded as in (A) and (B).
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Figure 33. RNA paths to Rrp6 and Rrp44.

Structure of an Exo11*P*R™ model derived by superposing the PH-like ring subunits in
Ex010%"® and Exo1QR™*4*¢¢**™ (pDB 4|FD).

(A) RNA paths to the Rrp6 active site. RNA (yellow) shown as derived from the
Ex010%"® polyA complex. Three views are provided from the top, side and backside of
the complex with subunits colored as in Figure 24 (left), surfaces colored according to

conservation as calculated by ConSurf’®

(middle) from red (highly conserved) to blue
(variable), and surfaces colored according to electrostatic potential as calculated by
Pymol’ (right). Subunits that are visible are labeled in the left panel as is the RNA.
Three putative paths that traverse the S1/KH ring into the Rrp6 active site are denoted
by yellow arrows and labels (P1, P2, P3) in the top and side views and a fourth path (P4)
under the Rrp6 catalytic domain is denoted in the backside view. Based on conservation,
electrostatics and crosslinking | deem P1 or P2 as the most likely path of ingress for the
incoming RNA substrate. The top and side views utilize cutaway surfaces to illustrate the
putative paths and surface properties.

(B) RNA paths to the Rrp44 active site. Subunits and surfaces depicted as in (A) with
the exception that the RNA is now derived from the structure of Exo10"™***¢*™ (ppB
4|FD) with the RNA edited to remove the stem loop after nucleotide 36. Top, side and
bottom views are depicted with the RNA path indicated by a yellow arrow with 5’ and 3’
ends labeled. The position of the central channel is also labeled and indicated by a

yellow arrow in the top and bottom views. The top and side views show that RNA could

pass by Rrp6 to penetrate the S1/KH and PH-like ring central channel.
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Figure 34. Widening of the S1/KH ring in Exo10%"®.
(A,B) Left, close-up view of the central channel looking from the top of the S1/KH ring
into the PH-like ring along the path of the RNA. S1/KH subunits represented as cartoons
with transparent surfaces in (A) Exo10%"® and (B) Exo1QRP**RPeCte™ \ith Rrp4 in green,
Rrp40 in magenta, and Csl4 in light blue. Distances between labeled amino acids in
each structure are indicated. (C) Channel dimensions in Exo107"® (red) and
Exo10R™#4*ectem (hiack) calculated using HOLE'. (D) Superimposition of the PH-like
rings does not reveal large changes between Exo107™ (red) and Exo10R™**eC*™ (grey).
(E) Only Rrp6% (residues 128-733), and not the Rrp6°™® (518-733) or Rrp6“*" (128-
518), is sufficient to allow passage of polyA RNA to the Rrp44 active site in
Exo11RP44/Rméexo- pNA degradation reactions with 5' fluorescein 49nt polyA were

QRP44

performed using Exol alone, or in mixtures with the Rrp6°™, Rrp6“*", both, or

6exo—

Rrp . Rrp44 reaction products resolved by denaturing PAGE. RNA decay assays

were conducted at least three times for each sample with typical results depicted.
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CHAPTER 3

RNA Recruitment by the RNA Exosome: Redefining the Rrp6 C-terminal Domain

3.1 Introduction

Two recent crystal structures of yeast exosomes bound to either Rrp44° or Rrp6
(Ref. 126, Chapter 2) revealed how Exo9 recruits and modulates the activities of both
enzymes. In the structure of the Rrp44-bound exosome (Exo10**RP¢¢™P) Rrpa4 is
tethered to the bottom of the Exo9 PH-like ring via its PIN domain, with the RNB domain
positioned below the central channel. A fragment of Rrp6 associates with Exo9 via the
N-terminal one hundred residues of its CTD (518-618) that form extensive contacts on
the periphery of Exo9 between the cap protein, Csl4, and the PH-like subunit, Rrp43. In
the structure of Exo10°, the Rrp6 CTD is in the same orientation, while the catalytic
module of Rrp6 rests atop the S1/KH ring, with its EXO domain hovering above the Exo9
central channel. Despite their orientation on opposite ends of the core, both catalytic
subunits’ exoribonuclease active sites are sequestered from solvent, and therefore
utilize the Ex09 central channel to form an extended RNA binding surface that feeds
RNA into either active site, which in turn modulates the activities of all three ribonuclease
activities, as has been demonstrated in vitro (Chapter 1, Ref. 116). While these
structures provide a vital picture of the terminal snapshots of RNA decay after the RNA
has been engaged by either 3’ to 5’ exoribonuclease, how the earlier steps occur — initial
RNA encounter, and subsequent path selection through the Exo9 central channel to the
Rrp6 and Rrp44 active sites, is unclear. Furthermore, the role of the C-terminal most
portion of the Rrp6 CTD has remained largely unknown. | demonstrate that this region of
approximately one hundred residues of Rrp6 functions as a RNA recruitment factor,

which | refer to as the RNA “lasso.” In the case of free Rrp6, the lasso functions to
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enhance RNA decay by presumably offering an additional binding site. In the context of
the exosome, the lasso functions to first sense and subsequently recruit RNA to the
exosome core, during which RNA ingresses via the S1/KH cap proteins to the central
channel, and is then finally shunted to either Rrp6 for distributive trimming or to Rrp44

for processive decay.

3.2 The Rrp6 CTD is composed of two independent modules: an Exosome Associating
Region (EAR), and a “lasso” region that recruits RNA

Rrp6 has been considered to be composed of four distinct regions — three
intrinsically ordered domains (PMC2NT, EXO, and HRDC), and an intrinsically
disordered CTD of approximately two hundred residues. Recent crystal structures of the
Rrp6 exosome show ordering of the first one hundred residues of the CTD once Rrp6
associates with the exosome, whereby two alpha helices of the Rrp6 CTD form
extensive contacts with Csl4, Rrp43 and Mtr3 of Exo9 (Ref. 52,126). As such, it will
hereafter be referred to as the Exosome Associating Region (EAR) of Rrp6. However,
the role of the remaining 100 residues of the disordered C-terminal region has remained
unclear. Despite being present in the crystal, this C-terminal region of Rrp6 remained
disordered in the crystal structure of the Rrp6 exosome bound to polyA RNA (Chapter 2
and unpublished data). Consistent with this observation, these residues were vulnerable
to proteolysis by chymotrypsin, in the absence and presence of RNA, while the rest of
the Rrp6 exosome, including the EAR, was not (Figure 35), suggesting this region does
not reorder in the presence of Exo9 and/or RNA. Analysis of its amino acid sequence
reveals lysine and arginine dense clusters, with an isoelectric point of 10.32. Although
this region shows poor primary sequence conservation (Figure 36A), its physiochemical

properties are highly conserved. Given that a disordered stretch of basic residues could
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likely facilitate nucleic acid recruitment, | tested the ability of this region to bind nucleic
acid. Recombinant Hise-GST-Rrp6-CTD pulled down nucleic acid from yeast lysates;
treatment with RNase A , and not DNase I, resulted in loss of the precipitated nucleic
acid. Indeed, binding of RNA to the Rrp6-CTD was specific as liberation of the Rrp6-
CTD by TEV cleavage of the Hisg-GST tag resulted in contaminating RNA in the
flowthrough, and not in the Hise-GST elution (Figure 36B).

To evaluate the extent of nucleic acid binding, dissociation constants were determined
for the Rrp6 CTD on single-stranded RNA and DNA by fluorescence polarization. The
Rrp6 CTD bound nucleic acid tightly, with a Kd of 50 to 60 nanomolar, regardless of
being offered RNA or DNA (Figure 36C). Given its inherent disorder and ability to bind
nucleic acid, | redefine this region as the Rrp6 “lasso” (Figure 36D).

To determine if the lasso and the EAR are functionally distinct, exosomes were
reconstituted with different varieties of Rrp6 and evaluated for complex formation via
size exclusion chromatography. Consistent with previous studies'***?°, Rrp6 containing
both the EAR and lasso reconstitutes stoichiometrically with Exo9; Rrp6 containing the
EAR but lacking the lasso similarly associates with Exo9; however, Rrp6 lacking the
EAR but containing the lasso no longer associates with Exo9 (Figure 36E). Taken
together, these results suggest two distinct modalities within the C-terminal two hundred
residues of Rrp6.

| next assayed the effects of disrupting the EAR and lasso regions on Rrp6
exoribonuclease activity. All constructs assayed lacked the N-terminal PMC2NT domain
as it has been shown previously that deletion of this region does not alter Rrp6 activity in
comparison to full-length Rrp6 in vitro (Chapter 1, Ref. 116). Decay of a single-stranded
polyA RNA was comparable when assaying activities of the Rrp6 catalytic module (EXO
and HRDC domains, residues 128-516), with and without varying lengths of the EAR

(residues 128-589; 128-634). Presence of half the lasso (residues 128-685) resulted in a
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slight 2-fold increase in polyA RNA decay, while the intact lasso conferred a 4-6 fold gain
of function (Figure 37A). Consistent with its ability to bind RNA on its own (Figure 36C),
lasso-containing Rrp6 binds polyA RNA 4—fold better than lassoless Rrp6 (Figure 37B).
Interestingly, Rrp6 lacking the EAR but containing the lasso appears to be even more
active (EARIless Rrp6), and is able to process polyA RNA over 5 times faster than the
catalytic module, and binds polyA RNA 6-fold tighter than lassoless Rrp6. This result
suggests that the EAR, in its disordered state, has a slight inhibitory effect on Rrp6
catalytic activity, perhaps by partially occluding the Rrp6 active site when not associated
with the Exo9 core. While the lasso confers on Rrp6 the ability to degrade RNA quickly,
RNA intermediates rapidly accumulate around 9-12 nucleotides in lasso-containing
Rrp6, rather than the smaller 4-5 nucleotide products observed with lassoless Rrp6
constructs. This stalling is not due to enzyme instability because the same trend is
observed on decay of RNAs shorter than 49 nucleotides (Figure 37C). Notably, EARless
Rrp6 is not prone to as much stalling as full-length Rrp6 when provided an intact lasso,
consistent with the EAR being inhibitory in the context of free Rrp6 (Figure 37A).
Whether this observed difference in product length is merely an in vitro artifact or bears
in vivo significance is not known. Nevertheless, it is clear that the lasso facilitates the

rapid turnover of long single-stranded RNAs by free Rrp6.

3.3 The Rrp6 Lasso Promotes RNA Binding and Decay Activities of Rrp6 and Rrp44 in
10- and 11-Component Exosomes

Because the lasso alters Rrp6 activity in vitro, | next determined whether it has a
similar effect on Rrp6 exosome activity. Three Rrp6 constructs were reconstituted and
purified with recombinant Exo9: full-length lasso (128-733), partial lasso (128-685), and

no lasso (128-634) and assayed for decay on AU-rich and polyA RNA. The integrity of
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the lasso had a more profound effect on Rrp6-containing exosomes than on free Rrp6.
On AU-rich RNA, partial and full lasso deletion resulted in a striking 6-fold and 16-fold
loss of Rrp6 activity, respectively. Similar trends were observed for polyA RNA, with
partial and full lasso deletions resulting in 4-fold and 16-fold attenuation of decay (Figure
38A).

Another consequence of deleting the lasso was an alteration in the distribution of
RNA intermediates produced by Rrp6. RNA intermediates generated by exosomes
containing an intact lasso had a smaller distribution, while the partial and lassoless
exosomes produced a wider distribution (Figure 38A). This disparity may be attributed to
the difference in binding affinities for RNA within the various exosomes, whereby the
lasso prevents “slippage” of the RNA from the Rrp6-Exo09 interface. Indeed, lasso
deletion results in up to a 20-fold loss of binding of AU-rich, and over a 15-fold loss for
polyA, a conservative estimate given that polyA RNA binding could not be saturated for
partial- and lassoless Ex010° (Figure 38B).

Despite resulting in a tighter distribution of intermediates and a higher initial rate
of Rrp6-mediated exosome decay, Rrp6 decay of RNA in lasso-containing exosomes
seems to follow a biphasic mode of decay, with a rapid burst of RNA decay, followed by
a slower second phase. Similar to what was observed for free Rrp6, Exo10°®'aet-asse
cannot efficiently degrade shorter RNAs (see Section 3.4). In contrast, partial and
lassoless exosomes follow a single-phase mode of decay, in which in the latter part of
the reaction, RNA is degraded more efficiently than by lasso-containing exosomes
(Figure 38C).

It has been shown that the only region dispensable to visualize Rrp6-dependent
stimulation of Rrp44 exoribonuclease activity in Exo11**® is its PMC2NT domain — that
is, the Rrp6 catalytic module combined with the CTD are both required (Chapter 2,

Figure 34). In isolation, the Rrp6 CTD (both the EAR and lasso) is not sufficient,
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presumably because the Rrp6 catalytic module is needed to physically induce Exo9

126 thus facilitating RNA ingress to the Rrp44 active site.

central channel widening
However, the effects of deleting the lasso while preserving the Rrp6 catalytic module
and EAR on Rrp44 activities are unknown. Eleven subunit exosomes were reconstituted
with varying lengths of the Rrp6 lasso — including intact lasso, partial lasso, and no
lasso, in both the context of catalytically active and dead Rrp6. Rrp6 exoribonuclease

1*4® was modulated by the lasso to the same extent as in Exo10° (Figure

activity in Exol
39A, Figure 38A). As observed previously, Rrp44 is able to robustly degrade polyA RNA
when the Rrp6 lasso is intact (Figure 10). However, RNA decay by Exol1 reconstituted
with either Rrp6 containing a partial lasso, or a lasso delete exhibits severely inhibited
Rrp44 exoribonuclease activity, down 15-fold and 30-fold, respectively (Figure 39A).
This trend is independent of Rrp6 catalytic activity (Figure 39B). Despite the robust
activity of Rrp44 on AU-rich RNA, the presence of the Rrp6 lasso further facilitates
Rrp44 decay of this RNA, with Rrp44 in Exo11*/¢'Macttasse 15 _f51d and 30-fold more
active than partial and lassoless exosomes (Figure 39A,B). The fact that the lasso
confers the same advantage to Rrp44 decay on either polyA or AU-rich RNA is
consistent with the lasso’s non-specificity of RNA binding (Figure 36C). Furthermore,

144exoléexo- 14 RNA is compromised in lasso deletions, with up to a 6-fold

binding of Exol
decrease in affinity for polyA RNA (Figure 39C).

| next tested the effect of Rrp6 lasso length on Rrp44 endoribonuclease activity.
It has been observed previously that the endoribonuclease activity of free Rrp44 yields a
distributive, uniform banding of intermediates®***; however, Rrp44 association with Exo9
alters the endoribonuclease activity by conferring 3’ to 5’ directionality and an exosome
“footprint” that is dependent on the integrity of the Exo9 central channel (Chapter 1,

Figure 12; Ref. 116). Similar to its exoribonuclease activity, polyA RNA can only be

efficiently processed by the endoribonuclease activity of Rrp44 when Rrp6 is
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simultaneously present on the exosome, unlike the case with the more flexible AU-rich
RNA, in which the exosome footprint is observable independent of Rrp6 association.
Interestingly, while the accessibility of polyA RNA to the Rrp44 endoribonuclease active
site is not dependent on Rrp6 catalytic activity, it also does not appear to rely on the
integrity of the lasso (Figure 39D). Similar to what is observed for the Rrp44
exoribonuclease activity, an appreciable attenuation of Rrp44 endonuclease activity is
observed with lasso deletions. However, once RNA eventually encounters the exosome,
it gains access to the endoribonuclease active site of Rrp44, presumably due to
widening of the central channel via the Rrp6 catalytic module (Chapter 2, Figure 34; Ref.
126) to accommodate passage of the bulkier polyA RNA to Rrp44. Consistent with this,
the Rrp6 catalytic module artificially tethered to the Exo9 core by a linker to Csl4 (see

section 3.6) is sufficient to confer the exosome “footprint” on polyA RNA (Figure 39E).

3.4 The Rrp6 Lasso Facilitates the Decay of Longer RNAs

Because of the biphasic nature of Rrp6 decay in Exo10%"2-2%%° | hypothesized
that the lasso is important for the recruitment of longer RNAs to the exosome. Exo10°
exoribonuclease activity was assayed on 49, 36, 24, and 14 nucleotide RNAs in
complexes containing full, partial, and no lassos. Similar to previous results, lasso-
containing exosomes are able to degrade longer RNAs more efficiently than lasso
mutants, being approximately 15-fold and 8-fold more active than lassoless exosomes
on 49 and 36 nucleotide RNAs, respectively (Figure 40). Interestingly, lasso-containing
exosomes switch to a one-phase mechanism almost identical to lasso mutants when
offered the shorter RNAs (14 and 24 nucleotides). Incidentally, Exo10°™"-25° protects
approximately 24 to 28 nucleotides of RNA as determined by ribonuclease protection

assays (Figure 41). It is possible that longer RNAs are preferentially degraded by
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Exo010°'Mactasse hacause 24 to 28 nucleotides is the length required to satisfy the
composite binding surface from the Rrp6 active site, through the Exo9 surface, to the
Rrp6 lasso. RNAs shorter than this length no longer have the advantage of this avidity
and therefore are not preferentially degraded. On the contrary, these smaller
intermediates may exhibit product inhibition, contributing to the second, slower phase of
decay in Exo10%"2s% (Figure 38C) by non-productively binding the lasso, resulting in
charge neutralization of the RNA-lasso moiety, resembling Exo1052°°¢s* Consistent
with this hypothesis, Exo10%'M25° hag the lowest affinity for 14 nt RNA, and the
highest for 24 nt RNA. This trend holds for Exo10°'"2"-2%° ajthough binding is overall

much weaker (Figure 42).

3.5 The Rrp6 Lasso Feeds RNA into the Exo9 Central Channel
Numerous studies have reported the importance of the central channel in Rrp44-

218 and in vivo™*™"**" Based on the

and Rrp6-mediated RNA decay both in vitro
structure of the Rrp6 exosome, the lasso is likely oriented above the S1/KH ring;
therefore, once it has recruited RNA, the engaged RNA would then thread through the
S1/KH ring en route to Rrp6 or through the entirety of the S1/KH and PH-like ring to
reach Rrp44. Conversely, absence of the lasso should yield a greater dependence on
the Exo9 central channel because of the disruption of RNA binding modules. To test
these possibilities, | sought to determine how, if at all, lasso status impacted RNA decay
in exosomes bearing mutations in the Exo9 central channel.

Decay of RNA in Ex010° was first assessed in lasso-containing exosomes.
Consistent with previous results (Chapter 2, Figure 29), a triple point mutation in Rrp40

within the S1/KH ring results in a minor inhibition of Rrp6 activity, while coupling the

same Rrp40 mutants with three Csl4 point mutations more effectively occludes the
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S1/KH ring, and results in more severe Rrp6 inhibition (Figure 43). However, exosomes
with compromised lassos (either partial or full delete) are much less capable of
overcoming the S1/KH channel mutations than exosomes with intact lassos. These
exosomes are severely inhibited by the Rrp40 triple mutant alone, and are incapable of
degrading RNA in the context of the Rrp40/Csl4 mutants.

These results suggest that both the Rrp6 lasso and the central channel are
important for RNA decay; while loss of one can be compensated for by the presence of
the other, loss of both sites results in severe inhibition of RNA decay by Rrp6-containing
exosomes. It remains to be seen if the same trend holds for Rrp44-associated

exosomes.

3.6 The Rrp6 Lasso Stimulates Rrp6 and Rrp44 Activities Independent of the EAR

To distinguish between the role of the Rrp6 EAR as a scaffold or a modulator of
Rrp6 and Rrp44 activities, | engineered a variant of Rrp6 that could associate with the
exosome independent of the EAR. Using the structure of Exo10° as a guide, the C-
terminal region of the catalytic module was fused to the N-terminus of the S1/KH subunit
Csl4 via a 9 residue exogenous linker. In addition, two different lasso lengths of Rrp6
were fused onto the Csl4 C-terminus, proximal to where the Rrp6 lasso would be located
in intact Rrp6 (Figure 44A). These engineered constructs, Rrp6“*"-Csl4, Rrp6“*"-Csl4-
Lassol, and Rrp6“*T-Csl4-Lasso2 were reconstituted with Exo10*"" and assayed for
their ability to degrade RNA in comparison to Exo10*"" and Exo11*"""T Surprisingly,
the lassoless fusion activated Rrp44 on AU-rich RNA, but not on polyA RNA (Figure
44B), suggesting that the widening of the Exo9 central channel by the Rrp6 catalytic
module alone is not sufficient to promote Rrp44 activation by Rrp6 on polyA RNA. Rrp6

meanwhile displayed weak activity on both AU-rich and polyA RNAs. However, Rrp6
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fusions bearing lassos resulted in activation of both Rrp44 and Rrp6 on AU-rich and
polyA RNAs, with Exo11-Rrp6“*T-Csl4-Lasso2 exhibiting activity comparable to wild-type
Ex011*¥®, suggesting that both the Rrp6 EAR and lasso serve as distinct recruitment
factors, with the EAR serving as a scaffold to recruit Rrp6 to Exo9, and the lasso
recruiting RNA to the 10- and 11-subunit exosomes. To determine if these features of
the lasso are conserved in higher eukaryotes, one hundred residues of the putative H.
sapiens lasso was fused to the S. cerevisiae Rrp6“*"-Csl4 and assayed for its ability to
similarly recruit RNA. On both AU-rich and polyA RNAs, the human lasso conferred a
gain-of-function to Rrp44 and Rrp6 activities, suggesting functional rather than

sequence-specific conservation of the Rrp6 lasso from yeast to human.

3.7 In vivo Consequences of Lasso Deletion

Given that Rrp6 lasso integrity modulates all three ribonuclease activities
associated with the exosome, | sought to determine the functional consequences, if any,
of Rrp6 lasso deletion. A previous study found that a Rrp6 CTD deletion fully rescued
the growth defect of the Rrp6 null in S. cerevisiae in a S288C background. Given the
results presented above, this experiment was repeated in a W303 strain background
with finer Rrp6 truncations because it has since become more appreciated that Arrp6
exhibits a more measureable temperature sensitive growth defect than in the
$288C12812  Another consideration in experimental design was that two putative
nuclear localization signal (NLS) sequences have previously been identified within the
Rrp6 lasso’®. Although mutation of these sequences resulted in a very slight
mislocalization of Rrp6, and no observable growth phenotype or accumulation of known
Rrp6 and/or exosome targets’, | included these two NLS sequences and the flanking

sequences in between (corresponding to residues 700 to 721) in my lasso deletions to
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ensure that any observable phenotype was not due to Rrp6 mislocalization. Therefore,
strains were complemented with plasmids bearing no Rrp6, full-length Rrp6 (1 to 733);
A635-699;722-733 (lassoless), A686-699;722-733 (partial lasso); and A519-618
(EARIess). Yeast grown in minimal media on both solid agar (Figure 45A) and liquid
media (Figure 45B) exhibited a barely detectable temperature sensitive growth defect of
lassoless Rrp6 at 37°C, but not at 30°C. However, growth on rich media exacerbated
these differences (Figure 45A). Interestingly, EARless Rrp6 grows almost as well as
wild-type Rrp6 on minimal media, but nearly phenocopies the Rrp6 deletion on rich
media. Whether this is due to an exosome association defect or free Rrp6
hyperactivation is unclear at the moment. The observed growth defects are not due to
protein instability of the truncations as determined by Western blot using a Rrp6-specific
antibody. These results suggest that the kinetic defects of lasso compromised exosomes
observed in vitro may have functional consequences in vivo, as the exosome'’s ability to
deal with the rapid RNA turnover and maturation demands of the cell is compromised.
Future experiments will examine what free and exosome assocated-Rrp6 RNA targets
are accumulated in EARIless and lasso deletion strains, respectively, and test if growth

130

under different conditions of stress™" (during which RNA decay demands may increase)

exacerbates growth defects in lasso deletions.

3.8 RNA Ingress in Rrp6-Containing 10- and 11-Component Exosomes

Once RNA has been recruited towards the exosome by the Rrp6 lasso, what
path does it then take to Rrp6? While the structure of Exo10° engaged with polyA RNA
shows electron density corresponding to 8 nucleotides from the Rrp6 active site, the
crystals contained 20 to 22 nucleotides of RNA (Chapter 2, Figure 23. Ref. 126),

suggesting that 12 to 14 nucleotides towards the 5’ end remained unresolved.
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Furthermore, site-specific UV crosslinking revealed that all three S1/KH cap proteins
contacted a 36-nucleotide RNA from its 3’ to 5’ ends in the Rrp6-exosome while PH-like
ring subunits were excluded (Chapter 2, Figure 31. Ref. 126). These observations are
consistent with two hypotheses regarding the route of RNA ingress to the Rrp6 active
site: there are multiple routes of RNA ingress along the S1/KH ring; or one region is
preferentially utilized but due to its solvent exposed nature, ingressing RNA is extremely
disordered and thus its path partially stochastic. To distinguish between these two
possibilities, candidate sites on the surface of Exo10° were examined based on protein
architecture, electrostatic surfaces and sequence conservation for a likely route of RNA
ingress (Figure 33, Ref. 126). Based on these criteria, the most promising candidate was
the region between Rrp4, Mtr3, Rrp42, Csl4, and the HRDC/EAR of Rrp6, as it forms a
large, positively charged cleft that would be able to accommodate bulkier RNAs (Figure
46A), and its features present in the structure of human Exo9 (Ref. 17). To test if this
surface was involved in Rrp6-mediated RNA decay, three point mutants were
introduced: two electrostatic mutations: Csl4 R206D and Mtr3 K132E, and one to disrupt
potential base-stacking interactions, Rrp4 W278A. Expression, and purification of these
mutant subunits in isolation and as reconstituted Exo9 particles were comparable to their
wild-type counterparts.

The ability of Exo10° to degrade RNA was first assayed in the context of the triple
mutant. Although decay of both AU-rich and polyA RNAs was inhibited in the Exo10°
mutant, the extent of inhibition varied according to RNA substrate, where the triple
mutant was no longer active on polyA RNA but displayed impaired activity on AU-rich
RNA (Figure 46B). Because of the striking effects of the triple mutant, | reconstituted
Ex010° with only two of the three assayed mutants: Mtr3 K132E and Rrp4 W278A. As
expected, the double mutant was more active than the triple mutant on AU-rich RNA;

nevertheless, decay of polyA RNA was still severely inhibited (Figure 46C).
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To determine how the identified region, if at all, is coupled to the Rrp6 lasso,
Ex010%-255°ss \as reconstituted and assayed in the context of Exo9 wild-type and the
triple mutant. Almost no difference in decay was observed in lassoless exosomes when
this region was mutated (Figure 46D), suggesting that the Rrp4/Mtr3/Csl4 route of RNA
ingress to the Rrp6 active site is selected once RNA has been recruited towards the
exosome by the Rrp6 lasso.

To test the relevance of this region on Rrp44 RNA decay in the 11 subunit
nuclear exosome, | reconstituted Rrp44-containing exosomes with the Exo9 triple
mutant. Decay of AU-rich RNA by Exo10* was very mildly affected by the mutations
(Figure 46B), consistent with the path of RNA observed in the Exo11*/%*R crystal
structure, whereby RNA accesses Rrp44 by traversing through the entire Exo9 central
channel, and therefore would not rely on this region. In the presence of Rrp6%*,
however, Exo11*"Ve" 5 strikingly inhibited by the triple Exo9 point mutations, on both
AU-rich and especially polyA RNA (Figure 46B). Based on current structural models and
the biochemical data presented here, it is likely that the path of RNA observed in
Ex011*¥¢EAR reflects a path of RNA utilized in the cytoplasmic exosome, or Exo10*,
while in Exo11, the Rrp6 catalytic module would partially occlude the Exo9 central
channel, thereby requiring additional and/or alternate routes of RNA ingress to

accommodate entry to both Rrp6 and Rrp44 active sites.

3.9 Conclusions

The studies presented here shed light on previously unresolved questions
pertaining to initial stages of RNA decay by the exosome, specifically RNA encounter
followed by ingress towards Rrp6 and Rrp44 in the context of Rrp6-containing

exosomes, highlighting a substantial role for a previously unappreciated fragment of
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Rrp6, its C-terminal region, or “lasso”. Using a combination of in vitro and in vivo
approaches, | find that deleting this disordered region of approximately one hundred
residues has severe consequences on Rrp6 activity, in and out of the exosome, and on
both endo- and exoribonuclease activities of Rrp44, and that this stimulation is
dependent on the integrity of the central channel. Biochemical results further suggest
that both RNA recruitment by the Rrp6 lasso and the channel widening induced by the
Rrp6 catalytic domain are necessary for Rrp6-mediated activation of Rrp44, particularly
on polyA RNA, a substrate of the nuclear exosome, as neither alone is sufficient to
activate Rrp44 exoribonuclease activity on polyA RNA.

Once RNA is bound by the lasso, it is then in proximity to a series of basic
regions: the Rrp4/Mtr3/Csl4 cleft of Ex09, the positively charged surface of the Rrp6
HRDC and EXO active sites, and the Exo9 central channel. | have identified a region of
RNA ingress that is implicated particularly in the decay of polyA RNA in Rrp6-containing
10- and 11-subunit exosomes, and that this path selection seems to be contingent on
the integrity of the Rrp6 lasso. While decay of AU-rich RNA was also impaired, alternate
regions of Exo9 may exist that can accommodate these more flexible RNAs, or the
mutations tested are not sufficient to disrupt their coordination. Thus, RNA can be
subsequently committed to either Rrp6 or Rrp44 active sites once engaged by the Rrp6
lasso.

No such disordered, highly basic sequence is present in prokaryotic RNase D'*,
suggesting the Rrp6 lasso is a unique eukaryotic exosome-specific feature. Given its
importance in recruiting and subsequently facilitating decay of larger RNAs, the Rrp6
lasso likely serves as a processivity factor to cope with the demands of the eukaryotic
cell for rapid RNA turnover and processing. A basic polypeptide extension would be
advantageous for recruiting RNAs because its RNA binding surface is more solvent

exposed, unlike the Rrp6 and Rrp44 active sites when bound to the exosome®***°.
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Consistent with this hypothesis is the Rrp6 lasso’s biophysical (Figure 47) and functional
(Figure 44B) conservation in eukaryotes, which has remained conserved without
evolutionary pressure to maintain a defined structure and primary sequence.

A number of studies exist documenting the importance of small disordered
fragments in effecting changes in the functions of larger multisubunit complexes®***32
and RNA biogenesis factors**?, with an additional factor, Mpp6, to be discussed in

Chapter 4. Future work will undoubtedly continue to uncover novel regulatory roles for

other small, disordered regions in such complicated assemblies.
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Figure 35. A 10 kilodalton region of the Rrp6 C-terminus in Exo10° is vulnerable to
limited proteolysis, in the absence or presence of RNA.

Fixed amounts of Exo10° (8 micrograms) were treated with increasing concentrations of
chymotrypsin. Reactions proceeded at room temperature for 1 hour before being
guenched with LDS buffer and boiled at 95°C for 2 minutes. Products were analyzed by
SDS-PAGE and stained with Coomassie. Gel on the left shows digested products of apo
Ex010° while gel on the right shows products of Exo10°** incubated with 3 fold molar

excess AU-rich 36 nt RNA for 30 minutes prior to proteolysis.
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Figure 36. The Rrp6 CTD is composed of two modules — an Exosome Associating
Region (EAR) and a disordered “lasso” that binds RNA.

(A) The C-terminal most 100 residues of S. cerevisiae Rrp6 aligns poorly with that of H.
sapiens, but both are highly basic and share a similar pl. Alignments performed with
ClustalW and pl's calculated with Expasy Protparam. (B) The Rrp6 CTD (EAR and
lasso) preferentially binds endogenous RNA from S. cerevisiae lysates. Recombinant
nucleic acid free Hise-GST-Rrp6 CTD or buffer was incubated with lysates derived from
Arrp6 and immobilized on nickel-NTA resin, and eluted with imidazole. Eluates were
subsequently incubated with TEV protease and reapplied on nickel-NTA to distinguish
between nucleic acid bound to Hise-GST and the Rrp6 CTD. Samples were treated with
DNase |, RNase A, or buffer to query the identity of bound nucleic acid, and quenched in
formamide buffer and analyzed by denaturing (urea) TBE electrophoresis. Nucleic acid
was stained with Sybr Gold. (C) Fluorescence polarization binding measurements of the

Rrp6 CTD on 5’ fluorescein-labeled 36 nt polyU and polyA RNAs, and polyT DNA. (D)
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Revised domain structure of Rrp6. (E) Analytical gel filtration analyses and
corresponding gels showing Exo9 alone (brown); +Rrp6 with CTD intact (blue); +Rrp6
lacking the lasso (green); +Rrp6 lacking the EAR (red). Rrp6 association with Exo9 is

dependent on the Rrp6 EAR, but independent of its lasso.
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Figure 37. The Rrp6 lasso stimulates its RNA binding and ribonuclease activity,
while the EAR exhibits a mild inhibitory effect.

(A) Rrp6 ribonuclease activities on AU-rich and polyA RNAs. Constructs vary from the
minimal catalytic module to Rrp6 containing an intact EAR/lasso. RNA decay assays
performed using 5’ fluorescein labeled 49 nt AU-rich and polyA RNA. (B) Catalytically
dead Rrp6 variants (D238N) were analyzed for their ability to bind 36 nt AU-rich RNA
and 37 nt polyA RNA via fluorescence polarization. Results of triplicate experiments
shown. (C) Larger (9-12) decay RNA intermediates accumulate in reactions with
Rrp6'™225° \yhereas smaller 4- 5 nt products accumulate when the lasso is truncated,

regardless of the size of the initial substrate.
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Figure 38. The Rrp6 lasso enhances RNA binding and the rate of decay in Exo10°.
(A) Rrp6 activity is severely attenuated when the lasso is compromised in the context of
Ex010°. RNA decay assays performed using synthetic 5’ fluorescein labeled 49
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nucleotide (nt) polyA RNA with reconstituted exosomes, with intermediates resolved by
denaturing PAGE. (B) Catalytically dead Rrp6 variants (D238N) of Ex0o10° with different
lasso lengths were analyzed for their ability to bind 36 nt AU-rich RNA and 37 nt polyA
RNA via fluorescence polarization. Results of triplicate experiments shown. (C) Decay of
10 nM polyA RNA by 1 nM Exo10°, with and without the Rrp6 lasso. Exo10%™M2-25%° can
be modeled as two-phase decay, while Exo10%-°** follows a one-phase decay
mechanism. Fraction of full-length substrate (49 nt) was plotted as a function of reaction

time (min).
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Figure 39. The Rrp6 lasso stimulates all three ribonuclease activities of the
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(A,B) RNA decay assays performed using 5’ fluorescein labeled 49 nucleotide (nt) polyA
RNA with reconstituted Exo11*® and Ex011*¥%®** AU-rich RNA was assayed at 12°C to
be able to observe differences in Rrp44 activity due to lasso deletion. PolyA RNA was
assayed at 30°C. (C) Binding of different lasso variants of Exo11*4®*°76¢x" tg 5’
fluorescein AU-rich 36 nt and polyA 37 nt RNAs was determined by fluorescence
polarization. (D) Endonuclease activity of Rrp44 in the context of different lasso variants
was assayed in Exo11*®°7® for decay of AU-rich and polyA RNAs. (E) The EAR and
lasso of Rrp6 are not necessary to facilitate access of polyA RNA to Rrp44 in Exo10™®*

[CsI-RPECAT " See Figure 44 for details regarding this complex.
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Figure 40. The Rrp6 lasso facilitates efficient decay of longer RNA.
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Different lasso variants of Exo10° were assayed for their activities on 5 fluorescein-
labeled 49, 36, 24, and 14 nt single-stranded AU-rich RNAs. Intermediates were

resolved by denaturing PAGE.
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Figure 41. Ribonuclease A protection of single-stranded RNA by Ex010%*",
Ex010°*° was incubated with unlabeled 49 nt single-stranded AU-rich RNA and
subjected to ribonuclease A digestion for 3 minutes before the reaction was quenched
with phenol. RNA intermediates were purified by phenol:chloroform:isoamyl alcohol
extraction and ethanol precipitation and separated by denaturing PAGE, and visualized

with Sybr Gold.
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Figure 42. Exo10° binding to different length RNAs.
50 nM of 5’ fluorescein single-stranded AU-rich RNA of 14, 24, and 36 nts were
incubated with various concentrations of catalytically dead Exo10%'™22%%° and Ex010%

Lassoless and binding measure by fluorescence polarization.
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Figure 43. The Rrp6 lasso recruits RNA through the Exo9 S1/KH ring in Ex010°.
Ex010° with different lasso lengths (intact, partial, and lassoless) with mutations within
the S1/KH ring described in Chapter 2 were assayed for their activities on 5’ fluorescein
single-stranded 49 nt AU-rich RNA. Exo10° with lasso deletions were more sensitive to
mutations within the S1/KH ring. RNA intermediates were resolved by denaturing PAGE

and visualized with a fluoroimager.
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Figure 44. The Rrp6 lasso stimulates Rrp6 and Rrp44 activities independent of the

EAR through a conserved mechanism.
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(A) Left: Structure of Exo10° (PDB: 4001). Right: Strategy for fusing the C-terminus of
Rrp6-CAT to the N-terminus of Csl4 (red) to tether Rrp6-CAT to Ex09, bypassing the
need for the Rrp6 EAR, and for appending variants of the Rrp6 lasso to the C-terminus
of Csl4 (blue), proximal to where the C-terminus of the Rrp6 EAR would be. (B) Endpoint
decay (60 minutes) of 5’ fluorescein labeled 49 nt AU-rich RNA (left) and polyA RNA
(right) by various reconstituted exosomes under multiple turnover conditions. Rrp6ATcs"

0*"T reconstituted with catalytically competent Rrp6“A"°*; ScLasso-1,

signifies Exol
SclLasso-2, and HsLasso represent the same complex, but with the C-terminus of Csl4
bearing fusions of Rrp6 lasso regions 685-733, 618-733 from S. cerevisiae, and 741 to

885 from H. sapiens, respectively.
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Figure 45. The importance of the Rrp6 lasso in vivo.

(A) Serial 10-fold dilutions of S. cerevisiae W303 rrp64 bearing RRP6 or mutant rrp6
containing lasso or EAR deletions, spotted on solid agar composed of minimal (SD-Ura,
left) or rich (YPAD, right) media supplemented with 200 ug/mL geneticin and grown at
30°C and 37°C. (B) Liquid culture growths of the transformants in (A) in minimal media

supplemented with 200 ug/mL geneticin and grown at 37°C.
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Figure 46. An identified route of RNA ingress in Exo10° and Exo11**®.

(A) Based on the structure of Exo10° bound to polyA RNA, potential routes of RNA
ingress to Rrp6 were analyzed based on surface architecture and electrostatics of Exo9.
A candidate path formed by Rrp4, Mtr3, Rrp42, and Csl4 was selected for mutational
analysis. Electrostatics were calculated using APBS®. (B) 1 nM Exo010° Exo010*, and
Ex011**Tex°- \were assayed for their activities on 10 nM 5’ fluorescein 49 nt AU-rich
(left) and polyA RNAs (right) when three point mutations were introduced in the
candidate region (Rrp4 W278A/Mtr3 K132E/Csl4 R206D). (C) A double mutant (Rrp4
W278A/Mtr3 K132E), while more active than the triple mutant, still inhibits Rrp6
exoribonuclease activity in Exo10°, particularly on polyA RNA. RNA intermediates were
analyzed by denaturing PAGE and imaged by a fluoroimager. (D) Candidate region
mutations have little effect on Exo10%-°*** decay of polyA RNA, suggesting that the
Rrp6 lasso directs RNA towards this route of ingress. 2.5 nM Exo10°%25°¢S with or
without mutations in the candidate region were incubated with 10 nM 5’ fluorescein

polyA RNA for the indicated timepoints.
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S. cerevisiae

C. familiaris
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Sus scrofa FPGA=~AAAQAVSVRQQAALETAA-RKRERVTSDPRTTEQ! QE 96
Homo sapiens CKA-AAEQAISVRQQVVLENAA-KKRERATSDPRTTEQK- -QE 56
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Canis familiaris KXKRLKTAKKPKDPDPPEKDPTPYDYSKSDFKAFPAGNSKSKPSSQFDPNKQTQPGKK-CAA 151  pRXLKQS > RESWPKR 181
Sus scrofa  KKRLKISKKPKDPDPSEKEFTPYDYSKSDFKAFAGNSKSKPSFQFDPNKQPQSGKK-CIA 155  AXKINQSL P PKR 186
Homo sapiens KKRLKISKKPKDPEPPEKEFTPYDYSQSDFKAFAGNSKSKVSSQFDPNKQTPSGKK-CIA 115  Axxr ! RYNWPOR 146
Pan triglydes KKRLKISKKPKDPEPPEKEPTPYDYSQSDPKAPAGNSKSKVSSQFDPNKQTPSGKK-CIA 154  AXKIKQSVGNKSMSFPTGKSDRGFRYNWPQR 185
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Figure 47. The Rrp6 lasso is poorly conserved by primary sequence in candidate

] . 3.

eukaryotes but highly conserved in its physiochemical properties.

Alignment generated by ClustalW. pl's calculated by Expasy Protparam.
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CHAPTER 4

Insight to Exosome Stimulation by its Nuclear Cofactor, Mpp6

4.1 Introduction

Mpp6 is a small (21 kDa, 186 residue) nuclear protein cofactor of the eukaryotic
RNA exosome. TAP-tagged Mpp6 pulled down all 11 subunits of the nuclear exosome in
stoichiometric quantities, and in addition, Rrp47, Nrd1, and components of the TRAMP
complex — Mtr4, Trf4, Airl and Air2 (Ref. 119). Genetic studies in S. cerevisiae have
shown that while Mpp6 is not essential, its deletion is synthetic lethal with the Rrp6
cofactor, Rrp47, and with Rrp6 (Ref. 68, 119). These findings have led to the notion that
Mpp6 stimulates Rrp44 activity in the context of the exosome, and not Rrp6;
nevertheless, no in vitro studies have directly shown how Mpp6 (or any protein cofactor
of the exosome) modulates exosome activity, if at all. Furthermore, RNA intermediates
that accumulate in the absence of Mpp6 are similar to those found in deletions of
components of the TRAMP complex, suggesting overlapping functions*****. The results
discussed in this final chapter will address biochemical and structural aspects of Mpp6

stimulation of exosome activity.

4.2 Mpp6 is a disordered protein that binds nucleic acid

The limited genetic and biochemical data surrounding Mpp6 focuses on its
function in the context of the full-length protein. Details regarding its domain structure
and insight to its molecular function have not been studied. Mpp6 is a highly basic
protein, with a pl of 9.98, and has been shown to bind nucleic acid in budding yeast and

in human'®, with a preference for polyU sequences'*®. Despite its conserved function,
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Mpp6 only contains two small stretches of high sequence conservation, one in its N-
terminal region and one in its core (Figure 48A)'*°. Based on secondary structure
prediction, the former is predicted to form an alpha-helix (residues 10-22, Helix 1), while
the latter is thought to be composed of a small beta-strand (109-116, Strand 2) (Figure
48B). The remainder of Mpp6 is poorly conserved, and predicted to be primarily
disordered, the exception being a beta-strand (81-89, Strand 1), and a C-terminal helix
(160-170, Helix 2).

To determine the molecular architecture of Mpp6, and to determine how it
modulates exosome activity, if at all, recombinant Mpp6 was expressed as a Smt3-
fusion in E. coli and subsequently purified. Analysis of pure Mpp6 by circular dichroism
indeed suggests that Mpp6 is unstructured (Figure 49A). Recombinant Mpp6 was highly
contaminated with nucleic acid after two chromatography steps (IMAC and size
exclusion); an extra ion exchange chromatography step was necessary to separate
nucleic acid from Mpp6 (either heparin or MonoS), which could be performed either
before or after Smt3 cleavage with Ulp1 (Figure 49B). Nucleic acid-free Mpp6 was then
tested for its ability to bind RNA in vitro via fluorescence polarization (Figure 49C).
Similar to previous results, Mpp6 tightly bound polyU RNA, with a Kd of 168 nM, along
with similar binding to the flexible AU-rich RNA (62 nM). Mpp6 was also able to bind
polyA RNA in my assay, albeit to a lesser extent, with a Kd of 1.379 uM. This finding is

consistent with polyA RNA being a substrate of the nuclear exosome.

4.3 Mpp6 primarily stimulates Rrp6 in an Exo9-dependent manner
Mpp6 was mixed with Exo9 in molar excess and assayed for interaction via gel
filtration. Full-length Mpp6 runs on SDS-PAGE around the same molecular weight as the

smallest exosome core subunits, Rrp46, Rrp40, and Mtr3 so a C-terminal truncation of
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Mpp6 (1-156) was used early on to unambiguously confirm association with Exo9.
Consistent with recent results published’, Exo9 is sufficient for Mpp6 association
(Figure 50). In contrast, Mpp6 failed to associate with either of the catalytic subunits,
Rrp6 or Rrp44.

To test the effect of Mpp6 on exosome activity, Mpp6 was mixed with exosomes
reconstituted with Rrp6, Rrp44, or both. The presence of Mpp6 on Ex010° resulted in a
modest 2-fold gain-of-function in degradation of flexible AU-rich RNA, but a more
substantial 8- to 10-fold activation on more rigid polyA RNA (Figure 51A). The magnitude
of Rrp6 stimulation on decay of both RNAs was the same in the context of Exo11**®,
with even a slight decrease in Rrp44 exoribonuclease activity (Figure 51B). The

endoribonuclease activity of Rrp44 in Exo11%ex/6ex-

was also unaffected by Mpp6
(Figure 52A). Similarly, Mpp6 diverts short wave UV-induced RNA crosslinks from Rrp44
to Rrp6 in Exol1*ex-endorexo- (i re 51C). Interestingly, Mpp6 can stimulate Rrp44
exoribonuclease activity in the nuclear exosome if Rrp44 is the only catalytically active

site - Exo1144/6ex

exhibits approximately a 2.5-fold gain-of-function on polyA RNA
(Figure 52B). No greater advantage towards decay of AU-rich RNA is observed when
Mpp6 is present.

It has been well established that Rrp47 is a Rrp6 protein cofactor that binds to
and stimulates Rrp6 by interacting with its N-terminus, thus resulting in its stabilization in
vivo®’®. Because a population of exosome independent Rrp6 exists in S. cerevisiae®,
Rrp47 association and function is not limited to the exosome, unlike the case with Mpp6.
To evaluate if Mpp6 and Rrp47 confer different effects on nuclear exosome activity,
which would be consistent with the synthetic lethality observed in vivo, Mpp6, Rrp47, or

both were mixed with Exo11%®

reconstituted with full-length Rrp6, as Rrp47 requires the
N-terminal PMC2NT domain for association®”’*. Decay was monitored on single-

stranded polyA RNA and on unmodified tRNAivet, @ known substrate for the nuclear
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exosome™*’. Both Mpp6 and Rrp47 added in isolation resulted in the same magnitude of
stimulation specifically for Rrp6 — approximately 8-fold for polyA RNA, and 4-fold for
tRNAIive: — and none for Rrp44; no advantage in decay was evident when both cofactors
were mixed together on either RNA (Figure 53A,B). These results do not explain the
observed synthetic lethality between Rrp47 and Mpp6 — it is possible that distinct RNA
classes are preferentially degraded by one cofactor versus the other; that knocking out
Rrp47 and Mpp6 results in the crippling of Rrp6 activity, both in and out of the exosome;
or that Mpp6 and Rrp47 are both involved in recruitment of other protein factors. It was
recently demonstrated that Rrp47 recruits Mtr4, the RNA helicase in TRAMP, to Rrp6
(Ref. 71). It remains to be seen how, if at all, Mpp6 contributes to this interaction.
Although it does not associate with Mpp6 in vivo, the cytoplasmic exosome,
Ex010*, was assayed for RNA decay in the presence of Mpp6. No activation of Exo10**
was observed on polyA RNA; however, Mpp6 resulted in a modest 2.5-fold gain-of-
function of Rrp44 activity on AU-rich RNA (Figure 54A). Finally, Mpp6 was mixed with
Rrp44 (Figure 54B) and Rrp6 (Figure 54C) in isolation. Consistent with the gel filtration
results discussed above, Mpp6 failed to alter the activities of the catalytic subunits
outside of the exosome. Taken together, these findings suggest that Mpp6 is primarily a
nuclear exosome Rrp6 cofactor, because it preferentially stimulates Rrp6 activity in an

exosome-dependent fashion in the context of the model RNA substrates discussed.

4.4 Mppé6 facilitates decay of both PolyA and PolyU RNAs

The explanation for the more substantial effect of Mpp6-stimulated decay of
polyA rather than AU-rich RNA cannot simply be distilled to preferential decay of
structured versus unstructured RNAs because Mpp6 similarly stimulates Exo10° and

Ex011*¥® 8-fold on polyU RNA (Figure 55), which like AU-rich RNA, is unstructured. The
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significance of these findings is unclear because oligouridylation, a 3’ posttranscriptional
tag associated with RNA decay by the exosome and other exoribonucleases***, has
not been described in budding yeast. Because this process has been characterized in
fission yeast and mammals, it is possible that the findings presented here may extend to
orthologous species equipped with oligouridylation machinery. Indeed, Rrp44
demonstrates robust activity on Exo11**®, almost entirely excluding Rrp6 from accessing
polyU RNA (although this bias is less in the presence of Mpp6), consistent with studies

of Dis3 and Dis3L2 in mammals and fission yeast®~°%".

4.5 RNA ingresses through the S1/KH ring to Rrp6 in Exo10° in the presence of Mpp6
To determine if Mpp6 stimulates Rrp6 activity primarily through the Exo9 central
channel, exosomes bearing mutations within the PH-like and S1/KH rings were assayed
in the presence and absence of Mpp6. Rrp6 exosomes were used because the
presence or absence of catalytically active Rrp44 did not affect the magnitude of Mpp6-
dependent stimulation of Rrp6. Exo10° bearing a large insertion in the lower half of the
PH-like ring (Rrp41-WT/Rrp45-Large) was previously reported to be 3.5-fold less active
than channel open exosomes on polyA RNA. Addition of Mpp6 relieved the PH-like ring
channel inhibition, and was as active as channel open Exo10° with Mpp6 (Figure 56A).
Introduction of two medium-sized insertions within the PH-like ring (Rrp41-
Medium/Rrp45-Medium) inhibits Rrp6 activity to a greater extent, approximately 10-
fold''®. Therefore, Mpp6 Ex010°*° with and without these channel occlusions were
reconstituted for binding studies by fluorescence polarization (Figure 56B). Reliable
measurements could not be determined for Exo10%*"™" (binding greater than 10 pM);
however, Exo1Q®MPpéchaniel g nd polyA RNA with a Kd of 207 nM, 3.8 fold tighter than

Exo10°%hane* (782 nM), but 2.3 times weaker than Exo10®MPPéichamelt (g5 nn). Although
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impaired in its ability to bind and degrade RNA in comparison to its channel open
counterpart, Exo10%MPrélchannel may he more active than wild-type Ex010° because RNA
no longer relies as heavily on the PH-like ring RNA binding site to reach Rrp6 when
Mpp6 contributes an additional, non-exclusive RNA surface, or because a route distinct
from that observed in the Rrp6-exosome crystal structure is utilized in a Mpp6-
associated exosome. To test this possibility, Exo10° bearing mutations in the S1/KH ring
(Chapter 2, Figure 29) and lining the Exo9 central channel were assayed with and
without Mpp6. Consistent with previous observations, these mutations resulted in the
inability to degrade polyA RNA. Unlike the described mutations in the PH-like ring, the
presence of Mpp6 activated Exo10°, but exhibited approximately a 4-fold defect in decay
relative to wild-type Exo10° (Figure 56C). On AU-rich RNA, mutation of RNA binding
sites in the S1/KH ring resulted in attenuated activity, with a loss of the “bundling” of
intermediates characteristic of Rrp6-exosome decay, with a wider distribution of
intermediates similar to that observed in free Rrp6, perhaps due to a higher off rate with
a compromised central channel. Interestingly, Mpp6, although 2-fold less active than
wild-type Ex010°, restores the exosome-specific pattern of intermediates. While these
results do not differentiate between the possibilities of a second channel independent
route taken by RNA in the presence of Mpp6 or an activating conformational change
induced in Exo09 and/or Rrp6 upon Mpp6 association, they nevertheless highlight the
relevance of the RNA path to Rrp6 observed in the Exo10° crystal structure for Mpp6-
stimulated RNA decay.

Further evidence for the Mpp6 exosome utilizing a similar mode of RNA ingress
as described in previous biochemical and structural studies (i.e. through the S1/KH ring)
was provided through long-wave UV crosslinking of RNAs containing single 4-
thiouuridine substitutions at various positions from the 3’ end (Chapter 2) (Figure 57A)

Besides the appearance of a small molecular weight crosslink likely corresponding to
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Mpp6 in Exo10*™PP® and potentially one to two extra slightly larger crosslinks to
4thiouridine 6 nt from the 3’ end, patterns of crosslinks were identical between Ex010°
and Exo10%MPP® for polyA 4thiouridine RNAs. However, overall intensities of crosslinks
were greater for Ex010%MPP® which is consistent with the biochemical results discussed
above.

Additionally, the protection pattern of single-stranded 49 nucleotide AU-rich RNA
by catalytically dead Rrp6 exosomes with or without Mpp6 was probed by ribonuclease
A. Rrp44 containing exosomes were evaluated first, as their protection patterns have
been published previously®. Exo10*®* protected RNA fragments between 32 to 33
nucleotides, consistent with previous results (Figure 57B). Consistent with RNA being

bound primarily by Rrp44 in Exo11*/

(Chapter 2, Figure 31), the protection pattern of 32
to 33 nucleotides did not change in Exo11*®°"#*> However, the extent of protection is
greater, with a larger population of RNA bound, consistent with measured binding
affinities due to the Rrp6-dependent activation of Rrp44 (Chapter 1, Figure 10). Due to
its distributive nature and more solvent exposed RNA binding paths (Chapter 1, Figure
13; Chapter 2, Figure 24), Exo10°®* exhibited much weaker protection than that of
Rrp44-containing exosomes. Nevertheless, protection was observed for fragments
ranging from 28 to 30 nucleotides. Mpp6 did not alter the length or distribution of RNA
protected, but did improve the extent of protection, consistent with its enhancement of
RNA binding in Exo10°.

Ex011**®*°"*WT in the presence of RNAs 36 nt and longer was found to be one of
the most potent, albeit indirect, inhibitors of Rrp6 activity | have characterized in vitro
(Chapter 1)''°. Rrp44®® preferentially binds RNA by its 3’ end, while the free 5’ end of
the RNA sterically and electrostatically occludes other RNA molecules from approaching

Rrp6, resulting in approximately a 100-fold decrease in Rrp6 activity. To test if Mpp6 can

bypass this inhibitory effect of Rrp44®*° and shunt RNA elsewhere to gain access to
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Rrp6, Exo11*®°"T as assayed on polyA RNA in the absence and presence of Mpp6.
Mpp6 alleviated some of the inhibition by Rrp44®° (Figure 57C), but the bundling of
intermediates characteristic of Rrp6 decay in Exo10° was lost, suggesting that the
exosome/Mpp6 RNA binding surface is compromised by the free 5’ end of the bound
RNA. This result provides further evidence that RNA ingress towards Rrp6 in Exo11*/® is
consistent in the presence or absence of Mpp6. It also suggests that while Mpp6
appears to commit a larger population of RNA to distributive trimming by Rrp6, RNA
binding by Rrp44 remains substantially strong, such that the population of RNA
engaging Rrp44 persists long enough to continually block new RNAs from accessing the

Rrp6 active site.

4.6 Identification of a minimal region of Mpp6 sufficient for exosome binding and
stimulation

Mpp6-induced activation of the Rrp6 exosome may occur because of the
following non-mutually exclusive possibilities: the disordered, basic stretches of Mpp6
may serve as an electrostatic trap to recruit RNA towards the exosome; or Mpp6 binding
may induce conformational changes in the exosome, and potentially Rrp6, that are more
favorable for RNA ingress and decay. To determine the regions of Mpp6 necessary for
exosome stimulation, truncations from the N- and C-terminal ends of Mpp6 were cloned,
expressed, purified, and assayed for both stimulation of Exo10° exoribonuclease activity
and exosome association. Because of its apparent lack of secondary structure in
isolation, truncations were made in fine increments of approximately 10 to 20 residues,
in the event that these regions of Mpp6 become ordered upon exosome association
(Figure 58A). In addition to the full-length construct (1-186), truncations were made to

disrupt the conserved Helix 1 (23-186); to disrupt or preserve the two beta-strands in the
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Mpp6 core 91-186 (AStrandl), 81-120 (Strand 1&2 only), 81-186 (Strand 1&2 with intact
C-terminus), 23-120 (Strand 1&2 with mostly intact N-terminus”); to truncate at (1-156)
or disrupt (1-165) Helix 2; and to target interspersing loop regions (44-186), (59-186), (1-
174). In addition, full-length Mpp6 from Kluyveromyces lactis (K. lactis) was cloned,
expressed, purified and assayed to determine if orthologous Mpp6 from the same family,
Saccharomycetaceae, maintains similar properties as that from S. cerevisiae. K. lactis
Mpp6 is 176 amino acids long, has a basic pl of 9.8, and is predicted to have similar
secondary structure elements as S. cerevisiae.

Except for 91-186 (AStrandl1) and K. lactis Mpp6, all of the constructs stably
associated with the exosome (Figure 58A) and stimulated Exo10° decay of polyA RNA to
the same extent (Figure 58B). Therefore, Strands 1 & 2 compose the minimal exosome
binding region (residues 81-120), with all other regions dispensable for exosome
activation. Deletion of Helix 1 did not affect Mpp6 association with the exosome or its
ability to stimulate Exo10°. It is possible that it is conserved from yeast to man for
recruitment of other protein components of the exosome, for instance the TRAMP
complex. Surprisingly, AStrand1 did not stimulate Exo10° at all, while K. lactis Mpp6
stimulated approximately 3-fold, suggesting partial association with Exo10°, despite only
25% sequence similarity within the minimal exosome binding region of Mpp6.

Similarly, four of the Mpp6 constructs were compared for their ability to bind
polyA 24 RNA via fluorescence polarization: full-length, the minimal region (81-120), AN
half (81-186), and AC half (23-120). Only AN half Mpp6 bound RNA with substantially
weaker affinity, with the Mpp6 minimal construct capable of binding RNA with a similar
affinity as the full-length protein (Figure 58C). These results suggest that the model of

Mpp6 serving as an electrostatic trap composed of highly basic, disordered regions that

™ Construct 1-120 could not be stably expressed.
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recruit distal RNA molecules, similar to the Rrp6 lasso (Chapter 3), is unlikely and that

the latter scenario is more probable.

4.7 Crystallization of Mpp6 Exosomes
To determine how Mpp6 stimulates exosome activity, | sought to crystallize a

Mpp6 bound exosome. Crystals of RNA-bound Exo10°¢x°/Mppe

were readily obtained in
various conditions; however, because of the inherent flexibility of Mpp6, and due to its
stimulatory effect on Rrp6 and therefore potential residual ribonuclease activity over
time, it was extremely challenging to obtain well-diffracting crystals.

After performing sparse-matrix screens at various temperatures and finding initial
crystal hits, all of the following combinations and pre-crystallization treatments were

exhausted to improve crystals of Exo10°¢x°"MPs:

all Mpp6 constructs described above;
selenomethionine-incorporated Mpp6 for placement of Mpp6 via calculated anomalous
signal from selenomethionine**; partial, intact, and lasso-deleted flavors of Rrp6
exosomes; Exo9 PH-like ring channel occluded exosomes to maximize RNA occupancy
towards a potential Mpp6/Rrp6 route of ingress; single-stranded RNAs of various
lengths, sequences, preparations, and molar ratios to exosome; in drop limited
proteolysis using papain, subtilisin, chymotrypsin and trypsin to facilitate improved
crystal contacts by removal of disordered regions that may poison crystal contacts***;
chemical additives through rational candidate and unbiased approaches**®; and
seeding'**. Extensive post-crystallization treatments were also explored with varied
success, including dehydration, cryoprotection under oil, mixed cyroprotectants using the
“confusion principle,” data collection at room temperature in a humidity controlled device

(HC1 and NE-CAT, Advanced Photon Source), and glutaraldehyde crosslinking™*>. After

two years of screening over 800 crystals ranging in size from 30 micrometers to 1
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millimeter, derived from various initial hits, all crystals obtained of Mpp6-Ex010° were the
same crystal form — rod-shaped crystals that contained P32 symmetry, with 3 exosome
in the asymmetric unit (ASU). Certain additives exacerbated crystal growth problems —
for example, ethylene glycol, which was necessary to increase crystal size, tended to
produce overlapping, multiple crystals that appeared by eye to arise from a single
nucleation; certain truncations of Mpp6 resulted in crystals with high mosaicity and
twinning fractions. All crystals were mosaic; coupled with the large unit cell (269 to 286;
269 to 286; 125 to 128 angstroms for a, b, and c, respectively, depending on post-
crystallization treatment), finding crystals with well-separated reflections was a concern.
Another challenge was the diffraction limit of this crystal form, presumably from poor
crystal contacts and the intrinsic disorder of Mpp6. This is reflected in the fact that the
vast majority of crystals could not diffract beyond 5.5 to 6 angstroms, a common dropoff
point in intensities for protein crystals, and that any crystal that diffracted beyond 5.5
angstroms was consistently anisotropic to varying degrees. Nevertheless, most obtained
datasets were of good enough quality for molecular replacement and their structures
determined using Ex010° as a search model. The best diffracting crystal to date of
Ex010%*°™MPPé contains polyA24 at a 1:3 molar ratio (at least 3-fold molar excess
RNA:exosome was required to obtain any crystals); contains full-length Mpp6 and Rrp6
with a partial lasso (128-685); required 6 months to grow (final size of ~300 micrometers
in the longest direction) in 2% MPD, 200 mM ammonium nitrate, 13% PEG3350; but
required dehydration to 25% with PEG3350 supplemented with 10% ethylene glycol for
cryoprotection. Despite mild anisotropy in the smallest dimension, it diffracted to 4.5
angstroms overall, and contains 3 exosomes in its asymmetric unit (Figure 59A), with
variable density potentially corresponding to Mpp6 in each exosome related by non-
crystallographic symmetry (NCS). Placing two generic beta-strands into this density in

two of the three NCS copies further improved maps.
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Another approach to obtain crystals of Mpp6 exosomes was to crystallize
Exo1244exc-endo-/6exoMpps \ith hoth Rrp44 and Rrp6 active sites immobilized by a dual 3’
ended single-stranded RNA synthesized via click chemistry**°. Discussion of the
methodology used and characterization of this reagent will not be expanded upon
because the author of this document did not directly synthesize this RNA, but briefly, in
the presence of Cu*?, two single-stranded RNAs are “clicked” together via their 5’ ends if
one contains an alkyl group and the other an azide group, and the resulting RNA purified
by HPLC.

The 3'-3' RNA was mixed with Exo11**ex-endo/6exo raconstituted with minimal
Mpp6 (82-120) at a 1.1:1 molar ratio and screened by sparse matrix crystallization
screens. Crystals only grew at 4°C, and appeared in the screens after one week, and by
one month, grew to their full size of 150 to 200 micrometers. These crystals do not suffer
from as much disorder and mosaicity issues of the Exo10°+Mpp6 crystals, as they have
stronger crystal contacts. They are consistently anisotropic, however, and range in
severity. A single crystal diffracted to 3.6 angstroms, with one molecule in the ASU and

P212121 symmetry. The structure was determined by molecular replacement using

Ex010° and the Rrp44-Rrp41-Rrp45 trimer as search models.

4.8 A Diversion about a Divergent RNA Path to Rrp44

It is apparent in the model that 3'-3' RNA is not spanning the entire central
channel from Rrp6 to Rrp44 active as predicted during its conception and design; in
contrast, it bridges two symmetry-related exosomes, with RNA bypassing the Exo9
channel and emerging from the “direct access” route of Rrp44 (Ref. 118) from one 3’ end
and angling into the Rrp6 active site via its other 3’ end (Figure 59B). Within the EXO

domain of Rrp6, a number of conserved residues within loop regions coordinate the RNA
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from its active site towards where the N-terminal PMC2NT domain would be, including
Lys131, Tyr244, Arg245, Tyr344, Arg350, Tyr432, which form part of a conserved, basic
patch (Figure 60A). The RNA is then directed towards two distinct Rrp44 molecules from
different symmetry mates (Figure 60B). As RNA does not appear to take this route in the
Ex010°+Mpp6 structure, it remains to be seen if this RNA path represents that of the
Rrp47-Rrp6-associated exosome; an exosome-independent path (Rrp6-Rrp47
heterodimer); or is an artifact of crystal packing.

Rrp44 is swung out, similar to the “apo” conformation observed by cryo-electron
microscopy™*?, unlike the familiar swung in conformation visualized by crystallography
and cryo-EM that represents Rrp44 engaged with RNA traversing the entire Exo9 central
channel (Figure 61A). It is not clear if this conformation represents a productive complex,
and if so, when and why this path to Rrp44 is utilized. It is interesting to note that despite
the dramatic pivoting required of Rrp44 to swing “in” and “out,” the RNA path adopted is
always that described in the crystal structure of free Rrp44 bound to RNA, rather than
that of bacterial RNase Il or mammalian Dis3L2 (Figure 8).

The swung out conformation likely represents that observed in UV-induced
crosslinking experiments of channel occluded Exo10*, whereby RNA-protein crosslinks
are observed only to Rrp44 and not to exosome core subunits; and in the
endoribonuclease assays of Exo10*, in which polyA RNA is degraded in a pattern
consistent with free Rrp44 and lacks the exosome-specific “footprint” of
endoribonuclease decay, consistent with Exo10* being virtually incapable of binding
and degrading this RNA (Chapter 1, Figures 10,12). It has been postulated that that this
route may be used for processing of structured RNAs, or RNAs too short to reach Rrp44
via Exo9 central channel, which would not benefit from the large, composite RNA
binding interface™® If this is true, then short RNAs should be processed through the

Rrp44 direct access route, and longer RNAs diverted from a through-channel path to
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direct access in the presence of a channel occlusion. Exol and Exol
were assayed for activities on single-stranded 49, 36, 24, and 14 nt AU-rich RNA (Figure
61B). As previously reported, PH-like ring channel occlusions inhibit Rrp44 activity in
Ex010*: the difference in levels of inhibition between channel open and occluded
exosomes becomes less apparent the smaller the RNA, with virtually no difference in
decay on a 14 nt RNA, one too short to span the Exo9 central channel to Rrp44 (Figure
57B, Ref. 25). Nevertheless, the population of RNA processed by the direct access route
is vanishingly small in comparison to the through channel route, with no enhancement of
RNA degradation via direct access in the presence of channel occlusions. Furthermore,

1%¥% resulted in the diversion

this assay performed on channel open and occluded Exol
of RNAs too short and those impeded by channel occlusions regardless of length to
Rrp6, rather than to the Rrp44 direct access route. Although the in vitro results
presented here do no support a substantial role for this newly identified path, the
possibilities of its biological relevance in processing specific RNAs of a defined structure
and sequence, or its propensity for regulation by an as-of-yet discovered post-
translational modification cannot be discounted.

Further details regarding the Mpp6-independent features of this structural model
will not be discussed because another independent researcher in my laboratory is
currently characterizing the significance of the conformational switch of Rrp44 at atomic
resolution (2.9 angstroms) based on a similar crystal form. Subsequent discussion will

be limited to the notable differences between the Mpp6-bound and apo models of

EX0106 and EXOll44exo—endo—/6exo—.
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4.9 Mpp6 Associates with the S1/KH ring Subunit, Rrp40

In both structures of Mpp6-bound exosomes, mostly contiguous unmodeled
density appears in the same regions: spanning across the KH domain of Rrp40, and
then wedging between its S1 and N-terminal domains (NTD) (Figure 62A). Because the
structure of Exo1244ex-endo/6exoMpps oqntaing the minimal fragment of Mpp6 (Strands 1&2)
necessary to enhance exosome activity, it can be inferred that the unaccounted for
density observed in the same region of Exo11*™P"® corresponds to this minimal Mpp6
fragment. Even at low resolution the density is consistent with two beta strands
connected by a disordered loop, in accordance with the secondary structure prediction
for this region. Nevertheless, either more work is needed to improve the pre-existing
maps, or higher quality data will need to be obtained to attempt to assign the register of
Mpp6. Furthermore, the NTD of Rrp40 is poorly ordered and may undergo structural
rearrangement, a possibility given that NMR studies have shown that the NTD is
disordered in the absence of exosome association®!. Therefore, this region of the model,
and any conclusions drawn about Mpp6 association, need to be cautiously interpreted at
this stage. Despite this caveat, the S1 and KH domains of Rrp40 are ordered and thus
these observed binding surfaces may be tentatively discussed.

The minimal region of Mpp6 that crystallized is highly basic, with a pl of 10.11.
Electrostatics calculations of Rrp40 reveal large acidic patches corresponding to where
the modeled Mpp6 beta strands associate (Figure 62B). Based on secondary structure
prediction, a disordered region of approximately 16 to 18 residues connects the two beta
strands. Weaker, positive density is observed between the modeled beta strands in the
higher resolution model of Exo12#4€xe-endo-/6exoMppé ik aly corresponding to this loop
(Figure 62C — FEM density). The surface of Rrp40 is similarly negative in this region.
Furthermore, the Mpp6 binding surface of Rrp40 is highly conserved (Figure 62B).

Interestingly, the only other region of Rrp40 that is as conserved is the portion of the S1
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domain responsible for coordinating RNA along the Exo9 central channel, and the
scaffolding interactions that lock the PH-like ring subunits Rrp46 and Rrp45 together.
Despite the high conservation, the Rrp40-Mpp6 interface is expansive, thus utilizes all
three domains of Rrp40 as a binding platform for Mpp6. Consistent with this, two point
mutations in Rrp40 predicted to partially impede Mpp6 interaction, K183A/E185A, were
not sufficient to alter either Mpp6 association with the exosome or stimulation of polyA
decay by Ex010° (Figure 63A). Meanwhile, exosomes lacking Rrp40 altogether could not
associate with Mpp6, nor did Rrp6 exosome activity undergo Mpp6-dependent
stimulation (Figure 63B). Although Mpp6 appears to interact primarily with Rrp40 based
on the two structural models, Rrp40 is not sufficient for Mpp6 interaction as assayed by
gel filtration chromatography, either in its full-length or minimal form (Figure 63C). This is
likely because the NTD of the Rrp40 subunit is disordered and known to undergo
structural rearrangement to beta-hairpins upon exosome binding; this conformational
change may be necessary for Mpp6 interaction, or other surfaces of the Exo9 may be
required for stable Mpp6 association.

So how does Mpp6 stimulate exosome activity? Alignment of Exo1244exe-endo-/6exo-
™MpS \yith Exo11%4€x0-endofeexo- hy the PH-like ring reveals conformational changes in the
Rrp6 catalytic module (CAT). Specifically, the Rrp6 CAT appears more “open” in the
presence of Mpp6, and is peeled away from the Exo9 central channel, facilitating greater
RNA access to the S1/KH ring. This conformation is likely to be due to Mpp6 rather than
an artifact of crystal packing or the non-canonical RNA route via the Rrp6 EXO domain
(Figure 64A) because it is similarly present in all three NCS copies of Exo11°%#*°/MPPé jn
comparison to Exo10°* (Figure 64B). However, no significant changes in Exo9 are
apparent, including channel widening of the S1/KH ring (Figure 64C, Figure 34).

Additionally, the catalytic module of Rrp44 is further swung out; however, at this stage of
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analysis, it is likely that this conformational change is due to differences in crystal
packing in the Mpp6-bound and apo exosomes.

The observed conformational rotation of Rrp6 CAT in Mpp6 associated
exosomes may be due to the destabilization of the molecular contacts bridging loops
within the S1 domain of Rrp40 to a helix in the Rrp6 EXO domain (Figure 65A). For
instance, in Exo11%ex-endo/6exo- aArq395 of Rrp6 hydrogen bonds to the backbones of
Prol11l and Argl110 in Rrp40; Tyr330 contacts GIn114; Glu333 hydrogen bonds to
Thrl12; and GIn345 interacts with Asn109. However, all contacts except for a hydrogen
bond between Arg325 of Rrp6 and the backbone of Arg110 in Rrp40 are lost in
Exo1244exc-endo-f6exoMppé -y cent for GIn345 of Rrp6 to Asn109 of Rrp40, all of the
aforementioned contacts are observed in Ex010°*° (Figure 65B)'%°; conversely, no
contacts are preserved in Exo11%°™PP® \while the current structural model does not
coherently describe how, if at all, Mpp6 exerts this effect, it is possible that satisfying the
acidic patch of Rrp40 with the set of basic contacts contributed by Mpp6 may distally
weaken the interaction between the S1 domain Rrp40 and the Rrp6 catalytic domain,
thus making the Rrp6 catalytic module, and its RNA binding surfaces, more accessible
to ingressing RNA.

Given the stimulatory effect of Mpp6 on Ex010° activity, its binding surface on
Rrp40, and the more open configuration of the Rrp6 CAT, Ex010° bearing mutations in
the Rrp4/Mtr3/Rrp42/Csl4 cleft described in Chapter 3 (Region 1) were assayed in the
presence of Mpp6 because two point mutations (Mtr3 K132E and Rrp4 W278A) are
sufficient to nearly ablate Exo10° decay of polyA RNA in vitro (Figure 46), despite being
orthogonal to the Mpp6 binding surface (Region 2). Addition of Mpp6 was sufficient to
overcome the RNA decay defect introduced by the Region 1 mutations;
Exo10Q8/RegionIMuiMppt a5 more active than Exo10°, but still less active than Exo10°%™MPP®

(Figure 66). It remains to be seen if Mpp6 enhances RNA ingress through Region 2 by
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binding RNA directly, or if it alleviates the dependency of Exo10° on Region 1 by
indirectly making Rrp6 CAT more accessible to approaching RNAs. Finer UV-
crosslinking experiments using RNAs with single 4-thiouridine substitutions every two
nucleotides to compare RNA crosslinks between Exo10° and Exo109™PP® with and

without Region 1 mutants, will help distinguish between these possibilities.

4.10 Cooperativity between the Rrp6 Lasso and Mpp6

Another observation from electron density maps of all Mpp6-associated
exosomes crystallized is that the Rrp6 CTD/Rrp43 NTD beta-hairpin interaction®**?
appears to take a turn towards the C-terminal zinc ribbon domain of Csl4 and the NTD of
Rrp40, rather than being directed upwards and towards the solvent as observed in the
structure of Exo10° (Figure 67A,B). This latter positioning of the Rrp6 CTD/Rrp43 NTD
was crucial for formation of crystal contacts. Interestingly, crystals of Exo11%®°™PP yere
not readily attainable in this crystallization condition, despite the accessibility of the
Mpp6 binding surface of Rrp40. Nevertheless, crystals stochastically formed in one
crystallization drop out of hundreds only in the presence of the minimal Mpp6 construct.
Although these few crystals could not diffract beyond 5.6 angstroms, it was evident that
their crystal packing diverged from Ex010° (monoclinic P1211 rather than orthorhombic
P22121, with two copies in the ASU rather than one) and that the Rrp6 CTD/Rrp43 NTD
was no longer involved in crystal contacts. Rather, unmodeled density consistent with
interactions with Csl4 and Rrp40 is visible (Figure 67C).

To test the significance of this potential interaction, Exo10° reconstituted with
either full-length, partial or lassoless Rrp6 was assayed for decay of polyA RNA in the
presence and absence of the minimal Mpp6 construct (Figure 68A). As observed

previously, lasso intact Exo10° is stimulated at least 10-fold by Mpp6; however, either
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partial or complete loss of the Rrp6 lasso attenuates the magnitude of Mpp6-mediated
stimulation of polyA decay by Ex010° to less than 2-fold, suggesting a potential
cooperativity mechanism between the Rrp6 lasso and Mpp6. To test this possibility,
Ex010* was assayed with either the Rrp6 CTD (EAR plus full lasso), Mpp6, or both
because Rrp44 is known to be inactive on polyA RNA in the absence of intact Rrp6
(Figure 34). As previously observed, the Rrp6 CTD alone was marginally capable of
activating Exo10*, while Mpp6 alone had no effect (Figure 68B). However, the
combination of both the Rrp6 CTD and Mpp6 significantly activated Exo10*, to levels
indistinguishable from exosomes reconstituted with intact Rrp6 (Figure 68C). This
intriguing result suggests that Mpp6, in conjunction with the Rrp6 CTD, somehow
bypasses the necessity for Rrp6 CAT-induced activation of Rrp44 in the nuclear

exosome.

4.11 Conclusions

In summary, the experiments discussed here suggest that Mpp6 associates with
Ex09, binding primarily to the S1/KH subunit, Rrp40. Mpp6 preferentially stimulates Rrp6
in the context of the exosome, utilizing RNA binding surfaces within the upper region of
the Exo9 central channel, that are primarily Region 1 independent. The greatest effects
of Mpp6-mediated stimulation are observed for polyA RNA, which is degraded 8 to 10-
fold more efficiently by Rrp6 exosomes in the presence of Mpp6, while AU-rich RNA is
modestly stimulated approximately 2-fold. As a result, the differences in Exo10° rates of
decay for polyA and AU-rich RNAs described in Chapter 1 are virtually non-existent.
Thus, the presence of this small nuclear cofactor facilitates efficient decay of a nuclear
substrate, polyA RNA. This stimulation is also coupled to the Rrp6 lasso (Figure 69).

Furthermore, Mpp6 can induce Rrp44 stimulation on polyA RNA in the presence of
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catalytically compromised Rrp6 with an intact CTD. Higher resolution structures and
more quantitative biochemical experiments will elucidate the precise nature of this
cooperativity. Finally, a minimal region consisting of two to three conserved beta-strands
is sufficient to bind Exo9 and stimulate the exosome as efficiently as full-length Mpp6.
The structure of this 4.5 kDa peptide bound to RNA-engaged Ex010° and Exo11*/®
reveals a potential basis for Mpp6 stimulation of Rrp6 activity, as networks of hydrogen
bonds to Rrp40 are lost, resulting in a minor displacement of Rrp6 CAT that facilitates
access to an RNA binding surfaces involving Mpp6, the S1/KH ring, and the Rrp6 lasso
and its active site.

Although it is not clear if an Rrp6 CTD-Mpp6 interaction (if it directly exists) can
induce a gating mechanism to Rrp44, similar to that of the Rrp6 CAT observed in
Ex010°, it would be interesting to determine if these two modules interact genetically.
Specifically, would deletion of Mpp6 in the lassoless strains described in Chapter 3 result
in an exacerbated growth phenotype, or synthetic lethality, as is known for Arrp6Ampp6
(Ref. 119)? Furthermore, what is the significance of the highly conserved N-terminal
helix of Mpp6, particularly in a protein that is otherwise poorly conserved? Would the
minimal fragment of Mpp6 that is sufficient for exosome association and stimulation in
vitro complement the growth defect of Ampp6 in vivo, or are the N- and C-terminal
halves of Mpp6 performing as of yet undiscovered functions in recruitment of nuclear
protein cofactors/complexes, or providing additional layers of regulation to exosome

function?
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Species Gene/ORF s
S.cerevisiae YNROZ24W 11 LSSRVMNMKFM 21 .. 111 GRKIF 115
K.lactis KLLAOC08954g 13 LSNRVMNMKFM 23 .. 102 GRRIF 106
E.gossypii AAROS6C 13 LSSRVMNMKFM 23 .. 89 GRRKF 93
D.hansenii DEHA0B05720g 4 LSDRVMNMKFM 14 .. 87 GRKTW 91
C.albicans Ca019_3275 5 LSNRVMNMKFM 15 .. 78 TKRSW 82
S.pombe SPACUNK4.1lc 1 MSSKLLSMKFM 11 .. 80 GRASF 84
A.nidulans ANS048.2 18 MSSRLLTMKFM 28 .. 138 GRQLY 142
D.discoideum  DDB0215171 19 ISETLSKMKFM 29 .. 80 GRMSF 84
H.sapiens MPHOSPH6 9 LSKNLLRMKFM 19 .. 76 GRMSF 80
D.melanogaster CG9250 9 LSRGVLDMKFM 19 .. 69 GRLSF 73
C.elegans F29A7.6 12 LSSSLLOMKFM 22 .. 81 GRLSF 85
A.thaliana At5g59460 6 ISSTLRNLKFM 16 .. 62 GRMSF 66
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Figure 48. Mpp6 is a small, positively charged and disordered protein with poor
sequence conservation.

(A) Two small stretches of Mpp6 are highly conserved throughout eukaryotes (Sequence
analysis and panel from Milligan et. al, 2008, Ref.119). (B) Mpp6 is mainly disordered,
but features two helices in its N- and C-terminal ends, and two to three beta strands
within its core. Black arrows signify where N- and C-terminal truncations were made (see

section 4.6). Secondary structure prediction performed with Jpred™*’.
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Figure 49. Mpp6 is a disordered protein that binds RNA.
(A) Circular dichroism spectra comparing Mpp6 (pink) to Smt3-Rrp40 (blue). Data
collected for Mpp6 is consistent with random coil, while Smt3-Rrp40 suggests presence
of secondary structure, including alpha-helices and beta-sheets. Spectra collected at
room temperature. (B) Recombinant Smt3-Mpp6 copurifies with nucleic acid from E. coli
that can be removed by cation exchange chromatography. (C) Recombinant tagless
Mpp6 binds 36 nt AU-rich and polyU RNAs with nanomolar affinities, and is also
competent to bind 37 nt polyA RNA, as assayed by fluorescence polarization using

5'fluorescein single-stranded RNAs.
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Figure 50. Ex09 is sufficient for Mpp6 association.
Mpp6s9.186 Was mixed with Exo9 in a 3:1 molar ratio and run on analytical gel filtration

(Superose 6). Pooled fractions were analyzed by SDS-PAGE and stained with Sybr

Gold.
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Figure 51. Mpp6 stimulates Rrp6 activity in Exo10° and Exo11*".

(A) Exoribonuclease assays of Exo10° in presence or absence of Mpp6. The stimulatory
effect of Mpp6 on polyA RNA is greater than that for AU-rich RNA in Exo10°. (B)
Exoribonuclease decay of Exo11**® on AU-rich and polyA RNase. The magnitude of
Mpp6-mediated stimulation on Rrp6 is the same independent of the presence of Rrp44.
Rrp44 activity is conversely attenuated. (C) Short-wave UV crosslinking examining
formation of RNA-protein adducts between 5’ fluorescein 36 nt AU-rich RNA and
Exol11%exe-endo-bexo i the presence and absence of Mpp6, for channel open and occluded

exosomes. Crosslinks analyzed by SDS-PAGE and imaged with a fluoroimager.
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Figure 52. Mpp6 effect on Rrp44 decay in Exo11*¥®.

Mpp6 can stimulate the Rrp44 exoribonuclease, (A) but not the endoribonuclease, (B)
activity in Exo11*¥® if it is the only catalytically competent active site. (A) and (B, left) —
exoribonuclease assays of Rrp44 activity in the context of Exo11*/ on single-stranded
5'fluorescein 49 nt AU-rich and polyA RNAs. In (A), catalytic inactivation of Rrp6
(D238N) facilitates the stimulation of Rrp44 activity on polyA, but not AU-rich RNA. In
(B), mutation of the endonuclease active site (D171N) of Rrp44 does not alter Mpp6-
stimulated decay of Exo11**® on polyA RNA. (B, left) Endonuclease activity of
Ex010*®° and Ex011**®*°/%***" jn the presence and absence of Mpp6 on polyA RNA.
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Figure 53. Mpp6 and Rrp47 similarly stimulate Rrp6 in full-length Ex011**® and do

PolyA RNA 49

B

not display additive effects in vitro.

5 nM full-length Exo11*/® was assayed with either 20 nM of 5’ fluorescein labeled 49 nt
polyA or 5’ fluorescein labeled in vitro transcribed tRNAve that was refolded prior to
initiation of decay. Exo11*”® was incubated with 2-fold molar excess full-length Mpp6,
Rrp47, or both before initiation of decay. Decay intermediates were analyzed by

denaturing PAGE and visualized with a fluoroimager.
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Figure 54. Mpp6 does not stimulate Rrp44 or Rrp6 outside of the exosome.

The cytoplasmic exosome, Exo10*, can be stimulated by Mpp6 on AU-rich, but not
polyA RNA, but does not alter Rrp44 or Rrp6 activities out of the exosome. Rrp44
exoribonuclease assays with AU-rich RNA (A) and polyA RNA (A, B) were assayed in
(A) and out of the exosome (B), in the absence and presence of Mpp6. Rrp6
exoribonuclease activity was assayed in the presence and absence of Mpp6, using
various constructs of Rrp6. RNA decay intermediates were analyzed by denaturing

PAGE and visualized with a fluoroimager.
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Figure 55. Mpp6 greatly stimulates Rrp6 decay of single-stranded polyU RNA.
Exoribonuclease assays of single-stranded 49 nt 5’ fluorescein polyU RNA using Ex010°

1*¥¢ in the absence and presence of Mpp6. PolyU decay by Exo10°

and Exol
is greatly stimulated by Mpp6 (left), and is similarly enhanced in Exo11*/®. RNA

intermediates were analyzed by denaturing PAGE and imaged with a fluoroimager.
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Figure 56. Effect of Exo9 channel mutations on Mpp6 stimulation.
Mpp6-associated exosomes are more affected by S1/KH ring mutations than PH-like
ring channel occlusions. (A) A large insertion towards the lower half of the PH-like ring
(Chapter 1) has no inhibitory effect in the presence of Mpp6. Exoribonuclease assays of
Ex010° in the presence and absence of Mpp6, with an without PH-like ring occlusions.
(B) Binding constants in nanomolar determined for various catalytically dead channel
open and occluded exosomes for 5’ fluorescein single-stranded 37 nt polyA RNA.
Fluorescence polarization results of triplicate experiments shown. (C) Exo10° bearing
mutations within Csl4 and Rrp40 lining the S1/KH ring central channel (Chapter 2) were

assayed for exoribonuclease activity on polyA RNA in the absence or presence of Mpp6.
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Figure 57. Mpp6 exosomes use similar surfaces as Exo10° for RNA binding.
(A) Long range UV site-specific crosslinking using 5’ fluorescein-labeled 4-thiouridine

substituted RNAs described in Chapter 2 (Figures 31 and 32) was used to compare

OGexo- 16exo-/Mpp6

RNA-protein crosslinks in Exol and Exol . Crosslinks were separated by
SDS-PAGE and visualized with a fluoroimager. (B) Ribonuclease A protection assays on

unlabeled single-stranded 49 nt AU-rich RNA using catalytically dead Rrp44-, Rrp6-, and
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Mpp6- containing exosomes. Protected fragments analyzed by denaturing PAGE and
visualized with Sybr Gold. See Figure 41 in Chapter 3. (C) Mpp6 stimulates, albeit
weakly, Rrp6 decay in Exo11*®°®WT syggesting use of the partially overlapping route

shared by Rrp44 (see Chapters 1 and 2, Figures 10, 20, 29).
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Figure 58. Domain deletion analysis of Mpp6

reveals a minimal fragment is necessary and sufficient for exosome association and
stimulation. (A) Domain deletion analysis of Mpp6 and indication of whether or not the
expressed and purified construct was competent to associate with the exosome as
assayed by analytical gel filtration. Helices represented as purple cylinders; beta-strands
as yellow arrows; disordered regions as connecting black lines. (B) Representative
Mpp6-mediated stimulation assays showing exoribonuclease activity of Exo106 on
5'fluorescein 49 nt polyA RNA. Note the partial stimulation by K. lactis Mpp6. (C) Binding
constants in nanomolar determined for various Mpp6 constructs on 5’ fluorescein polyA
24 nt RNA. Constructs include full-length, the minimal construct (81-120), a N-terminal
half deletion (81-186), and a C-terminal half deletion (23-186). Fluorescence polarization

results from triplicate experiments shown.
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Figure 59. Global architecture of Mpp6 exosomes bound to RNA.
(A) Ex011°™°® hound to polyA24 RNA with three copies in the asymmetric unit (ASU).
(B) Exo12*/6™MPP8 \yith both Rrp44 and Rrp6 active sites engaged with a 30 nt double 3’

ended RNA.
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Figure 60. RNA path in Exo12*/6/Mppé,

3-3' RNA in the Exo012*¥5™MPP strycture travels via a basic, conserved path through the
Rrp6 EXO domain and interact with Rrp44 through crystallographic symmetry. (A)
Feature enhanced map of 2Fo-Fc (1.5 RMSD) in blue, Fo-Fc in green and red (2.5
RMSD). Unmodeled density corresponding to RNA (green) is seen making
approximately a 45 degree angle from the Rrp6 active site from a 3’ end, and traveling
along the Rrp6 EXO domain. Two Rrp44 molecules related by symmetry are shown in
orange and coordinate the RNA via the RNB of one molecule and the PIN domain of the

other. Residues involved in contacting the RNA are in black in (B), with electrostatics (C)
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and conservation features (D) depicted. (A) prepared with Coot®. (B,C) with Pymol”’. (D)

with Consurf’®,
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Figure 61. The “direct access” route to Rrp44 and implications for decay of small
RNAs.

(A) Comparisons between the structure of Exo1244/6/Mpp6 engaged with a dual 3'-3’
single-stranded RNA that does not span the central channel (left) and with
Ex01144/6CTD (41FD) bound to single-stranded RNA threading through the Exo9 central
channel (right). Two different orientations are presented to appreciate the “swung out”
conformation on the left versus the “swung in” Exo9 channel-engaged form on the right.

Figure prepare with Pymol’’

. Exoribonuclease assays of channel open and occluded
Ex010* (B) and Exo11*¥® (C) on 5'-fluorescein single-stranded AU-rich RNAs of various
lengths (49, 36, 24, 14 nts). 24 and 14 nts would be predicted too small to span the

144/6

channel, and thus their decay is marginally affected by channel occlusions. In Exol

RNA, regardless of its size, is shunted to Rrp6 when the channel is occluded.
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Figure 62. Density likely corresponding to Mpp6 is found primarily on acidic,
conserved surfaces of Rrp40.
Feature enhanced map of 2Fo-Fc (1.5 RMSD) in blue, Fo-Fc in green and red,

contoured at 2.0 RMSD for Exo11°™""® (A) and 2.5 RMSD for Exo12*¥¢™PP5 (B) showing
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unmodeled density on the surface of Rrp40 likely corresponding to Mpp6. Prepared with
Coot®. The Mpp6 binding surface of Rrp40 is acidic (C) and conserved (D). Rrp40
shown on the top (left) and bottom (right) views. Mpp6 is shown as partially transparent

purple and yellow dots on the surface top surface representations of Rrp40. (C)

calculated with Pymol”’. (D) calculated with Consurf’®.
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Figure 63. Mpp6 binding surface evaluation.

(A) Two point mutations (K183A/E185A) were introduced in the KH domain of Rrp40
proximal to where density likely corresponding to Mpp6 is found in structural models.
These mutations were not sufficient to interfere with binding of minimal Mpp6 (81-120) or

stimulation of Exo10° activity. Structure of Exo10° (PDB: 4001) with Mpp6 coordinates

192



from Exo12*4/6Mpp6

. Mpp6 in purple, with dashed lines representing regions of
unmodeled, weaker density. Mutations highlighted in red. (B) Because a stable Exo8**
could not be formed on via preparative gel filtration (data not shown), Exo8RPecATCs \yas
reconstituted and purified. Despite Rrp46/Rrp43 substoichiometry due to the absence of
stabilizing contacts with Rrp40, the purified complex was stable upon reapplication on
analytical gel filtration (Superose 6) (left) but could not associate with Mpp6 (middle),

while EXOgRrpGCAT—CSM

(Rrp40 included) is competent for Mpp6 association (right).
Representative fractions of chromatography peaks analyzed by SDS-PAGE and stained
by Sypro Ruby. (C) Decay assays on 5’ fluorescein single-stranded polyA RNA of
Exo8RPOCAT-CARMI0) compared with Exo9% AT ‘minus and plus added Mpp6. Rrp6
activity was stimulated by Mpp6 only when Rrp40 was present, albeit slightly. See
explanation in section 4.10, Figure 68. (D) Full-length Rrp40 is not sufficient for Mpp6
association. Analytical gel filtration analysis (Superose 12) of Rrp40 and minimal Mpp6

(81-120). No observable shift of full-length Rrp40 or comigration of Mpp6 is observed,

indicating lack of complex information.
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Figure 64. Mpp6 association induces the rotation of the Rrp6 catalytic module
away from the Exo9 central channel.

(A,B) Left — cartoon representations of Exo12*/°™P (A) and Ex011°M""® (B) showing the
displacement of Rrp6 CAT and the Rrp44 RNB in (A) and Rrp6 in (B) in comparison to
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structures of Mpp6 apo exosomes. Right — surface representations of two different
views, side and from the top, of Mpp6 bound (top) and Mpp6 apo (bottom) exosomes.
Arrows point to the observed points of rotation. The indicated region between Rrp6
(red/teal) and Rrp40 (purple) is explored in finer detail in Figure 65 (C) Exo9 aligned by
the PH-like ring of Mpp6-bound (red) and apo (gray) exosomes do not show any

noticeable differences in Exo12*/¢™PPS and Exo115™MPPe,
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Figure 65. The molecular basis for the Rrp6 catalytic module conformational
change upon Mpp6 association.

Polar contacts between a loop and helix of the Rrp6 EXO domain and the S1 domain of
Rrp40 upon Mpp6 association in Exo12*4/¢MPPé (A) and Exo11%MPP® (B). Residues and

contacts are indicated. Figures prepared with Pymol’’.
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Figure 66. Mpp6 can bypass inhibitory mutations in the Rrp4/Mtr3/Rrp42/Csl4
region of Exo9.

Exoribonuclease assays of Exo10° on 5’ fluorescein single-stranded polyA 49 nt RNA
reconstituted with WT Ex09 or the Region 1 Ex09 triple mutant described in Figure 46,

Chapter 3. Mpp6 alleviates the inhibition caused by these mutations.
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Figure 67. The Rrp6 CTD/Rrp43 NTD interaction takes an alternative route in
crystal structures of Mpp6 exosomes.

Unmodeled density (green) showing the Rrp6 lasso/Rrp43 NTD in three different crystal
forms of Mpp6-associated exosomes (A,B,C) adopts a different configuration from
previously published Ex010° lacking Mpp6 (PDB: 4001). 2Fo-Fc feature enhanced map
in blue, contoured at 1.5 RMSD; Fo-Fc map in green and red, contoured at 2.0 RMSD.
Yellow arrow indicates direction of the Rrp6 CTD/Rrp43 NTD in PDB 400L1. Density

viewed in Coot®.
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Figure 68. The Rrp6 lasso and Mpp6 cooperatively stimulate Rrp6 and Rrp44
exoribonuclease activities.

(A) Exoribonuclease assays monitoring decay of 5’ fluorescein polyA RNA by Exo10°
with different lasso variants (intact, partial, lassoless) without (left) and with (right) Mpp6.
Lasso deletion severely compromises the magnitude of Mpp6-mediated stimulation. (B)
Exoribonuclease assays of Exo10*. The combination of the Rrp6 CTD (EAR+intact
lasso) and Mpp6, but neither in isolation, results in activation of Rrp44 activity on polyA
RNA. (C) The activation of Exo10* activity observed with the combination of Mpp6 and

the Rrp6 CTD results in the same activity as Mpp6-mediated stimulation of Exo11%*®.
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Figure 69. Model of RNA decay by the Mpp6-associated nuclear exosome.

Artwork by A. Wasmuth.
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DISCUSSION

The biochemical, genetic, and structural findings described in this dissertation
shed light on long-standing questions in the field of exosome and RNA biology — namely,
how are the different activities of the exosome coordinated in and out of the Exo9 core;
how is the central channel involved in modulating these associated ribonuclease
activities, and what are the role of protein cofactors of the exosome on a molecular
level?

Nevertheless, many questions still remain outside of those posed at the end of
the respective chapters. A benefit and a caveat of the pre-existing experiments is that
they essentially represent “naked” exosomes. No evidence exists to support that the
“nuclear exosome” consists solely of Rrp44, Rrp6, and Exo09, for example. Indeed, mass
spectrometry of endogenous exosomes in yeast suggests that the nuclear exosome is
constitutively associated with its cofactors Mpp6 and Rrp47, and likely the TRAMP
complex. Conversely, the “cytoplasmic exosome” is not only composed of Rrp44 and
Ex09, but Ski7, and the Ski complex. These 13- to 16-subunit exosomes are more
representative of what would be recruited to sites of RNA degradation or processing in
various cellular contexts. As such, dissection of the molecular interplay between the Ski
complex and the exosome in cytoplasmic decay, and the TRAMP complex in nuclear
RNA processing and quality control using approaches similar to those described in this
dissertation would be of interest. The isolation and understanding of these complexes
would facilitate future studies of the exosome’s interactions and roles in mRNA turnover
and quality control with the ribosome, and transcriptional termination with RNA

polymerase.
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