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ABSTRACT

The eukaryotic RNA exosome is a highly conserved multi-subunit complex that catalyzes degradation and processing of coding
and noncoding RNA. A noncatalytic nine-subunit exosome core interacts with Rrp44 and Rrp6, two subunits that possess
processive and distributive 3’-to-5’ exoribonuclease activity, respectively. While both Rrp6 and Rrp44 are responsible for RNA
processing in budding yeast, Rrp6 may play a more prominent role in processing, as it has been demonstrated to be inhibited by
stable RNA secondary structure in vitro and because the null allele in budding yeast leads to the buildup of specific structured
RNA substrates. Human RRP6, otherwise known as PM/SCL-100 or EXOSC10, shares sequence similarity to budding yeast Rrp6
and is proposed to catalyze 3'-to-5’ exoribonuclease activity on a variety of nuclear transcripts including ribosomal RNA
subunits, RNA that has been poly-adenylated by TRAMP, as well as other nuclear RNA transcripts destined for processing and/or
destruction. To characterize human RRP6, we expressed the full-length enzyme as well as truncation mutants that retain
catalytic activity, compared their activities to analogous constructs for Saccharomyces cerevisiae Rrp6, and determined the
X-ray structure of a human construct containing the exoribonuclease and HRDC domains that retains catalytic activity.
Structural data show that the human active site is more exposed when compared to the yeast structure, and biochemical data
suggest that this feature may play a role in the ability of human RRP6 to productively engage and degrade structured RNA
substrates more effectively than the analogous budding yeast enzyme.
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INTRODUCTION Kadaba et al. 2004). In addition to its role in RNA
degradation, the exosome is required for efficient processing
and maturation of ribosomal RNA, stable small nucleolar
RNA, and small nuclear RNA. Evidence also supports a role
for the exosome in controlling the levels of histone mRNAs
(Chen et al. 2001; Canavan and Bond 2007; Reis and
Campbell 2007), cryptic unstable transcripts (CUTs), and an-
tisense transcripts through an association with the TRAMP
complex in processes that contribute to post-transcriptional
gene silencing and heterochromatin formation (LaCava et al.
2005; Vanacova et al. 2005; Wyers et al. 2005; Davis and Ares
2006; Camblong et al. 2007; Houseley and Tollervey 2008;
Wang et al. 2008a).

Human and budding yeast exosomes share similar sub-
unit composition (Januszyk and Lima 2010). Structural
studies on the human exosome determined that the nine-
subunit core is composed of a six-member ring of RNase
PH-domain proteins (Rrp41, Rrp42, Rrp43, Mtr3, Rrp46,

The RNA exosome is an essential multiprotein complex
that catalyzes RNA processing and decay (Lorentzen et al.
2008a; Schmid and Jensen 2008; Houseley and Tollervey
2009; Lykke-Andersen et al. 2009, 2011). The exosome is
highly conserved in all eukaryotes and has been studied in
many organisms that include Arabidopsis thaliana, Saccha-
romyces cerevisiae, Drosophila melanogaster, Trypanosoma
brucei, and Homo sapiens (Mitchell et al. 1997; Allmang
et al. 1999b; Chekanova et al. 2000; Estevez et al. 2001;
Andrulis et al. 2002; Evguenieva-Hackenberg et al. 2003;
Lebreton and Seraphin 2008). Depending on the organism,
the exosome can degrade RNA substrates that include
rRNA intermediates, specific mRNAs, intergenic tran-
scripts, and hypermodified tRNAs (Allmang et al. 1999a;
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is structurally similar to 3’-to-5" phosphorolytic exoribonu-
cleaseses such as bacterial polynucleotide phosphorylase and
archaeal exosomes (Symmons et al. 2000; Buttner et al. 2005;
Lorentzen et al. 2005), biochemical and genetic analysis
revealed that budding yeast and human exosome cores were
devoid of phosphorolytic or hydrolytic exoribonuclease
activity (Liu et al. 2006; Dziembowski et al. 2007). Instead,
the 3'-to-5" exoribonuclease activity of eukaryotic exosomes
is achieved by exosome core association with two hydrolytic
enzymes: the tenth subunit, Rrp44 or Dis3, and the eleventh
subunit, Rrp6 (Briggs et al. 1998; Phillips and Butler 2003;
Liu et al. 2006; Midtgaard et al. 2006; Dziembowski et al.
2007; Schneider et al. 2007; Wang et al. 2007; Lorentzen et al.
2008b; Bonneau et al. 2009). While the activities of budding
yeast Rrp44 and Rrp6 have been characterized (Liu et al.
2006; Dziembowski et al. 2007; Assenholt et al. 2008;
Callahan and Butler 2008; Lebreton et al. 2008; Bonneau
et al. 2009; Schaeffer et al. 2009; Schneider et al. 2009;
Callahan and Butler 2010), much less is known about the
intrinsic activities of the human paralogs of Rrp44, DIS3 and
DIS3L (Staals et al. 2010; Tomecki et al. 2010), or human
RRP6.

Human RRP6 and budding yeast Rrp6 are members of
the DEDD nuclease superfamily that encompasses ribonu-
cleases and deoxyribonucleases (Steitz and Steitz 1993), and
are characterized by an EXO domain that shares sequence
similarity to EXO I, II, and III motifs of the exonuclease
domains of DNA polymerases that contain the four con-
served acidic residues, DEDD (Ollis et al. 1985a,b). Some
family members include an additional conserved histidine or
tyrosine residue and are designated DEDD-H or DEDD-Y,
respectively. Human RRP6, yeast Rrp6, and the bacterial
RNA processing enzyme RNase D are members of the
DEDD-Y family (Bluthner and Bautz 1992; Phillips and
Butler 2003; Zuo et al. 2005; Midtgaard et al. 2006).

The crystal structure of the RNase D enzyme revealed
that the EXO domain interacts with two conserved HRDC
(helicase and RNase D C-terminal) domains (Zuo et al.
2005), first identified as nucleic acid-binding domains
within the RecQ helicase protein family (Morozov et al.
1997). The only available crystal structure of Rrp6 was
derived from the yeast enzyme, revealing that the EXO
domain is flanked by a single C-terminal HRDC domain
(Midtgaard et al. 2006). While HRDC domains are ob-
served in budding yeast Rrp6 and RNase D, their relative
positions differ. In addition, the EXO and single HRDC
domain of budding yeast Rrp6 are sufficient to retain
catalytic activity (Assenholt et al. 2008), but yeast Rrp6
possesses additional domains that are required for proper
function in vivo including an N-terminal PMC2NT do-
main that is proposed to interact with the double-stranded
RNA- and DNA-binding protein Rrp47 (also called C1D in
human) (Mitchell et al. 2003; Schilders et al. 2007; Stead
et al. 2007; Costello et al. 2011), a region C-terminal to the
HRDC domain that is necessary for interaction with the

core exosome (Callahan and Butler 2008), and a putative
NLS domain at the C terminus that is nonessential insofar
as a mutant Rrp6 that lacks the NLS grows without
a noticeable phenotype in budding yeast (Phillips and Butler
2003).

RRP6 is the only exosome gene within the 11-subunit
complex that is not essential for budding yeast cell viability,
although deletion of RRP6 confers a slow growth pheno-
type and high temperature sensitivity, resulting in accu-
mulation of an external transcribed spacer, an extended
form of 5.8S rRNA (5.8S + 30 species) (Briggs et al. 1998),
polyadenylated rRNA (Kuai et al. 2004), and oligoadeny-
lated box C/D snoRNAs (Allmang et al. 1999a; van Hoof
et al. 2000; Mitchell et al. 2003; Grzechnik and Kufel 2008).
Furthermore, functional analysis of budding yeast rrp6-3
(D238A), rrp6-4 (E240A), rrp6-5 (D296A), rrp6-6 (Y361A),
rrp6-7 (Y361F), and rrp6-8 (D365A) mutants in the EXO
domain confirm that the phenotypes observed in budding
yeast are attributed to the absence of exoribonucleolytic
activity in these strains (Phillips and Butler 2003).

Human RRP6 is localized to nucleoli and nucleoplasm,
which is in agreement with its major function in snoRNA
and rRNA processing (Bluthner and Bautz 1992; Fomproix
and Hernandez-Verdun 1999; Bluthner et al. 2000; Chen
et al. 2001; Brouwer et al. 2002; Mahler and Raijmakers
2007; Staals et al. 2010; Tomecki and Dziembowski 2010);
however, little else is known about its intrinsic catalytic
activities. To characterize human RRP6, we isolated full-
length human RRP6 and constructs that include EXO and/
or HRDC domains, analyzed their activities, and compared
these activities to budding yeast Rrp6. The crystal structure
of a minimal catalytic domain of human RRP6 includes the
EXO and HRDC domains, and subsequent structure-based
mutational analysis confirms that human RRP6 is a bona
fide member of the DEDD-Y family; although, human
RRP6 differs to some extent from its budding yeast coun-
terpart with respect to degradation of RNA substrates
containing secondary structure.

RESULTS AND DISCUSSION

Domain boundaries and purification of human RRP6

Constructs were designed to express and purify different
regions of human RRP6 for structural and biochemical
analysis. However, only three of 11 proteins produced were
stable enough to facilitate purification. We named these
constructs hR6“*T, hR65X©, and full-length hR6 (Fig. 1A).
To produce a stable full-length human RRP6, an Smt3 solu-
bility tag (Mossessova and Lima 2000) was fused to the N
terminus of hR6™ (referred to as Smt3-hR6™). hR6AT
spans residues 180 to 606 and contains the EXO and HRDC
domains. hR6"*° comprises residues 180 to 483 and
encompasses the EXO domain. For comparative analyses,
budding yeast constructs were also produced. Full-length
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FIGURE 1. Structure of human RRP6. (A) Domain structure and construct description.

Domain structure is depicted with a PMC2NT domain (orange), an EXOribonucleolytic domain
(EXO, purple), an HRDC (helicase and RNase D C-terminal) domain (pink), and a nuclear
localization signal (NLS). Residues that were mutated and tested for their effect on exoribonu-
cleolytic decay activity are depicted above the domain structure. Active-site residues (red);
additional residues D404 and H316 used in exoribonucleolytic decay activity studies (black).
Constructs used for structural and biochemical studies are a Smt3 tagged full length human
RRP6 (Smt3-hR6"™), the human exoribonucleolytic catalytic region (hR6“*T, residues 180 to
606), a human construct that contains only the EXO domain (hR6X©, residues 180 to 483),
a budding vyeast full-length Rrp6 (yR6™) construct, and the buddlng yeast Rrp6 truncation
construct that contains the exorlbonucleolytlc catalytic region (yR6“AT, residues 129 to 533). (B)
Overall structural comparison of human hR6“*T in cartoon (left panel) and orthogonal views in
the space filling representation (middle and right panels). (C) Overall structure of yR6“*" (PDB
ID = 2HBK) in cartoon (left panel) and orthogonal views in the space filling representation
(middle and right panels). The EXO (purple), linker (gray), and HRDC (pink) domains. (D)
Alignment of the linker with reference to secondary structure for higher eukaryotes (H. sapiens,
M. musculus, G. gallus, X. tropicalis, D. rerio, and D. melanogaster) and lower eukaryotes (S.
cerevisiae, C. glabrata, C. dubliensis, C. albicans, and P. pastoris). Within the linker, similar
residues that are conserved across all species within higher or lower eukaryotes are shown in
bold. Alignments were produced using ClustalW (Thompson et al. 1994).
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yR6 was purified as described previously
(Liu et al. 2006; Greimann and Lima
2008). Lastly, the yR6“*" construct was
prepared based on sequence comparison
to hR6“AT; it corresponds to residues
129 to 533, which also include the EXO
and HRDC domains (Midtgaard et al.
2006; Assenholt et al. 2008).

Structure of a catalytically active
fragment of human RRP6

We were unable to obtain diffracting
crystals of wild-type hR6“*T but were
able to crystallize and determine struc-
tures for two mutant forms of hR6“*"
that contained either D313N or Y436A
substitutions in the active site, each with
two protomers in the asymmetric unit
(Table 1) (see Materials and Methods).
The overall architecture of hR6“*" re-
sembles that of other DEDD-H and
DEDD-Y exoribonucleases, especially
yR6“AT (Fig. 1B,C), not surprising given
that yR6““T and hR6“T share 37%
identity and 59% similarity at the level
of primary sequence over 426 amino
acids. The structures of the six hR6“*T
protomers can be aligned to the manga-
nese-bound yR6“*T structure with an
RMSD of 2.1 A for 360 of the 427 C,
atoms. Similar to yeast Rrp6, the EXO
domain of hR6“*T forms a classical
o/B-fold, comprising a six-stranded, mixed
B-sheet flanked by multiple a-helices.
In addition, side chains that constitute
the hR6“*" DEDD-Y active site are ori-
ented in similar positions to yR6“*"
when analogous secondary structure
motifs are aligned (Figs. 1B,C, 2). The
hR6“*T structure also resembles yeast
Rrp6 with respect to the relative orien-
tations of the EXO domain and the
HRDC domain, a facet of Rrp6 that
differs from Escherichia coli RNase D
(Zuo et al. 2005; Midtgaard et al. 2006).

Human RRP6“*" and yeast Rrp6“*"
structures share similarity throughout
the EXO and HRDC domains, but some
important differences exist. An ap-
proximately 26-amino-acid linker be-
tween the EXO and HRDC domains
(residues R399 to W425) is conserved
at the level of 58% sequence similarity
within the fungi S. cerevisiae, Pichia
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TABLE 1. Crystallographic data and refinement statistics

RRP6-D313N’ RRP6-D313N? RRP6-Y436A
Data statistics
Source APS 241D-C APS 24ID-C APS 31ID
Wavelength (A) 0.979 0.979 0.979
Resolution (;\) 35-2.5 (2.59-2.5) 35-2.7 (2.8-2.7) 25-2.65 (2.74-2.65)
Space group P4 P4 P4
Unit cell (A), a=b, c 138.88, 58.39 138.83, 60.33 140.96, 58.41
Number of observations 286,951 243,001 267,208
Number of unique reflections 75,251 61,880 65,066
Completeness (%) 99.3 (99.2) 99.9 (99.8) 99.9 (99.8)
Redundancy 3.8 (3.4) 3.9 (3.6) 4.1 (3.8)
Mean l/ol 15.0 (1.6) 13.3 (1.7) 15.5 (1.9)
Rme,gea 6.7 (42.1) 6.6 (45.6) 4.7 (40.2)

Cutoff criteria Vol

Refinement statistics
Resolution limits (A)
Number of reflections (work/test)
Rworkb/Rfree
Number of atoms of protein/water/ion
Average B-protein/water/ion

Bond RMSD length (/:\)/angles ©)

Ramchandran plot®
Most favored
Additionally allowed

-1

35-2.5 (2.59-2.5)
71,240/3730

0.21 (0.34)/0.24 (0.39)

6308/251/4
61.8/50.0/68.3
0.007/1.24

609 (88.4%)
75 (10.9%)

—1

35-2.7 (2.8-2.7)
58,672/3059

0.21 (0.42)/0.26 (0.44)

6308/224/4
66.1/50.0/62.9
0.006/1.20

604 (87.7%)
83 (12.0%)
2 (0.3%)
0 (0%)

750 (99.6%)
713 (94.7%)

3 (0.4%)
73rd percentile
74th percentile

—1

25-2.65 (2.74-2.65)
61,760/3252
0.22 (0.37)/0.27 (0.42)
6302/204/5
69.2/54.4/73.0
0.007/1.25

604 (88.0%)
80 (11.7%)
2 (0.3%)

0 (0%)

744 (99.3%)
705 (94.1%)
5 (0.7%)
57th percentile
70th percentile

Generously allowed 5 (0.7%)
Disallowed region 0 (0%)
MolProbity?
Allowed 747 (99.2%)
Favored 712 (94.6%)
Outliers 6 (0.8%)
Clash score 76th percentile
MolProbity Score 74th percentile
PDB 1D 3SAF

3SAG 3SAH

*Rierge = Yokt 2il KhkD); — (IChKI)/Y pi Y (IChKI) ).

PR ok = > it | Fothkl) — F(hkD|/Y pii | FolhkD)|, where F, and F. are the observed and calculated structure factors, respectively.

“Calculated using the program PROCHECK (Laskowski et al. 1993).
dCalculated using the program MolProbity (Chen et al. 2010).

Numbers in parentheses indicate statistics for the high-resolution data bin for X-ray and refinement data.

pastoris, Candida glabrata, Candida dubliniensis, and Can-
dida albicans (Fig. 1D). This linker forms a wall on one side
of the active site in the yeast Rrp6 structure that appears to
deepen the active-site cleft, presumably to allow ingress of
single-stranded RNA substrates to the active site while
precluding larger substrates such as double-stranded RNA
(Fig. 1B,C). In higher eukaryotes, this element is replaced
by a shorter 10-amino-acid linker (hR6“*" residues R479
to E489) that possesses a 67% sequence similarity among
the higher eukaryotes: H. sapiens, Mus musculus, Gallus
gallus, Xenopus tropicalis, Danio rerio, and Drosophila
melanogaster (Fig. 1D). This shorter linker in the human
RRP6“*" structure and other higher eukaryotes exposes the
active site to solvent, making it appear more accessible to
both single- and double-stranded RNA substrates when
compared to the yeast enzyme (Fig. 1B,C).

The active-site residues D313, E315, D371, D440, and
Y436 exhibit similar conformations in five of the six hR6“AT
protomers solved in our three crystal structures, conforma-
tions similar to that observed in the yR6“*" structure (Fig.
2). The DEDD-Y active sites of both hR6“*" and yR6“*" are
similar to the canonical DEDD-Y DNA polymerase I exo-
nuclease. The four acidic residues are predicted to coordi-
nate two divalent cations that interact with the negatively
charged RNA, activate a water molecule for hydrolysis by
nucleophilic attack of the phosphodiester backbone of RNA,
and stabilize the transition state and products of the reaction
(Beese and Steitz 1991). The tyrosine is believed to work in
concert with the glutamate residue to orient the nucleophilic
water.

Electron density revealed positions for one or two
divalent ions in the active sites of the D313N and Y436A
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consistent with those observed in other
canonical DEDD-Y active sites and to the
manganese ions that were definitively
identified in the structure of the yR6“*"
Y361A mutant (Fig. 2B); magnesium A is
coordinated by D313, E315, and D440;
and magnesium B is coordinated by
D313 and D371 (Fig. 2A,D). Attempts
to soak in the products of hydrolysis
(AMP or GMP) failed in the presence of
magnesium, perhaps consistent with re-
sults obtained from the yeast system,
where it was determined that the divalent
cations (Mn** and Zn*") were necessary
for stabilizing the yeast Rrp6 product
complex (Midtgaard et al. 2006).

One major difference was observed
with respect to the conformation of
active-site residues for one protomer of
the hR6%AT D313N? mutant, which
diffracted X-rays to 2.7 A. Instead of
D440 pointing toward the other active-
site residues to facilitate coordination
of a magnesium ion, the D440 side
chain was turned away from the active
site and instead was jointly coordinat-
ing an yttrium ion with D404 (Fig. 2C).
We assigned this ion as yttrium due to
the presence of an anomalous signal,
which was detected by Fourier analysis

D238

i F D296
-

H241

H316

|

|

FIGURE 2. The DEDD-Y active site of RRP6. (A) hR6““T D313N" mutant with Mg. Active-
site residues D313N, E315, D371, D440, and Y436 are shown coordinating one of the
magnesium ions Mg®, depicted as a green sphere. Also shown are residues D404 and H316. (B)
yR6“AT Y361A-AMP bound structure, D238, E240, D296, D365, and Y361A are shown
coordinating two manganese atoms Mn™ and Mn® (pur]lale spheres) and the end product AMP.
Also shown are residues A329 and H241. (C) hR6“*" D313N? mutant with Y. Active-site
residues D313N, E315, D371, D440, and Y436 are shown. Residue D440 is depicted
coordinating an yttrium (shown as a cyan sphere) with D404 and D440. (D) hR6“A" Y436A
mutant with two magnesiums. Active-site residues D313, E315, D371, D440, and Y436A are
shown coordinating the two magnesium ions: Mg" and Mg® (green spheres). All waters are

(Supplemental Fig. S1B). While this con-
formation was likely induced by cocrys-
tallization with yttrium, we noted that
D404 is conserved as an acidic residue in
vertebrates (Fig. 6A, below) but is con-
served as alanine in budding yeast, other
lower eukaryotic organisms, and E. coli
RNase D. The functional relevance of this

shown as red spheres.

hR6“*" protomers, respectively (Fig. 2A,D). Manganese
was used to identify the position of the divalent ions, as
determined for the yeast Rrp6 structure (Midtgaard et al.
2006); but these attempts failed for hR6“*T. However,
soaking magnesium into the crystal facilitated detection of
electron density that was consistent with magnesium in-
sofar as (1) the ions were coordinated with octahedral
geometry; (2) the distances between the presumed magne-
sium ion and corresponding ligands were shorter than
expected for typical hydrogen bonding interactions; and (3)
no anomalous electron density could be detected at these
positions, which eliminated these ions as yttrium, an ion
required for crystallization (Supplemental Fig. S1A,C). In
addition, the presumed magnesium ions occupy positions
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finding is probed and discussed below.

Activities and mutagenesis of human RRP6

Budding yeast Rrp6 has been extensively characterized, but
exoribonucleolytic activity has not yet been demonstrated
for Rrp6 from higher eukaryotes. We tested hR6“*" protein
at high and low concentrations (1000 and 10 nM) in single-
time-point RNA degradation assays, using two 5’-fluorescein-
labeled RNA substrates (at 10 nM) containing either AU-rich
or a generic sequence that were each incubated at 90 min
(Fig. 3C; Greimann and Lima 2008). Exoribonucleolytic
activity was observed for hR6“*", as evidenced by the de-
tection of a distribution of intermediates at 10 nM protein
and a final product with a length of 4 to 5 nt at 1000 nM
protein.
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FIGURE 3. Mutagenesis of the DEDD-Y RRP6 active site. (A) Sequence comparison of residues within the RRP6 active site. Alignment was
created using ClustalW (Thompson et al. 1994) with the following accession numbers: H. sapiens NP_001001998, M. musculus NP_057908, X.
tropicalis NP_998833, D. melanogaster NP_001097795, Schizosaccharomyces pombe NP_593004, S. cerevisiae NP_014643, and E. coli NP_310540.
(Gray) Residues that are highly conserved; (asterisks) residues that comprise the DEDD-Y active site. (B) SDS-PAGE analysis of hR6“*T active-site
mutants. Equal amounts of mutant proteins were loaded into each lane; the gel was stained with Coomassie blue for detection. The molecular
weight standard is the Invitrogen BenchMark Molecular Weight ladder with sizes: 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 120, 160, and 220
kDa. (C) Exoribonucleolytic activity of hR6“*T mutants. Wild-type and mutant versions of hR6“T were each assayed at high (1 wM) and low
(0.01 M) concentrations of protein on 10 nM AU-rich RNA 49-mer substrate (top panel) and generic RNA 49-mer substrate (lower panel) for 90
min at 37°C. (D) Disruption of exoribonucleolytic activity of wild-type hR6“*" by EDTA. Assays were conducted with increasing amounts of
EDTA for 45 min at 37°C with 10 nM AU-rich RNA 49-mer substrate in the presence (right panel) and absence (left panel) of 5 mM MgCl.

To probe the importance of side chains that constitute
the highly conserved DEDD-Y active site, the single-amino-
acid substitutions D313N, E315Q, D371N, and Y436A were
constructed, and proteins containing these mutations were
purified and assayed for activity (Fig. 3A,B). As expected,
exoribonuclease activity was not observed using any con-
centration of these mutant hR6“AT isoforms (Fig. 3C), and
similar results were obtained for wild-type hR6“*" in the
presence of EDTA (Fig. 3D). While the hR6“*" Y436A
mutant exhibited little activity for the AU-rich substrate,
some activity was detected at the highest concentration of
mutant protein on the generic RNA, suggesting that the

tyrosine side chain is critical but not essential for position-
ing the nucleophilic water during hydrolysis.

The structure of yeast Rrp6 in complex with an AMP
product revealed contacts between a conserved histidine
side chain (H241) and the AMP 2’ hydroxyl (Midtgaard
et al. 2006). We tested the importance of the analogous
residue in the human enzyme (Fig. 3A) by substituting
H316 with alanine; however, the resulting mutant hR6“*"
protein retained some exoribonuclease activity in decay
assays using AU-rich or generic RNA substrates (Fig. 3C),
indicating that the H316 side chain is not essential for
hR6“*" exoribonuclease activity. Previous work on the
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yeast enzyme also revealed that removal
of the HRDC domain from the full-
length protein in budding yeast dis-
rupted the processing of certain RNA
substrates in vivo (Callahan and Butler
2008). Interestingly, the hR6"*° pro-
tein, which lacks the HRDC domain,
exhibited a >100-fold reduction in
exoribonuclease activity on all of the
RNA substrates tested (Supplemental
Fig. S2A). However, hR6EX© retains
the ability to interact with RNA sub-
strates with affinities estimated in the
nanomolar range, as assessed by elec-
trophoretic mobility shift assays (Sup-
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The catalytic activities of full-length
human and yeast Rrp6 as well as the
isolated catalytic regions from both
enzymes (hR6““T and yR6*T) were
assessed in time-course assays to com-
pare their activities and substrate spec-
ificities in the degradation of three
49-mer RNA substrates with distinct
sequence and structure [AU-rich, ge-
neric, or poly (A) sequences]. The yeast
proteins and hR6“*" degraded poly(A)
and AU-rich RNA substrates to final
products that ranged between 4 and
5 nt, while the Smt3-hR6™ produced
a final product with a slightly larger size (Fig. 4). The
detection of a decreasingly sized distribution of intermedi-
ates with increasing time prior to accumulation of the final
product is indicative of the distributive, exoribonucleolytic
activity in which the enzyme cleaves, releases, and engages
another RNA substrate. For comparison, a processive ac-
tivity would contain both full-length RNA substrates as well
as the cleaved end product during the course of the time-
course assay, as a processive enzyme engages each RNA
substrate to completion. The intermediates and final prod-
ucts of the assayed reactions were similar when results are
compared for Smt3-hR6™, yR6"™, and yR6“*", although it is
notable that the degradation was ~10-fold slower for
hR6“AT. In contrast, some interesting differences were ob-
served when decay assays were performed using the generic
substrate, an RNA molecule predicted to have significant
secondary structure, a 2-nt 5’ overhang, and an 8-nt 3’
overhang (Liu et al. 2006). In this case, both yR6'" and
yR6“AT quickly process this RNA as evidenced by removal
of the 3" overhang as early as 1-2 min, leaving a stable RNA
intermediate (marked by asterisks) that is apparent even
after 15 min of incubation. The size differences between the
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FIGURE 4. Comparison of exoribonucleolytic activities and substrate preferences for human
RRP6 and yeast Rrp6 proteins. Demonstration of exoribonucleolytic activities over time for
different Rrp6 constructs that include (column 1) the exoribonucleolytic catalytic region
(hR6“AT) residues 180 to 606), (column 2) Smt3 tag%ed full-length human RRP6 (Smt3-
hR6™), (column 3) budding yeast full-length Rrp6 (yR6
Rrp6 truncation construct that contains the exorlbonucleolytlc catalytic region (yR6“*T,
residues 129 to 533). Constructs were incubated with RNA substrates that are 49 nt in length
with an AU-rich RNA sequence (row 1), poly(A) sequence (row 2), and a generic RNA
sequence (row 3). Time points (in minutes) and apparent size (in nucleotides) are indicated at
the top and right, respectively. For generic RNA exoribonucleolytic decay assays, asterisks
indicate the major intermediate detected for the yeast enzymes and the relative position if the
intermediate was detected in assays of the human enzymes. The RNA sequences are included in
Materials and Methods.

, and (column 4) the buddmg yeast

substrate and intermediate product suggest that yeast Rrp6
removes ~5 nt but leaves the presumed stem-loop intact.
This result is consistent with the structure of the yeast
catalytic domain because the active site is located in a deep
cleft that presumably restricts access to single-stranded
RNA. In contrast, both hR6™™ and hR6“*" appeared more
adept at degrading the generic RNA substrate, and the
pattern of intermediates was distinct; perhaps most notable
was the absence of the intermediate, which is more stable in
assays with the yeast enzymes. Again, this result is consis-
tent with the structure of the human catalytic domain
because it shows the active site to be more exposed,
presumably to allow access to the 3" end of the structured
RNA.

To further explore dependencies on secondary structure,
we used substrates that contained a 20-nt GC-rich GNRA
stem—loop flanked by AU-rich RNA sequences in RNA
degradation assays using human (Smt3-hR6™, hR6“*T)
and budding yeast (yR6"™" and yR6“*") proteins (Fig. 5A—C).
These three substrates contained the stem—loop in dif-
ferent positions within the body of the RNA flanked by
5" and 3’ AU-rich extensions, and each was a substrate
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FIGURE 5. Comparison of exoribonucleolytic activities on structured GNRA stem-loop
containing RNAs for human RRP6 and yeast Rrp6 proteins. (A—F) Time course and activities
for the human RRP6 catalytic region (hR6“*", column 1), Smt3 tagged full-length human RRP6
(Smt3-hR6™, column 2), budding yeast full-length Rrp6 (yR6™, column 3), and the budding
yeast Rrp6 exoribonucleolytic catalytic region (yR6“AT, column 4). Protein constructs were
each incubated with (A) a 49-mer RNA containing AU-rich RNA, a GNRA stem-loop,
and a 5-nt extension; (B) a 49-mer RNA containing AU-rich RNA, a GNRA stem-loop, and
a 10-nt extension; (C) a 49-mer RNA containing AU-rich RNA, a GNRA stem-loop, and
a 20-nt extension; (D) a 49-mer RNA containing AU-rich RNA, a GNRA stem-loop, and a
29-nt extension; (E) a 53-mer RNA containing AU-rich RNA, a GNRA stem-loop, and a 33-nt
extension; and (F) a 59-mer RNA containing AU-rich RNA, a GNRA stem-loop, and a 39-nt
extension. Time points (in minutes) and apparent size (in nucleotides) are indicated at the top
and right, respectively. A single asterisk indicates the major intermediates, consistent with sizes
corresponding to a degradation product up to the base of the stem—loop. (Double asterisk in
D-F) The major intermediate detected in the presence of Smt3-hR6"™. The RNA sequences are
included in Materials and Methods.

for hR6“*T and Smt3-hR6™ as well as
the yeast enzymes, as judged by their
ability to degrade these RNA substrates
to a final product. While yR6“*T, Smt3-
hR6™, hR6“*", and yR6™ degraded
these substrates to completion, a primary
intermediate (highlighted with a single
asterisk) was observed in the degradation
of each of these substrates that corre-
sponded to a degradation product up to
the base of the stem—loop. The degrada-
tion intermediates were detected in re-
actions containing yeast proteins and the
hR6“AT protein; however, the Smt3-hR6""
protein only produced a significant build-
up of the corresponding intermediate
present in reactions with the other pro-
teins for substrates containing 3’-single-
stranded extensions of 5 and 10 nt.
Three additional substrates were also
assessed for their exoribonucleolytic ac-
tivity that included the GC-rich GNRA
stem—loop at the 5 end of the substrate
with 29-, 33-, or 39-nt 3'-AU-rich
extensions (Fig. 5D-F). In these assays,
both human and yeast enzymes appeared
to have difficulty degrading these sub-
strates in comparison to substrates con-
taining single-stranded AU-rich se-
quences located 5’ of the stem-loop.
In addition, the full-length human RRP6
protein did not accumulate intermedi-
ates (double asterisks) similar to those
observed in the exoribonucleolytic assays
of both yeast proteins (single asterisks),
which correspond to a degradation prod-
uct up to the base of the stem-loop.
Moreover, hR6“AT degraded these RNA
substrates with no apparent accumula-
tion of any major degradation interme-
diate. In summary, all of the versions of
the human and yeast Rrp6 proteins used
in this study appear able to degrade
through secondary structure more read-
ily when a 5’-single-stranded region is
present in the substrate (Fig. 5, cf. A—C
to D-F). The mechanistic basis for this
phenomenon remains unclear, although
it is attractive to hypothesize that the
HRDC domain interacts with the 5'-
single-stranded sequence, thus main-
taining interactions with the substrate
for long enough periods of time to wait
out fraying of the RNA duplex so that
the active site can reengage the 3’ end.
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Evidence in support of this role for the HRDC is based on
the observation that removal of a salt bridge that bridges
the EXO-HRDC interface (by mutation of D457 to
alanine) or the entire deletion of the HRDC domain results
in a loss of the processing activity but preservation of decay
activity in vivo (Assenholt et al. 2008; Callahan and Butler
2008).

Gain of function hR6AT mutant

As mentioned previously, residue D404 is conserved in
higher eukaryotes but is present as an alanine in protozoans
(Fig. 6A). In our crystallography studies, we detected an
yttrium that was coordinated by residue D404 and active-
site residue D440. Since yttrium can serve as a mimetic of
divalent cations, we hypothesized that this structure might
actually represent a nonproductive state of the enzyme. To
test this hypothesis, we changed hR6“*T D404 to alanine
to alter the human enzyme to appear more like the yeast
enzyme, and assayed this mutant in comparison to its
yeast and human counterparts. Consistent with our
hypothesis, the D404A substitution resulted in a fourfold
to eightfold increase in catalytic activity as assessed by the
time it takes to completely degrade three different RNA
substrates [AU-rich, poly(A), and generic] by comparing
wild-type hR6“*" in Figure 4 and hR6“*"> P4%** in Figure
6B. Moreover, a similar increase in catalytic activity was also
detected on the aforementioned stem—loop-containing RNA
substrates (Supplemental Fig. S3). While it is impossible to
ascertain at this time if a nonproductive state of the full-
length human enzyme exists in vivo, the gain-of-function
mutation in the human active site raises the possibility that
human RRP6 exoribonucleolytic activity could be modu-
lated by changing the properties of this residue or the re-
gions surrounding it.

A H. sapiens 412
M. musculus 412
X. tropicalis 408
D. melanogaster : 395
S. pombe 342
S. cerevisiae 337
E. coli (RNase D) : 127
B AU-rich POLYA Generic
0 51 2 4 8 15 0 51 2 4 8 15 0 51 2 4 8 15 (min)
bl 1 d A ] | -» = :i‘i
3 =
=2
! sow -

FIGURE 6. Activities of hRRP6 mutant D404A. (A) Sequence
comparison of RRP6. (Gray) Residues that are highly conserved; the
D404 residue is shown in bold. Accession numbers are included in the
legend to Figure 3. (B) Activity of hR6“AT> P***4 on AU-rich, poly(A),
and generic RNA 49-mers. Time points (in minutes) and apparent
size (in nucleotides) are indicated at the top and right.
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CONCLUSIONS

The biochemical and structural studies presented here con-
firm that human RRP6 is a member of the DEDD-Y family of
exoribonucleases. Although structurally similar to other
family members, some unique differences were observed
both structurally and biochemically for the human enzyme
in comparison to yeast Rrp6. These include an active site that
appears more exposed to solvent and a potential inhibited or
nonproductive state of the enzyme, which was alleviated by
mutating an acidic residue conserved in higher eukaryotes to
an alanine present in lower eukaryotes. Further structural
characterization of human and yeast Rrp6 in complex with
specific RNA substrates will be required to fully understand
how these differences affect the ability of Rrp6 to interact,
process, and degrade RNA.

Biochemical analysis of human RRP6 in RNA decay
assays and comparison to the corresponding yeast Rrp6
proteins revealed some interesting differences, namely, that
full-length human RRP6 is better able to degrade substrates
containing secondary structure in comparison to its yeast
counterparts, but only when these substrates contained
single-stranded elements 5’ to the structured domain. This
may be a relevant observation because Rrp6 has been
implicated in processing of many structured RNAs that
include the 7S pre-rRNA, pre-tRNAiMEt, and small nuclear
and small nucleolar RNAs (Allmang et al. 1999a; van Hoof
et al. 2000; Mitchell and Tollervey 2003; Kadaba et al. 2004;
Callahan and Butler 2008, 2010; Grzechnik and Kufel 2008;
Wang et al. 2008b). While the in vitro activities observed
for budding yeast Rrp6 are consistent with this role, the
activities of the human enzyme are less so. In other words,
yeast Rrp6 appears to be an intrinsically good processing
enzyme, whereas human RRP6 seems to be less inhibited by
secondary structure. This suggests that human RRP6 may
require a different mode of regulation than budding yeast
Rrp6 to facilitate decisions that govern processing versus
complete decay of structured RNA substrates. This hypoth-
esis will require further analysis, including assays on larger
and more structured RNAs, and reconstitution of human
RRP6 into RNA exosomes to observe if the exosome core
alters RRP6 activity.

MATERIALS AND METHODS

Protein expression and purification

The H. sapiens RRP6 (PM/SCL-100) gene encoding residues for
hR6'™, hR6CAT, and hR6%XC regions were PCR-amplified from
placenta cDNA pool (Ambion) using Pfu Turbo DNA polymerase
(Stratagene). The DNA encoding budding yeast yRrp6“*" was
PCR-amplified from a full-length budding yeast RRP6 construct
(Greimann and Lima 2008). Digested PCR products were inserted
into pSMT3-TOPO (hR6“*T, hR6"*°, yR6“*T) or a pCDE-Smt3
(hR6FL) vector. Point mutations (D313N, E315Q, H316A, D371N,
Y436A, and D404A) of hR6AT were introduced by a site-directed
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mutagenesis kit (QuikChange; Stratagene). All constructs were
confirmed by DNA sequencing. To produce protein, constructs
were transformed into BL21 (DE3) CodonPlus-RIL (Stratagene),
grown in shaker flasks to ~0.6 ODggo, and induced overnight at
18°C with 0.25 mM IPTG in the presence of 2% ethanol. After
induction, cells were harvested and flash-frozen. To prepare cell
lysate, sonication was performed using a cell disrupter in 50 mM
Tris-HCI (pH 8.0), 20% (w/v) sucrose, 350 mM NaCl, 20 mM
imidazole, 0.1% IGEPAL, 1 mM PMSF, 1 mM B-mercaptoethanol
(BME), and 10 ug/mL DNase. Lysate was then centrifuged using
a Beckman JA-20 rotor at 44,000g. Supernatant was then subjected
to Ni-NTA resins (QIAGEN) purification, and fusion protein was
eluted in 20 mM Tris-HCI (pH 8.0), 350 mM NaCl, 250 mM
imidazole, and 1 mM BME. For further purification of wild-type
and mutant forms of hR6“*T, Smt3 fusion proteins were cleaved
by Ulpl overnight at 4°C and fractionated by size exclusion chro-
matography (HiLoad 26/60 Superdex 75 pg; GE Biosciences) in Sizing
Buffer: 20 mM Tris-HCl (pH 8.0), 350 mM NaCl, and 1 mM BME.
For further purification of yR6“*Y, Smt3 is cleaved by Ulp1 over-
night at 4°C, fractionated by size exclusion chromatography
(HiLoad 26/60 Superdex 200 pg; GE Biosciences) in Sizing Buffer,
and then additionally purified with a linear gradient via a monoQ
column (GE Biosciences) with Buffer A: 20 mM Tris-HCl (pH
8.0), 100 mM NaCl, and 1 mM BME and Buffer B: 20 mM Tris-
HCl (pH 8.0), 1000 mM NaCl, and 1 mM BME. For further
purification of Smt3-hR6™, the Smt3-hR6"" fusion protein was
also fractionated using size exclusion chromatography (HiLoad
26/60 Superdex 200 pg; GE Biosciences) in Sizing Buffer. The
purification of yR6™ has been described previously (Greimann
and Lima 2008). For each protein sample, peak fractions were
pooled, concentrated, and flash-frozen prior to biochemical
assays. Human hR6T protein samples used for crystallization
were further desalted to 10 mM Tris-HCI (pH 8.0), 50 mM NaCl,
and 1 mM BME and concentrated to ~20 mg/mL.

Crystallization and structure determination

Using the vapor diffusion/hanging drop method, the D313N and
Y436A point mutants of hR6“*" appeared at 18°C after 2 d in
crystallization buffer (6% PEG 6000, 1.5 M NaCl, and 0.4 mM
YCl;) and grew to a length of ~200 wm in 2 wk. The crystal
containing D313N that diffracted X-rays to 2.5 A resolution
(denoted RRP6-D313N"' in Table 1) was soaked in a solution
containing 10 mM MgCl, and/or 10 mM GMP for 4 h and cryo-
protected by the addition of 3.5 M NaCl prior to snap-freezing in
liquid nitrogen. The crystal containing D313N that diffracted
X-rays to 2.7 A (denoted RRP6-D313N? in Table 1) and the crystal
containing Y436A (denoted RRP6-Y436A in Table 1) were soaked
in solution containing 10 mM MgCl, and/or 10 mM GMP for 4 h
and transferred at 4°C stepwise in increments of 5% to a final
concentration of 25% glycerol before snap-freezing in liquid
nitrogen. Diffraction data sets were collected at the Advanced
Photon Source (APS) beamline 24-IDC and 31-ID. Data were
integrated, scaled, and merged using HKL2000 (Otwinowski and
Minor 1997). The data obtained from RRP6-D313N" were used to
solve the structure by molecular replacement using the Saccharo-
myces cerevisiae Rrp6 structure (PDB 2HBJ) as a search model
using MOLREP after truncating side chains to alanine that were
not conserved in the human sequence. The model was manually
rebuilt and inspected using O (Jones et al. 1991) and refined using

CNS 1.3 (Brunger et al. 1998). The location of yttrium ions was
confirmed by inspection of anomalous difference electron density
maps. Magnesium ions were placed in the model based on the
observation that these ions were coordinated in octahedral
geometry by protein ligands and/or water atoms. All graphics
depicting structure were generated using Pymol (DeLano 2002).

RNA degradation assays

RNA oligonucleotides were synthesized with a 5" fluorescein and
HPLC-purified (Invitrogen and Dharmacon). The 49-nt poly(A),
generic, AU-rich type RNA oligonucleotides have the sequences

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAA,

AAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUAUUA
UUUAUUUAUUA,

AUGCAUCUAGAGGGCCCUAUUCUAUAGUGUCACCUAAAU
GCUAGAGCUC,

respectively. The six GNRA stem—loop containing with 5, 10, 20, 29,
33, and 39 3’ nucleotide extensions have the following sequences:

UUAUUAUUUAUUUAUUAUUUAUUAGGGCGGGCGCAAGC
CCGCCCAUUUA,
AUUUAUUUAUUAUUUAUUAGGGCGGGCGCAAGCCCGCCC
UUAUUAUUUA,
AUUUAUUUAGGGCGGGCGCAAGCCCGCCCUAUUUAUUAU
UUAUUAUUUA,
GGGCGGGCGCAAGCCCGCCCAUUAUUUAUUAUUUAUUAU
UUAUUAUUUA,
GGGCGGGCGCAAGCCCGCCCAUUAUUUAUUAUUUAUUAU
UUAUUAUUUAUUUA, and
GGGCGGGCGCAAGCCCGCCCAUUAUUUAUUAUUUAUUAU
UUAUUAUUUAUUAUUAUUUA,

respectively. GNRA stem-loop-containing RNAs were heated at
80°C and cooled to room temperature prior to determining
activities. Each RNA is labeled at the 5" end with fluorescein to
enable detection. Exoribonuclease activities were performed in
a 130-pL reaction mixture of 10 mM Tris-HCI (pH 8.0), 10 mM
DTT, 50 mM KCIl, 5 mM MgCl,, 1 U/nL RNase inhibitor
(NEB), 10 nM RNA, and 5 nM protein (unless otherwise
specified) at 37°C. Single-point assays of wild-type and mutant
hR6“T were conducted for 90 min. Time-course assays were
conducted by removing 10-pL aliquots at each interval (0, 8, 15,
30, 60, 120 min; 0, 0.5, 1, 2, 4, 8, 15 min; or 90 min). Reactions
were quenched by the addition of 10 wL of loading buffer (95%
formamide, 20 mM EDTA, 1% DNA loading dye [Bio-Rad]) and
heated for 30 sec at 80°C. Samples (10 pL each in volume) were
loaded onto a 15% polyacrylamide—-8 M urea gel (Invitrogen) for
electrophoresis. Gels were imaged using a Fuji FLA-5000 scanner.

DATA DEPOSITION

Structure factors and coordinates have been deposited in the PDB
with accession codes 3SAF, 3SAG, and 3SAH.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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