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The crystal structure of Mtr4 reveals a novel arch
domain required for rRNA processing
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The essential RNA helicase, Mtr4, performs a critical role
in RNA processing and degradation as an activator of the
nuclear exosome. The molecular basis for this vital func-
tion is not understood and detailed analysis is significantly
limited by the lack of structural data. In this study, we
present the crystal structure of Mtr4. The structure reveals
a new arch-like domain that is specific to Mtr4 and Ski2
(the cytosolic homologue of Mtr4). In vivo and in vitro
analyses demonstrate that the Mtr4 arch domain is re-
quired for proper 5.8S rRNA processing, and suggest that
the arch functions independently of canonical helicase
activity. In addition, extensive conservation along the
face of the putative RNA exit site highlights a potential
interface with the exosome. These studies provide a mo-
lecular framework for understanding fundamental aspects
of helicase function in exosome activation, and more
broadly define the molecular architecture of Ski2-like
helicases.
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Introduction

RNA surveillance is a fundamental quality control process
that prevents aberrantly transcribed or modified RNAs,
poorly assembled ribonucleoprotein complexes (RNPs), and
unneeded RNAs from interfering with normal cellular gene
expression and regulation (Lebreton and Seraphin, 2008;
Houseley and Tollervey, 2009). Defects in RNA processing
have been linked to a variety of disease states, including
neurodegenerative diseases and cancer (Bruserud, 2007;
Nelson and Keller, 2007). A critical component of nuclear
RNA surveillance is the nuclear exosome complex that con-
tains two exoribonuclease active sites and an endoribonu-
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clease site (Allmang et al, 1999b; Jensen and Moore, 2005;
Lacava et al, 2005; Vanacova et al, 2005; Wyers et al, 2005;
Liu et al, 2006; Dziembowski et al, 2007; Lebreton and
Seraphin, 2008; Lebreton et al, 2008; Anderson and Wang,
2009; Houseley and Tollervey, 2009; Lykke-Andersen et al,
2009; Schaeffer et al, 2009; Schneider et al, 2009).

Although the exosome contains the catalytic activities for
RNA processing and degradation, its in vivo activity requires
many cofactors, including Mtr4. Mtr4 (for mRNA transport;
also known as Dobl) was identified in a genetic screen for
yeast mutants that accumulated polyadenylated RNAs in the
nucleus (Liang et al, 1996), and was subsequently observed
to affect rRNA processing and other exosome functions (de la
Cruz et al, 1998). Mtr4 may affect some exosome functions in
isolation, but is also the largest component of the TRAMP
complex, a three-protein complex containing a poly(A) poly-
merase (Trf4 or TrfS), a putative RNA-binding protein (Airl or
Air2), and Mtr4 (Jensen and Moore, 2005; Lacava et al, 2005;
Vanacova et al, 2005; Wyers et al, 2005; Anderson and Wang,
2009). The TRAMP complex identifies RNA substrates and
adds a short poly(A) tail to the 3’ end, thereby promoting
their degradation (Lacava et al, 2005; Anderson and Wang,
2009). The substrates of TRAMP are wide ranging and
include tRNAs, snoRNAs, snRNAs, ncRNAs, rRNAs, some
mRNAs, and cryptic unstable transcripts (Allmang et al,
1999a; van Hoof et al, 2000; Milligan et al, 2005; Buhler
et al, 2007; Houseley et al, 2007, 2008; Reis and Campbell,
2007; Wang et al, 2008). Mtr4 and the exosome are also
involved in chromatin remodelling (Houseley et al, 2007,
2008; Reis and Campbell, 2007; San Paolo et al, 2009) and in
normal processing of various RNAs that require 3’ end
trimming to reach a mature state (e.g. 5.8S TIRNA,
snoRNAs, snRNAs, and some mRNAs; de la Cruz et al,
1998; Allmang et al, 1999a; van Hoof et al, 2000). A homo-
logue of Mtr4, Ski2, is also involved in the activation of the
exosome, but is located in the cytoplasm and acts primarily
on mRNA transcripts (Lebreton and Seraphin, 2008). Mtr4
and Ski2 homologues have been identified in a wide variety
of eukaryotes including humans (Anderson and Wang, 2009;
Houseley and Tollervey, 2009), indicating that their roles in
RNA surveillance, processing, and decay are conserved.

Mtr4 is essential for yeast growth (Liang et al, 1996) and
provides a critical link between polyadenylation of RNA
substrates by Trf4 and degradation by the exosome. A point
mutant that disrupts helicase activity of Mtr4 results in the
accumulation of polyadenylated RNAs that are no longer
removed by the RNA degradation machinery (Wang et al,
2008). In vitro analysis indicates that Mtr4 has RNA-depen-
dent ATPase and helicase activity (Bernstein et al, 2008;
Wang et al, 2008). The role of Mtr4 in exosome-mediated
RNA decay presumably includes unwinding of RNA second-
ary structure and/or displacement of proteins associated with
RNP complexes to present a ‘clean’ substrate to the exosome
(Lebreton and Seraphin, 2008; Houseley and Tollervey, 2009).
In addition, it has been suggested that the ATPase activity of
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Mtr4 and Ski2 may be used to feed RNA substrates into the
ring-like structure of the exosome, analogous to ATPases
associated with the proteasome (van Hoof and Parker,
1999; Lorentzen and Conti, 2006).

Helicases are ubiquitous and diverse enzymes that are
broadly classified into families on the basis of a distinct set
of sequence motifs localized in core helicase domains, which
are generally the site of nucleic acid and nucleotide binding
(Cordin et al, 2006; Jankowsky and Fairman, 2007; Singleton
et al, 2007; Pyle, 2008). Mtr4 is designated as a superfamily II
RNA helicase belonging to the Ski2-like family of DExH/D
RNA helicases (de la Cruz et al, 1999). The most closely
related member of this family is the Ski2 protein (38%
identity), from which the family derives its name. More
distantly related Ski2-like RNA helicases include Brr2 (RNA
splicing) and Slh1 (translation initiation; Pena et al, 2009).

A molecular understanding of Mtr4 function is signifi-
cantly limited because no structures are currently available
for Mtr4 or Ski2. The only available structures of a Ski2-like
RNA helicase are C-terminal fragments of Brr2 (Pena et al,
2009; Zhang et al, 2009), which have limited sequence
similarity to Mtr4. Although Ski2-like DNA helicase struc-
tures have been characterized more extensively (Buttner
et al, 2007; Richards et al, 2008; Zhang et al, 2008; Oyama
et al, 2009), the 122-kDa Mtr4 is considerably larger than
these DNA helicases (e.g. Hel308 is 79 kDa) and the similarity
between these proteins is not apparent beyond the core
helicase domains. Only three domains are identifiable in
the Mtr4 sequence: the two core helicase domains and an
additional C-terminal domain, designated DSHCT (Dobl/
Ski2/HelY C-terminal domain; Staub et al, 2004), which has
no obvious sequence similarity to domains of known struc-
ture or function.

In this study, we report the 3.4 A crystal structure of full-
length Mtr4 from Saccharomyces cerevisiae. This structure
provides, to the best our knowledge, the first view of an
exosome-activating cofactor, and also represents the first full-
length description of a Ski2-like RNA helicase. The structure
clarifies which molecular features are shared throughout the
Ski2-like helicase family, and highlights features that are
unique to Mtr4 and Ski2. Surprisingly, the Mtr4 structure
reveals a prominent domain that adopts a new arch-like
appearance. The removal of the arch domain produces a
defect in rRNA processing, which resembles the inactivation
of the Rrp6 exonuclease component of the exosome. The data
presented here suggest that Mtr4 performs an important role
in the regulation of exosome activity. Additionally, Mtr4
employs some mechanisms that are general to the Ski2-like
family of RNA helicases and others that are unique to Mtr4
and Ski2.

Results and discussion

Structure determination

The full-length Mtr4 protein from S. cerevisiae was expressed
in Escherichia coli using a construct containing a six-histidine
affinity tag at the N-terminus. The recombinant protein was
purified by Ni-chelate, heparin affinity and gel filtration
chromatography. Crystallization conditions were identified
and optimized to obtain a 3.4-A native data set and 3.6-A
selenomethionine (Se-met) substituted data set. As no effec-
tive molecular replacement model was available, the Se-met
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Table I Data collection, phasing and refinement statistics

Mtrd Se-met Mtr4 native

Data collection
Space group P3,21 P3,21

Cell dimensions

a, b, c (A) 133.4, 133.4,192.1  133.5, 133.5, 190.9

o, B, v (deg) 90.0, 90.0, 120.0 90.0, 90.0, 120.0
Resolution (A) 30-3.6 (3.73-3.60)* 30-3.4 (3.52-3.40)
Rsym 0.120 (0.689) 0.059 (0.494)
I/cl 18.5 (1.9) 31.0 (1.9)
Completeness (%) 97.6 (78.9) 94.0 (59.9)
Redundancy 13.5 (7.6) 10.0 (5.8)

Refinement

Resolution (A) 30-3.4
No. reflections 26097
Rwork/Rﬁ'ee 0293/0333
No. atoms

Protein 6487

Ligand/ion 20

Water 0
B-factors

Protein 157.9

Ligand/ion 171.2
RMSD .

Bond lengths (A) 0.011

Bond angles (deg) 1.530

Values in parentheses are for highest-resolution shell.
One crystal was used for each data set.

data was used to solve the phase problem using single-
wavelength anomalous dispersion (SAD) methods. The initial
model was built using the SAD maps and subsequently
refined against the 3.4 A native data to a final R/Rqee Of
29.3/33.3% (Table I).

The electron-density maps are quite clean and continuous,
considering the modest resolution of the data (Figure 1). The
gaps in the current model include 85 residues at the
N-terminus and 11 loops of varying length for which no
interpretable electron density is observed (Figure 1D). The
anomalous signal from selenomethionine sites, which con-
stitute ~3% of the Mtr4 sequence and are relatively well
distributed throughout the protein, was used to assign amino-
acid sequence. The alignments of the Hel308 (Buttner et al,
2007; Richards et al, 2008) and Hjm (Oyama et al, 2009) DNA
helicase structures to the Mtr4 structure were used to further
clarify sequence assignment and connectivity through por-
tions of the structure. Consequently, we were able to con-
fidently model 85% (918 residues) of the Mtr4 sequence and
four phosphate molecules into the electron density.

Overall description

The crystal structure reveals that Mtr4 is composed of five
distinct domains (Figure 1). The base of the structure con-
tains four domains (domains 1, 2, 3, and 4) assembled in a
circular manner, with a channel of ~12 A diameter passing
through the centre. In addition, a fifth domain is a large (265
residue) new structure that arches over the other four do-
mains. This domain is inserted into the middle of domain 3
and is therefore named domain 3a, or the ‘arch’ domain.
A brief description of each of these domains follows.

©2010 European Molecular Biology Organization
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Figure 1 Structural overview of Mtr4. (A) Stereo view of the Mtr4 structure. A Co trace is shown with rainbow colouring from N- (blue) to
C-termini (red). Residue numbers are indicated. (B) Representative stereo view of the 2f,f, electron density map, contoured at 1 c. The (*)
corresponds to the same position marked in (A). (C) Ribbon and surface representations of the Mtr4 structure, coloured by structural domains
(see also Supplementary Figure S1). (D) Mtr4 primary sequence and secondary structure. Helices and strands are numbered as indicated.
Dashed lines denote gaps in the model due to lack of electron density. The first strand in domain 1 (1) is not indicated, but presumably comes
from part of the 85 residues at the N-terminus of Mtr4; the precise sequence could not be determined because no electron density is observed

connecting it to the rest of the domain.

Domains 1 and 2 are the core helicase domains. Domains 1
and 2 are canonical RecA-like domains that are each com-
posed of a central B-sheet surrounded by a-helices
(Supplementary Figure S1). As observed in other helicase
structures (Cordin et al, 2006), eight signature sequence
motifs are located in a cleft at the interface of domains 1
and 2 (Supplementary Figure S1A). These motifs are typically
involved in nucleotide and nucleic acid binding, and hydro-
lysis of ATP. Domain 1 is an unusually extended B-structure

©2010 European Molecular Biology Organization

composed of 10 strands which, to our knowledge, is the
longest sheet currently reported for superfamily 2 helicase
structures (Supplementary Figure S1B). Secondary structure
predictions of other Mtr4 and Ski2 species suggest that an
extended sheet is a common feature of this protein family.
The structural or functional role of this extended sheet is
unclear, but the additional strands do contribute to the sur-
face area along the base of the structure. Similar to domain 1,
the B-sheet of domain 2 is rather large, containing eight
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strands. Extending off the second strand (B2) of domain 1 are
a loop and a short helix that span the cleft and pack with
domain 2.

Domain 3 adopts a winged helix fold. An ordered 14-residue
loop extends across the face of domain 1, connecting domain
2 to domain 3. Domain 3 adopts a winged helix-like
fold composed of helices H21, H22, and H30, followed by a
B-hairpin (Supplementary Figure S1C). The fold is structu-
rally similar to the winged helix domains of Hel308
(RMSD=1.97A) and Hjm (RMSD=2.04A). An additional
helix (H31) is positioned C-terminal to the winged helix fold
and forms part of the channel wall that runs through the base
of the protein.

Domain 4 resembles the seven-helix bundle of Hel308. The
C-terminal domain of Mtr4 is an eight-helix bundle comprising
residues 912-1073, and corresponds to the previously anno-
tated DSHCT domain (Staub et al, 2004). The Mtr4 structure
is the first report of a DSHCT domain. Unexpectedly, the
structure closely resembles the seven-helix bundle structures
from Brr2 (Pena et al, 2009; Zhang et al, 2009), Hel308
(Buttner et al, 2007; Richards et al, 2008), and Hjm (Oyama
et al, 2009). Indeed, the structural similarity between Mtr4
and Hel308 allowed us to identify connectivity between
several helices in domain 4 that would have otherwise
remained undetermined due to weak electron density in
several loop regions.

Domain 3a—the arch domain—is unique to Mtr4 and
Ski2. The most striking and unexpected feature of the Mtr4
structure is a large, 265-residue domain that arches over the
rest of the Mtr4 structure and accounts for approximately
25% of the Mtr4 protein (Figures 1 and 2). This ‘arch’
domain is inserted between the second and third helices of
domain 3 (H22 and H30), and replaces the loop that is
typically observed in other Ski2-like helicases. The arch
domain is composed of two distinct features: (1) the arms
and (2) the fist.

The ‘arm’ (H23 and H29) and ‘forearm’ (H24 and H28) are
each composed of an ascending and descending helix that
form antiparallel left-handed coiled coils (Figure 2A). Two
short loops at the ‘elbow’ are located between the arm and
the forearm, allowing the structure to make a sharp ~120°
turn. This marked bend is primarily responsible for the arch-
like appearance of the domain. Several conserved features are
observed at the elbow. A proline (Pro839) facilitates forma-
tion of the bend, and similar residues are found in the same
region throughout Mtr4 species, although the absolute posi-
tion varies slightly (Figure 2A). Hydrophobic packing by
several conserved residues (Val637, Val643, Tyr646, Leu840,
Leu846, and Tyr853) seems to stabilize the bend. In addition,
a potential salt bridge forms between the only invariant
residues in this region: Glu640 and Lys856. The low resolu-
tion of the data precludes an absolute assignment of side-
chain conformation, but these residues are clearly positioned
in a manner that would allow a salt bridge. Significantly,
these residues are only brought into proximity because of the
sharp bend at the elbow. A physical interaction between the
two residues is currently the best explanation for the absolute
conservation observed at these sites. The accumulation of
conserved features at the elbow suggests that the bend is a
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genuine feature of the arch domain that cannot be dismissed
as a crystallographic artefact.

The forearm extends into a globular a-f “fist’ that contains
a central B-sheet and sits directly above domain 2 (Figures 1
and 2A). The core of the fist is structurally similar to the
ribosomal protein Ll4e of Sulfolobus solfataricus
(RMSD =2.72 A; Figure 2B and Supplementary Figure S2).
Both Mtr4 and the L14e protein of S. solfataricus adopt a five-
strand fold followed by a C-terminal helix. Substantial crystal
packing is observed along helices H25 and H26 of the fist. In
the absence of additional structural data, it is not clear what
influence these packing interactions have on the overall fold
of the arch domain, but the most likely impact is on the
orientation of the fist.

It is important to note that the internal packing features
observed in the arch (e.g. non-crystallographic packing) do
not necessarily preclude motion at the elbow or other con-
formational rearrangements in the arch. The loops at the
elbow may actually facilitate conformational flexibility.
Indeed, given the proximity of the fist to the predicted path
of RNA (see below), we anticipate conformational changes in
the arch upon binding of substrates or protein cofactors.
Rigid-body motions in the arch may also result from con-
formational changes in other domains (e.g. upon ATP hydro-
lysis). Such motions, if they occur, are likely to have
significant mechanistic implications. Additional crystallo-
graphic and biophysical analyses are therefore needed to
characterize the potential dynamics of the arch domain.

The arch domain appears to be a new domain, both in
terms of structure and sequence. Comparable arch-like do-
mains have not been observed in other helicase structures.
Secondary structure matching (SSM) (Krissinel and Henrick,
2004) and DALI (Holm et al, 2008) searches using the arch as
a query structure failed to identify similar structures
in the protein data bank (although some similarity exists
between the fist of the arch and the L14e protein). Similarly, a
BLAST (Altschul et al, 1990) search of the arch sequence
exclusively yields Mtr4 sequences. We note, however, that
Ski2 contains a region of similar length (residues 830-1083),
which also has limited similarity to other known sequences.
Predicted secondary structure analysis indicates this
region in Ski2 adopts a fold that resembles the Mtr4 arch
(Figure 2A). Although the sequence similarity within the arch
domain of Mtr4 and Ski2 is low (~34%), it does include
several residues that are critical for maintaining the overall
structure in Mtr4 (Supplementary Figure S3). We conclude
that, despite the low sequence similarity, Mtr4 and Ski2 both
contain an arch-like domain. The domain is not observed in
other Ski2-like RNA or DNA helicases, and is therefore
unique to the Mtr4/Ski2 subfamily of Ski2-like helicases
(Figure 2C).

Molecular architecture of Ski2-like RNA helicases

The Mtr4 structure defines the fundamental molecular archi-
tecture of Ski2-like helicases. The structure clearly demon-
strates that domains 3 and 4 are characteristic features of
Ski2-like family members (Figure 2C). This observation is
particularly significant because sequence analysis failed to
identify either region of Mtr4 as similar to other Ski2-like
proteins. Domain 3 was not recognized as a winged helix due
to the insertion of the 265-residue arch domain between the
second and third helices (H22 and H30) of the motif

©2010 European Molecular Biology Organization
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Figure 2 Domain 3a—the ‘arch’ domain. (A) Sequence alignment of the arch domain. Conservation was calculated for Mtr4 sequences using
Consurf (Landau et al, 2005), based on 108 Mtr4 sequences (orange, strictly conserved residues; yellow, similar residues). Conservation was
similarly calculated for 42 Ski2 sequences and is displayed below the Mtr4 sequences. Observed (Mtr4) and predicted (Ski2) secondary
structure for the arch is indicated. The colouring of the Mtr4 secondary structure corresponds to the stereo figure of the arch shown above. Two
types of conservation are observed: residues that have a role in maintaining the overall fold or structure of the arch (V¥), and those that have a
potential functional role (). Proline residues that are predicted to influence the bend at the elbow are underlined. (S.cer, Saccharomyces
cerevisiae; S.pom, Schizosaccharomyces pombe; N.cra, Neurospora crassa; H.sap, Homo sapiens; M.mus, Mus musculus; D.rer, Danio rerio;
D.mel, Drosophila melanogaster; C.ele, Caenorhabditis elegans; M.bre, Monosiga brevicollis; A.tha, Arabidopsis thaliana) (B) Comparison of
the Mtr4 fist with the L14e ribosomal protein. Structures (top) and topology diagrams (bottom) are shown. Similar features between the
structures are coloured blue. The central fold of the L14e protein from S. solfataricus (PDB 2joy) is structurally similar to the fist of Mtr4 and
was used to guide model building in the fist. A more extensive comparison is shown in Supplementary Figure S2. (C) Domain arrangement of
Ski2-like RNA and DNA helicases. Domains 1, 2, 3, and 4 are characteristic of all identified Ski2-like helicases. Sequence and secondary
structure analysis indicates that the arch domain is unique to the Mtr4/Ski2 sub-family. The function of DDX60 as an RNA or DNA helicase has
not been demonstrated.
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(Figure 1C). However, the structural similarity of this
domain to other Ski2-like helicases is strong. Similarly, the
eight-helix bundle of the Mtr4 domain 4 is clearly related to
that of the Brr2 and Hel308 structures (Figure 3C). While our
manuscript was under revision, the structure of a DEAH-box
RNA helicase, Prp43, was published (He et al, 2010), which
also contains domains 1-4. This suggests that domains 1-4
may be a common feature in other helicases beyond the Ski2-
like RNA and DNA helicase family. Each subfamily of the
Ski2-like helicases also retains unique architectural
features. The most striking distinction between Mtr4/Ski2
and the other subfamilies is the presence of the large
arch domain, which accounts for a quarter of the entire
Mtr4 protein.

Model for RNA binding

The structural similarity between Mtr4 (excluding the arch
domain) and Hel308 allows us to model the likely RNA-
binding site for Mtr4 (Figure 3C). The model was built by
aligning the Hel308 DNA-bound structure onto domains 1, 2,
3, and 4 of the Mtr4 structure. On the basis of this model, it is
expected that RNA enters Mtr4 near the interface of the fist
and domain 2. Single-stranded RNA then makes a 90° turn to
pass through a channel formed by domains 1, 2, 3, and 4, and
exits out of the base of the structure. The immediate path of a
displaced strand is predicted to extend between domain 2 and
the fist, possibly in the direction of the central hole of the
arch. However, the trajectory of the displaced strand is
unclear, in part because the duplex region likely arises from

s
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N
%omailn2 3 omain -

& Ratchet h Ratchet
L[, helix L helix
\ \

Figure 3 RNA-binding model. (A) Nucleic acid from the DNA-bound Hel308 structure (PDB 2p6r) was superimposed on the Mtr4 structure to
model the likely RNA-binding site. Surface (top) and cartoon (middle) representations are shown, coloured by domain as in Figure 1. Inset
images highlight specific structural features observed in Mtr4 that are associated with strand separation and translocation in Hel308, including
the B-hairpin (from domain 2) and ratchet helix (domain 4). In addition, extensive interactions are predicted along the fist of the arch.
(B) Sequence conservation mapped on the surface of the arch. The colour scheme of conservation is the same as in Figure 2A. The position of
three strictly conserved arginine residues that potentially interact with RNA is indicated (). (C) Stereo view of domain 4. Domain 4 of Mtr4 is
an eight-helix bundle and is designated as a DSHCT domain (purple). The domain from Mtr4 is superimposed with the DNA-bound seven-helix
bundle of Hel308 (white) to highlight the structural similarity between these two domains. An 18-residue disordered loop in Mtr4 is drawn as a
dashed line. Helix H38 of Mtr4 corresponds to the ratchet helix of Hel308.
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secondary structures formed by a single strand of RNA,
which may preclude large separation of the opposing strands.

The Mtr4 structure reveals all of the general structural
components that are required for nucleic acid binding, strand
melting and strand translocation (Figure 3A). Specific fea-
tures include: (1) a B-hairpin (residues 521-532 of domain 2)
that is involved in melting duplex nucleic acid, (2) the
conserved motifs along the interface of domains 1 and 2 are
positioned to interact with the phosphate backbone of the
unwound strand, and (3) a ratchet helix. The consistency
between Mtr4 and Hel308 (Buttner et al, 2007) in these three
conserved structural features along the putative RNA-binding
path suggests that all Ski2-like helicases likely promote
strand displacement and translocation using the same basic
mechanisms.

The RNA-binding model also predicts protein-RNA inter-
actions that are unique to Mtr4. The arch domain is poised to
interact with RNA primarily in the fist. Conserved, positively
charged residues (Arg678, Arg774, and Arg800) are located
along one face of the fist and are strong candidates for
potential interactions (Figure 3B). Several large loops,
which are disordered in the current structure, potentially
interact with the incoming RNA. These loops include: a
15-residue loop (699-713) in the fist, a 29-residue region
(361-389) in domain 2, and an 18-residue loop (943-961) in
domain 4. Each of these disordered regions contains con-
served, positively charged residues that could interact with a
negatively charged RNA backbone. We note that the tem-
perature-sensitive Cys942Tyr mtr4-1 mutation (Liang et al,
1996) resides in domain 4 at the base of the disordered loop,
and potentially affects interactions with incoming RNA.

The localization of the fist near the predicted entry point
for RNA and adjacent to the B-hairpin of domain 2 suggests
that the arch may influence strand separation or resolution of
RNA/RNP structures. The coiled-coil scaffold of the arms of
the arch may actually provide the structural rigidity needed to
resolve some structures. Alternatively, the arch may regulate
RNA access to or navigation through the helicase. In this
model, the arch could fill a role analogous to domain 5 of
other Ski2-like helicases, which acts as a ‘molecular brake’ to
regulate processivity along various substrates (Richards et al,
2008).

The RNA-binding model suggests that the large hole
formed by the arms of the arch is probably not the primary
interface for RNA binding. Consistent with this model, little
conservation of charge or sequence is observed along this
surface (Figures 2A and 3B). The predicted path of RNA
binding is also a significant distance away from the winged
helix of domain 3. Although winged helix domains are often
associated with nucleic acid binding (Gajiwala and Burley,
2000), it is unclear whether this domain interacts with RNA.

The bottom surface of Mitr4 is a potential interaction site
for the exosome

To identify regions of potential surface interactions, conser-
vation among Mtr4 sequences was mapped onto the Mtr4
structure using Consurf (Landau et al, 2005; Figure 4A).
Strong conservation is observed throughout the base of the
structure and is particularly concentrated along the bottom
surface near the putative RNA exit site. The conservation is
less pronounced in the arch domain and is generally limited
to one surface of the fist that includes a cluster of highly
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conserved arginines (also see Figure 3B). When Ski2 con-
servation is mapped onto the Mtr4 structure, a similar pattern
of strong conservation is observed along the base of the
structure with even more limited conservation in the arch
(Figure 4B). In contrast to Mtr4 and Ski2, the surface of
Hel308 is much less conserved, especially near the nucleic
acid exit site (Figure 4C). Thus, the conservation along the
base of Mtr4 and Ski2 seems to be a unique feature of this
subfamily of Ski2-like helicases. This suggests that the con-
served surface has a role that is common to Mtr4 and Ski2,
but is distinct from canonical helicase function. One intri-
guing possibility is that the exosome interacts with Mtr4 (and
Ski2) along the base of the structure. This possibility is
consistent with the observation that Mtr4 co-purifies with
the human exosome (Chen et al, 2001). Such a direct inter-
action would position RNA emerging from the base of Mtr4
adjacent to the site at which RNA enters the exosome. We
note that the base of Mtr4 is roughly equivalent in diameter to
the entry surface of the exosome.

The current data provide few clues for the location of Trf4-
Air2 assembly on Mtr4. As polyadenylation of RNA sub-
strates is likely to precede interactions with Mtr4, the pro-
tein-protein binding site is expected to be nearer the putative
RNA entry site rather than at the conserved exit site of Mtr4.
The arch domain is an attractive target for Trf4-Air2 assem-
bly because of its proximity to the entry site and its distinctive
scaffold-like appearance. However, the lack of conservation
in this region yields few clues to potential interfaces.

The arch is important for exosome function in vivo

To investigate the function of the arch domain, an Mtr4-
archless mutant was constructed by inserting a four-residue
linker between H22 and H30 of domain 3 (Supplementary
Figure S4). Thus, the archless mutant essentially resembles
domains 1, 2, 3, and 4 of Hel308. Not surprisingly, purified
Mtr4-archless protein retains both RNA-dependent ATPase
activity and ATP-dependent helicase activity (Figure 5).
Furthermore, the activity is comparable with full-length
Mtr4 (Figure 5B).

To address whether the arch is functionally important, we
generated yeast expression plasmids for wild-type and arch-
less Mtr4. A strain containing the Mtr4-archless version is
viable, but grows significantly slower than the control wild-
type strain (Figure 5D). This slow growth phenotype is not
simply due to reduced expression of Mtr4-archless, as wes-
tern blot analysis indicates that wild-type and archless
Mtr4 are expressed at similar levels (Figure 5E). Thus,
although the arch domain of Mtr4 is not required for
in vitro ATPase or helicase activity, it is important for proper
Mtr4 function in vivo.

To analyse whether the growth defect of the Mtr4-archless
strain reflected a defect in exosome-mediated functions, we
analysed the processing of 5.8S rRNA and the degradation of
the 5'ETS, which are products of a 35S polycistronic precur-
sor (Figure 5F). The 5.8S rRNA is generated from a 7S
precursor by the exosome and Mtr4 (de la Cruz et al,
1998). The Mtr4-archless strain accumulated a distinct RNA
species that is 30 nucleotides (nt) longer than the normal 5.8S
rRNA (Figure 5G). We conclude that the arch is required for
exosome-mediated TRNA processing. The 5.8S + 30 accumu-
lation phenotype of the Mtr4d-archless mutant is similar to
that seen in rrp6A strains (Figure 5G). In contrast, point

The EMBO Journal VOL 29 | NO 132010 2211



2212

The crystal structure of Mtrd
RN Jackson et al

c Hel308

Variable

Conserved

Figure 4 Surface conservation. Evolutionary conservation scores were calculated and mapped onto the protein surface using Consurf (Landau
et al, 2005). Conservation is depicted by colour gradient ranging from variable (white) to highly conserved (orange). (A) Mtr4 conservation
mapped onto the Mtr4 structure. (B) Ski2 conservation mapped onto the Mtr4 structure. (C) Hel308 conservation mapped onto the Hel308
structure (PDB 2p6r). The strong conservation observed along the base of Mtr4 and Ski2 suggests that this is a potential interaction surface. See
Supplementary Figure S3 for a more detailed alignment of Mtr4 and Ski2 sequences.

mutations in the core exosome do not lead to the accumula-
tion of this species, but instead cause the accumulation of
heterogeneous species that range in length between 7S and
5.85+30 (Allmang et al, 1999a). On the basis of these
observations it has previously been suggested that removal
of the last 30nt of the 5.8S precursor specifically requires
Rrp6 and cannot be performed by the core exosome (Briggs
et al, 1998). The Mtr4-archless phenotype demonstrates that
the arch domain is also required for final processing of
remaining 30nt of the 5.8S precursor.

The 5" ETS is the 5’ most part of the 35S rRNA precursor,
which is degraded by the exosome after cleavage from the
precursor. Probing a northern blot with a probe for the 5’ETS
revealed a pattern in archless that was very similar to that
seen in rrp6A strain. Both strains accumulate about four-fold
higher levels of the 5" ETS compared with wild type. For both
the 5.8S rRNA processing and 5'ETS degradation assays, the
phenotype of archless mtr4 did not resemble that of point
mutants inactivating either of the other two catalytic activ-
ities of the exosome (i.e. the rrp44-DS5IN mutant lacking
Rrp44 exoribonuclease activity and the rrp44-D171A mutant
lacking Rrp44 endoribonuclease activity; Figure 5). Thus, our
northern blot results suggest a possible role of the arch in
activation of Rrp6, although they do not rule out the possi-
bility that the arch also affects the activity of Rrp44 on some
substrates.

The EMBO Journal VOL 29 | NO 13 ] 2010

Consistent with a role for Mtr4 in activating Rrp6, a recent
study indicates that the TRAMP complex can stimulate the
activity of Rrp6 in vitro in a manner that is independent of the
helicase or poly(A) polymerase activities of TRAMP
(Callahan and Butler, 2009). Notably, TRAMP enhancement
of Rrp6 activity was observed even in a TRAMP complex
depleted of detectable levels of Mtr4. However, other cofac-
tors associated with the 5.8S rRNA during processing, includ-
ing the core exosome, were not present in the in vitro analysis
of TRAMP-mediated Rrp6 activation. The mechanism for
Rrp6 activation and the role of the Mtr4 arch domain in
that process therefore remains unclear. One possibility is that
the arch indirectly enhances Rrp6 activity in vivo through
other protein-protein interactions (e.g. Trf4 and/or Air2).
Alternatively, the arch may assist in making the extra 30nt
of the 5.8S precursor accessible to Rrp6 in vivo. This last
possibility is especially interesting in light of recent structural
and biochemical data indicating that the distance from the
top of the core exosome to the active site of the exonuclease
Rrp44 is 30nt (Bonneau et al, 2009; i.e. the same as the
number left in 5.8S + 30). Previous models for RNA proces-
sing have not addressed how the core exosome would
stop once it reaches +30 and how the 5.85+ 30 species
is released from the core exosome to be targeted to Rrp6.
We speculate that Mtr4 could help stop exosomal decay
of processed substrates. The Mtr4-archless data further
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Figure 5 The arch domain of Mtr4 is required for RNA processing and degradation, but not for helicase or ATPase activity. (A) Displacement of a
radiolabelled single-stranded RNA from a 16-bp duplex with a 3’-single-stranded overhang by full-length Mtr4 and the Mtr4-archless mutant, as
observed on a non-denaturing polyacrylamide gel. Illustrations on the left describe the mobility of duplex and single-stranded RNA through the
gel; the asterisk represents the **P label. Aliquots were taken at the time points indicated after the addition of ATP. Lane 8 displays the complete
dissociation of the duplex after heating an aliquot to 95°C, and lanes 7 and 15 show a reaction without ATP after 60 min. (B) Time courses for the
fraction of displaced (unwound) RNA compared with total RNA is shown. Closed circles indicate Mtr4 activity; open triangles indicate Mtr4-
archless activity. A solid line representing Mtr4 and a dashed line representing Mtr4-archless were fit to the data points as a first-order reaction
(Wang et al, 2008), allowing for the determination of reaction amplitudes (A =0.427 £0.010, Mtr4; A=0.364 £0.016, Mtr4-archless) and
observed unwinding rate constants (k’ynw =0.066 £0.005/min, Mtr4; k' ,w=0.058 £ 0.008/min, Mtr4-archless). (C) Enhancement of ATPase
activity after introduction of RNA for Mtr4 and Mtr4-archless. The rate was determined using a malachite green assay that monitors the rate of
release of inorganic phosphate [Pi] from ATP over time. Background values (activity in the absence of RNA) have been subtracted from the total
rate. (D) The arch domain is required for optimal growth rate. The indicated plasmids were introduced into a yeast strain that had the MTR4 gene
deleted from the chromosome, and that also contained a plasmid encoding wild-type Mtr4 with a URA3 selectable marker. Growth on 5-FOA
plates (left) selects for cells that have lost the URA3 plasmid, and thus shows that Mtr4-archless confers a slow growth phenotype. (E) A western
blot probed with anti-Mtr4 antibodies (top) and re-probed with anti- Pgkl antibodies as a loading control shows that archless and wild-type Mtr4
are expressed at similar levels. (F) The 5’ ETS and 5.8S rRNA are degraded and processed through actions of the nuclear exosome and Mtr4. The 5’
ETS and 7S rRNA precursor are downstream products of 35S rRNA precursor processing events. 5.8S rRNA is generated through processing of 7S
and 5.8S + 30 intermediates and the 5" ETS is completely degraded. (G) The 5.8S + 30 intermediate accumulates in an Mtr4-archless mutant and
an r7p6 knockout strain but not in strains that lack Rrp44 exonuclease or endonuclease activity. Shown is a northern blot probed with a 32p-
radiolabelled oligonucleotide specific for the 5.8S rRNA (top) and re-probed for the RNA subunit of the signal recognition particle (bottom).
(H) The 5" ETS signal is four-fold greater in the Mtr4-archless, rrp6 knockout, and r7p44-exo~ strains, but only the r7p44-exo™ strain shows decay
intermediates. Same northern blot, as shown in (G), re-probed with a *?P-radiolabelled oligonucleotide specific for the 5’ ETS is shown.
Supplementary Figure S4 provides the structural justification for design of the Mtr4-archless mutant used in these studies.
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Figure 6 Model for 5.8S TRNA processing. Initial processing of the 7S precursor is performed by Rrp44 in association with the core exosome,
leaving a 5.8S + 30 nt RNA. Final processing is performed by Rrp6. Mtr4 is proposed to help make the 5.85 + 30 substrate accessible to Rrp6,
possibly by removal of the RNA from the core exosome. Although Rrp6 is depicted in association with the core exosome during processing of
the 5.8S 4 30 substrate, such an interaction may not be required, as previously suggested (Callahan and Butler, 2008).

raise the possibility that the arch domain (and/or proteins
associated with it) may facilitate the retraction of 5.8S+ 30
intermediates out of the exosome core to make them acces-
sible for Rrp6 (Figure 6).

Conclusion

The full-length Mtr4 structure presented here represents, to
the best of our knowledge, the first complete view of a Ski2-
like RNA helicase, and is also the first full-length structure for
any RNA helicase of comparable size. The structure reveals a
variety of features that suggest that while Mtr4 retains
canonical helicase function, it also contains added function-
ality that extends beyond that of previously characterized
helicases. The new arch domain, in particular, seems to have
an important role in processing of RNA substrates. The
structural and biochemical data presented here suggest
numerous avenues towards a more detailed mechanistic un-
derstanding of exosome-mediated RNA processing and decay,
as well as a broader view of the activities of Ski2-like helicases.

Materials and methods

Construct design

The full-length Mtr4 DNA sequence from S. cerevisiae was inserted
into a pET 151-D-topo E. coli expression vector (Invitrogen) with an
N-terminal, TEV-protease cleavable, hexahistidine tag. The removal
of the his tag by TEV cleavage leaves two additional amino acids at
the N-terminus of the native sequence. The archless Mtr4 mutant
was constructed by replacing protein residues 615-878 with a four-
residue ELST linker (Supplementary Figure S4).

Protein expression

Mtr4 protein was recombinantly expressed in an E. coli BL21(DE3)-
codon + RIL cell line (Stratagene). Protein expression was induced
using an autoinduction protocol (Studier, 2005). Autoinduction
yielded a greater amount of protein per media volume (15-20 mg/1)
than traditional IPTG induction methods. Growth at room tempera-
ture allowed for greater Mtr4 solubility than that observed for 37°C
growth. Cells were collected at 20 000r.p.m. and stored at —80°C.

Protein purification
Cell lysis was performed by manually breaking up the frozen cell
pellet followed by lysozyme treatment and sonication. Ni-affinity,
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heparin affinity, and gel filtration chromatography techniques were
used to purify the protein. All purification buffers contained 5%
glycerol, 50 mM HEPES (pH 7.5), and 2 mM beta-mercaptoethanol.
Salt concentration was varied in the buffers through the chromato-
graphy procedures. The final buffer conditions of purified protein
were those described above plus 160 mM NacCl.

Activity assays

The ATPase activity was determined using a colorimetric malachite
green assay that detects the release of inorganic phosphate [Pi] after
ATP hydrolysis. The method was adapted from the procedure
described by Bernstein et al (2008) and is described in detail in
Supplementary data.

Helicase activity was determined essentially as described by
Wang et al, (2008). Briefly, the assay measures displacement of a
32p.Jabelled 16-nt RNA from a complementary RNA strand contain-
ing an additional 25-nt 3’ overhang. Displacement is observed on a
non-denaturing polyacrylamide gel. The detailed protocol is
described in Supplementary data.

Yeast complementation assay

The MTR4-wild-type or MTR4-archless plasmids containing a LEU2
selectable marker were transformed into an MTR4 deletion strain
complemented with a MTR4-wild-type copy plasmid containing a
URAS3 selectable marker. To test whether the arch was essential for
growth, the resulting transformants were grown in Synthetic
Complete-LEU (SC-LEU) liquid media overnight at 30°C. The liquid
cultures were then serially diluted and spotted onto plates contain-
ing 5-fluoro-orotic acid (5-FOA; to counter select against the
URA3 plasmid with MTR4-wild-type) or control plates (SC-LEU).
For more details regarding yeast plasmids and methods see
Supplementary data.

Western blot analysis

The MTR4-wild-type and MTR4-archless strains that grew on 5-FOA
were grown in YPD, total protein was isolated and analysed using
antibodies against Mtr4 at a 1:5000 dilution. Western blots were
stripped and re-probed with antibodies against PGK1 (Molecular
Probes) to control for equal loading.

Northern blot analysis

The MTR4-wild-type and MTR4-archless strains were grown in
YPD, total RNA was isolated, resolved on polyacrylamide gels, and
probed with 5’ 3?P-labelled oligonucleotides for 5.8S processing
defects (5'-TTTCGCTGCGTTCTTCATC-3'), S’ETS degradation de-
fects (5'-CGAACGACAAGCCTACTCG-3') and for the RNA subunit of
the signal recognition particle (5'-GTCTAGCCGCGAGGAAGG-3').
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Crystallization

Crystallization was performed using standard vapour diffusion
methods. Crystals were grown at 4°C in 2.4M ammonium
dihydrogen phosphate, and 0.5M Tris base (pH 8.5) at a 1:2
protein:well drop ratio, using 10mg/ml his-tagged Mtr4 protein.
Although TEV-cleaved protein is amenable to crystallization in the
same conditions, there was no improvement in the diffraction of the
crystals. To provide phasing data for structure solution, seleno-
methionine-substituted (Se-met) Mtr4 was expressed in E. coli using
a modified autoinduction protocol (Studier, 2005). Se-met purifica-
tion and crystallization was the same as described for the native
protein.

Data collection and structure determination

Crystallographic data were collected to 3. 4A (native) and 3. 6A (Se-
met) on beamline X29 at the National Synchrotron Light Source
(NSLS; Table I). Data were processed using HKL2000 (Otwinowski
and Minor, 1997). The Mtr4 crystals belong to space group P3,21
(@a=133. 4A b=133. 4A c=191. 9A a=90°, B=90° y=120°)
and contain one molecule in the asymmetric unit (Matthews
coefficient=3.9; 68% solvent). Phases were determined by the
single-wavelength anomalous dispersion method using Se-met
substituted Mtr4. The programs SOLVE (Terwilliger and Berendzen,
1999) and RESOLVE (Terwilliger, 2000), as implemented in the
PHENIX software package (Adams et al, 2002), were used to
identify selenium positions (30 out of 32 potential sites were
identified) and to calculate maps to 3.6A. The maps were
subsequently extended to 3.4 A using the native data.

Modelling and refinement
The resulting electron density maps were of sufficient quality to
manually build an initial backbone trace using Coot (Emsley and
Cowtan, 2004). The Hel308 DNA helicase structures (PDB 2va8 and
2p6r; Buttner et al, 2007; Richards et al, 2008) were used to clarify
ambiguous connectivity between secondary structures and to
improve the model in domains 1, 2, 3 and 4. The Robetta structure
prediction server (Kim et al, 2004) was used to identify homology
between the fist of the arch domain and the archaeal L14e protein
from S. solfataricus (2joy). The Ll4e structure provided critical
guidance for tracing the map in this region. Secondary structure
predictions obtained from PSIPRED (Jones, 1999) provided useful
guidance for modelling secondary structure. Methionine residues
constitute ~3% of the protein and are quite evenly distributed
throughout the sequence. Consequently, methionine positions
identified from the Se-met data provided critical place markers to
assign sequence to 95% of the final structure.

PHENIX (Adams et al, 2002) was used to perform individual
b-factor, positional, and TLS refinement. Owing to the low resolution
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of the data, extensive secondary structure restraints were used to
maintain proper geometry during refinement. The final model is a
mixed a-helical (50%) and B-sheet (15%) structure containing 918
out of 1073 total residues and four phosphates. Gaps in the current
model include 85 residues of the native sequence at the N-terminus
and 11 loops of varying length throughout the rest of the sequence
(Figure 1). Complete side chains were modelled when supported by
the electron density. All other residues were modelled as alanine or
serine, as deemed appropriate. The structure was refined to a final
Ruwork/Riree 0f 29.3/33.3 % . Ramachandran statistics calculated using
MolProbity (Davis et al, 2007) indicate 74.8% of the residues are in
the favoured region with 3.8% outliers. Figures were generated with
PyMOL (DeLano, 2002).

Sequence alignment and conservation analysis

Sequence alignments and conservation scores were calculated with
ConSurf (Landau et al, 2005). Using the arch sequence from S.
cerevisiae Mtr4d as a query, 108 unique Mtr4 sequences were
identified for analysis. A similar search with the putative arch
sequence from S. cerevisiae Ski2 retrieved 42 unique sequences.
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