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REVIEW review

Ski2-like RNA helicases are a relatively small family of superfam-
ily 2 helicases.1-5 A distinctive feature of these helicases is their 
large size, spanning 120–225 kDa in S. cerevisiae. Named for 
their founding member, Ski2,6-9 Ski2-like RNA helicases play 
important roles in RNA degradation, processing and splicing 
pathways.1,10 As helicases, they process RNAs in a 3'-5' direc-
tion. They generally function as parts of larger complexes and 
in many cases appear to act as a platform for complex assembly. 
Several recent studies have given us our first structural view of 
this family. Here we highlight the common architectural themes 
and functional implications emerging from these structures. We 
also discuss the role of Ski2-like helicases in larger complexes, 
with a particular emphasis on complexes involved in activation of 
the exosome for RNA degradation and processing.

Ski2-Like Family Helicase Structures

In S. cerevisiae, four Ski2-like RNA helicases have been iden-
tified, including Ski2, Mtr4, Brr2, and Slh1. (Suv3 has previ-
ously been categorized as Ski2-like, but recent studies indicate 
that it is phylogenetically2 and structurally11 distinct). Human 
homologs exist for each protein. The biology of these helicases 
has been extensively reviewed.1,10,12-22 Briefly, Mtr4 and Ski2 
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Ski2-like RNA helicases are large multidomain proteins involved 
in a variety of RNA processing and degradation events. Recent 
structures of Mtr4, Ski2 and Brr2 provide our first view of 
these intricate helicases. Here we review these structures, 
which reveal a conserved ring-like architecture that extends 
beyond the canonical RecA domains to include a winged helix 
and ratchet domain. Comparison of apo- and RNA-bound 
Mtr4 structures suggests a role for the winged helix domain 
as a molecular hub that coordinates RNA interacting events 
throughout the helicase. Unique accessory domains provide 
expanded diversity and functionality to each Ski2-like family 
member. A common theme is the integration of Ski2-like 
RNA helicases into larger protein assemblies. We describe the 
central role of Mtr4 and Ski2 in formation of complexes that 
activate RNA decay by the eukaryotic exosome. The current 
structures provide clues into what promises to be a fascinating 
view of these dynamic assemblies.
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promote RNA decay, Brr2 functions in pre-mRNA splicing, and 
Slh1 is involved in translation and transcription. The structural 
data currently available for Ski2-like helicases is summarized in 
Table 1 and Figure 1, and includes nearly complete structures of 
Mtr423,24 (75 N-terminal residues are missing) and an equivalent 
region for Ski2.25 Partial structures for Brr2 have also been deter-
mined26,27 that correspond to the C-terminal Sec63 domain from 
the second of two helicase repeats. The only structure bound to 
RNA substrates is an Mtr4 complex bound to ADP and a five 
nucleotide single stranded RNA.24 In addition to the RNA heli-
case structures, several related Ski2-like DNA helicase structures 
are also available.28-31 As will be discussed below, the structure of 
Hel308,28 an archaeal DNA helicase from A. fulgidus, includes 
a partially unwound DNA duplex and has provided valuable 
insight into unwinding and translocation mechanisms that are 
likely applicable to the RNA helicases.

Common Architecture of Ski2-Like Helicases

All superfamily 2 (SF2) helicases contain a pair of RecA-
like domains arranged on a single polypeptide with N- and 
C-terminal extensions.3,5 These two domains constitute the 
“core” helicase domains and provide the motor associated with 
helicase activity.32,33 Conserved sequence motifs found within the 
RecA domains are involved in ATP and nucleic acid interactions. 
Classification of helicase families is typically based on the precise 
sequence and arrangement of these motifs. In the case of Ski2-
like helicases, sequence analysis has identified two RecA domains 
containing 12 conserved sequence motifs.1-5 The Mtr4 and Ski2 
structures confirm that the RecA domains (designated here as 
RecA1 and RecA2) adopt structures and sequence motif arrange-
ments similar to that observed in other SF2 helicases (Fig. 1).

Despite the strong conservation of the RecA domains between 
Ski2-like helicase family members, it was unclear whether any 
other similarities existed between family members until deter-
mination of crystal structures. The Hel308 structure28 revealed 
that a small winged helix domain and a larger seven helix bundle 
or “ratchet” domain packs against the RecA domains to form a 
ring-like structure that accommodates passage of a single strand 
of DNA. An additional C-terminal helix-hairpin-helix (HhH) 
domain interacts with the ratchet domain and the exiting DNA 
strand. Structures of the second Brr2 Sec63 domain26,27 showed 
that it resembles the ratchet and HhH domains of Hel308, and 
additionally contains a Fibronectin type III domain (FN3). 
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conserved motifs in RecA1 and RecA2; and stabilizing base 
stacking interactions opposite the RecA domains with the ratchet 
helix of the ratchet domain. ATP binding and hydrolysis between 
the RecA domains are believed to cause conformational changes 
that allow the helicase to step along the DNA backbone using an 
inchworm mechanism.39

The Mtr4 and Ski2 structures suggest that Ski2-like RNA 
helicases function similarly to Hel308. All of the key structural 
features described in Hel308 that are proposed to be important 
for unwinding are retained in Mtr4 and Ski2, including the 
β-hairpin and ratchet helix. Although no structures of the cor-
responding region exist for Brr2, mutagenic disruption of the 
predicted β-hairpin results in a slow growth phenotype in vivo 
and loss of helicase activity in vitro.27 No duplex RNA has been 
crystallized with either Mtr4 or Ski2, so strand splitting is not 
directly observed. However, the RNA-bound Mtr4 structure 
does show backbone interactions with the conserved RecA motifs 
Ia, Ib, IV and V. Interactions with the RNA bases are observed 
along the ratchet helix, although it has been noted that there are 
some differences in the mode of RNA binding between the two 
crystallographically observed molecules for Mtr4.40 The ratchet 
helix interaction also differs slightly in detail between Mtr4 and 
Hel308, but it remains to be determined whether this corre-
sponds to any functional differences between the two proteins. 
What is clear is that the ratchet domain is functionally impor-
tant. Deletion of the ratchet domain of Mtr4 is lethal,41 consistent 
with the loss of unwinding activity observed in Hel308 when the 
ratchet domain is removed.28 The Mtr4–1 mutation (C942Y), 
which arose from the initial genetic screen that identified Mtr4, 

Unexpectedly, the Mtr423,24 and Ski225 structures showed that 
they also contain a winged helix and ratchet domain similar to 
what is seen in the Hel308 structure. A large insertion in the 
middle of the winged helix domain in Mtr4 and Ski2 (the arch 
domain, discussed below) had prevented prior identification 
of this domain by sequence analysis. Likewise, although the 
sequence similarity between the Hel308/Brr2 seven helix bun-
dle and the Mtr4/Ski2 eight helix bundle was not obvious (11% 
sequence identity/26% similarity), they are clearly structurally 
related (RMSD = 2.7 Å for 106 residues out of 140 for Hel308 
and 162 for Mtr4, as calculated by PDBeFold34).

Combined, these structures demonstrate that the fundamen-
tal molecular “core” of all Ski2-like helicases is a ring-like four 
domain assembly of two RecA domains, a winged helix domain 
and a ratchet domain (Fig. 1). Recent structures of DEAH/
RHA-box RNA helicases have revealed a similar core struc-
ture,35-37 indicating that it may be a common feature with useful 
characteristics for a variety of helicases. This common architec-
ture has been referred to elsewhere as the DExH-box core.24 Here 
we will simply refer to it as the helicase core.

Unwinding Mechanism

Our current understanding of RNA/DNA unwinding and trans-
location by Ski2-like helicases has been developed primarily from 
structures of the Hel308 DNA helicase,28 and is detailed in recent 
reviews.1,32,38 Key structural features of the proposed mechanism 
include a β-hairpin in domain RecA2 that acts as a wedge to 
split the DNA duplex; nucleic acid backbone interactions with 

Table 1. X-ray crystal structures of Ski2-like helicases

Protein Name Organism PDB Substrate Domains obs.* Function Reference

Ski2-like RNA helicases (eukaryotic)

Brr2, S. cerevisiae 3HIB — 4,5,6a RNA splicing 2009 Zhang et al.27

(Rss1/Slt2/
Prp44/Snu246)

3IM1 
3IM2

— 
—

4,5,6 
4,5,6

2009 Pena et al.26

U5–200KD H. sapiens 2Q0Z — 4,5,6 2007 NESG†

Mtr4, (Dob1) S. cerevisiae 3L9O — 1,2,3,3ab,4 Nuclear RNA decay 2010 Jackson et al.23

2XGJ RNA/ADP 1,2,3,3a,4 2010 Wier et al.24

Ski2 S. cerevisiae 4A4Z ADPNP 1,2,3,3a,4 Cytoplasmic 2012 Halbach et al.25

4A4K — 3a RNA decay

Ski2-like DNA helicases (archaeal)

Hel308, (Hjm) A. fulgidus 2P6R DNA 1,2,3,4,5 DNA repair & 2007Buttner et al.28

2P6U — 1,2,3,4,5 recombination

P. horikoshii 2Z41 — 1,2,3,4,5 2008 Zhang et al.31

S. solfataricus 2VA8 — 1,2,3,4,5 2008 Richards et al.30

P. furiosus

2ZJA 
2ZJ8 
2ZJ5 
2ZJ2

ADPNP 
— 

ADP 
—

1,2,3,4,5 
1,2,3,4,5 
1,2,3,4,5 
1,2,3,4,5

2009 Oyama et al.29

*Ski2-like helicase observed domains are numbered as follows 1 = RecA1, 2 = RecA2, 3 = Winged Helix, 3a = Arch, 4 = Ratchet domain, 5 = Helix hairpin 
Helix and 6 = FN3. †Northeast Structural Genomics Consortium, unpublished. aDomains 4,5 and 6 form the previously named Sec63 domain. bThe Arch 
domain of Mtr4 and Ski2 (3a) inserts in the middle of domain 3.
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Figure 1. Members of the Ski2-like helicase family share a common four domain helicase core. (A) Schematic representations (top row) highlight the 
architectural arrangement of the Ski2-like helicases for the Brr2, Mtr4 and Ski2 RNA helicases and the related Hel308 DNA helicase. Representative 
structures are also indicated (middle and bottom rows). The helicase core is composed of the RecA1, RecA2, Winged Helix (WH) and Ratchet domains 
(white lettering). Accessory domains are also indicated (black lettering). Brr2 contains two helicase core cassettes. The current Brr2 structures are limit-
ed to the second Brr2 Sec63 domain (composed of the ratchet, HhH and FN3 domains). (B) Domain organization for the Ski2-like helicases. Amino acid 
residue numbers are from S. cerevisiae, except for Hel308 (A. fulgidus) and DDX60 (H. sapiens). DNA or RNA helicase activity has not been demonstrated 
for DDX60, although it has been shown to bind both DNA and RNA.119 Uncharacterized N-terminal regions are not indicated in (A) but are included in 
(B) as gray boxes. Structures were rendered using PyMol.120
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and pre-rRNA (Johnson lab, unpublished data). However, the 
fist does not bind single stranded poly(A) RNA,25 indicating a 
preference for structured RNA.

Like Mtr4, the Ski2 fist contains a β-barrel, but it lacks a 
KOW motif and adopts a more rigid conformation by associat-
ing directly with the arch forearm via hydrophobic interactions.25 
The Ski2 fist appears to be less selective than that of Mtr4, bind-
ing to both structured and single stranded RNAs. The surface of 
the Ski2 fist is more positively charged than Mtr4. Presumably, 
the different RNA binding properties reflect differences in the 
types of substrates processed by Mtr4 and Ski2.25

While the arch domain is poised to interact with an incom-
ing substrate and may play a role in substrate specificity, it is 
not required for helicase activity.23 Nor has it been shown to be 
directly involved in protein-protein interactions. It does, how-
ever, play an important functional role. Archless-mtr4 mutants 
have a slow growth phenotype in S. cerevisiae and exhibit rRNA 
processing defects.23 Further studies will be required to elucidate 
the role of the arch domain in Mtr4/Ski2 function.

Other Accessory Domains

Mtr4 and Ski2 both contain N-terminal extensions off of the 
helicase core that may play functional roles. The N-terminus of 
Ski2 is significantly longer than Mtr4. No structural informa-
tion is available for this region, with the exception of a 50 amino 
acid extended β-hairpin in Mtr4 that spans both RecA domains 
and appears to stabilize the RecA1-RecA2 structure23,24 (Fig. 1). 
It is unclear whether a similar structure exists in Ski2 since the 
corresponding sequence was removed to facilitate crystallization. 
However, the N-terminus of Ski2 is required for Ski complex 
formation (see discussion below), suggesting a role in mediating 
protein-protein interactions.

In Brr2, a helix-hairpin-helix (HhH) domain and Fibronectin 
type III (FN3) domain flank the C-terminus of the ratchet 
domain. These three domains are jointly referred to as a Sec63 
domain,51 although the ratchet domain may be more appro-
priately considered part of the helicase core.21 A similar HhH 
domain is observed in Hel308 where it interacts with DNA 
emerging from the helicase core28 and acts as an autoinhibitory 
“molecular brake” to repress helicase activity.30 FN3 domains are 
generally associated with protein-protein interactions.52

Brr2 and Slh1 both contain two copies of the core helicase-
Sec63 module, although only the first module is believed to have 
functional helicase activity.53 The role of the second module is 
uncertain, but has been suggested to play a role in protein-protein 
interactions26,54,55 and was shown to regulate Brr2 helicase activ-
ity,26 and may therefore be considered an accessory domain to the 
Brr2/Slh1 helicase core.

Helicase Dynamics in Mtr4

Because multiple structures of Mtr4 are available (apo and ADP/
RNA-bound), it is possible to get a sense for the range of motions 
accessible to the helicase. Since both structures were determined 
at about the same time, no comparison of the structures has 

is located on a loop near the ratchet helix and produces a growth 
phenotype in S. cerevisiae.42 Similarly, mutations along the puta-
tive ratchet helix in Brr2 result in slow growth phenotypes and 
also exhibit reduced unwinding activity in vitro.26,27,43

It has been proposed that the base stacking interactions medi-
ated by the ratchet helix provide a mechanism for enforcing direc-
tionality during translocation.28,32 These interactions, combined 
with the ring-like shape of the helicase core, may also confer some 
degree of processivity to the helicase. However, while Hel308 has 
been described as a processive helicase,28,44 the processivity of the 
RNA helicases has proven difficult to determine.26,45

Accessory Domains

The unique characteristics of Ski2-like family members are 
derived in large measure from accessory domains that decorate 
the helicase core and provide expanded functionality. Indeed, 
this appears to be a common theme throughout SF2 helicase 
families.2,13

Arch Domain

The most distinctive Ski2-like accessory domain described 
to date is the Arch domain of Mtr4 and a related domain in 
Ski2. The domain is a prominent 256–266 amino acid inser-
tion within the winged helix domain that is unique to Mtr4 
and Ski2 (Fig. 1). Originating from the back side of the heli-
case core, two anti-parallel coiled coils (arm and forearm), each 
composed of an ascending and descending helix, extend over 
the helicase core and terminate in a globular region called the 
fist that in Mtr4 is positioned directly above the RNA entry 
site. A dramatic bend between the arm and forearm creates the 
arch-like appearance for which the domain was named. In Ski2, 
this bend is stabilized by a zinc-binding CCCH-type motif.25 
We note that multiple terms have been used in the literature to 
describe the same structural features throughout this domain, as 
indicated in Figure 2.

While the arch domain is common both to Mtr4 and Ski2, 
significant sequence and structural differences exist between 
the two helicases (Fig. 2). In contrast to the helicase core, the 
sequence similarity between Mtr4 and Ski2 in the arch is limited 
to a few residues23,25 and provides a useful basis for distinguishing 
between the two proteins. Structurally, the largest differences are 
observed in the fist, as described below.

The fist of Mtr4 adopts a β-barrel fold that contains a KOW 
motif46 and has therefore been described as a KOW domain.24 
KOW domains are often associated with proteins that interact 
with structured RNAs,47 including the bacterial L24 protein, the 
archaeal L14 protein and the eukaryotic L26 and L27 proteins 
from the large ribosomal subunit.46,48-50 (The L14 protein was 
actually used to model the fist in the original low resolution maps 
of Mtr423). Although sequence conservation is limited on the sur-
face of the fist, and generally throughout the arch, a few conserved 
positively charged and aromatic residues are found on the surface 
of the fist which may facilitate RNA interactions.23 In vitro gel 
shift assays confirm that the fist binds hypomodified tRNA24 
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fist. In one of the molecules observed in the RNA-bound crys-
tal, significant disorder is observed in the electron density which 
prevented modeling of the fist, suggesting substantial flexibility 
in this region.24 In contrast, the “elbow” position where the arms 
make a sharp bend appears to be quite fixed and the arms move 
as a rigid body (Fig. 3C). Rotation of the arms with respect to 
the helicase core occurs at the junction with the winged helix 
domain. The different arch conformations observed in the apo 
and RNA bound states are not a function of direct contact with 
RNA since no interaction is observed in the structure, but may be 
a result of indirect long-range interactions with the helicase core.

An important conclusion from comparison of the Mtr4 struc-
tures is that each domain appears to rotate independently with 
respect to the other domains (Fig. 3A). Furthermore, the winged 
helix domain is strategically positioned to act as the central hub 
around which all of the other domains rotate. The winged helix 

been published to date. Here we describe the major differences 
between the two structures.

The first observation is that while extensive contacts place 
restraints on the helicase core, the core domains retain moder-
ate flexibility. The net effect of RNA binding to Mtr4 is a col-
lapse of the entire helicase core around the RNA (Fig. 3). The 
RecA domains engage the RNA backbone through the conserved 
sequence motifs Ia, Ib, IV and V. This binding is accompanied 
by shifts that bring the RecA domains closer together. On the 
opposite side of the RNA, the ratchet helix shifts ~4.1 Å to inter-
act directly with the RNA bases. Larger motions (up to 5.5 Å) 
and helical rearrangements are observed throughout the ratchet 
domain in response to RNA binding (Fig. 3).

The arch domain is also mobile. This is particularly true for 
the fist. Compared with the apo structure, rotation occurs in the 
RNA-bound structure at the “wrist” between the arms and the 

Figure 2. Comparison of Mtr4 and Ski2. The structures of Mtr4 (A) and Ski2 (B) are shown from a side-view and top-view (PDB ID 2XGJ and 4A4Z, 
respectively). For clarity, the arch domain has been removed in the top-view. Domain names and important structural features are indicated, including 
alternative nomenclature used in the literature.
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winged helix reveals hinge-like motions that occur between each 
domain and the winged helix (Fig. 3A).

Winged helix domains are commonly utilized to bind DNA 
and have also been observed in protein-protein interactions.56 

domain is physically linked to each of the other domains, provid-
ing a three-way junction with the RecA domains attached at the 
N-terminal end, the arch domain inserted in the middle, and the 
ratchet domain attached to the C-terminus. Superposition of the 

Figure 3. Substrate binding induces conformational changes in Mtr4. (A) Comparison of the apo23 (gray) and RNA/ADP bound24 (color) Mtr4 structures 
(left panel). Alignment was performed by superimposing the winged helix domains. The cartoon rendition (middle panel) highlights domain motions 
with respect to the winged helix. Covalent linkages connecting the winged helix to the RecA2, arch and ratchet domains are indicated (black lines). 
The winged helix also stacks with RecA1. The right panel depicts RNA interactions with the RecA (observed), arch (predicted) and ratchet domains 
(observed), demonstrating the ability of Mtr4 to interact with every region of the unwinding RNA (i.e., duplex, fork, ssRNA backbone and bases). The 
winged helix is physically linked to each of the other domains (considering the RecA domains as a single module), suggesting a potential role as a mo-
lecular hub that coordinates motions between the other domains. (B) Comparison of the RecA2 and ratchet domains in the apo and substrate-bound 
structures. Structures were aligned as in (A). The Arch, WH and most of RecA1 are removed for clarity. The ratchet helix, motifs Ia, Ib, IV, and V and the 
β-hairpin collapse toward the RNA substrate upon binding. Conformational shifts are depicted with black arrows and labeled with observed distances. 
Phosphates are colored the same as interacting helicase motifs. (C) Superposition of the arch domains (left) indicates that the arms adopt a rigid 
structure. Comparison of the arch domain when the winged helix domains are aligned (right) highlights conformational differences upon substrate 
binding. The right view includes apo (white) and both molecules from the RNA-bound structure (green and dark gray).
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with the exosome core, which is roughly similar in dimensions to 
the base of Mtr4 and Ski2.23 A second possibility is that other pro-
teins directly interact with the base of Mtr4 and Ski2 and medi-
ate association with the exosome. Mtr4 and Ski2 association with 
the exosome has been demonstrated in vivo through a variety of 
co-immunoprecipitation experiments in yeast88,89 and human.80,90-

92 Although direct interactions with the exosome core have yet to 
be demonstrated in vitro, human Mtr4 appears to directly inter-
act with the exosome associated components Mpp6 and Rrp6.80,91 
Importantly, Ski2 association with the exosome requires Ski7, 
although the mode of interaction remains to be determined.88

Maturation of the 5.8S rRNA suggests that the role of Mtr4 
in exosome activation may be more complex than simply provid-
ing an accessible 3' end. Conversion of the 7S precursor rRNA 
to the mature 5.8S rRNA involves exonucleolytic processing 
by Rrp44, followed by further processing by Rrp6.40,78 Both of 
these steps require Mtr4. Remarkably, when the arch domain is 
removed from Mtr4 (“mtr4-archless”), the 7S rRNA is effectively 
degraded to the 5.8+30S rRNA precursor (a step associated with 
Rrp44 activity) at which point processing stalls, similar to what 
is observed in a Rrp6 knockout.23 This indicates that Rrp6 activ-
ity is impaired and further suggests that Mtr4 is able to partition 
substrates between Rrp44 and Rrp6 in an arch-dependent man-
ner. Recombinant Rrp6 completely degrades a naked 7S rRNA 
substrate in vitro.93 However, a separate study showed that TAP-
tag purified Rrp6 from S. cerevisiae cannot degrade 7S rRNA or 
tRNA substrates unless Mtr4 is present. Furthermore, removal of 
the Mtr4 fist or the entire arch inhibits RNA degradation.41 These 
data suggest that Rrp6 association with the core exosome (which 
co-purified with TAP-tagged Rrp6) has an inhibitory effect on 
Rrp6 that is overcome by the Mtr4 arch domain. Notably, the arch 
domain is only observed in helicases that are associated with exo-
some function (Mtr4 and Ski2).25 Additional studies are needed to 
elucidate the precise mechanisms involved in exosome activation.

Substrate recognition by Mtr4/Ski2-mediated macromolecu-
lar complexes. The fundamental biological problem for exosome 
dependent decay pathways is distinguishing the correct RNA sub-
strate from all of the other cellular RNAs. Inadvertent removal of 
needed RNAs or retention of unwanted RNAs is likely to have 
deleterious consequences for cellular function. Consequently, sub-
strate recognition must be specific and carefully regulated. It is 
therefore not surprising that a variety of multi-protein complexes 
have been identified that play a critical role in targeting substrates 
to the exosome. Significantly, Mtr4 or Ski2 are vital components 
of these RNA targeting complexes (Fig. 4). For the most part, a 
detailed molecular description for these complexes is severely lack-
ing. Our current understanding of these assemblies is summarized 
below. In each case, important structural questions include: What 
are the structures of the individual components and how do they 
assemble to form a larger complex? How does complex formation 
affect the activity/function of individual components? How are 
RNA substrates recognized by the complex? What is the trajec-
tory of the RNA through the complex? How are RNAs ultimately 
delivered to the exosome?

TRAMP (Trf4/5-Air1/2-Mtr4 polyadenylation complex). 
The best characterized exosome activating complex is the nuclear 

Among Ski2-like helicases, the domain appears to be structur-
ally conserved. However, no general function has been ascribed 
to this domain other than maintaining the structural integrity 
of the helicase core.38 We note that an extended 13 amino acid 
linker located in Mtr4, Ski2 and Hel308 between RecA2 and the 
winged helix traverses the RecA domains and places the winged 
helix on the opposite side of the helicase from the RNA entry 
point. Consequently, the winged helix is not expected to inter-
act with RNA in a significant manner. (Minimal interactions 
are observed between the winged helix and DNA in the Hel308 
structure28). Instead, it is poised to coordinate and potentially 
regulate motions between the other domains, each of which 
interact extensively with RNA.

A detailed understanding of the conformational dynamics 
employed by the helicase during substrate recognition and pro-
cessing will require additional structural information. Based on 
the differential affinity of the Mtr4 arch for various substrates, it 
seems likely that substrate specific information could be commu-
nicated throughout the helicase. For example, given the length 
and positioning of the arch domain, subtle changes in RNA 
sequence or structure detected by the fist could have signifi-
cant conformational and functional effects on the helicase core. 
Conversely, specific features sensed by the ratchet helix or RecA 
domains could be easily communicated to the protein surface. 
However, in the absence of relevant structural and biochemical 
data, such models remain speculative.

RNA Processing and Degradation

Activation of the exosome by Mtr4 and Ski2. A recent review 
describes the role of RNA helicases in pre-mRNA splicing, includ-
ing the integral role of Brr2 in the spliceosome.12 Here we discuss 
the role of Mtr4 and Ski2 in exosome-mediated RNA decay. The 
exosome is a large multi-protein ring-like structure57-63 involved 
in the processing and degradation of a wide variety of nuclear and 
cytosolic RNAs, which has been extensively reviewed.14,20,64-67 
Multiple nucleases are associated with the exosome, including 
Rrp44 (3'-5' exonuclease and endonuclease)58,68-71 and Rrp6 
(3'-5' exonuclease, associated with the nuclear exosome).58,72-74  
Exosome activation requires Mtr4 in the nucleus and Ski2 in the 
cytosol.8,75-79 Activation generally occurs in the context of larger 
assemblies, including the Mtr4-mediated TRAMP and NEXT 
complexes and the Ski2-mediated Ski complex.18,19,80-87 Mtr4 may 
also independently activate the exosome for processing of some 
substrates, such as the 5.8S rRNA.40,77,78,83

How do Mtr4 and Ski2 stimulate exosome activity? One simple 
explanation is that unwinding of RNA secondary structures and 
resolution of ribonucleoprotein complexes by Mtr4/Ski2 makes 
the 3' end of the RNA accessible to the exosome.16,19 The exosome 
may also utilize the translocation activity provided by the helicase 
motor to effectively degrade substrates.19 Extensive conservation is 
observed along the base of Mtr4 and Ski2 where RNA exits the 
helicase core,23-25 whereas the base of Hel308 is much less con-
served. This suggests that the conservation is related to a function 
common to Mtr4 and Ski2, but distinct from canonical helicase 
activity. One possibility is that Mtr4 and Ski2 interact directly 
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Mtr4.107 In the RNA-bound crystal structure,24 
this residue is located near one of the RNA bases 
and potentially helps recognize the poly(A) tail. 
Whether Mtr4 is directly reading the sequence in 
this context is unclear, although Mtr4 does exhibit 
an affinity for polyadenylated RNAs over non-
polyadenylated substrates in in vitro binding and 
unwinding assays.45,109,110

Understanding the assembly of the TRAMP 
complex is an active focus of investigation. Trf4 
and Air2 are tightly associated in vitro, remaining 
in complex above 1M NaCl, while Mtr4 interac-
tion is more dynamic and dissociates from Trf4-
Air2 around 500 mM NaCl.83,84,96 A recent crystal 
structure of the catalytic domain of Trf4 bound 
to Air2 zinc knuckles 4–5 reveals that these two 
proteins interact primarily through zinc knuckle 5 
and a loop between zinc knuckles 4 and 5.111 (An 
NMR structure of Air2 zinc knuckles 1–5 was also 
recently reported41). This interaction has been con-
firmed by mutagenic analysis.41,111,112 The site of 
Mtr4 interactions is less well understood. In vitro 
pull-down assays from the Conti lab24 and our lab 
(unpublished data) indicate that the helicase core is 
sufficient to form a TRAMP-like complex (i.e., the 
N-terminus and arch domains are not required). 
Similarly, a domain deletion study shows that 

TRAMP fails to pull-down with Mtr4 when any of the individ-
ual helicase core domains are removed,41 although it isn’t clear 
what effect deletion of individual core domains has on the overall 
structure or localization. Presumably, the Trf4/5-Air1/2 docking 
site would be located near the RNA entry site in Mtr4. A few 
conserved patches on the surface of Mtr4 that are not found in 
Ski2 suggest potential interaction regions,24 but the location of 
TRAMP assembly on Mtr4 remains obscure. Recent studies, 
however, show that the N-terminus of Air1/2 interacts directly 
with Mtr4 and may provide a bridge between Mtr4 and Trf4/5.41 
Earlier yeast 2-hybrid studies indicated that an N-terminal region 
of Trf4/5 is required for Mtr4 interaction.83 No structures of the 
relevant regions in Air1/2 or Trf4/5 are currently available.

NEXT (Mtr4-Rbm7-ZCCHC8). Another Mtr4-mediated 
activator of the exosome is the human nuclear exosome target-
ing complex (NEXT), which was recently identified by co-immu-
noprecipitation studies and shown to target promoter upstream 
transcripts (PROMPTs) for degradation by the exosome.80 Like 
TRAMP, the NEXT complex contains 3 components includ-
ing Mtr4, a zinc knuckle protein called ZCCHC8, and a puta-
tive RNA binding protein, Rbm7. However, no poly(A) activity 
is associated with NEXT, indicating that polyadenylation is not 
required for degradation in this context. In humans, NEXT is 
localized in the nucleus while TRAMP appears to be confined to 
the nucleolus. Since Mtr4 is shared by both complexes, it has been 
suggested that Mtr4 potentially acts as a common scaffold for a 
variety of protein complexes aimed at shuttling substrates to the 
exosome.80 It will be interesting to learn whether Mtr4 interacts 
with each complex (and other yet to be discovered complexes) in 

TRAMP complex.19,94,95 TRAMP is a 3-protein complex com-
posed of Mtr4, a poly(A) polymerase (Trf4 or Trf5), and an RNA 
binding protein containing five zinc knuckles (Air1 or Air2).82-85 
The complex has been described in yeast83-85,96 and human,80 and 
individual protein components are found throughout eukaryotic 
species,19,97-101 suggesting that the complex is found throughout 
eukaryotes. In S. cerevisiae, two forms of TRAMP have been 
described, TRAMP4 (Trf4, Air2 and Mtr4) and TRAMP5 
(Trf5, Air1 and Mtr4).82,83 These TRAMP complexes local-
ize differentially in the nucleoplasm (TRAMP4) and nucleolus 
(TRAMP5),102-104 but they appear to be functionally redun-
dant.85 Deletion of Air1 or Air2 results in only a slight growth 
defect, whereas the Air1/Air2 double deletion is either syntheti-
cally lethal or results in a slow growth phenotype.83,105 Similarly, 
no growth defects are observed upon deletion of Trf4 or Trf5, 
but the double deletion is lethal.85 Given the high sequence iden-
tity (55% identity for Trf4/5;106 45% identity for Air1/2105) and 
functional redundancy for each TRAMP homolog, it is expected 
that the TRAMP4 and TRAMP5 complexes will also be similar.

TRAMP adds a short (~5-nt) poly(A) tail to the 3' end of RNA 
substrates,107,108 which is preferentially unwound by Mtr445 and 
subsequently degraded by the exosome. Remarkably, Mtr4 directly 
modulates the polyadenylation activity of Trf4. In the presence of 
Mtr4, Trf4 polymerase activity is enhanced until the RNA has 5 
adenosines at the 3' end, at which point Trf4 activity is severely 
inhibited.107 Similarly, Mtr4 helicase activity is enhanced simply 
by binding to Trf4-Air2.45 In the context of TRAMP, Mtr4 has 
the ability to detect the length of a poly(A) tail, which directly 
influences Trf4 and Mtr4 activity.45,107 A point mutation in the 
ratchet domain (E947A) disrupts modulation of Trf4 activity by 

Figure 4. Exosome activating complexes are mediated by Mtr4 and Ski2. Existing crystal 
structures are indicated (see text for details). Exosome structures also exist,58-61,63 but are 
not shown.
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as a trimer,86 but subsequent mass spec analysis indicates that it 
is a tetramer containing two copies of Ski8.87 Activation of the 
exosome also requires an accessory protein, Ski7, that has been 
shown to physically link the two protein machineries.88 A crys-
tal structure of Ski8 reveals a seven-bladed β-propeller that is 
proposed to function as a scaffold protein.116,117 Yeast 2-hybrid 
screens and co-immunoprecipitation studies indicate that the 
N-terminus of Ski2 associates directly with Ski3, while direct 
interactions with Ski8 or Ski7 are not observed.118 While the Ski2 
crystal structure provides little information regarding complex 
assembly,25 forthcoming structures are expected to significantly 
clarify the architecture of this complex.

Outlook. As the above complexes demonstrate, the assembly 
of different proteins on Mtr4 and Ski2 allow for targeting of a 
variety of RNA substrates for exosome processing and degrada-
tion. The FFC complex also highlights the potential of some 
complexes to affect protein post-translational modifications. It 
would not be surprising to discover more complexes that expand 
the versatility of these helicases. Despite the valuable insight pro-
vided by the current structures, we are just beginning to under-
stand how RNA substrates are recognized and interact with 
Ski2-like RNA helicases. The interaction of these helicases in 
larger complex assemblies is a critical question that promises to 
be an active focus of continued research.
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a similar manner. For example, does the putative Mtr4-ZCCHC8 
interaction resemble that of the TRAMP Mtr4-Air2 interaction?

FFC (FRQ-FRH complex). The FRH (FRQ-interacting RNA 
helicase) protein from N. crassa is an indispensable component of 
the circadian clock.113 Sequence alignments indicate that FRH is 
best described as a homolog of S. cerevisae Mtr4 (56% sequence 
identity; 73% similarity overall).101 Alignment of the arch domain 
sequence reveals strong similarity with Mtr4, but fails to align 
with Ski2.23 FRH forms a complex with the Frequency protein 
(FRQ) that regulates oscillating gene expression.101 The FRQ-
FRH complex (FFC) acts within a negative feedback loop that 
represses transcription of specific genes, including the frq allele, 
by binding and promoting phosphorylation of the white collar 
complex (WCC) transcription promoter.113 FRH is required for 
the direct interaction between FFC and WCC.101 Moreover, FFC 
negatively regulates FRQ expression by specifically binding frq 
mRNA and mediating its exosomal decay.114

Mutation of the conserved arginine R806 to histidine allows 
the formation of the FFC but abolishes interactions with WCC.115 
Interestingly, the equivalent residue in S. cerevisiae Mtr4, R774, 
is a conserved, solvent exposed residue positioned on the upper 
region of the fist/KOW domain in the arch.23 Thus, in this sys-
tem the arch domain appears to play an important role in com-
plex formation.

Ski complex (Ski2-Ski3-Ski8). The Ski complex components 
are conserved in most eukaryotes including human, and promotes 
degradation of mRNAs by the cytosolic exosome.18 It is com-
posed of Ski2, a tetratricopeptide protein (Ski3), and a WD-40 
repeat protein (Ski8).86 The complex was originally described 
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