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Abstract
Autophagy is a regulated process for the degradation 
of cellular components that has been well conserved in 
eukaryotic cells. The discovery of autophagy-regulating 
proteins in yeast has been important in understanding 
this process. Although many parallels exist between 
fungi and mammals in the regulation and execution of 
autophagy, there are some important differences. The 
pre-autophagosomal structure found in yeast has not 
been identified in mammals, and it seems that there 
may be multiple origins for autophagosomes, includ-
ing endoplasmic reticulum, plasma membrane and 
mitochondrial outer membrane. The maturation of the 
phagophore is largely dependent on 5’-AMP activated 
protein kinase and other factors that lead to the de-
phosphorylation of mammalian target of rapamycin. 
Once the process is initiated, the mammalian phago-
phore elongates and matures into an autophagosome 
by processes that are similar to those in yeast. Cargo 
selection is dependent on the ubiquitin conjugation of 
protein aggregates and organelles and recognition of 
these conjugates by autophagosomal receptors. Lyso-
somal degradation of cargo produces metabolites that 
can be recycled during stress. Autophagy is an impor-

tant cellular safeguard during starvation in all eukary-
otes; however, it may have more complicated, tissue 
specific roles in mammals. With certain exceptions, au-
tophagy seems to be cytoprotective, and defects in the 
process have been associated with human disease.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION
Macroautophagy (called autophagy henceforth) is a cata-
bolic process in which organelles and soluble and aggre-
gated cellular components are enveloped in double mem-
brane vesicles called autophagosomes, which eventually 
fuse with lysosomes, leading to the degradation and reuse 
of  the vesicular contents. Autophagy occurs constitutive-
ly in all eukaryotic cells and operates as a homoeostatic 
mechanism. In addition, autophagy can be activated in 
response to various physiological and pathological stimuli 
to promote cell survival (e.g., starvation, oxidative stress), 
or to act as a mode of  cell death, type Ⅱ programmed 
cell death (e.g., during development). The formation of  
the autophagosome involves several steps that are ener-
gy-dependent and orchestrated by a set of  molecular ef-
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fectors, the autophagy-related proteins or Atgs (Figure 1). 
This process has been conserved from yeast to mammals 
and although many of  the Atgs were first discovered in 
yeast; mammalian homologs have also been found[1-6]. 

THE PHAGOPHORE
In both yeast and mammals, the formation of  the au-
tophagosome begins with a double membrane structure 
called the phagophore or isolation membrane (Figure 1). 
Briefly, the phagophore elongates and engulfs cytoplasmic 
“cargo”. Then, the double membrane structure closes to 
become the autophagosome and fuses with a lysosome to 
become an autolysosome that digests the cargo and some 
of  the components of  the vesicle itself. In yeast, the im-
mediate precursor of  the phagophore is a small membra-
nous organelle, the pre-autophagosomal structure (PAS). 
The PAS contains Atg9, one of  the few integral proteins 
that is typical of  the autophagosome. Yeast Atg9 contains 
997 amino acids and spans the membrane six times. After 
siRNA depletion of  Atg9, autophagy is impaired[7]. Since 
Atg9 is also found in the trans-Golgi network (TGN) and 
late endosomes, it seems possible that the TNG may be 
the origin of  the PAS. In fact, this conclusion has been 
reached by Ohashi et al[8]. On the other hand, Mari et al[9] 
have reported that Atg9 containing “clusters of  vesicles 
and tubules, which are derived from the secretory path-
way”, coalesce near the vacuole and may be precursors 
to the PAS. More recently[10], experiments with loss of  
function mutants have shown that the formation of  these 
Atg9-containing structures depends on exocytic (and, 
perhaps, endosomal) Q/t-SNAREs (soluble NSF attach-
ment protein receptors). It was suggested that aside from 
their other roles in yeast, these SNAREs may be essential 
for fusions that convert the Atg9-bearing structures into 
the PAS. 

A structure similar to the yeast PAS has not been 
described in mammalian cells, and it is possible that 
there may be multiple origins for phagophores in these 
cells[1,2]. The endoplasmic reticulum (ER), outer mem-
branes of  the mitochondria (OMs) and the plasma 
membrane (PM) are among the candidates for the origin 
of  the phagophore. Of  these, the evidence for the ER is 
the most comprehensive. Double FYVE-containing pro-
tein 1 (DFCP1), an early marker for autophagosomes (see 
below), has an ER-targeting signal and is also found in 
cup-shaped ER structures called “omegasomes”. There 
is evidence that autophagosomes are associated with the 
omegasomes[11]. Two groups have used electron tomog-
raphy to show that the ER/omegasome and the nascent 
autophagosome are connected by narrow extensions in 
rat kidney cells[12] and NIH 3T3 cells[13]. These findings 
have led to the hypothesis that the phagophore emerges 
from the omegasome and elongates to engulf  a por-
tion of  the ER membrane prior to fusing into a mature 
autophagosome[13]. It seems likely that some autophago-
somes originate in the ER; however, other origins have 
not been ruled out. Hailey et al[14] have presented strong 
evidence that the OM is an origin for autophagosomes in 

a rat kidney cell line. Both a fusion of  the yellow fluores-
cent protein and the signal peptide for the mitochondrial 
isoform of  cytochrome b5 and an analog of  phospha-
tidylethanolamine (PE) have been shown to move from 
the mitochondria to autophagosomes during starvation. 
This and the identification of  patches of  OM that con-
tain autophagosome markers indicate an OM origin for 
the autophagosome. Ravikumar et al[15] have shown that 
Atg16L, an early autophagosomal precursor (see below), 
interacts with the heavy chain of  clathrin and initiates 
autophagosome formation in vesicles derived from the 
PM. According to this model, the endosomal pathway is 
hijacked to produce phagophores. 

The abundance of  points of  origin in mammalian 
cells raises the question, why? It may be that there are dif-
ferent autophagosomes for different cargos; that is, the 
ER may be recycled by vesicles arising from the ER, and 
so forth. It has been suggested that the PM may serve as 
a reservoir for membranes when demand exceeds the ca-
pacity of  other origins[15]. It is also possible that the pre-
ferred source for autophagosomes is determined by the 
tissue. Heart muscle, for example, has a small and very 
specialized ER but is rich in mitochondria. It may be that 
the OM is preferentially used for autophagosome forma-
tion in cardiomyocytes.

CONTROL OF AUTOPHAGY
Autophagy is under the control of  multiple signaling 
pathways, most of  which converge on mammalian target 
of  rapamycin (mTOR) (Figure 2). Although a full de-
scription of  the regulation of  autophagy is beyond the 
scope of  this review, the role of  the mammalian Atg1 
complex and 5’-AMP activated protein kinase (AMPK) in 
the initiation of  autophagy is warranted. In mammals, the 
first steps in autophagy involve a stable cytosolic com-
plex consisting of  unc-51-like kinase (ULK) 1 or ULK 2, 
Atg13, Atg101 and FIP200 (focal adhesion kinase family 
interacting protein of  200 kDa). Except for Atg101, all 
of  these proteins are orthologs of  the components of  
the similar Atg1 complex in yeast. Under resting condi-
tions, phosphorylated (active) mTOR binds to and phos-
phorylates a serine (S757) in ULK 1[16]. Under certain 
conditions that cause compromised energy production, 
such as glucose deprivation or hypoxia, AMP accumulates 
as ATP is depleted. AMPK is a heterotrimer (α, β and 
γ subunits) that senses the level of  AMP in cells. When 
two AMP molecules are bound to its γ subunit, AMPK 
undergoes a conformational change that exposes a threo-
nine (T172) on the α subunit for phosphorylation and 
activation of  AMPK by AMPK kinase (AMPKK). The 
activated AMPK initiates a cascade including upregula-
tion of  glucose transport, fatty acid oxidation and other 
energy-producing pathways. AMPK also promotes au-
tophagy by phosphorylating Rheb and Raptor leading to 
dephosphorylation of  mTOR (Figure 2). When mTOR 
is dephosphorylated, it dissociates from the complex and 
ULK 1 is dephosphorylated. Activated AMPK can bind 
to dephosphorylated ULK 1 and activate it by phosphor-
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ylating at least two serines[16]. The activated complex then 
becomes associated with the phagophore and initiates 
formation of  the autophagosome[17-19]. 

ELONGATION AND MATURATION OF 

THE AUTOPHAGOSOME
An early event downstream from mTOR is the association 
of  the vesicular sorting protein 34 complex/phosphati-
dylinositol-3-phosphate kinase Ⅲ (Vps34/PI3PⅢ) with 

the phagophore. Vps34 has roles in both the endocytic 
and autophagic pathways. In autophagy, Vps34 associates 
with the phagophore membrane via Vps15 (also called 
p150) that is anchored to the phagophore membrane 
by myristic acid. The third component of  this complex, 
beclin-1, is essential for phospholipid kinase activity. 
Beclin-1 was first identified as a binding partner of  the 
antiapoptotic factor Bcl2. Bcl2 inhibits autophagy by 
competing with Vps34 for beclin-1 binding. Two other 
factors, beclin-1-associated autophagy related key regula-
tor (Barkor) and UV radiation-associated resistance gene 
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Figure 1  The process of autophagy. Autophagy is initiated with the formation of the phagophore, mediated by the class Ⅲ PI3-K complex that includes Vps34, 
Vps15, Atg14 and Beclin 1, and progresses through a succession of steps: elongation of the phagophore and engulfment of cytoplasmic material targeted for degrada-
tion; formation of the autophagosome, with delipidation of LC3-Ⅱ by Atg4; fusion of the autophagosome with the lysosome to form the autolysosome; degradation of 
the vesicle content by lysosomal hydrolases; and recycling of the degradation products (amino acids, lipids and sugars) for ATP production. The autophagy machinery 
consists of two conjugation systems required for the elongation and extension of the phagophore: Atg5-Atg12, which subsequently oligomerizes with Atg16, and LC3-
PE, LC3-Ⅱ. LC3-Ⅱ is formed as a result of the Atg4-mediated cleavage of cytosolic LC3. The resulting form of LC3, LC3-I is subsequently conjugated to a single PE 
molecule to form LC3-Ⅱ, a reaction mediated by Atg3 and Atg7.
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Figure 2  The regulation of autophagy. Autophagy is regulated by multiple signaling pathways. In response to growth factors, mTOR is activated by the 
class Ⅰ PI3-K and Akt, which inhibits tuberous sclerosis protein (TSC)1/TSC2. The activation of this cascade leads to the inhibition of autophagy. mTOR activity is 
inhibited by AMPK, a kinase activated in response to elevated intracellular AMP/ATP ratio. In addition, the p110-β catalytic subunit of the class Ⅰ PI3-K can directly 
stimulate autophagy during starvation, independently of Akt activation, through its association with the class Ⅲ PI3-K complex. The growth-factor-mediated activation 
of Ras induces antagonistic effects on autophagy depending on its downstream target, while the activation of the class Ⅰ PI3-K cascade represses autophagy, and 
the stimulation of the Raf-1-MEK1/2-ERK1/2 signaling cascade in response to amino acid depletion promotes autophagy. Hypoxia induces autophagy via activation of 
hypoxia-inducible factor 1α. Finally, autophagy is also regulated by death-associated protein kinase, which promotes the initiation of autophagy through the release of 
Beclin 1 from the Bcl-2/Bcl-XL complex. The DAPk-related protein kinase 1 has also been found to be necessary for the induction of autophagy.
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(UVRAG) are thought to stabilize the beclin-1/Vps34 
association[20,21]. The generation of  PI3P by the beclin-1/
Vps34 PI3PⅢ kinase is crucial for the recruitment of  
factors essential for the formation of  the autophago-
some. This is demonstrated by the fact that autophagy is 
arrested by inhibitors of  PI3PⅢ kinases such as 3-meth-
yladenine and wortmannin. As PI3P appears in the 
phagophore membrane, other effectors begin to appear. 
These include WIPI-1 and -2 and DFCP1, which bind to 
PI3P via WD repeats and FYVE domains, respectively. 
As already mentioned, DFCP1 is also found in the ER[11]. 
The role of  these proteins is, at present, unclear.

The maturation of  the autophagosome involves two 
ubiquitin-like conjugations. The first of  these is the co-
valent linkage of  Atg12 to Atg5. Atg12 is activated in an 
E1-like reaction by Atg7 and transferred to Atg5 in an 
E2-like reaction by Atg10. The Atg12-Atg5 conjugate 
complexes with Atg16L; this complex dimerizes and 
associates with the exterior membrane of  the phagoph-
ore[22,23]. The Atg12-Atg5-Atg16L dimer is essential for 
the formation of  the autophagosome. In fact, Atg16L 
modified to contain a prenylation signal was shown to 
be targeted to the plasma membrane and was sufficient 
to direct a green-fluorescent-protein-tagged LC3-I to the 
PM where it was converted to LC3-Ⅱ by Atg3[24]. Recent 
work[25] using knockdowns of  various SNAREs in HeLa 
cells has been interpreted to mean that certain SNAREs 
(VAMP7, syntaxin 7 and syntaxin 9) in conjunction with 
Atg16L may recruit vesicles from the PM (and perhaps, 
other membranes) for phagophore formation. The ho-
motypic fusion of  these vesicles leads to membrane ex-
pansion that facilitates the maturation of  the autophago-
some (i.e. recruitment of  LC3-Ⅱ and dissociation of  the 
Atg16L complex). 

Atg7 acts as an E1 in a second ubiquitin-like conjuga-
tion that involves the orthologs of  yeast Atg8, LC3 (mi-
crotubule-associated protein 1 light chain 3) and related 
proteins, γ-aminobutyric acid receptor-associated protein 
(GABARAP) and Golgi-associated ATPase enhancer of  
16 kDa (GATE-16)[23]. These soluble proteins are cleaved 
by one of  a family of  Atg4 cysteine proteases to reveal a 
C-terminal glycine. In the case of  LC3, the cleaved pro-
tein, now called LC3-I, is activated by Atg7. The activated 
LC3-I is handed off  to a specific E2-like enzyme, Atg3 
and conjugated to the amino group of  PE to produce 
the autophagosome bound lipoprotein, LC3-Ⅱ. There is 
evidence that the Atg12-Atg5-Atg16L dimer may act as 
an E3-like enzyme or at least, direct the location of  the 
formation of  LC3-Ⅱ.

In the autophagosome, LC3-Ⅱ is distributed to both 
the exterior and the lumen of  the vesicle. Superficial 
LC3-Ⅱ is removed by cleavage of  the PE by Atg4, while 
the luminal LC3-Ⅱ is digested along with the cargo[26]. 
Luminal LC3-Ⅱ can be preserved by inhibiting its lyso-
somal degradation with protease inhibitors or the proton 
pump inhibitor, bafilomycin A1. LC3-Ⅱ is often used 
as a marker for the autophagosome and as an index of  
autophagy. Although LC3-Ⅱ is essential for autophago-
some biosynthesis, its precise role is not known. It has 

been suggested that it is involved in elongation of  the 
organelle, whereas GATE-16 and GABARAP are in-
volved further downstream[27]. It has also been suggested 
that LC3-Ⅱ may be involved in membrane closure[3]. It is 
clear that LC3-Ⅱ recruits the cargo adaptor proteins p62 
(also called sequestosome 1, SQSTM1) and Nbr-1 and as 
such, participates in cargo selection (see below). 

The final stages of  the biogenesis of  the autophago-
some include the closure to form a double membrane 
vesicle. The yeast homolog of  LC3-Ⅱ, Atg8, has been 
reported to have properties that make it a candidate for 
membrane closure[28]. However, it has recently been ar-
gued that the fusogenic activity of  Atg8/LC3-Ⅱ depends 
on unphysiologically high concentrations of  PE in the in-
volved membranes[10]. The fusion of  the autophagosome 
and lysosome is likely to be catalyzed by SNAREs. There 
is evidence that, in yeast, Vti1 is required for fusion of  
the vacuole and autophagosome and may have a similar 
role in mammals[29-31]; however, as has been pointed out 
by others[3], no factors that are specific for either closure 
or fusion have been identified yet. Since the SNAREs 
that have been proposed to be involved in membrane fu-
sions during autophagy have been identified by loss or re-
duction of  function and all of  these SNAREs have other 
important cellular functions, the assignment of  a specific 
role to a specific SNARE must be viewed cautiously. 

CARGO SELECTION
Autophagy is a major cellular catabolic process for cyto-
solic proteins and is responsible for the degradation of  
ER, peroxisomes and mitochondria. The degradation of  
cytosolic proteins is not a random process. Instead, it is 
directed in part by the ubiquitination of  candidate pro-
teins and mediated by p62[32]. This multifunctional protein 
contains a ubiquitin-associated UBA domain, a LC3-in-
teracting region (LIR) and a multimerization PBI domain. 
These domains allow p62 to capture ubiquitinated pro-
teins and secure them to LC3-Ⅱ in the autophagosome. 
Because p62 can oligomerize, a larger number of  ubiqui-
tinated proteins can be tethered to a single molecule of  
LC3-Ⅱ. In addition, p62 can secure aggregates of  super-
oxide dismutase (and probably other aggregates) indepen-
dent of  ubiquitination. Nbr-1 is an ortholog of  the yeast 
cargo binding protein, Atg19. Nbr-1 binds ubiquitin and 
contains two LIR motifs and can act in concert or inde-
pendently of  p62. Alfy, also an ubiquitin binding protein, 
secures these proteins in the autophagosome by binding 
to PI3P and Atg5 as well as p62. The interplay of  LC3-Ⅱ, 
p62, Nbr-1 and Alfy permits the selective autophagy of  
soluble ubiquitinated and aggregated proteins.

Pexophagy or the autophagic degradation of  peroxi-
somes has been well described in yeast[1] and is known to 
occur in mammals[33]. However, except that the process in-
volves p62, little is known about the mammalian process. 

Both fungal and mammalian mitochondria undergo 
autophagic degradation a process referred to as mi-
tophagy. In mammals, the E3 ligase parkin is recruited 
to mitochondria by PINK1 and plays an important role 
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in mitophagy[34]. Parkin directs the polyubiquitination of  
several proteins in the OM of  uncoupled mitochondria 
and initiates the recruitment of  p62 and HDAC6 (histone 
deacetylase 6)[35]. HDAC6 binds to polyubiquitin tracts 
and dynein motors and is involved in the formation of  
protein-organellar “aggresomes”. Inclusion in perinuclear 
aggresomes may be preliminary to autophagy of  mito-
chondria. VDAC1 (voltage-dependent anion-selective 
channel protein 1), one of  three isoforms of  an OM 
ion channel, is one of  the OM proteins ubiquitinated by 
parkin. The importance of  this conjugation is unclear. 
Geisler et al[36] have presented evidence that ubiquitination 
of  VDAC1 is required for p62 binding and mitophagy. 
On the other hand, Narendra et al[37] have provided evi-
dence, that although VDAC1 (but not the less common 
isoform, VDAC2) is ubiquitinated, this conjugation is un-
necessary for either aggresome formation or mitophagy. 
Other OM proteins besides VDACs are ubiquitinated by 
parkin[35] and it is possible that they may be involved in 
VDAC-mediated mitophagy. Certain parkin mutations 
have been implicated in familial autosomal recessive 
Parkinson’s disease (jPD), and several laboratories have 
found that mutations that are linked to the disease also 
fail to ubiquitinate OM proteins[35-37]. These observations 
have fueled interest in a link between mitophagy and jPD. 

THE ROLE OF AUTOPHAGY
Autophagy occurs constitutively in all eukaryotic cells 
where it operates as a metabolic homeostatic mecha-
nism[38]. Autophagy can be further activated in response 
to various physiological and pathological stimuli to either 
promote cell survival (e.g., starvation, oxidative stress)[4], 
or to act as a mode of  cell death, type Ⅱ programmed 
cell death (e.g., during development)[39]. Defects in au-
tophagy have been associated with various human dis-
eases[40], and it is not possible to cover all the roles of  
autophagy in this review. Instead, the role of  autophagy 
will be examined in myocardial ischemia (MI). Two fac-
tors affect the severity of  MI injury: oxygen deprivation 
and depletion of  metabolic substrates. Both are caused 
by occlusion of  a coronary artery. HL-1 cells are an im-
mortalized line of  mouse atrial cardiomyocytes and are 
a convenient model for the study of  MI. Recent studies 
indicate that autophagy has a cardioprotective role in 
these cells during ischemia[41]. HL-1 cells that are anoxic 
and deprived of  glucose for 2 h were unable to carry out 
autophagy, and about 50% of  the cells died[41]. However, 
autophagy (as judged by LC3-Ⅱ accumulation measured 
in presence of  bafilomycin A1) continued at control lev-
els and cell death was four times (only about 15%) that 
of  the oxygenated controls. If  the hypoxic cells were 
nourished with glucose, ATP levels increased to about 
50% of  controls, the accumulation of  LC3-Ⅱ increased 
to about 120% of  controls and cell survival approxi-
mated to control levels. On the other hand, inhibition of  
autophagy by 3-methyladenine (PI3K inhibitor) increased 
cell death to about 15%. That autophagy persisted after 
85% of  the cell’s ATP was depleted suggests that it per-

forms an important function, and the fact that the level 
of  autophagy is inversely related to the amount of  cell 
death suggests a protective role during MI. Similar results 
were obtained during reoxygenation after anoxia[41]. Three 
inhibitors of  autophagy, 3-methyladenine, wortman-
nin, and a dominant negative Atg5 mutant, all reduced 
survival. The disease that the HL-1 cell ischemia/reoxy-
genation model is intended to mimic, acute MI, is much 
more complicated in that it also involves endothelial cells, 
smooth muscle cells and fibroblasts. Nonetheless, at least 
the cardiomyocytes seem to survive better when they can 
mount an autophagic response. 

CONCLUSION
The precursor membrane to mammalian autophago-
somes, the phagophore, appears to arise from multiple 
sources including the ER, OM and PM. Activation of  
appropriate signaling pathways leads to the initial step in 
the maturation of  the autophagosome, inactivation of  
mTOR and its dissociation from a complex analogous 
to the yeast Atg1 complex. Subsequently, the Vps34/
Vps15/beclin1 PI3P kinase assembles and associates with 
the phagophore membrane. The production of  PI3P at-
tracts a number of  components of  unknown function 
(e.g., WIPI-1, WIPI-2 and DFCP1) as well as compo-
nents that lead to two ubiquitin-like conjugations. One 
results in the conjugation of  Atg12 and Atg5. This con-
jugate subsequently forms a complex with Atg16L. The 
second ubiquitin-like conjugation involves the cleavage 
of  LC3 to LC3-I and its subsequent conjugation to PE to 
form LC3-Ⅱ in the autophagosomal membrane. LC3-Ⅱ 
binds the adaptor proteins, p62, Nbr-1 and Alfy and their 
associated ubiquitinated protein or organellar cargo. The 
autophagosome then fuses into a vesicle by unknown 
processes, and the vesicle fuses with a lysosome causing 
the degradation of  the cargo as well as LC3-Ⅱ and its 
adaptor proteins. Autophagy is critical for cellular mainte-
nance and appears to be important in cell survival during 
MI and reperfusion as well as other cellular stresses. 
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Abstract
Nuclear RNA processing requires dynamic and intricate-
ly regulated machinery composed of multiple enzymes 
and their cofactors. In this review, we summarize re-
cent experiments using Saccharomyces cerevisiae  as 
a model system that have yielded important insights 
regarding the conversion of pre-RNAs to functional 
RNAs, and the elimination of aberrant RNAs and un-
needed intermediates from the nuclear RNA pool. Much 
progress has been made recently in describing the 3D 
structure of many elements of the nuclear degradation 
machinery and its cofactors. Similarly, the regulatory 
mechanisms that govern RNA processing are gradually 
coming into focus. Such advances invariably generate 
many new questions, which we highlight in this review.
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RNA PROCESSING AND DEGRADATION
Quality control of  nuclear RNA requires both process-
ing and surveillance pathways. In particular, rRNA, small 
nucleolar RNA (snoRNA), small nuclear RNA (snRNA), 
mRNA, and tRNA species are all transcribed as pre-
RNAs, which must then be cleaved and/or trimmed to 
produce functional RNAs[1,2]. Likewise, many aberrant 
RNAs are detected by surveillance mechanisms and there-
by eliminated from the nuclear RNA pool. Any byprod-
ucts from the conversion of  pre-RNA to functional RNA 
must be rapidly degraded by exonucleolytic digestion. In 
addition, non-translated RNAs, such as cryptic unstable 
transcripts (CUTs), are subject to processing and degrada-
tion. The nuclear exosome is the major degradation ma-
chine involved in both pathways of  nuclear RNA quality 
control. In Saccharomyces cerevisiae (S. cerevisiae), the nuclear 
exosome is a collection of  six RNase PH homologues 
(Rrp41p, Rrp42p, Rrp43p, Rrp45p, Rrp46p and Mtr3p), 
which are inactive and form a scaffolding ring structure[3], 
three putative RNA binding proteins (Rrp4p, Rrp40p and 
Csl4p)[4], and two active 3′→5′ exonucleases, Rrp44p[3-5] 
and Rrp6p[6,7]. Many exosome substrates contain struc-
tured segments that preclude complete processing or 
degradation by the exosome alone, thus requiring cofac-
tors to ensure generation of  the desired end products. 
One of  those cofactors, Mtr4p, is an indispensible partner 
of  the exosome, and likely maintains the momentum of  
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exonucleolytic activity as both Mtr4p and the exosome 
move through structured RNA substrates. This section 
describes the different types of  RNA in S. cerevisiae whose 
processing is affected by the Mtr4p-exosome system. 

rRNA
In eukaryotes, rRNA synthesis is initiated in the nucleo-
lus by RNA polymerase Ⅰ (Pol Ⅰ), which synthesizes the 
90S rRNA precursor. This precursor is co-transcription-
ally cleaved by RNase Ⅲ to release the initial 90S preri-
bosomal particle, which contains the 35S pre-rRNA[8]. 
35S pre-rRNA contains the sequences of  three rRNAs 
that are the transcripts for 18S, 5.8S and 25S ribosomal 
subunits. These three transcripts are separated by two 
internal transcribed spacers (ITSs) and flanked by two 
external transcribed spacers (ETSs)[9]. Through a series 
of  cleavage events, 35S pre-rRNA is converted into 
mature rRNAs (Figure 1). Pre-rRNA processing begins 
with cleavage at site A0, removing the 5′ ETS, at site A3, 
releasing 23S rRNA, and at site A2, generating both 20S 
and 27SA2 intermediates. 20S pre-rRNA is further pro-
cessed in the cytoplasm to become mature 18S rRNA. 
27SA2 continues maturation in the nucleus by two sepa-
rate pathways: about 85% of  27SA2 is cleaved at site A3 

and then rapidly trimmed to site B1S, while 15% of  27SA2 
is cleaved directly at site BIL to become 27SBIL. 27SBIL/IS 
is then cleaved at sites C1, and C2

[10]. These cleavage events 
produce 7SL/S and 25S rRNA. 7SL/S are then trimmed to 
produce the 6SL/S rRNA. Final maturation of  5.8S rRNA 
takes place in the cytoplasm[11]. 5.8S rRNA undergoes 
exonucleolytic processing to produce a mature 3′ end and 
further cleavage at site BIS to produce 5.8SS. Final matura-
tion of  25S rRNA occurs through cleavage at site B2

[7,10,12]. 
The processing events for rRNA are closely moni-

tored by a series of  decay factors that are involved when 
a cleavage reaction fails or stalls. Maturation and assem-
bly of  the rRNA subunits involves at least 170 accessory 
proteins with various functions including endo- and ex-
oribonucleases, RNA helicases, other “assembly factors”, 
and just as many small nucleolar Ribonucleoproteins 
(snoRNPs)[8]. In addition to cleavage events, multiple 
modifications are required to produce mature rRNAs. 
The most common modifications are the isomerization 
of  uridines to pseudouridines and methylation of  select 
ribose 2′-hydroxyl groups. In S. cerevisiae, about 50 rRNA 
sites of  each type are modified[12]. Once fully processed, 
18S rRNA is located in the 40S small ribosomal subunit, 
while 5S, 5.8S and 25S rRNAs combine to create the 60S 
large ribosomal subunit. Once assembled, the pre-40S 
subunit is exported to the cytoplasm, whereas the pre-
60S subunit requires nuclear maturation to be exported. 
Once in the cytoplasm, both pre-ribosome units undergo 
further processing and are assembled into mature sub-
units[13]. Mtr4p, a nuclear RNA helicase, is a major partici-
pant in the exoribonucleolytic rRNA processing events. 
Specifically, Mtr4p is required for proper processing fol-
lowing cleavage events which occur at A0, A2, A3, C1, B1S, 
and E sites[7,10] (Figure 1).

snoRNAs 
In S. cerevisiae, most snoRNAs are transcribed from inde-
pendent genes or excised from polycistronic transcripts. 
Polycistronic transcripts can contain as many as seven 
different snoRNAs. Processing of  these transcripts is 
catalyzed by RNase three protein 1 (Rnt1p) and different 
5′→3′ and 3′→5′ exonucleases[14]. Production of  intronic 
snoRNAs is dependent on the RNA lariat-debranching 
enzyme Dbr1p. Depletion of  this enzyme causes snoR-
NAs to become caught within the host lariats[15]. Fol-
lowing transcription, snoRNAs must be processed from 
both the 3′ and 5′ ends to generate a mature snoRNA. 
Transcription termination is dependent on a complex of  
two RNA-binding proteins, Nrd1p and Nab3p, and an 
RNA helicase, Sen1p. Nrd1p interacts with the C-terminal 
domain of  RNA Pol Ⅱ and the exosome, an RNA pro-
cessing and degradation complex, to link termination 
with processing. snoRNA termination is followed by 
polyadenylation by the poly(A) polymerase Pap1p. It is 
this polyadenylation that initiates 3′ end processing by the 
exosome[16]. 

Mature transcripts of  snoRNA can be structurally 
and functionally divided into three categories: C/D box-
containing snoRNAs; H/ACA box-containing snoRNAs; 
and the mitochondrial RNA processing (MRP) snoRNA. 
The box C/D and box H/ACA sequences serve as 
family-specific nucleolar localization elements (NoLEs). 
Box C/D snoRNAs are intron-encoded and contain two 
distinct motifs located at the 5′ and 3′ ends of  the mature 
RNA: box C (UGAUGA) and box D (CUGA). Boxes 
C′ and D′ are located within the interior of  the snoR-
NA[15,17]. The C and D motifs are brought together in the 
pre-snoRNA to form a distinctive structural motif. This 
motif  is required for processing, stability, and localization 
within the nucleolus. Most box C/D snoRNAs have long 
sequences complementary to rRNAs located immediately 
before the box D or D′ motif[15]. These sequences cre-
ate duplex regions at sites of  2′-O-ribose methylation[17]. 
The box C/D snoRNAs are associated with the nucleolar 
protein 1 (Nop1p), which is required for many steps of  
ribosome assembly[14,17]. 

Box H/ACA snoRNAs contain a hinge-box (H-box 
of  the sequence ANANNA) and a trinucleotide ACA se-
quence downstream of  the 3′-terminal stem-loop[14]. H/
ACA containing snoRNAs are required for pseudouridyl 
(Ψ) formation in rRNA[18]. In order to modify the rRNA, 
a box H/ACA snoRNA base pairs to nucleotides flank-
ing the substrate uracil, allowing the modifying enzyme to 
be positioned for catalysis[19]. Box H/ACA snoRNAs are 
associated with four proteins: Cbf5p, Gar1p, Nhp2p, and 
Nop10p; the factor Cbf5p is responsible for the pseu-
douridylation of  rRNA[20]. Box H/ACA snoRNAs can be 
further categorized by the presence or absence of  a Cajal-
body-specific localization signal (CAB). Those H/ACA 
snoRNAs with a CAB are considered small Cajal-body-
specific RNAs (scaRNAs) and contain two CAB boxes 
within the terminal loops of  both the 5′ and 3′ hairpins[21]. 
The third category of  snoRNAs, MRP RNA, is the least 
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characterized. This snoRNA is a component of  the 
RNase MRP, a ribonucleoprotein enzyme that cleaves at 
pre-rRNA at A3[14]. Mutants of  this RNA introduced into 
RNase MRP alter the ratio of  the long and short forms 
of  5.8S rRNA (5.8SL and 5.8SS) produced in the cell[22].

SnoRNAs transit through the Cajal bodies to un-
dergo final maturation before being transported to the 
nucleolus. The H/ACA box snoRNAs that contain the 
CAB binding sequence remain in the Cajal bodies. Once 
processed, snoRNAs participate in multiple steps of  pre-
ribosomal assembly prior to cytoplasmic export. Within 
the nucleolus, snoRNAs form snoRNPs which, along 
with ribosomal and nonribosomal proteins, help to as-
semble the 90S pre-ribosome in the nucleolus[8,12]. Mtr4p 
in conjunction with the exosome has been implicated in 
proper maturation of  polycistronic transcripts and inde-
pendently transcribed pre-snoRNAs, as well as intron-
derived snoRNAs. Although Mtr4p is not thought to be 
a universal factor in all snoRNA processing, it has been 
implicated in proper 3′ end processing of  snR44, snR73, 
snR72, U14, and snR33[23,24]. 

snRNAs 
S. cerevisiae contains 24 different snRNAs, six of  which 
are dispensable for growth[1]. Each snRNA contains 
a trimethyl cap at the 5′ terminus and is encoded by a 
single-copy gene. The major function of  snRNAs is to 
catalyze the maturation of  pre-mRNA to mRNA via the 
spliceosome. During spliceosome assembly, snRNAs 
and pre-mRNAs, along with at least 150 protein factors, 
undergo a variety of  conformational changes to establish 
specific and critical RNA-RNA interactions between the 
snRNAs and the pre-mRNAs[25]. The five snRNAs within 
the major spliceosome are U1, U2, U4, U5, and U6. U1 
and U2 are used predominantly for establishing critical 
contacts between the spliceosome and the pre-mRNA. 
These contacts include determinants of  the correct splice 
site by interaction with both the intron and exon of  the 
pre-mRNA[26]. U1 and U2 snRNAs bind to sequences 
at the site of  5′ cleavage and the branch point adenosine 
(A), while U5 participates in interactions involving the 3′ 
splice site[27]. U2, U5, and U6 are part of  the active spli-
ceosome. 
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Figure 1  Schematic representation of rRNA processing pathway in Saccharomyces cerevisiae. The full-length rRNA precursor undergoes several cleavage 
steps to produce functional 18S, 5.8S and 25S rRNAs for 60S and 40S ribosomes. Green trapezoids indicate points in the processing pathway at which Mtr4p activity 
has been shown to play a role. Also indicated are steps of processing that have been found to be completed in the cytoplasm[7,11].
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S. cerevisiae snRNAs are transcribed predominantly 
by RNA Pol Ⅱ, although U6 snRNA is transcribed by 
RNA Pol Ⅲ. SnRNAs contain TATA boxes located up-
stream of  their transcription start sites[1]. The U4 snRNA 
transcript is cleaved by Rnt1p, polyadenylated by Pap1p, 
and finally processed by Rrp6p, the exosome and Mtr4p 
to produce a functional snRNA[24]. Rnt1p, Mtr4p and 
the exosome appear to have some role in U5 snRNA 
processing, as a 3′-extended intermediate accumulates 
in both an rrp6-∆ strain and strains depleted of  Rrp41p, 
Rrp45p, and Mtr4p[23]. Furthermore, the ratio of  the long 
and short forms of  U5 (U5L and U5S) is drastically shift-
ed in favor of  U5S in strains depleted of  Rrp41p, Rrp45p, 
and Mtr4p and in strains lacking Rrp6p or Rnt1p[23]. The 
pathway by which other snRNAs are produced is less 
well defined, although all are thought to undergo 3′ end 
processing[23]. 

mRNA
Pol Ⅱ is responsible for the transcription of  pre-mRNAs. 
Unlike many RNAs, mRNA undergoes processing steps 
co-transcriptionally. Events such as 5′ end capping and 
some splicing take place while the RNA is still being syn-
thesized. Pre-mRNA processing involves five activities: 
5′ end capping, editing, splicing, 3′ end formation, and 
degradation. With the exception of  editing, each of  these 
processes can occur co-transcriptionally. The ability to 
process co-transcriptionally is in part due to the fact that 
Pol Ⅱ stimulates the activity of  many required processing 
factors[28]. The initial step in pre-mRNA processing is the 
addition of  the 5′ end cap. This process is directly linked 
to Pol Ⅱ via direct binding of  the three capping enzymes 
to Pol Ⅱ. Following phosphate removal, Ceg1p utilizes 
GTP to add a 5′ phosphate onto the 5′ end of  the pre-
mRNA. After the 5′ phosphate is added, a 5′ to 5′ linkage 
is completed, and Abd1p utilizes S-adenosylmethionine 
(SAM) to donate a methyl group to position 7 on the 
guanosine cap[29,30]. Completion of  this process caps the 
protein with the m7G(5′)ppp(5′)X cap. Once the 5′ cap is 
in place splicing can begin. 

Splicing takes place both co-transcriptionally and 
post-transcriptionally. Post-transcriptional splicing event 
sites are marked co-transcriptionally. Splicing is initiated 
by recruitment of  the spliceosome, which is composed 
of  snRNAs and a variety of  proteins[27]. After splicing 
has been completed, the 3′ end of  the mRNA must also 
be processed. 3′ end formation of  mRNA in S. cerevi-
siae requires three elements: (1) the efficiency element; 
UAG...UAUGUA and similar sequences, which enhances 
the efficiency of  downstream positioning elements; (2) 
the positioning element AATAAA which positions the 
poly(A) site; and (3) the poly(A) site, which contains a py-
rimidine (Py)(A)n

[31,32]. The efficiency element includes the 
sequences UAG...UAUGUA, UAUAUA, UUUUUAUA, 
and UACAUA. These elements act in concert with the 
efficiency element to determine where on the mRNA 
the poly(A) site is located. Once bound, Pap1p is able to 
polyadenylate the 3′ end of  the mRNA[33]. mRNAs that 

require splicing yet are unspliced are rapidly degraded in 
the nucleus by the exosome through 3′→5′ degradation 
and to a lesser extent by Rat1p directed 5′→3′ degrada-
tion[34]. Mtr4p has been implicated in the degradation of  
both mRNAs which lack a full length poly(A) tail[35] and 
mRNAs that are hyperadenylated[36].

tRNA
There are 274 tRNA genes in S. cerevisiae and each is 
transcribed by Pol Ⅲ. All tRNA transcription occurs 
within the nucleolus[37-39]. Following transcription, tRNA 
undergoes extensive folding and modification before ex-
port. Over 100 kinds of  nucleotide modifications occur 
on tRNA. These modifications are required for proper 
folding of  the tRNA into the canonical L-shaped ter-
tiary structure as well as for the function of  tRNAs in 
decoding. Lack of  these modifications leads to degrada-
tion of  the tRNA. For example, the 1-methyladenosine 
tRNA methyltransferase Gdc10p/Gdc14p modifies 
A58 of  tRNAi

Met to a 1-methyladenosine (m1A58). When 
this modification is not made pre-tRNAi

Met is degraded 
by Mtr4p, the Trf4/5p, Air1/2p, and Mtr4p Complex 
(TRAMP), Rrp6p and the exosome[13,40,41]. 

CUTs
CUTS are a class of  Pol Ⅱ transcripts in S. cerevisiae. A 
typical CUT has a capped 5′ end and can vary in length 
depending on when transcription stops. This creates het-
erogeneity and multiple polyadenylated 3′ ends[42]. There 
have been between 50 000 and 67 000 CUTs identified 
and these can be grouped into 1779 clusters. Of  the clus-
ters, 1496 do not correspond to open reading frames or 
non-coding RNAs (ncRNAs). Each CUT is between 200 
and 500 nucleotides in length and undergoes Nrd1p/exo-
some/TRAMP-dependent degradation. One hundred 
and six of  the clusters are mapped to ncRNA, and 134 
are located within intron-containing pre-mRNAs. Forty-
three clusters remain unclassified but some of  the mem-
bers of  these clusters are transcription start sites[43]. 

CUTs are produced from inter- and intragenic regions 
of  the genome. These regions may represent 10% of  
the intergenic transcripts in S. cerevisiae[42]. CUTs are de-
rived from a variety of  specific transcripts and are most 
prevalent in nucleosome-free regions. Most of  the sites 
which produce CUTs are within the promoter regions 
of  bona fide genes[43]. CUTs derived from gene promoters 
are believed to have a regulatory role, conferred by their 
co-transcription. However, most identified CUTs are an-
tisense to the flanking genes and appear to arise via pro-
moter divergent transcription[43]. Specifically, it is believed 
that CUTs may act as gene regulators in a pathway that 
resembles RNA interference (RNAi) despite the lack of  
evidence for an RNAi pathway in S. cerevisiae[44]. In fact, 
several examples of  CUT-dependent RNA transcription 
regulation have been cited recently[45-47]. 

Regulation of  CUTs is directed by the RNA binding 
proteins Nrd1p and Nab3p. Nrd1p and Nab3p are lo-
cated on chromosomes near the sites of  CUT transcrip-
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tion, and through this proximity they are able to bind 
the CUTs and cause termination. Nrd1 interacts with 
the CTD of  RNA Pol Ⅱ and also binds Nab3p. Nab3p 
binds the RNA and Nrd1p; this combination of  events 
leads to the termination of  CUTs. Interactions of  both 
Nrd1p and Nab3p with the exosome propagate degrada-
tion[48]. Degradation is dependent upon polyadenylation 
of  the CUT by the poly(A) polymerase Trf4p but the 
mechanism whereby the 3′ end is made available to Trf4p 
is unknown. In some instances, Mtr4p is involved in the 
degradation of  CUTs, through stimulation of  the exo-
nuclease activity of  Rrp6p, as well as through its role as a 
member of  the TRAMP complex[42,49].

PATHWAYS FOR NUCLEAR RNA 
PROCESSING AND DEGRADATION
The processing and degradation of  RNAs is essential to 
cell survival. Multiple RNAs are transcribed as pre-RNAs 
that require processing to convert them to functional 
RNAs. In particular, each rRNA, snRNA and snoRNA 
must have 3′ end extensions removed to yield functional 
RNAs[2]. In addition, aberrant RNAs and byproducts 
from RNA processing events must be removed from 
the cellular milieu. Two pathways exist for nuclear RNA 
processing and degradation, the 5′→3′ exonucleolytic 
pathway and the more prevalent 3′→5′ exonucleolytic 
pathway. 5′→3′ degradation is performed by Rat1p, the 
Rat1p-interacting protein Rai1p, and additional cofactors. 
Rat1p is a 5′→3′ RNA exonuclease, and Rai1p interacts 
with Rat1p to stabilize its exonuclease activity in vitro[50]. 
Specific cofactors are recruited by the 5′→3′ exonuclease 
machinery for degradation of  each type of  RNA. 3′→5′ 
degradation is performed by the nuclear exosome, Mtr4p, 
and a series of  RNA species specific cofactors. The 
nuclear exosome is a collection of  six RNase PH homo-
logs[3], three putative RNA binding proteins[51] and two 
active 3′→5′ exonucleases. In this section the functions, 
characteristics, cofactors, and activities of  each RNA pro-
cessing and degradation pathway are discussed. 

5′→3′ nuclear RNA processing and degradation by 
Rat1p
Transcription of  RNAs involves initiation, elongation 
and termination of  the RNA. The final step of  termina-
tion is controlled by two different pathways: either the 
poly(A)-site-independent pathway, or the poly(A)-site-
dependent pathway. Poly(A)-independent transcription 
termination requires the helicase Sen1p, and sequence-
specific RNA binding proteins, Nab3p and Nrd1p[52]. The 
poly(A) independent termination complex interacts with 
the exosome and undergoes 3′→5′ degradation, which is 
further discussed in the following section.

Poly(A)-site-dependent termination is less well charac-
terized, and the components required are not all known. 
At present, three theories on how termination is achieved 
exist: the “torpedo model”[53,54]; the “allosteric model”[55]; 
and the “hybrid model”[56]. The torpedo model suggests 

that the 5′-end of  the RNA, following the poly(A) cleav-
age site is used as a substrate for an exonuclease. When 
the exonuclease catches up with the polymerase it releases 
the DNA. In this model, the exonuclease acts as a torpedo 
jettisoning the polymerase from the DNA and thereby 
terminating transcription[53,54] (Figure 2A). The allosteric 
model proposes that the polymerase is altered by confor-
mational changes that take place because of  poly(A) site 
recognition, or loss of  anti-termination factors by recogni-
tion of  the poly(A) site. In this model processivity is lost 
and termination is gradual[55] (Figure 2B). The current 
opinion is that these two methods work together cohe-
sively in a hybrid model. The polymerase changes con-
formation upon poly(A) site recognition, and Rat1p and 
Pcf11p cause a pause in transcription. In this model, the 
Rat1p/Rai1p complex is used to remove RNA transcribed 
past the poly(A) site[56] (Figure 2C). In each of  the mod-
els, Rat1p acts as the primary exonuclease in the nucleus, 
whereas Xrn1p is the cytoplasmic nuclease, and also plays 
a minor role in nuclear degradation. 

Both Rat1p and Xrn1p are 5′→3′ exoribonucleases 
which processively degrade RNA containing a 5′-mono-
phosphate[52]. Rat1p has also been implicated in termina-
tion of  RNA Pol Ⅰ[57], Pol Ⅱ[58] and Pol Ⅲ transcripts[58,59]. 
Rat1p requires a cofactor, Rai1p, to enhance its activity[50]. 
The Rat1p/Rai1p complex is responsible for both bind-
ing and degrading the RNA transcript once the poly-
merase has progressed past the poly(A) site on the tem-
plate strand. When the Rat1p/Rai1p complex catches up 
with the polymerase, transcription is terminated. It has 
been suggested that the Rat1p/Rai1p complex is able to 
jettison the polymerase, but evidence for this action has 
not been found[57]. 

The Rat1p/Rai1p complex is involved in Pol Ⅰ pre-
rRNA transcription and co-transcriptional cleavage by 
Rnt1p, an endonuclease. Rnt1p generates a loading site 
for the Rat1p/Rai1p complex. In the absence of  the 
Rat1p/Rai1p complex, pre-rRNA transcription termi-
nates predominantly at the “fail safe” (T2) site of  termi-
nation rather than the primary termination site (T1), lo-
cated approximately 93 nucleotides downstream from the 
3′ end of  the 25S sequence[60]. Rat1p is also responsible 
for 5′ maturation of  25S rRNA. Depletion causes an ac-
cumulation of  26S rRNA, implicating Rat1p in cleavage 
at the C2 site in ITS2 (Figure 1)[57]. Rat1p is required for 
proper maturation of  5.8S rRNA. The predominant form 
of  5.8S rRNA is in the short form or 5.8SS. In the ab-
sence of  Rat1p the predominant form is the 5.8SL form, 
indicating that Rat1p is involved in exonucleolytic cleav-
age at the B1s site (Figure 1). Depletion of  Rai1p exacer-
bates the accumulation of  5.8SL

[57]. The physiological rel-
evance of  the 5.8SS and 5.8SL forms is unknown. Rat1p 
also interacts with Rrp17p, a second 5′→3′ exonuclease, 
during 5′ digestion of  both 5.8S and 25S rRNA. Rrp17p 
binds to late pre-60S ribosomal subunits, accompanying 
them from the nucleolus to the nuclear periphery[61]. 

The Rat1p/Rai1p complex has also been implicated 
in proper termination of  Pol Ⅱ pre-mRNA transcription. 
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Rat1p interacts with the largest subunit of  RNA Pol Ⅱ 
(RBP1), and through this interaction is able to promote 
transcription termination upstream of  the polyadenylation 
site. Additionally, Rat1p is responsible for 5′→3′ degrada-
tion of  uncapped mRNA[54]. When functioning in Pol 
Ⅱ transcription, Rat1p requires additional cofactors for 
binding and termination. Rtt103 is bound to the CTD of  
Pol Ⅱ when serine 2 is phosphorylated. Serine 2 phos-
phorylation takes place following early elongation and is 
a known binding site of  termination factors. The Rat1p/
Rai1p complex co-purifies with Rtt103p and this interac-
tion is thought to be critical for recruitment of  Rat1p to 3′ 
end cleavage sites in gene terminator regions[58]. Rat1p and 
Rai1p also interact with Pcf11p, a 3′ end processing factor 
known for dismantling Pol Ⅱ. This interaction may be 
critical to the termination function of  Rat1p[62]. 

Rat1p is the major component of  the rapid tRNA 

decay (RTD) pathway that degrades mis-modified tRNA. 
In the RTD pathway Rat1p interacts with Met22p, a 3′
(2′)5′-bisphosphate nucleotidase. The RTD pathway 
is responsible for degradation of  tRNAVal(AAC) lacking 
7-methylguanine 46 (m7G46) and 5-methylcytosine 49 
(m5C49) modifications, as well as tRNASer(UGA)(CGA) and 
tRNALeu(GAG) which are mis-modified[63]. In summary, the 
5′→3′ nuclear RNA processing and degradation pathway 
is the not the predominant pathway for nuclear RNA 
degradation. However, the 5′→3′ pathway does play a 
critical role in RNA Pol Ⅰ, Ⅱ, and Ⅲ transcription ter-
mination, transcript processing, and degradation of  aber-
rant transcripts.

3′→5′ nuclear RNA processing and degradation by the 
exosome
The exosome is a complex comprising 10 components as 
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well as a variety of  cofactors. The central core of  the exo-
some contains six RNase PH homologs that form a ring 
structure. These six proteins (Rrp41p, Rrp42p, Rrp43p, 
Rrp45p, Rrp46p, and Mtr3p) are catalytically inactive and 
act as a scaffold for exosome activity[3]. The six central 
core proteins are structurally related to the exonucleases 
found in both bacteria (PNPase or degradosome), and 
Archaea (aExosome). The bacterial PNPase is a homotri-
mer. Each monomer is a single polypeptide whose se-
quence contains two tandem RNase PH domains linked 
by an α domain. These two domains are followed by a 
K-homology (KH) and an S1 RNA binding domain[64]. 
The monomers come together to form a ring structure 
able to accommodate only single-stranded RNA (ss-
RNA) (Figure 3A). The archaeal exosome is a trimer of  
heterodimers made up of  aRrp41p and aRrp42p, which 
both contain RNase PH domains. The trimer forms a ring 
structure. aRrp41p is the catalytically active subunit and 
aRrp42p contributes to RNA binding. RNA binding is fa-
cilitated by a “cap” ring composed of  aRrp4p and aCsl4p. 
This ring is located on the face of  the ring opposite the 
active sites of  aRrp41p[65] (Figure 3B). The heterotrimer 
of  dimers creates a pore in the center which contains three 
phosphorolytic active sites. This pore is 8-10 Å in width, 
capable of  accommodating only ssRNA[66,67]. The structure 
of  the archaeal exosome indicates that the ring structure 
interacts with only the backbone of  the RNA. Therefore, 
interactions of  the RNA with the pore do not confer sub-
strate specificity[68]. In the yeast exosome Rrp41p, Rrp46p 
and Mtr3p are the aRrp41p-like subunits and Rrp42p, 
Rrp43p and Rrp46p are the aRrp42p-like subunits. The 
yeast exosome core is formed by intracomplex interactions 
between Rrp43p-Rrp46p[69], Rrp43-Rrp45[70], Rrp41p-
Rr45p, and Rrp42p-Mtr3p[71] (Figure 3C). Each of  these 
subunits is required for viability in yeast[72]. In the yeast 
exosome, none of  these subunits are catalytically active. 
The primary function of  the exosome core is to serve as 
scaffolding, allowing the exosome structure to be built 
upon its core. Like the archaeal exosome, the ring still 
forms a pore that can only accommodate ssRNA. How-
ever, a feature unique to the eukaryotic exosomes is that 
the exosome core acts to regulate the efficiency of  the 
exonuclease Rrp44p. 

The top side of  the scaffold ring interacts with three 
putative RNA binding proteins: Rrp4p, Rrp40p, and 
Csl4p[4]. These three proteins form a cap ring on the 
scaffold ring structure (Figure 3C). This cap structure 
also resembles the degradation machinery in bacteria and 
archaea. In the PNPase the monomers contain two RNA 
binding motifs[64]. In archaea the exosome contains a cap 
structure heterotrimer of  aRrp4p or aCsl4p, both of  
which are RNase Ⅱ-like RNA binding proteins. aRrp4p 
contains a KH RNA binding motif  and aCsl4p contains 
an S1 RNA-binding motif  and is a zinc finger protein[65]. 
The presence of  RNA binding domains in the cap bind-
ing proteins is believed to facilitate substrate recognition 
and specificity[73]. Specifically, poly(A)-deficient RNA is 
degraded most efficiently by an exosome capped with aC-
sl4p. An exosome capped with aRrp4p is able to degrade 

poly(A)-tailed substrates[74]. The presence of  aRrp4 sig-
nificantly increases the affinity of  the exosome for long 
RNA stretches[74,75]. The cap ring secures the RNA, while 
the three active sites in the archaeal core cleave the RNA. 
The archaeal exosome is highly processive, likely due to 
the RNA binding close to the active sites[76]. In the yeast 
exosome, the cap is a heterotrimer. Rrp4p interacts with 
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Figure 3  Crystal structures of the bacterial PNPase, archaeal exosome, 
and human exosome. A: Escherichia coli PNPase. Pictured in blue is the 
polynucleotide nucleotidyltransferase domain. In grey is the associated RNAse 
E domain (RCSB # 3GCM). The S1 and KH domains are not pictured because 
they are not included in the crystallized complex; B: Archaeal exosome. In blue 
is aRrp42, in orange is aRrp41. These two proteins are the exonucleolytic core 
proteins. In magenta is the aRrp4 cap protein (RCSBID: 2BA0); C: Human 
exosome. In orange is Rrp41p, in Blue is Rrp42p, in yellow is Rrp43p, in red is 
Rrp45p, in green is Rrp46p, in purple is Mtr3p. These six proteins make up the 
scaffolding ring structure. Also pictured are the cap proteins; in pink is Rrp4, in 
cyan is Rrp40, and in grey is Csl4 (RCSBID: 2NN6). The S. cervisiae exosome 
has not been crystalized but the human and yeast exosomes have approxi-
mately 51% sequence identity[51,66,143]. 
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Rrp41p, Mtr3p, Rrp44p, and Rrp6p[70], but does not bind 
RNA[77]. The association of  Csl4p to the exosome is salt 
dependent. Csl4p is shown to be in sub-stoichiometric 
ratios to the other components of  the exosome as deter-
mined by electron microscopy (EM). This observation 
shows Csl4p to be dispensable for the structural integrity 
of  the exosome, but does not preclude it as being neces-
sary for cofactor recruitment[78]. We have tested Csl4p for 
RNA binding activity and found that protein unable to 
bind RNA (Bernstein, unpublished data). Csl4p has been 
shown to interact with Mtr3p and is proposed to stabi-
lize the heterodimers of  the exosome core ring structure 
(Figure 3C).

On the bottom of  the core ring structure is an active 
3′→5′ exonuclease Dis3p (Rrp44p), which is responsible 
for some of  the activity of  the exosome[3-5]. Rrp44p is 
a member of  the RNase RNR superfamily of  3′ exo-
nucleases and is most closely related to RNase Ⅱ and 
RNase R[76]. The domain structure of  Rrp44p includes 
an amino terminal PilusT N-terminal (PIN) domain fol-
lowed by a loop region that connects to two cold shock 
domains (CSDs), RNA binding (RNB) domain, and a 
C-terminal S1 domain (Figure 4A). The PIN domain is 
exclusive to Rrp44p and homologs of  this protein. This 
domain provides Mn2+-dependent endonuclease activity 
to Rrp44p. The two CSDs and the S1 domain are each 
RNB domains. The RNB domain includes the catalytic 
site for exonuclease activity[79]. Rrp44p anchors to the 
exosome core through interactions with Rrp45p, Rrp43p 
and Rrp41p. The CSDs interact primarily with Rrp45p 
and to a lesser extent with Rrp43p, creating a direct route 
for RNA to pass from the exosome to Rrp44p. The 
“head domain,” or amino-terminal domain (NTD) of  
Rrp44p interacts with Rrp41p[78]. Each of  the domains 
of  Rrp44p is functionally separate[80]. Inactivating both 
the endonuclease and exonuclease activity of  Rrp44p is 
lethal[79]. EM images of  Rrp44p interacting with the core 
exosome show that RNA could enter the Rrp44p active 
sites in two ways: (1) through the exosome core, when 
at least 7 nt of  ssRNA are present; or (2) directly into 

Rrp44p[76,78] (Figure 4B). The RNA recruitment channel 
of  Rrp44p opens towards the exosome core, suggesting 
that RNA is “handed over” from the exosome to Rrp44p 
for processing or degradation[78]. At least 9 nt of  ssRNA 
need to be available to thread through the pore of  the 
exosome to Rrp44p[78]. Although the RNA only needs to 
be 9 nt in length to reach Rrp44p, 29-32 nt are required 
for activity[81]. Hand over delivery utilizes this property 
of  the exosome to help select substrates. In the direct 
method, Rrp44p receives RNA through the cleft between 
the PIN domain and the other domains of  Rrp44p. The 
PIN domain is located approximately 20 Å from the re-
cruitment channel and may block some RNA from enter-
ing the catalytic site. The cleft that is created between the 
PIN domain and the rest of  Rrp44p could easily accom-
modate ssRNA, and could fit double stranded (dsRNA) 
RNA, but any RNA with tertiary structures would be 
excluded. The position of  the PIN domain is thought to 
provide a mechanism of  selecting targets for processing 
and/or degradation[78]. Rrp44p is known to discriminate 
between substrates, showing specificity for hypomodi-
fied tRNAi

met. This recognition is dependent upon amino 
acids in the recruitment channel. Even though Rrp44p 
can recognize hypomodified tRNAi

met, full degradation of  
tRNA requires the exosome and Mtr4p[80].

In addition to Rrp44p, a second active exonuclease 
named Rrp6p[6,7] interacts with the exosome to promote 
the processing and degradation of  RNAs. Unlike Rrp44p, 
Rrp6p associates exclusively with the nuclear exosome. 
Rrp6p is a member of  death effector domain containing 
protein (DEDD) family of  3′→5′ exonucleases[82]. Cataly-
sis by Rrp6p requires two divalent metal ions[83,84]. The 
domain structure of  Rrp6p includes an NTD, an exo-
nuclease domain, and a helicase and RNase D C-terminal 
(HRDC) domain[76]. The NTD includes a polycystin 2 
N-terminus (PC2NT) domain, which creates a binding 
site for Rrp47p, a cofactor of  the exosome. Rrp47p pro-
motes the catalytic activity of  Rrp6p as well as allowing 
Rrp6p to bind RNA with secondary structures[85]. The 
exonuclease domain, located in the NTD, is responsible 

A

Exosome

Rrp44p

Scheme 2

RNA

Scheme 1

RNA
A

G
C

U

A
G

C
U

B

Figure 4  Rrp44p. A: Crystal structure of Saccharomyces cerevisiae Rrp44p bound to RNA. CSD1 is colored red, CSD2 is colored teal, the RNB domain is blue, and 
the S1 domain is magenta. The PIN domain is not pictured because this domain is not included in the crystallized construct (RCSB # 2VNU); B: Schematic represen-
tation of the two mechanisms whereby Rrp44p is able to degrade RNA. In Scheme 1 the RNA is fed through the exosome to Rrp44p. Scheme 2 shows the RNA being 
degraded directly by Rrp44p[4,144]. 
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for the catalytic activity of  Rrp6p[86]. The HRDC domain 
provides Rrp6p with a potential helicase domain, an 
RNase D domain, and is responsible for the RNA bind-
ing capabilities of  Rrp6p[76] (Figure 5). 

The CTD of  Rrp6p interacts with the exosome[7] and 
might contribute to substrate preference[76]. Although 
Rrp6p is not required for yeast viability[87], a loss in the 
protein causes slow growth, temperature sensitive lethal-
ity, and RNA synthesis defects[85]. Rrp6p is implicated in 
processing of  3′-extended 5.8S rRNA. Processing inter-
mediates including 23S, 21S pre-rRNAs and unadenylated 
rRNA fragments from the D-BIL cleavage sites accumu-
late in the absence of  Rrp6p. These intermediates are 
degraded by Rrp6p and Rat1p, independent of  the exo-
some[88]. In addition, Rrp6p is implicated in the 3′ matura-
tion events of  5S rRNA[76], maturation of  U14 snRNA, 
Nop1 snoRNP[89], and many other 3′-extended and poly-
adenylated snRNAs and box C/D snoRNAs[85]. Matura-
tion of  RNase P RNA, and mRNA surveillance are also 
dependent upon Rrp6p[76]. Rrp6p is involved in mRNA 
quality control by degradation of  transcripts at the site of  
transcription, a surveillance activity that requires poly(A) 
polymerase and the mRNA cap-binding complex[85,87,90,91]. 
Rrp6p is also involved in the degradation of  CUTs fol-
lowing polyadenylation[42,89]. 

In summary, the exosome is responsible for 3′→5′ pro-

cessing and degradation of  multiple RNAs. The ability 
of  the exosome to process or degrade RNA is dependent 
on association of  a substrate specific cofactor to enhance 
activity, and the helicase activity of  Mtr4p to remove sec-
ondary structure in substrates. Together, each of  these 
components comes together to create an efficient path-
way for processing and degradation[76,80] (Figure 6).

COFACTORS OF THE EXOSOME
The exosome is influenced by a series of  cofactors that 
presumably promote specificity or target the exosome to 
a particular site of  processing or degradation. The current 
theory is that processing is the primary mode of  action 
of  the exosome[76]. The exosome has weak exonuclease 
activity in vitro but rapid degradation is seen in vivo. This 
suggests that cofactors are required to stimulate activity in 
the presence of  targets[92]. 

Rrp47p
Rrp47p associates with the exosome at sub-stoichiomet-
ric levels and association is dependent on low Mg2+ con-
centrations[93]. Early steps in processing rRNA and some 
snoRNAs by the exosome require an interaction with 
Rrp47p. In particular, Rrp47p participates in exosome-
mediated processing of  35S, 23S, and 21S rRNA[93]. 
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Figure 5  Rrp6p. A: Crystal structure of Saccharomyces cerevisiae Rrp6p. The NTD is colored yellow, the exonuclease domain is colored green, and the HRDC do-
main is colored purple (RCSBID: 2HBJ); B: Schematic representation of the two different ways that Rrp6p functions in RNA degradation and processing. Scheme 1: 
Rrp6p interacts with the nuclear exosome to facilitate processing or degradation; Scheme 2: Rrp6p interacts with Rrp47 allowing Rrp6p to bind to RNA with secondary 
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Figure 6  Schematic representation of the basic mode of operation of the 3′→5′ RNA exosome. The figure highlights the need for a cofactor to stimulate the 
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Rrp47p also interacts directly with the N terminus of  
Rrp6p through the PC2NT domain in the absence of  the 
exosome[85]. Specifically, the interaction of  Rrp47p with 
Rrp6p allows Rrp6p to bind structured RNAs including 
double-stranded RNA and tRNAPhe[85]. Rrp47p is involved 
in 3′-end processing of  snoRNAs, but is not required for 
trimming the final few nucleotides. Processing of  U4 and 
U5 snRNAs are also dependent on Rrp47p and Rrp6p. 
Although Rrp47p is involved in many of  the same pro-
cessing events as Rrp6p, there is no evidence that Rrp47p 
itself  is an exonuclease. The level of  Rrp47p protein in 
the cell is highly dependent on the presence of  Rrp6p, 
but Rrp6p protein levels do not change significantly if  
Rrp47p is deleted[85]. Rrp47p is also not required for cell 
vitality or association of  Rrp6p with the exosome[93]. 

Mpp6p
Mpp6p is a nuclear RNA binding protein which interacts 
with the exosome, Rrp44p, Rrp47p, Nrd1p, TRAMP and 
Rrp6p. Mpp6p is non-essential yet robustly interacts with 
the exosome in an RNA-independent manner. Interest-
ingly, loss of  Mpp6p is lethal in combination with loss 
of  either Rrp47p or Rrp6p, indicating that these proteins 
function in similar steps of  processing or degradation. 
Mpp6p is known to function in surveillance of  pre-
rRNA, which is the most likely site of  interaction with 
Rrp47p and Rrp6p. In particular, Mpp6p is involved in 
processing of  5.8S+30 pre-rRNA and, to a lesser extent, 
23S pre-rRNA, in addition to some other uncharacter-
ized processing intermediates. Although Mpp6p and 
Rrp47p both interact with Rrp6p, each is believed to 
serve a different purpose. The specificity of  these pro-
teins may come from the different RNA preferences of  
the proteins[94]. For example, Mpp6p shows a preference 
for poly(U) stretches, whereas Rrp47 binds preferentially 
to structured RNAs. In addition to a role in pre-rRNA 
processing, Mpp6p is involved in pre-mRNA and mRNA 
surveillance. Degradation of  CUTs is facilitated by target-
ing via Mpp6p, Rrp47p, TRAMP and Nrd1p/Nab3p to 
the exosome and Rrp6p[94].

Nrd1p/Nab3p
The Nrd1p/Nab3p complex interacts with the exosome 
to promote proper 3′ end formation of  several mRNAs[95], 
snRNAs[23,24,86,95], snoRNAs[95] and CUTs[48,49]. Nrd1p is an 
RNA binding protein that interacts with the CTD of  Pol 
Ⅱ via its NTD[96]. Nrd1p works in association with an-
other RNA binding protein, Nab3p. Nab3p forms a direct 
interaction with Ctk1p[97], a catalytic subunit of  a kinase 
that phosphorylates the CTD of  Pol Ⅱ[98]. In order to act 
efficiently on the 3′ ends of  RNA substrates, the Nrd1p 
complex also requires the putative helicase Sen1p[97,99]. 
The final component known to be required for the Nrd1p 
complex is Ess1p, a prolyl isomerase. Ess1p binds to 
the CTD of  Pol Ⅱ and regulates transcription by caus-
ing conformational changes by isomerization of  serine-
proline bonds in the CTD[100]. The Nrd1p complex and all 
of  its cofactors are responsible for directing transcription 

termination of  non-polyadenylated transcripts[95]. These 
transcripts can then be targeted by the Nrd1p complex to 
TRAMP for polyadenylation and the exosome for pro-
cessing or degradation[48]. In the presence of  CUTs the 
Nrd1p complex is required for proper 3′ end formation[49] 
(Figure 7).

Nop53p 
Another exosome cofactor is Nop53p, which interacts 
with Rrp6p[101], Trf4p[101,102], and several rRNA assem-
bly proteins[103]. Although no direct interaction between 
Nop53p and the exosome has been found, depletion of  
Nop53p causes functional defects in the exosome[101,104]. 
In addition, the defects seen in rRNA processing by 
depletion of  Nop53p are much like those seen upon exo-
some depletion[101]. Nop53p is involved in the processing 
of  7S to 5.8S and 27S to 25S rRNA[101-104]. Nop53p in-
teracts with these pre-rRNAs co-transcriptionally during 
60S ribosome biogenesis[101]. Specifically, Nop53p associ-
ates with unassembled 60S ribosome subunits while they 
are located within the nucleolus and nucleoplasm[103-105]. 
Nop53p is a late-acting factor in 60S ribosome biogen-
esis, which is required for 60S ribosome subunit export 
competency[103,105]. The requirement of  Nop53p for ex-
port has led to the assumption that Nop53p is involved in 
targeting aberrant pre-ribosomes for degradation by the 
exosome. This assumption is enhanced by the fact that 
polyadenylated pre-rRNA precursors of  7S and 27S pre-
rRNAs are accumulated in the absence of  Nop53p[101]. 
This indicates that these rRNAs have been tagged for 
degradation but are unable to be targeted to the degrada-
tion machinery due to the absence of  Nop53p[105].

THE TRAMP COMPLEX
The major cofactor of  the nuclear exosome is the 
TRAMP complex. The TRAMP complex was discov-
ered using a yeast two-hybrid screen with Mtr4p as bait. 
This screen identified both Trf4p and Trf5p poly(A) 
polymerases as potential Mtr4p-interacting proteins. Fur-
ther experiments confirmed that Trf4/5p interact with 
Mtr4p with a minimal site at amino acids (aa) 53-199 of  
Mtr4p. The third component of  the TRAMP complex 
was found by an interaction with Lsm2p and Air2p. The 
immunoprecipitates containing this complex also contain 
Trf4p and Mtr4p[92]. Due to these sets of  interactions, the 
TRAMP complex was named for the three proteins that 
comprise the complex; Trf4/5p, the poly(A) polymerases, 
Air1/2p, putative RNA binding proteins that contain a 
zinc ring finger domain, and Mtr4p, a nuclear RNA heli-
case[92]. Together, these three proteins form two distinct 
complexes: the TRAMP4 complex which includes Trf4p, 
Air1/2p and Mtr4p, and the TRAMP5 complex with 
Trf5p, Air1/2p, and Mtr4p. Each complex is competent 
for polyadenylation of  various pre-rRNA[42,65,92,106-108], 
snRNA[42,92,109,110],  snoRNA[108,109],  tRNA[40,41,92,111], 
CUTs[42,108,109], and mRNA[112], as well as stimulating deg-
radation by Rrp6p[42,106,107,109-111] and the exosome. The 
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TRAMP4 complex is believed to be approximately 3-fold 
more prevalent than TRAMP5. Each complex is respon-
sible for distinct surveillance and degradation activities. 
The complexes are functionally redundant in only select 
circumstances. The Trf4/5p and Air1/2p proteins are 
found in stoichiometric ratios in the cell[42]. Addition-
ally, only a fraction of  the Mtr4p in the cell is found in 
a TRAMP complex. Mtr4p can be removed from the 
TRAMP complex by a relatively moderate increase in 
ionic strength, disassociating at 500 mmol/L NaCl in 
vitro. This suggests that Mtr4p also has TRAMP-indepen-
dent functions. Each of  the TRAMP complexes has been 
found to be responsible for the surveillance and degrada-
tion of  RNAs, but not for their maturation[92]. 

The TRAMP complex is required for 3′ end trimming 
of  NAB2 mRNA[112], polyadenylation of  hypo-modified 
tRNA[40,41,111], stimulation of  the exonuclease activity of  
both Rrp6p and the exosome[92,106], and surveillance and 
degradation of  various RNAs[92]. Nab2p is a nuclear pro-
tein required for mRNA export and poly(A) tail length 
determination. Due to its role in export of  mRNA, 
Nab2p must be tightly regulated to avoid export of  im-

proper transcripts. Nab2p is responsible for regulating 
the transcription of  its own mRNA (NAB2). Regulation 
is facilitated by a competition between proper 3′ end trim-
ming and polyadenylation. The 3′ end of  NAB2 mRNA 
contains a stretch of  26 adenosines (A26 site) and approx-
imately 114 nt further downstream is a polyadenylation 
site. The balance between which of  these sites is utilized 
for 3′ end formation determines the level of  NAB2 tran-
scripts. Nab2p binds to the A26 site of  its own mRNA, 
and thereby recruits TRAMP and the exosome to degrade 
the transcript. The exosome and TRAMP are responsible 
for trimming the NAB2 mRNA back to the polyadenyl-
ation site, at which point either polyadenylation can oc-
cur or the transcript can be rapidly degraded by Rrp6p 
and TRAMP. Degradation by the exosome is caused by 
defects in 3′ end formation, and the rate of  degradation 
is enhanced by TRAMP[112]. TRAMP is also involved in 
polyadenylating misfolded tRNA. Unmodified tRNAs are 
preferentially polyadenylated by TRAMP4. This indicates 
that TRAMP is able to differentiate between modified 
and unmodified tRNA, likely due to misfolding of  the 
unmodified tRNA. TRAMP4 polyadenylates these mis-
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folded tRNAs, utilizing the poly(A) polymerase activity 
of  Trf4p. Trf4p is stimulated by Air1/2p and requires the 
presence of  rATP, Mn2+ or Mg2+, and an ssRNA stretch. 
Polyadenylation targets these tRNAs to the exosome for 
degradation. The exosome is able to degrade the poly(A) 
tail and the single-stranded stretch but requires Mtr4p for 
degradation of  the tRNA body[111]. Specifically, TRAMP 
is able to stimulate Rrp44p to degrade hypomodified 
tRNAi

Met[40,41]. TRAMP has also been implicated in the 
polyadenylation and degradation of  rRNA, snoRNA and 
CUTSs. In particular, TRAMP is known to polyadenylate 
23S pre-rRNA and U14 snoRNA[92]. In addition to the 
roles of  TRAMP in specific cases of  RNA surveillance 
and degradation, the complex has a global role in stimu-
lating the exonuclease activity of  the exosome and Rrp6p. 
In the presence of  TRAMP, the rate of  Rrp6p hydrolytic 
exonuclease activity is increased approximately 10-fold. 
The enhancement of  Rrp6p activity by TRAMP is inde-
pendent of  rATP and polyadenylation. TRAMP is also 
able to enhance the exonuclease activity of  the exosome 
containing Rrp6p to degrade aberrant RNA[106] (Figure 8). 
Each of  the proteins within the TRAMP complex also 

has functions that are unrelated to the complex which 
will be discussed further below.

A recent structural study[113] has revealed the molecu-
lar architecture of  the TRAMP4 core polyadenylation 
machinery (Figure 9). The complex, which contains the 
catalytic and central domains of  Trf4p (residues 161-481; 
full-length Trf4p contains 584 residues) and the fourth 
and fifth zinc knuckles of  Air2p (residues 119-198; full-
length Air2p contains 344 residues), shows that the fifth 
zinc knuckle serves as a protein interaction module, as 
the residues most likely to interact with RNA are buried 
against the surface of  Trf4p. In contrast, the fourth zinc 
knuckle has these same putative RNA-binding residues 
exposed, making this zinc knuckle a likely RNA-binding 
module. The TRAMP4 core (Trf4p161-481 plus Air2p119-198) 
can recognize and polyadenylate mutant tRNAAla[113], 
in agreement with the hypothesis that the fourth zinc 
knuckle plays a role in substrate binding. In addition, the 
first zinc knuckle plays a significant role in TRAMP4 
activity. A fragment containing this zinc knuckle poly-
adenylated a greater fraction of  mutant tRNAAla and 
appended longer poly(A) tails on those substrates than 
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fragments that lacked the first zinc knuckle[113]. TRAMP 
requires a minimum 3′ overhang of  3 nt to initiate poly-
adenylation, but beyond that requirement, little is known 
regarding how TRAMP differentiates between substrate 
and non-substrate RNAs.

Trf4p and Trf5p
The Trf4p and Trf5p proteins are approximately 56% 
similar at the amino acid level[108] and 48% identical[110]. 
The two proteins have proven to be functionally redun-
dant for the polyadenylation and degradation of  some 3′ 
extended RNAs, including U14 snoRNA, 23S pre-rRNA, 
and the NEL025c CUT[108]. It is likely that Trf4p and 
Trf5p are responsible for promoting exosome degrada-
tion of  other CUTs, including spliced introns[108]. This 
function is carried out by a polyadenylation independent 
mechanism. With the exception of  these few examples, 
it is believed that Trf4p and Trf5p target distinct RNA 
populations. A recent study[108] has investigated the ef-
fects of  depleting either Trf4p or Trf5p individually. 
Depletion of  Trf4p caused 422 RNAs to accumulate, 72 
of  which were snoRNAs, intergenic RNA regions, au-
tonomously replicating sequences or CUTs. The second 
largest population consisted of  Ty1 retrotransposon tran-
scripts. Ty1 retrotransposons are a class of  RNAs that 
encode proteins and RNAs that assemble into virus-like 
particles. Depletion of  Trf4p also results in accumula-
tion of  mRNAs encoding nuclear proteins. It appears 
that highly expressed and structured RNAs depend on 
the polyadenylation activity of  Trf4p to be properly 
processed; this only accounts for approximately 10% of  
the Trf4p targets. One possibility is that the majority of  
Trf4p target RNAs recruit other factors that are required 
for their processing. Perhaps Trf4p catalytic activity is not 
essential for the proper processing of  these targets, but 
helps ensure that they are processed in a timely manner. 

Trf4p is also required for degradation of  subtelomeric 
RNAs, particularly those containing a repetitive helicase-
encoding sequence called the Y′ sequence within terminal 
telomeric repeats. The polyadenylation activity of  Trf4p 
is not required for this function but is beneficial. In the 
absence of  Trf4p, telomeres are approximately 120 bp 
shorter than normal. This shortening is not related to the 
accumulation of  subtelomeric RNA[108]. 

Depletion of  Trf5p resulted in the accumulation of  
only 269 RNAs, of  which 11 were ncRNA, one was a 
snoRNA, one was a CUT, and two were intergenic regions 
(IGRs). Trf5p depletion causes a slight decrease in Ty1 
retrotransposon. The opposing effects of  Trf4p and Trf5p 
on Ty1 levels indicate that they act via an unknown mecha-
nism to regulate expression of  the TY1 locus. The major-
ity of  the RNAs affected by Trf5p depletion are mRNAs 
that encode cytoplasmic translation proteins. Trf5p is in-
volved in degradation of  subtelomeric RNAs, by acting on 
the factors that regulate chromatin silencing[108]. 

In addition to roles in RNA surveillance and degrada-
tion, Trf4p and Trf5p are also critical factors in genome 
stability through interactions with transcripts encod-
ing DNA replication-dependent histones. In order to 
maintain histone levels, cells regulate their expression 
by coupling transcription with the rate of  DNA synthe-
sis[114]. Trf4p and Trf5p bind to chromatin to facilitate 
maintenance of  histone levels. Depletion of  Trf4p causes 
defects in DNA metabolism including: hyper-recombina-
tion in rDNA; sensitivity to DNA-damaging agents[115-119]; 
chromosome condensation; cohesion defects[116,120,121]; 
and delay of  entry into and progression of  S-phase[122]. 
Trf4p interacts with various proteins involved in histone 
acetylation[122], DNA-damage checkpoints, histone pro-
tein regulation[123], histone chaperones, and nucleosome-
assembly factors[124,125]. Trf5p interacts with Pol ε, a rep-
licative DNA polymerase[126]. Although Trf4p and Trf5p 
are involved in maintenance of  the levels of  replication-
dependent core histone mRNA, they are not responsible 
for the polyadenylation of  those mRNAs[122].

Trf4p has been shown to possess other functions 
independent of  Trf5p. Trf4p is involved in the degrada-
tion of  Pol Ⅱ CUTs and other Pol Ⅱ and Pol Ⅲ ncRNA 
transcripts, as well as the polyadenylation of  Rnt1p cleav-
age products. In concert with Rrp6p, these polyadenyl-
ated transcripts, U3/U4 snoRNA, and snR40 snRNA are 
degraded[109]. Pre-ribosomes that have undergone sur-
veillance and require degradation are polyadenylated by 
Trf4p and concentrated in the No-body, a sub-nucleolar 
region. Trf4p and Rrp6p are required for concentration 
of  export blocked 60S pre-ribosomes in the No-body[107]. 
Trf4p is implicated in targeting of  RNAs for degradation 
by the exosome via a mechanism that would limit the lev-
els of  inappropriate Pol-Ⅱ-transcribed IGRs[42].

Trf5p also has functions distinct from those of  Trf4p. 
Trf5p is the poly(A) polymerase that targets 5.8S+30 pre-
rRNA[110], and 23S rRNA[127]. Mis-assembled pre-rRNAs 
that become the RNA component of  the small ribo-
somal subunit are also polyadenylated by Trf5p and then 
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Figure 9  Crystal structure of the TRAMP4 core. The catalytic domain of 
Trf4p is indicated. The fourth and fifth zinc knuckles (ZK4 and ZK5) pack 
against the central domain of Trf4p (RCSBID: 3NYB)[113].
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degraded by the exosome. Mis-assembly is determined 
by the kinetics of  assembly of  the pre-rRNA processing 
complexes on the 5′ terminal end[127].

In summary, both Trf4p and Trf5p are extremely 
important for the correct surveillance and processing of  
a variety of  RNAs and pre-RNAs. These two proteins 
interact closely with Rrp6p and the nuclear exosome to 
degrade RNAs that have been polyadenylated. Direct 
binding of  Trf4/5p to Air1/2p is often seen during poly-
adenylation of  substrate RNAs[42,128].

Air1p and Air2p 
The Air1p and Air2p proteins were discovered in a two-
hybrid screen for novel factors in yeast that interact with 
arginine rich domains (RGGs) of  heterogeneous nuclear 
RNPs (hnRNPs). Air1p was found to interact with 
Hmt1p, a protein that methylates Npl3p, thereby allow-
ing Npl3p to exit the nucleus[129]. hnRNPs are involved 
in mRNA processing and export. They are post-trans-
lationally modified by methylation at arginine residues 
within the RGG domain[130]. Methyl groups are donated 
by SAM and placed on the nitrogen group of  an arginine 
residue[131]. Air1p binds to Hmt1p, thereby blocking the 
ability of  Hmt1p to bind and methylate Npl3p. With-
out methylation Npl3p cannot export mRNA from the 
nucleus. Following the discovery of  Air1p, a genome 
search has found a paralog, which has been named Air2p. 
Air2p is also able to bind Hmt1p and block methylation 
of  Npl3p[130]. Air1/2p were later discovered to bind the 
large mobile (LM) proteins in the LM2-8 complex. This 
interaction has led to the discovery of  their role in the 
TRAMP complexes[132].

Mtr4p
Helicases are enzymes that catalyze the unwinding of  
double-stranded nucleic acids (dsNAs), and are classified 
into five families, named super family (SF) 1-5. Mtr4p be-
longs to SF2, and the subfamily of  DExH-box helicases. 
DExH-box helicases are involved in all processes involv-
ing RNA metabolism including: transcription, editing, 
splicing, ribosome biogenesis, RNA export, translation, 
RNA turnover, and organelle expression[133]. In addition, 
DExH-box helicases act with cofactors that are respon-
sible for recruitment to a complex, bridging between 
the helicases and the target RNA, and activation of  the 
helicases through physical interaction, although none of  

these activities are mutually exclusive[134].
Mtr4p was discovered in two independent studies, 

each of  which was searching for proteins with different 
functions. In the first study[135], mRNA transport proteins 
were depleted. Of  particular interest was the depletion 
of  Mtr4p, which caused accumulation of  polyadenylated 
RNA in the nucleolus[135]. This study examined the con-
served regions within Mtr4p that are involved in helicase 
activity and nucleolar targeting. The second study[10] iden-
tified Mtr4p in a screen for genes that require overexpres-
sion of  yeast transcription initiation factor eIF4B protein 
3 (Tif3p). That study looked at the functional role of  
Mtr4p in biogenesis of  60S ribosomal subunits[10].

Mtr4p is an ATP-dependent RNA helicase[41,136] local-
ized to the nucleolus[135], and is a member of  the Ski2 
subfamily of  RNA helicases, which is named after the 
yeast helicase Ski2p. Ski2 family members contain eight 
conserved sequence motifs that are thought to be impor-
tant for helicase activity. The Ski2 family of  helicases also 
contains a large conserved motif  at the end of  their CTD, 
the DSHCT domain[137], which is an eight-helix bundle 
comprising residues 912-1073[138]. The CTD of  Mtr4p 
also contains a bipartite nuclear localization signal (NLS) 
and an arginine/lysine-rich domain. Although the NLS 
sequence located between aa 855-869 of  Mtr4p is able to 
confer nuclear localization to β-galactosidase, this sequence 
is not essential for Mtr4p nuclear localization. Surprisingly, 
the arginine/lysine domain acts as the NLS for Mtr4p[135]. 
Remarkably, recent structural and functional studies have 
implicated residues in the CTD in RNA-binding([139,140]; 

discussed further below). The N-terminal half, however, 
contains all of  the helicase motifs (Figure 10). Our studies 
have shown that, despite the presence of  all the helicase 
motifs, the N-terminal half  of  Mtr4p is not functional. 
This protein fragment cannot hydrolyze ATP and has im-
paired RNA binding (Bernstein, unpublished data).

A 2006 study[141] has investigated the importance of  
the sequences in three of  the helicase motifs. In this 
study, two mutations were made in motif  Ⅰ, (K177A 
and K177R), one mutation (D262A) in motif  Ⅱ, and the 
S293L motif  Ⅲ mutation was engineered. The effects 
of  the mutations were measured by dominant negative 
growth defects. In a dominant negative growth defect, 
the mutated protein may sequester the endogenous sub-
strate by binding to it but being unable to release it. In 
Mtr4p, mutations made in motifs Ⅰ and Ⅲ both resulted 
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in dominant negative growth defects. Surprisingly, mu-
tating the D of  the critical ATP binding and hydrolysis 
DExH sequence in motif  Ⅱ had no effect on growth[141]. 
We have shown that the D262A mutant is ATPase defi-
cient and binds RNA (Bernstein, unpublished data).

Mtr4p structures
Two recent structural studies have revealed the archi-
tecture of  Mtr4p and highlighted motifs important for 
binding both nucleotide and RNA substrates. The struc-
ture of  apo-Mtr4p[138] reveals that the canonical recA-like 
core domains are decorated with both winged-helix and 
seven-helix bundle domains (similar to those found in the 
related archaeal Hel308 helicase) and a novel arch domain 
(Figure 11). Such unique sequence and structural features 
of  Mtr4p and related helicases likely contribute to attri-
butes that differentiate them from other enzymes in the 
same superfamily. In particular, the arch domain is both 
unique to the Ski2-like helicases and essential for Mtr4p 
function. Surprisingly, the arch domain has little effect on 
either ATPase or unwinding activity, but is essential for 
proper yeast growth and 5.8S rRNA processing[138]. 

The structure of  Mtr4p bound to ADP and a short 
poly(A) RNA has also recently been solved[140]. The ad-
enine base of  ADP is sandwiched between the side chains 
of  R547 and F148. The exocyclic amino group of  adenine 
is recognized by Q154, which is part of  the Q-motif. Both 
K177 of  motif  Ⅰ and D262 of  motif  Ⅱ are in position 
to interact with the γ-phosphate of  bound ATP. The 
RNA substrate binds in a cleft between the two RecA-like 
domains. The 5′-most visible nucleotide (in this context, 
“visible” means that there is observed electron density for 
that nucleotide in the structure, making this position 5 in 
the 10 nucleotide poly(A), called A10, in the crystal) packs 
against W524 and G526, which form part of  a β-hairpin 
that is similarly situated in both the archaeal Hel308 and 
Prp43p helicases. Several residues in the cleft between the 
recA-like domains make contact with the sugar-phosphate 
of  the bound RNA. Surprisingly, despite the preferential 
binding of  Mtr4p to poly(A) RNA, few contacts between 

Mtr4p and the adenine bases in the bound RNA exist. In 
the first of  two monomers, in the asymmetric unit of  the 
crystal structure, the 3′-end of  the A10 substrate in the co-
crystal abuts the interface between domains 1 and 4, with 
interactions between R272 and O4′ of  the 3′-ribose, and 
between R1030 and the exocyclic amino group of  the 3′ 
adenosine. In the second monomer, E947 and R1030 in-
teract with the fourth and fifth visible base in the bound 
substrate, respectively. E947 interacts with the exocyclic 
amino group, and R1030 interacts with N3, a different po-
sition than that observed in the first monomer (Figure 12).  
Perhaps this plasticity in the Mtr4p-poly(A) interface con-
tributes to some of  the unique functional properties ob-
served in vitro[136,142] and in vivo[139].

Involvement of Mtr4p in RNA processing and 
degradation
Mtr4p is involved in a variety of  RNA processing and deg-
radation events including the processing of  rRNA[7,10,141], 
snoRNA[23,24], snRNA[24], mRNA[35], the degradation of  
mis-modified tRNA[13,40,41], and degradation of  CUTs[42,49]. 
During rRNA processing, Mtr4p is required for biogen-
esis of  60S ribosomal subunits. Depletion of  Mtr4p leads 
to a decrease in the level of  mature 60S ribosomal sub-

Figure 11  Crystal structure of apo-Mtr4p. The individual domains (recA-like, 
winged-helix, seven-helix bundle, and arch) are labeled and colored similarly to 
the scheme in[138] (RCSBID: 3L9O). The arch domain, despite being in an ideal 
position to promote protein interactions, does not appear to interact with the 
TRAMP complex[140].
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units. This decrease is due to the involvement of  Mtr4p 
in processing at the A0, A1, A2, BIL, BIS, C2, and E cleavage 
sites[7,11] (Figure 1). Improper processing at these sites 
leads to accumulation of  35S, 23S, 22S, 21S, 7SL, and 7SS 
pre-rRNAs, and retention of  the 5′ region of  ITS2, A0, 
and ETS. During these processing events, Mtr4p interacts 
with the exosome but is not stably associated[10]. Although 
Mtr4p is not thought to be a universal factor in all snoR-
NA processing, it has been implicated in proper 3′ end 
processing of  snR44, snR73, snR72, U14, and snR33[23,24]. 
Mtr4p activity is required for proper processing of  both 
U4 and U5 snRNAs[23]. Mtr4p has also been implicated 
in degradation of  mRNAs which that lack a full-length 
poly(A) tail or have been hyperadenylated[35,36]. Degrada-
tion of  hypomodified tRNAi

Met is dependent upon the 
helicase activity of  Mtr4p[41]. In the absence of  the m1A58 
modification, hypomodified tRNAi

Met is polyadenylated by 
Trf4p. After polyadenylation, the exosome is recruited to 
degrade the tRNA. In the absence of  Mtr4p, the poly(A) 
tail is readily removed by the exosome but the body of  
the tRNA is unable to be degraded[40]. In some instances, 
Mtr4p is involved in the degradation of  CUTs, through 
stimulation of  the exonuclease activity of  Rrp6p, as well 
as in the TRAMP complex[42,49]. The involvement of  
Mtr4p in such a wide variety of  RNA processing and deg-
radation events indicates the critical role this protein plays 
in cellular function. This is highlighted by the fact that 
deletion of  the gene is lethal[10]. One essential function of  
Mtr4p is helicase activity; however, it is not the only func-
tion, as we discuss below.

A recent study[139] has discovered a novel Mtr4p activ-
ity as a regulator of  TRAMP polyadenylation. Tight regu-
lation of  TRAMP polyadenylation likely protects against 
unnecessary ATP consumption and spurious polyad-
enylation (and subsequent exonucleolytic cleavage by the 
exosome). In vitro, TRAMP stimulates the accumulation 
of  polyadenylated substrates containing very short (3-5 
adenylates) poly(A) tails. This correlates quite well with 
the observed distribution of  polyadenylated tRNAi

Met  
in vivo. Although the short poly(A)-tailed RNAs accu-
mulate rapidly, they are extended quite slowly. Current 
structural, biochemical and biophysical data all indicate 
that Mtr4p interrogates the 3′-end of  potential substrates. 
The specificity of  Mtr4p for poly(A) RNA[136,142] likely 
facilitates this regulation once the poly(A) tail reaches 
a critical length of  four or five adenylates. Intriguingly, 
residues outside the canonical helicase motifs in the con-
served DSHCT domain appear to be important for this 
Mtr4p activity. In particular, E947, which contacts an 
adenine base in the Mtr4p-poly(A) crystal structure[140], 
when mutated to alanine relieves some of  the Mtr4p-
mediated regulatory pressure on TRAMP. It will be inter-
esting to see what role (if  any) the DSHCT domain plays 
in the recognition of  other Mtr4p (i.e., non-TRAMP) 
substrates. Mtr4p restricts, but does not prevent further 
polyadenylation by TRAMP, suggesting that a given po-
tential substrate will have to be relatively long-lived to ac-
cumulate TRAMP-appended poly(A) tails of  significant 

length (Figure 13). Thus, it is plausible to assume that a 
long-lived unprocessed (or undegraded) potential RNA 
substrate is indicative of  a bottleneck in exosome-mediat-
ed processing (or decay). Such a situation should lead to 
extended poly(A) tails, which could lead to tighter Mtr4p 
binding and decreased Mtr4p dissociation[136,142], and thus 
increase the opportunities for that complex to encounter 
and thus be processed by the exosome. Such a remark-
able Mtr4p-mediated regulatory circuit could ensure that 
extended poly(A) tails are only appended to RNAs that 
have passed their expiration date.

CONCLUSION
RNA processing and degradation are complex processes 
involving a number of  proteins and RNAs working in 
concert to produce mature, functional RNA. This com-
plex network of  events can be broken down by RNA 
type and processing or degradation pathways affecting 
that RNA. Understanding the mechanism whereby an 
RNA is selected for processing or degradation, and which 
pathway that RNA takes are essential to determining how 
the RNA population is controlled to ensure proper cell 
function. RNA processing and degradation use the same 
basic machinery, yet have different endpoints. Thus, both 
processes must be tightly regulated. Such regulation likely 
involves an intricate network of  modulating protein-
protein and protein-RNA interactions. The discovery of  
a novel regulatory function for the Mtr4p helicase that 
does not involve unwinding activity, but rather its ability 
to bind short poly(A) 3′-ends, is an indication of  the high 
level of  complexity inherent in the regulatory schemes 

Putative
TRAMP

substrate

Initial TRAMP
ployadenylation steps
proceed rapidly

Subsequent TRAMP
ployadenylation steps
proceed slowly

A5

A1

A2

A3

A4

-AAAA

-AAAAA…An

An

Figure 13  Regulation of TRAMP4 polyadenylation by Mtr4p. Mtr4p has a 
novel function as a regulator of TRAMP polyadenylation. Addition of the first 
four adenylates to a TRAMP substrate is accelerated by Mtr4p, whereas the 
subsequent adenylates (i.e., A5 to An) are added more slowly, suggesting that 
interrogation of the 3′-end of a substrate by Mtr4p plays a significant role in this 
regulation[139].
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that ensure proper nuclear RNA processing. 
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