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A snRNP’s ordered path to maturity
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The U5 snRNP (small ribonucleoprotein) contains sev-
eral functionally crucial splicing factors that form an
extensive interaction network both in the snRNP and
within the spliceosome. In this issue of Genes & De-
velopment, Weber and colleagues (pp. 1601-1612) shed
light on the dynamic assembly of this critical spliceo-
somal component and elucidate the molecular interac-
tions underlying the ordered addition of Brr2, a pivotal
spliceosomal helicase, to the U5 snRNP.

A fascinating feature of eukaryotic gene expression is the
presence of intervening sequences or introns in the
majority of primary genetic transcripts that need to be
accurately removed or “spliced” to generate a functional
transcript. Commensurate with its critical importance,
splicing is performed through a highly elaborate, stepwise
process involving the assembly of a large number of mo-
lecular complexes and myriad conformational rear-
rangements that serve as checkpoints to ensure accuracy
(Wahl et al. 2009; Valadkhan and Jaladat 2010; Will and
Lithrmann 2011). Once splicing is performed, the assem-
bled splicing machinery, called the spliceosome, disas-
sembles, and its components are prepared for the next
round of assembly and splicing. While three decades
of intense research have elucidated the broad outline of
the spliceosomal assembly and disassembly steps, our
understanding of the molecular events involved in
the orchestration of the spliceosomal conformational
changes has remained very limited (Nilsen 1998; Will
and Luhrmann 2006). Smith et al. 2008; Newman and
Nagai 2010).

A large fraction of spliceosomal components are pre-
assembled into snRNPs (small ribonucleoproteins), each
of which contains one of the five spliceosomal small
nuclear RNAs (Ul, U2, U4, U5, or U6 snRNAs) and
several associated proteins. Of the five spliceosomal
snRNPs, U5 snRNP is the largest and, in addition to U5
snRNA, carries a number of highly critical spliceosomal
proteins to the assembling spliceosomes (Wahl et al.
2009; Valadkhan and Jaladat 2010; Will and Lithrmann
2011). The U5-associated proteins include Prp8, a large
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and highly conserved protein that is thought to have
a pivotal role in coordination of the spliceosomal cycle
(Grainger and Beggs 2005). The mode of function of Prp8
is poorly understood, and it lacks well-defined, con-
served functional motifs. However, Prp8 contains a num-
ber of degenerate nucleic acid-binding domains, including
reverse transcriptase, RNase H, RNA-binding motif
(RRM), and likely a bromodomain (Grainger and Beggs
2005; Dlaki¢ and Mushegian 2011). In addition, close
to its C terminus it contains a degenerate MPN/Jabl
domain that is found in deubiquitinating enzymes
(Grainger and Beggs 2005; Bellare et al. 2006; Pena
et al. 2007; Zhang et al. 2007). In these degenerate
domains, most of the functionally critical residues are
missing, and it is likely that they are remnants of an
ancient mobile element from which Prp8 has evolved
(Dlaki¢ and Mushegian 2011). Instead of performing their
original functions, these degenerate domains seem to be
used as protein—nucleic acid and protein—protein interac-
tion domains in Prp8.

Another functionally essential U5-associated protein
is Brr2, a DExD/H-box helicase that is involved in
remodeling the RNA-RNA interactions during both the
spliceosomal activation and the disassembly steps (Fig. 1;
Wahl et al. 2009; Hahn and Beggs 2010; Valadkhan and
Jaladat 2010). An important step in the final stages of
spliceosomal activation involves the formation of a cata-
lytically required base-pairing interaction between U2
and U6 snRNAs (Valadkhan 2010). For this to happen, an
existing base-pairing interaction between U6 and U4
snRNAs has to be disrupted, an important conforma-
tional change known to be mediated by Brr2 (Kim and
Rossi 1999; Hahn and Beggs 2010). Furthermore, after
completion of the splicing reaction, Brr2 disrupts the
base-pairing interaction of U2 and U6 snRNAs as one of
the first steps in the disassembly of the spliceosome and
the recycling of its components for a new round of splicing
(Hahn and Beggs 2010; Valadkhan and Jaladat 2010; Will
and Lithrmann 2011). These important functions of Brr2
are regulated by the C-terminal domain (CTD) of Prp8,
which has been shown to stimulate the unwinding activ-
ity of Brr2 (Maeder et al. 2009), and by Snull4, another
U5-associated protein that acts as a classic regulatory
G protein and regulates the unwinding function of Brr2 in
a GTP-dependent manner (Small et al. 2006; Valadkhan
and Jaladat 2010; Will and Lithrmann 2011). Furthermore,
there is extensive in vitro and in vivo evidence for direct
interaction between Snull4 and the CTD of Prp8 with
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Brr2 (Bottner et al. 2005; Grainger and Beggs 2005;
Boon et al. 2006; Liu et al. 2006; Will and Lithrmann
2011).

Thus, in the light of the critical function of Brr2, it was
a surprise when it was discovered that a fraction of U5
complexes lack Brr2 (Gottschalk et al. 2001). Further
work indicated that these Brr2-less U5 snRNPs corre-
sponded to immature snRNPs. Instead of Brr2, these
immature U5 snRNPs contained Aar2, a spliceosomal
protein that was shown to be dispensable for a single
round of in vitro splicing but required for multiple cycles
of splicing, which suggested a role in spliceosomal
recycling (Gottschalk et al. 2001; Stevens et al. 2001).
Since analysis of U5 snRNPs at various stages of maturity
suggested that the presence of Brr2 and Aar2 was mutu-
ally exclusive, it was hypothesized that they may be
competing for interaction with the same binding motif as
a potential regulatory step during the maturation of the
U5 snRNPs (Boon et al. 2007).

Through an elegant series of biochemical and struc-
tural biology studies, Weber et al. (2011) addressed this
possibility by unraveling the network of interactions
between Aar2 and Prp8 and its subsequent replacement
by Brr2 during the maturation of the U5 snRNP particle.
By elucidating the molecular details of the interaction
between Aar2 and Prp8, Weber et al. (2011) provide evidence
for a previously unknown regulated step in the maturation
of U5 snRNPs, which involves phosphorylation of Aar2
that leads to its release from Prp8 and replacement by Brr2.
Furthermore, this work reveals the presence of yet another
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mechanism for ensuring the ordered, stepwise assembly
of the spliceosomal components.

Sequestration of the Brr2-binding site on Prp8 by Aar2

To gain insight into the interaction of Aar2 and Prp8,
Weber et al. (2011) first used pull-down assays to show
that Aar2 can bind a peptide containing the RNase H and
MPN/Jabl domains of Prp8. While the RNase H domain
in isolation was able to bind Aar2, the MPN/Jabl domain
by itself could not bind Aar2. Crystal structure of a poly-
peptide containing the RNase H and MPN/Jabl domains
of Prp8 (but lacking 16 amino acids from its very
C terminus) indicated that the two domains folded in-
dependently with a flexible linker joining them, and in
vitro analyses confirmed that the two domains did not
interact with each other.

Next, by subjecting Aar2 to limited proteolysis, Weber
et al. (2011) succeeded in obtaining crystal structures for
both the isolated Aar2 and the complex of Aar2 and the
RNase H domain of Prp8. While the N-terminal domain
of Aar2 contained a novel fold, the CTD showed similar-
ities to structural motifs found in Golgi-ER transport
adapters and endocytic adapter proteins. Interestingly,
compared with the isolated Aar2 and Prp8 RNase H domain
structures (Pena et al. 2008; Ritchie et al. 2008; Yang et al.
2008), the binary complex showed little conformational
change in either Aar2 or the RNase H domain, indicating
that the impact of binding of Aar2 was limited to physically
blocking the binding interface on the RNase H domain.



Similar binding studies on Brr2 showed that, as sug-
gested by previous studies (Grainger and Beggs 2005;
Boon et al. 2007; Hahn and Beggs 2010), Brr2 could bind
the MPN/Jabl domain of Prp8 in isolation and in the
context of a larger fragment of Prp8 that contained both
the RNase H and the MPN/Jabl domains, but was unable
to interact with the isolated Prp8 RNase H domain.
While, based on these results, the formation of a ternary
complex between Prp8, Brr2, and Aar2 seemed feasible,
when stoichiometric amounts of Aar2, Brr2, and a peptide
carrying the RNase H-MPN/Jabl domains of Prp8 were
mixed, no ternary complexes were observed. Instead,
Aar2-Prp8 complexes and free Brr2 were the dominant
species in the mixture. Even at very high concentrations,
Brr2 was not able to efficiently displace Aar2 from its com-
plex with Prp8, and no ternary complexes were observed.

Why was Brr2 unable to interact with the MPN/Jabl
domain in the presence of Aar2? Although neither the
RNase H domain nor Aar2 showed significant binding to
the MPN/Jabl domain, it was possible that the complex
of Aar2 and Prp8 RNase H domain could bind the MPN/
Jabl domain, thus blocking the binding of Brr2 to this
region of the molecule, which indeed proved to be the
case. Interestingly, while the complex of the RNase H
domain and full-length Aar2 could bind the MPN/Jabl
domain, limited proteolytic digestion of Aar2 that had
been used in the crystallographic studies resulted in loss
of MPN/Jabl domain binding, although the interaction
between the partially digested Aar2 and the RNase H
domain was intact. Weber et al. (2011) could show that
the loss of binding to the MPN/Jabl domain resulted
from the digestion of a conserved, 31-amino-acid-long
region at the C terminus of Aar2 during the limited
proteolytic treatment, which likely indicated the inherent
flexibility of this part of the molecule. Thus, although the
crystallographic studies did not show a significant con-
formational change in Aar2 upon complex formation
with the RNase H domain, this C-terminal region that
was not present in the crystallized construct was likely to
be organized upon binding to the RNase H domain. Alone
or together with part of the RNase H domain, it could
form a binding platform for the MPN/Jabl domain, which
would then effectively compete with Brr2 for binding to
this region. Consistent with this possibility, addition of
Brr2 to the complex of RNase H-MPN/Jabl peptide and
partially digested Aar2 resulted in the formation of
a ternary complex. Thus, although Aar2 and Brr2 primar-
ily bind to different regions on Prp8, binding of Aar2
results in sequestration of the binding site of Brr2 that
effectively prohibits the simultaneous binding of the two
proteins to Prp8. In addition to providing a satisfactory
explanation for the mutually exclusive presence of Aar2
and Brr2 in maturing U5 particles, these data also explain
previously observed improvements in Brr2 binding to Prp8
that resulted from mutations within the RNase H domain
of this protein (van Nues and Beggs 2001; Kuhn et al. 2002).

Regulation of U5 snRNP assembly by phosphorylation
An important question that arises from the above ob-
servations is how Brr2 ultimately replaces Aar2 in the
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maturing U5 snRNPs. To answer this question, Weber
et al. (2011) looked for any post-translational modifica-
tions that may serve to weaken the affinity of Aar2 for
binding to Prp8. Indeed, they found that Aar2 contained
several phosphorylated residues, one of which (S253 in
yeast Aar2) was conserved in most organisms. To test the
functional impact of phosphorylation at this position,
Weber et al. (2011) mutated this residue to either gluta-
mate or aspartate, which mimic a phosphorylated resi-
due. The mutants not only showed a markedly reduced
binding to the RNase H domain of Prp8, they also were
less efficient in sequestering the MPN/Jabl domain, as
shown by in vitro pull-down assays. To analyze the
impact of phosphorylation in vivo, wild-type or mutant
Aar2s containing a glutamate in place of S253 were
overexpressed along with a peptide corresponding to the
Prp8 MPN/Jabl domain. While overexpression of either
wild-type Aar2 or the Prp8 fragment did not have a sig-
nificant effect, their co-overexpression led to a cold-
sensitive growth phenotype in yeast. The most plausible
scenario leading to such a phenotype would be the
titration of the free Brr2 by the overexpressed MPN/
Jabl domain along with increased competition for bind-
ing to the assembling U5 snRNPs due to Aar2 over-
expression, which likely prevented Brr2 from efficiently
integrating into U5 snRNPs. Interestingly, replacing the
wild-type Aar2 with the glutamate-substituted mutant in
the co-overexpression experiments led to a partial sup-
pression of the growth defect. Furthermore, immunopre-
cipitation assays indicated that more Brr2 was associated
with Prp8 when the glutamate-substituted Aar2 mutant
was overexpressed compared with wild-type Aar2-over-
expressing cells. Together with the results obtained from
in vitro experiments, these data suggest that the gluta-
mate substitution weakens the ability of Aar2 to compete
with Brr2 for binding to Prp8 in vivo.

A remaining question was why phosphorylation at
§253, which is not located in the binding interface of
Aar2 and the Prp8 RNase H domain, weakens this in-
teraction. One possibility was that $253 phosphorylation
would result in a conformational change in Aar2 that
would affect its Prp8-binding interface. Analysis of the
high-resolution structure of Aar2 suggested that this
might indeed be the case, since addition of a phosphate
group at residue S253 would likely lead to steric clashes
and require conformational changes to accommodate this
negatively charged group, which would be also facing
a hydrophobic pocket. To obtain experimental evidence
for such a conformational change, Weber et al. (2011)
analyzed the pattern of digestion of wild-type and gluta-
mate-substituted Aar2 after subjecting them to limited
proteolysis. Interestingly, the mutant Aar2 yielded a dif-
ferent digestion pattern, consistent with a conformational
change resulting from the glutamate substitution at $253.
Furthermore, circular dichroism (CD) spectra of the wild-
type and mutant Aar2 species showed differences consis-
tent with changes in the secondary structure content,
further suggesting that phosphorylation at S253 led to
a conformational change in Aar2, which in turn changed
the affinity of this protein for binding to Prp8.
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An ordered assembly pathway for U5 snRNP:
a role in retinitis pigmentosa?

The work presented by Weber et al. (2011) provides
detailed insight into the assembly of the U5 snRNP
particle and suggests a model in which the initial in-
teraction of Aar2 with Prp8 blocks the integration of Brr2
into the assembling snRNP until, through the action of an
unknown kinase, Aar2 is phosphorylated (Fig. 1). This
phosphorylation event results in a conformational
change that weakens the binding of Aar2 to Prp8 in
the immature U5 snRNP particles, leading to the re-
lease of Aar2 from the U5 snRNP and recruitment of
Brr2 to the maturing snRNP. Once U5 has joined the
U4/U6 snRNP and has entered the assembling spliceo-
some, Brr2 forms extensive interactions with the MPN/
Jabl domain of Prp8 and Snull4. Under the regulatory
control of Prp8 and Snull4, Brr2 performs its critical
function by mediating the release of the base-pairing
partners of U6 snRNA both during spliceosomal assem-
bly and its disassembly (Fig. 1).

According to this model, the timing of the recruitment
of Brr2 to the U5 snRNP is regulated by a kinase that
mediates the release of Aar2 from U5 during the last stages
of the assembly of this snRNP. The functional significance
of this highly ordered assembly pathway remains to be
discovered. However, it is plausible that in the light of the
critical role of Brr2 and to ensure its optimal regulation by
Prp8 and Snul14, the recruitment of Brr2 to U5 snRNP is
delayed until a stage where the rest of the U5 components
are ideally positioned for making the appropriate contacts
with Brr2 upon its joining the snRNP. Prp8, Snull4, and
Brr2 extensively interact with each other and the rest of
the spliceosomal components, and it is possible that
during the spliceosomal cycle, their interaction network
is remodeled according to their required function at each
stage of the splicing cycle (Liu et al. 2006; Valadkhan
2007; Hahn and Beggs 2010). Such a scenario may also
explain why Aar2 was originally described as a factor
required for performing multiple rounds of splicing
(Gottschalk et al. 2001). Through the action of a phospha-
tase, Aar2 can be dephosphorylated, and thus can bind to
the post-splicing U5 snRNPs and promote the release of
Brr2 to allow the resetting of the U5 snRNP conformation
to the one needed for function during the spliceosomal
assembly process (Fig. 1).

In addition to elucidating the dynamic interactions
involved in the maturation of the U5 snRNP, the data
presented by Weber et al. (2011) offer insights into yet
another aspect of function of Prp8. Widely thought to be
the master regulator of the spliceosomal cycle, so far only
bits and pieces of the way this crucial and mysterious
spliceosomal protein performs its function have been
uncovered. Interestingly, several point mutations in the
very C-terminal amino acids of Prp8 have been associated
with the hereditary blindness retinitis pigmentosa
(McKie et al. 2001; Grainger and Beggs 2005). While the
exact mechanism by which point mutations in Prp8 lead
to this disease remains to be discovered, it has been
shown that deletion of these residues or the point
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mutations that cause the disease result in loss or weak-
ening of functionally critical interactions between Prp8,
Snull4, and Brr2 (Boon et al. 2007; Pena et al. 2007;
Maeder et al. 2009). Furthermore, it has been shown that
these mutations result in accumulation of a U5 snRNP
species that lacks Brr2 and instead contains Aar2 (Boon
et al. 2007). Together, the existing data suggest that by
weakening the interaction of Brr2 with the U5 snRNP,
the retinitis pigmentosa-causing mutations may interfere
with the efficient maturation and recycling of this
snRNP. This, in turn, may reduce the efficiency of splicing,
leading to splicing defects and disruption of function in
tissues that have a very high level of transcriptional
activity, such as the retina (Mordes et al. 2006). While
defining the details of the molecular basis of this disease
awaits future studies, the existing data point to the
physiological importance of the dynamic events involved
in the assembly of the spliceosomal components. Further
analysis of the highly complex spliceosomal dynamics
promises to provide novel insights into the mechanisms
used for dynamic control of the cellular processes for the
years to come.
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