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The spliceosome discriminates 
against suboptimal substrates, both 

during assembly and catalysis, thereby 
enhancing specificity during pre-mRNA 
splicing. Central to such fidelity mech-
anisms are a conserved subset of the 
DEAD- and DEAH-box ATPases, which 
belong to a superfamily of proteins that 
mediate RNP rearrangements in almost 
all RNA-dependent processes in the cell. 
Through an investigation of the mecha-
nisms contributing to the specificity of 5' 
splice site cleavage, two related reports, 
one from our lab and the other from 
the Cheng lab, have provided insights 
into fidelity mechanisms utilized by the 
spliceosome. In our work, we found evi-
dence for a kinetic proofreading mecha-
nism in splicing in which the DEAH-box 
ATPase Prp16 discriminates against 
substrates undergoing slow 5' splice 
site cleavage. Additionally, our study 
revealed that discriminated substrates 
are discarded through a general spliceo-
some disassembly pathway, mediated by 
another DEAH-box ATPase Prp43. In 
their work, Tseng et al. described the 
underlying molecular events through 
which Prp16 discriminates against a 
splicing substrate during 5' splice site 
cleavage. Here, we present a synthesis of 
these two studies and, additionally, pro-
vide the first biochemical evidence for 
discrimination of a suboptimal splicing 
substrate just prior to 5' splice site cleav-
age. Together, these findings support 
a general mechanism for a ubiquitous 
superfamily of ATPases in enhancing 
specificity during RNA-dependent pro-
cesses in the cell.

Splicing fidelity
DEAD/H-box ATPases as molecular clocks

Prakash Koodathingal and Jonathan P. Staley*
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Fidelity Mechanisms  
During Pre-mRNA Splicing

Primary transcripts of eukaryotic genes 
are interrupted by non-coding sequences 
(introns) that must be removed prior 
to translation of the coding sequences 
(exons). Intron removal and exon join-
ing, known as pre-mRNA splicing, is 
catalyzed by a dynamic ribonucleoprotein 
complex called the spliceosome, which is 
composed of five snRNAs and roughly 
80 conserved proteins.1 The spliceosome, 
unlike classical enzymes, does not include 
a pre-formed catalytic center; instead, 
the spliceosome assembles on each pre-
mRNA co-transcriptionally2 and then 
rearranges to configure the catalytic 
core. The catalytic core promotes splic-
ing catalysis in two sequential phosphoryl 
transfer reactions: 5' splice site cleavage 
and exon ligation. While the spliceo-
some must assemble and catalyze intron 
removal with sufficient speed to compete 
effectively with RNA export3-8 or nuclear 
turnover,9-12 the spliceosome must also 
function with sufficient specificity to 
prevent errors during gene expression. 
Given that introns are 10–100 times lon-
ger than exons and are defined by only 
minimal sequence elements, establishing 
fidelity during splicing for the accurate 
and precise removal of introns is a daunt-
ing, yet essential, challenge to the cell. 
Indeed, the spliceosome has evolved fidel-
ity mechanisms that allow discrimination 
against suboptimal substrates not only 
during the early stages of intron recog-
nition but also during the later stages of 
splicing catalysis.
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These investigations of the role of 
Prp16 in fidelity were inspired by earlier 
studies from our lab on the fidelity of exon 
ligation. Previously, we showed that the 
DEAH-box ATPase Prp22 rejects sub-
optimal substrates prior to exon ligation, 
implicating a role for Prp22 in promoting 
the specificity of exon ligation. Given a 
well-established role for Prp22 in promot-
ing the release of mRNA from the spli-
ceosome after exon ligation in the case of 
optimal substrates,30,31 our data suggested 
a model wherein Prp22 establishes the 
fidelity of exon ligation by acting either 
before exon ligation in the case of a subop-
timal substrate or after exon ligation in the 
case of an optimal substrate. These find-
ings also suggested that the fidelity of 5' 
splice site cleavage may similarly require a 
DEAD/H box ATPase.

Given that Prp16 functions imme-
diately after 5' splice site cleavage when 
splicing an optimal substrate,21 we hypoth-
esized that Prp16 might function before 5' 
splice site cleavage to antagonize subopti-
mal substrates. Indeed, while genetic stud-
ies have clearly established a role for Prp16 
in rejecting suboptimal substrates contain-
ing mutations at the branch site consen-
sus sequence during 5' splice site cleavage 
(for example, mutation of the branch 
site UACUAAC from A to C, “brC sub-
strate”),17,23,24 it was unclear at what stage 
these substrates are rejected. Additionally, 
in vitro, substrates containing mutations 
at the branch site either showed strong 
defects earlier in spliceosome assembly32 or 
appeared to escape proofreading by Prp16 
(see below),33 precluding a detailed bio-
chemical investigation of the proofreading 
mechanism during 5' splice site cleavage.

To test for a role for Prp16 in compet-
ing with 5' splice site cleavage to reject 
suboptimal substrates, we developed an 
in vitro assay in which we stalled spli-
ceosomes reversibly just before 5' splice 
site cleavage and then tested whether the 
defective spliceosomes were capable of 
undergoing splicing when the compet-
ing ATP-dependent activity of Prp16 is 
compromised. To reversibly stall the spli-
ceosomes prior to 5' splice site cleavage, 
we substituted sulfur for the pro-Sp non-
bridging oxygen at position U80 of U6 
snRNA to yield U6/sU80 (Sp), given that 
this modification has been shown before 

The DEAH-box ATPase  
Prp16 Discriminates  

Against Slow Substrates

In a kinetic proofreading model, a 
DEAD/H-box ATPase could compete 
with a productive step in splicing by one 
of two non-mutually exclusive mecha-
nisms. In the first case, a DEAD/H-box 
ATPase would enhance specificity by 
sensing the authenticity of a substrate. 
For example, in the case of a suboptimal 
substrate that generally deviates from the 
consensus and, therefore, decreases the 
stability of binding to the spliceosome 
due to lack of proper fit, a DEAD/H-box 
ATPase could act preferentially before a 
productive step. For an optimal substrate, 
in contrast, proper fit of the substrate in 
the spliceosome could impart increased 
stability and, therefore, could delay the 
activity of DEAD/H-box ATPase until 
after the productive step, when the sub-
strate association with the spliceosome 
would weaken thereby activating the 
DEAD/H-box ATPase. Consistent with 
this idea, the activities of DEAD/H-box 
ATPases have been found to be sensitive 
to substrate stability.25-28 In the second 
model, a DEAD/H-box ATPase would 
act by sensing the passage of time, enforc-
ing a fixed, temporal window in which 
the substrate is permitted to proceed. In 
contrast to the first model where the activ-
ity of a DEAD/H-box ATPase could be 
modulated by a substrate, in the second 
model, at least in the extreme case, the 
DEAD/H-box ATPase would function at 
a constant rate, whereas the rate of splic-
ing would vary between an optimal and 
a suboptimal substrate.14 Because these 
models are not mutually exclusive, both 
could contribute to specificity.

While it remains to be tested whether 
any of the spliceosomal DEAD/H-box 
ATPases functions as “sensors” of sub-
strate authenticity, we established a 
correlation between a slower rate of splic-
ing and increased rejection mediated 
by a DEAD/H-box ATPase, strongly  
suggesting that DEAD/H-box ATPases 
generally antagonize slowly splicing  
substrates. Specifically, we provided 
evidence that Prp16 antagonizes sub-
strates that undergo 5' splice site cleavage 
slowly.29

The components of the spliceosome 
have been demonstrated to enhance fidel-
ity during splicing through both ther-
modynamic and kinetic mechanisms. 
In the thermodynamic mechanism, best 
understood during the catalytic stages 
of splicing, the spliceosome preferen-
tially sequesters suboptimal substrates in 
a stable, non-productive conformation 
that is in equilibrium with the catalytic 
conformations of the spliceosome.13 In 
the kinetic mechanism, also known as 
kinetic proofreading, the spliceosome 
actively rejects suboptimal substrates 
through branches in the splicing pathway 
that compete with productive splicing.13,14 
These rejection steps are ATP-dependent 
and mediated by members of the 
DEAD- and DEAH/RHA-box families 
(“DEAD/H-box ATPases”) belonging to 
the superfamily 2 (SF2) RNA helicases.15 
In splicing, eight of these DEAD/H-box 
ATPases mediate specific ribonucleo-
protein (RNP) rearrangements to pro-
mote splicing of an optimal substrate. 
Additionally, at least five of them—Prp5, 
Prp28, Prp16, Prp22, and Prp43,8,16-19—
have been shown to increase specificity 
of splicing by rejecting suboptimal sub-
strates. For example, while Prp16, a bona 
fide RNA helicase,20 promotes splicing of 
an optimal substrate by mediating repo-
sitioning of splicing intermediates for 
exon ligation,21,22 Prp16 also antagonizes 
substrates containing suboptimal branch 
sites.17,23,24 These DEAD/H-box ATPases 
have been proposed to establish fidel-
ity in splicing by a kinetic proofreading 
mechanism in which the DEAD/H-box 
ATPase promotes an optimal substrate 
by acting after a productive step and by 
rejecting a suboptimal substrate by act-
ing before the productive step and con-
sequently shunting the substrate down a 
competitive pathway (Fig. 1A). However, 
it has remained unclear why DEAD/H-
box ATPases act before a productive step 
for suboptimal substrates and after the 
productive step for optimal substrates—
how DEAD/H-box ATPases antagonize 
suboptimal substrates while promot-
ing optimal substrates. Additionally,  
the mechanism underlying a discard 
pathway that leads to elimination of 
rejected substrates has remained poorly 
understood.
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essential for 5' splice site cleavage, Yju2 
and Cwc25, after 5' splice site cleavage.33 
This observation is consistent with the 
findings from a proteomic study that spli-
ceosomes stalled at the 5' splice site cleav-
age stage retain Yju2 and Cwc25, while 
spliceosomes stalled at the stage of exon 
ligation lacked both Yju2 and Cwc25.42 
Additionally, when spliceosomes are 
assembled on a suboptimal brC substrate, 
Tseng et al. observed that Prp16 becomes 
essential for 5' splice site cleavage, con-
sistent with our observation that Prp16 
can associate with pre-mRNA prior to 5' 
splice site cleavage. Further, Tseng et al. 
observed binding of Prp16 and Cwc25 to 
the suboptimal brC pre-mRNA, but only 
in the absence of ATP, implying that ATP 
mediates dissociation of these factors from 
the brC pre-mRNA. Together, these data 
suggest a broad molecular framework for 
the timer model of kinetic proofreading 
in which Prp16 promotes an optimal sub-
strate that proceeds rapidly by enabling 
rearrangements after 5' splice site cleavage 
that dissociate Yju2 and Cwc25, allowing 
repositioning of the reaction intermedi-
ates for exon ligation and, in which Prp16 
antagonizes a suboptimal substrate that 
splices slowly by enabling rearrangements 
before 5' splice site cleavage that also dis-
sociate Yju2 and Cwc25 (Fig. 1B).

However, the observation of Tseng et 
al. that Prp16 promotes splicing of the sub-
optimal brC substrate appeared to be con-
tradictory to a number of previous genetic 
studies.17,23,24,47 For example, Burgess and 
Guthrie observed that, in vivo, for splic-
ing reporters containing mutations at the 
branch site, including the brC mutation, 
the efficiency of splicing is higher in a 
mutant prp16 background compared with 
that in a wild-type PRP16 background, 
thus providing the first evidence for a role 
for DEAD/H-box ATPases in pre-mRNA 
splicing fidelity—specifically, evidence 
that wild-type Prp16 antagonizes sub-
strates with branch site mutations.17 Tseng 
et al., however, failed to observe in vitro 
improved splicing efficiency for the brC 
substrate in the presence of mutated Prp16 
and, therefore, failed to observe evidence 
for Prp16-mediated proofreading. Instead, 
they observed that Prp16, whether wild-
type or mutated, promoted 5' splice site 
cleavage of the brC substrate. Importantly, 

previous experiments showing a role for 
Prp16 in antagonizing suboptimal branch 
site substrates17,23,24 and in rearranging 
spliceosomes to the second catalytic con-
formation,21,22 our data emphasize the 
dual roles for Prp16 in splicing.

How does Prp16 promote splicing of an 
optimal substrate after 5' splice site cleav-
age, while rejecting a suboptimal substrate 
before 5' splice site cleavage? A strong 
prediction of the timer model of kinetic 
proofreading for 5' splice site cleavage is 
that the rate of 5' splice site cleavage of 
a suboptimal substrate is significantly 
slower than that of an optimal substrate. 
Consistent with this prediction, we 
observed that U6/sU80 (Sp) spliceosomes 
catalyzed 5' splice site cleavage 10-fold 
slower in the suboptimal Mg2+ conditions 
as compared with the optimal Mn2+ con-
ditions. Thus, a slower rate of 5' splice 
site cleavage correlates with sensitivity to 
the ATP- and Prp16-dependent rejection 
pathway. Another prediction of the timer 
model is that the rate of Prp16-dependent 
rejection will be faster than the rate of 5' 
splice site cleavage for suboptimal spliceo-
somes and slower than that for optimal 
spliceosomes, a prediction which remains 
to be tested. Nevertheless, our results sug-
gest that DEAD/H-box ATPases in gen-
eral discriminate against slow substrates 
during pre-mRNA splicing.

Molecular Events  
Underlying Fidelity Mechanisms 

Mediated by Spliceosomal  
DEAD/H-box ATPases

What is the molecular basis of fidel-
ity mechanisms promoted by spliceo-
somal DEAD/H-box ATPases? While 
the detailed mechanisms by which spli-
ceosomal DEAD/H-box ATPases func-
tion remain poorly understood, recent 
biochemical studies provide important 
clues to the molecular events mediated 
by a number of spliceosomal DEAD/H-
box ATPases.38-46 With regards to Prp16 
function, Tseng et al.33 investigated pro-
tein dynamics during 5' splice site cleav-
age, and provided important insights into 
the molecular events underlying Prp16-
mediated proofreading of 5' splice site 
cleavage. They observed that Prp16 pro-
motes the release of two splicing factors 

to disrupt Mg2+ binding just before 5' 
splice site cleavage.34 Because 5' splice site 
cleavage in U6/sU80 (Sp) spliceosomes 
was rescued with more thiophilic metals 
such as Mn2+ or Cd2+, the pro-Sp oxygen 
of U6-U80 was interpreted to play a direct 
role in binding a Mg2+ ion important for 
5' splice site cleavage. Suggesting a direct 
catalytic role for this metal-ligand interac-
tion, crystal structures of a group II intron 
revealed that a Mg2+ ion at the substrate 
binding pocket binds to a backbone oxy-
gen atom analogous to that of the pro-Sp 
oxygen of U80 in U6 snRNA.35,36 Indeed, 
recent findings indicate that this ligand of 
U80 interacts directly with the 5' splice 
site, as well as the 3' splice site, establish-
ing a direct role for this divalent-metal 
ligand in catalysis.37

In our test for a proofreading activity, 
we indeed observed an ATP- and Prp16-
dependent pathway that competes with 5' 
splice site cleavage and that rejects defec-
tive spliceosomes.29 Specifically, when 
we incubated stalled and partially puri-
fied U6/sU80 (Sp) spliceosomes in ATP 
and Mg2+, Mn2+, or Cd2+, we observed 
the expected metal rescue behavior: 5' 
splice site cleavage remained repressed 
in Mg2+ but became rescued in Mn2+ or 
Cd.2 However, in the absence of ATP, or 
in the presence of ATPase-defective vari-
ants of Prp16, we observed 5' splice site 
cleavage in Mg2+, in addition to Mn2+ and 
Cd2+. Thus, the ATP-dependent activity 
of Prp16 specifically represses splicing in 
suboptimal spliceosomes lacking the criti-
cal interaction between a divalent metal 
ion and the pro-Sp non-bridging oxy-
gen atom of U80 in U6 snRNA. While 
Prp16 failed to repress 5' splice site cleav-
age in optimal spliceosomes having this 
critical metal-ligand interaction restored, 
Prp16 promoted splicing in these spli-
ceosomes after 5' splice site cleavage by 
triggering rearrangements necessary for 
exon ligation, validating the specificity 
of Prp16-mediated rejection for subop-
timal substrates.29 Importantly, while 
Prp16 is not required to bind the spliceo-
somes until after 5' splice site cleavage 
when splicing an optimal substrate,21 we 
observed that Prp16 can bind spliceo-
somes prior to 5' splice site cleavage when 
splicing is suboptimal, as predicted by its 
role prior to 5' cleavage.29 Together with 
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site cleavage.29 As previously observed for 
U6/sU80 (Sp) spliceosomes assembled on 
a wild-type substrate, 5' splice site cleav-
age in the absence of ATP was observed 
in Mg2+, Mn2+, and Cd2+, whereas 5' 
splice site cleavage in the presence of ATP 
was observed in Mn2+ and Cd2+ but not 
in Mg2+, reflecting rejection by Prp16 of 
the suboptimal Mg2+-bound spliceosomes 
(Fig. 2A).29 With U6/sU80 (Sp) spliceo-
somes assembled on a brC substrate, splic-
ing was not observed in Mg2+, indicating 
that disruption of the metal-ligand inter-
action involving U80 was not tolerated in 
the context of the brC mutation. More 
importantly, in the absence of ATP 5' 
splice site cleavage in these spliceosomes 
was well above background levels in both 
Mn2+ and Cd2+ (Fig. 2B). In contrast, in 

that we could circumvent this limitation 
by accumulating spliceosomes assembled 
on the brC substrate after stable binding 
of Cwc25 but before 5' splice site cleav-
age, thereby allowing a test for Prp16-
dependent proofreading of the brC 
substrate in vitro.

To test this prediction, we stalled and 
accumulated spliceosomes at the 5' splice 
site cleavage stage on either wild-type 
or brC substrates in yeast extract recon-
stituted with the U6/sU80 (Sp) modi-
fication, as described above. Then, we 
affinity purified the stalled spliceosomes 
to remove ATP and further incubated the 
stalled spliceosomes in Mg2+, Mn2+, or 
Cd2+, to test for metal rescue, and with 
or without ATP, to test for ATP- and 
Prp16-dependent repression of 5' splice 

Tseng et al. found that Prp16 promoted 
splicing of the brC substrate by improv-
ing the association of Cwc25 with the brC 
substrate, an interaction they observed is 
weakened by the brC mutation.33

In an effort to resolve these apparently 
opposing observations, we considered 
that the weakened binding of Cwc25 to 
the mutated branch site provides a poten-
tial path for reconciling the published 
data. Specifically, in the in vitro system 
of Tseng et al., the binding of Cwc25 to 
the mutated branch site may be rate lim-
iting for 5' splice site cleavage, reflecting 
an independent fidelity mechanism47 and, 
thereby, mask a subsequent proofreading 
step in which the mutated brC substrate is 
antagonized by the ATP-dependent activ-
ity of Prp16. Further, we hypothesized 

Figure 1. An AtP-dependent framework for kinetic proofreading by DeAD/H-box AtPases. (A) A general framework for kinetic proofreading by NtPas-
es. in the kinetic proofreading scheme, an NtPase increases the specificity of a step (S → P, shown in green) by competing with it (S → SR, shown in red). 
in this scheme, k1 represents the rate of proceeding on-pathway, such as through 5' splice site cleavage during pre-mRNA splicing, while k2 represents 
the rate of rejecting a substrate. Specificity of the step under inspection (S → P) is enhanced when the ratio of k1/k2 is higher for an optimal substrate 
than a suboptimal substrate. in this scheme, a proofreading NtPase not only antagonizes a suboptimal substrate (S → SR) but also promotes an optimal 
substrate (P → P’, shown in black), if the NtPase functions after, rather than before, the step under inspection. (B) A molecular framework by which 
the DeAH-box AtPase Prp16 establishes specificity during 5' splice site cleavage. for an optimal substrate, Prp16 promotes splicing by enabling rear-
rangements after 5' splice site cleavage that dissociate Cwc25, allowing repositioning of the reaction intermediates for exon ligation. for a suboptimal 
substrate, Prp16 antagonizes splicing, rejecting the substrate, by enabling rearrangements before 5' splice site cleavage that similarly dissociate Cwc25 
but also prime the spliceosome for discard of the substrate by the DeAH-box AtPase Prp43. in the kinetic proofreading model, specificity of 5' splice 
site cleavage can be established if k5' splice site cleavage (optimal substrate) > k5' splice site cleavge (suboptimal substrate) and/or if krejection(suboptimal substrate) > krejection(optimal substrate). our data 
provided evidence for the former case and that this proofreading NtPase functions, minimally, as a timer, setting a standard for the rate of 5' splice site 
cleavage.
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mechanism by which the discard pathway 
eliminates slowly splicing substrates spe-
cifically.49 Notably, Prp43-mediated disas-
sembly of stalled spliceosomal complexes 
promotes fidelity, at least during 3' splice 
site cleavage,8 demonstrating the impor-
tance of coupling discard to rejection.

The Prp43-mediated disassembly of 
rejected spliceosomal complexes parallels 
the disassembly pathway of the spliceosome 
at the end of a canonical splicing reaction. 

vitro experiments, we were able to establish 
such a discard role by observing directly 
that Prp43 is required for release of pre-
mRNA rejected by Prp1629 and for release 
of splicing intermediates rejected prior to 
3' splice site cleavage.8 Through an analysis 
of spliceosomes stalled at different stages 
of the splicing cycle, a recent study from 
the Cheng lab emphasizes the importance 
of the disassembly pathway mediated by 
Prp43, and provides insights into the 

the presence of ATP 5' splice site cleav-
age was observed only in Cd2+ and not in 
Mn2+, indicating that ATP reduced the 
efficiency of splicing by at least 2-fold in 
Mn2+. Thus, in Mn2+ the ATP-dependent 
activity of Prp16 competes with 5' splice 
site cleavage specifically for the brC sub-
strate but not the wild-type substrate. 
While in the context of a modified spli-
ceosome, this result demonstrates in 
vitro for the first time that Prp16 can 
discriminate a suboptimal substrate from 
an optimal substrate prior to 5' splice site 
cleavage.

A General Spliceosome  
Disassembly Pathway that  

Discards Suboptimal Substrates, 
in Addition to the Excised Intron

While proofreading of on-pathway splic-
ing steps is necessary for discrimination 
against suboptimal substrates, it is not 
sufficient for the discard of rejected sub-
strates from the spliceosome for turnover. 
Indeed, the rejection step mediated by 
DEAD/H-box ATPase Prp16, and per-
haps others, appears reversible,29 necessi-
tating a downstream discard pathway that 
results not only in discard of the rejected 
substrates but also recycling of stalled 
snRNP components for further rounds of 
splicing. While nuclear surveillance path-
ways can compete with splicing and elimi-
nate suboptimal pre-mRNA stalled on 
spliceosomes,9-12 accumulating evidence 
indicate that rejected pre-mRNA and 
splicing intermediates are alternatively 
released through a spliceosome disassem-
bly pathway, exported to the cytoplasm, 
and turned over by cytoplasmic mRNA 
surveillance pathways.7,8,14

Recent studies implicate a central role 
for the DEAH-box ATPase, Prp43, in 
releasing suboptimal substrates stalled in 
spliceosomal complexes, in addition to 
its canonical function in discarding the 
excised intron and disassembling spliceo-
somes for recycling. Specifically, when 
spliceosomes are stalled due to assembly 
defects resulting from mutations in PRP38 
or PRP8 splicing factors, mutations in 
PRP43 or its cofactor NTR1/SPP382 sup-
press spliceosome assembly defects—the 
first hint of a role for Prp43 in disassem-
bling stalled spliceosomes.48 Through in 

Figure 2. AtP-dependent discrimination of a suboptimal substrate containing a mutation at the 
branch site prior to 5' splice site cleavage. (A) An AtP-dependent activity, reflecting the action 
of Prp16, competes with 5' splice site cleavage and rejects spliceosomes containing the U6/sU80 
(Sp) modification in Mg2+ (ref. 29). Spliceosomes were assembled on wild-type ACT1 pre-mRNA 
in extracts reconstituted with U6 containing the sU80 (Sp) modification, affinity-purified using 
tAP-tagged Prp19—an integral component of catalytically activated spliceosomes,55 and then 
incubated under the indicated conditions and assayed for splicing, as described.29 two different 
regions of the same gel are shown. (B) AtP-dependent discrimination of a suboptimal substrate 
containing an A to C mutation of the branch site nucleophile. Spliceosomes were assembled as in 
A except using an ACT1 pre-mRNA containing the branch site A to C mutation (brC). the efficiency 
of 5' splice site cleavage for the brC substrate in Mn2+ was reduced to background levels in the 
presence of AtP; specifically, AtP reduced 5' splice site cleavage efficiency, calculated as the ratio 
of lariat intermediate/(lariat intermediate + pre-mRNA), by a factor 2.00 ± 0.04, with the error 
representing the standard deviation for two independent experiments. two different regions of 
the same gel are shown.
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