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It is every biochemist’s dream to reconstitute a biological
process in vitro using defined components, because doing
so not only reduces a biological phenomenon to one or a se-
ries of biochemical reactions, but also defines the minimal
list of essential components. In this issue of Genes &
Development, Boreikaite and colleagues (pp. 210–224)
and Schmidt and colleagues (pp. 195–209) report their inde-
pendent reconstitution of human pre-mRNA 3′ end
processing.

Eukaryotic pre-mRNA 3′ end processing typically takes
place in two tightly coupled steps: an endonucleolytic
cleavage of the pre-mRNA and the addition of a poly(A)
tail. One exception to this general mechanism is the 3′

end formation of replication-dependent histone mRNAs
inmetazoans,which only involves a cleavage step. In vitro
pre-mRNA 3′ processing assays were established in the
1980s and, similar to transcription and splicing, this was
accomplished first in mammalian cell extracts and later
in budding yeast extracts (Moore and Sharp 1985; Butler
and Platt 1988). Using these assays, many essential 3′ pro-
cessing factors were purified and identified. For the mam-
malian system, the poly(A) polymerase (PAP) was the first
pre-mRNA 3′ processing factor to be characterized fol-
lowed by several multiprotein complexes such as the
cleavage and polyadenylation specificity factor (CPSF),
cleavage stimulation factor (CstF), andmammalian cleav-
age factors I (CFIm) and II (CFIIm) (Chan et al. 2011). Sever-
al additional 3′ processing factors, including Rbbp6, were
discovered by characterizing the humanpre-mRNA3′ pro-
cessing complexes assembledonRNAsubstrates (Shi et al.
2009). Meanwhile, in yeast, biochemical and genetic anal-
yses have identified theCPF,CFIA, andCFIB complexes as
pre-mRNA 3′ processing factors. Most 3′ processing fac-
tors are conserved between yeast and humans, but both
systemshaveunique factors aswell. Finally,manyhistone
pre-mRNA 3′ processing factors have been identified, in-

cluding SLBP, FLASH, U7 snRNP, and a number of canon-
ical pre-mRNA 3′ processing factors, including CPSF and
CstF subunits (Sun et al. 2020).

After nearly four decades of research, it was widely be-
lieved that most, if not all, essential pre-mRNA 3′ process-
ing factors had been identified. Therefore, the stagewas set
for reconstituting pre-mRNA3′ processing in vitrowith re-
combinant components. Yeast pre-mRNA 3′ processing
was the first to be successfully reconstituted. To do so,
the Passmore group (Hill et al. 2019) used 13 recombinant
proteins, including the eight-subunit CPF core complex,
the four-subunit CFIA, and the single protein CFIB. In
2020, the Tong, Dominski, and Walz laboratories (Sun
et al. 2020) used, coincidentally, 13 recombinant proteins
and one snRNA to recapitulate human histone pre-
mRNA 3′ processing in vitro. Now, Boreikaite et al. (2022)
and Schmidt et al. (2022) add another exciting chapter by re-
constituting human pre-mRNA 3′ processing using 13 pro-
teins, includingCPSF, CstF, CFIIm, PAP, and Rbbp6 (Fig. 1;
Boreikaite et al. 2022; Schmidt et al. 2022).

One of themost important insights from these studies is
that the core pre-mRNA 3′ processing machinery is re-
markably conserved (Boreikaite et al. 2022; Schmidt
et al. 2022). First, all 13 proteins necessary for reconstitut-
ing human pre-mRNA 3′ processing are homologs of yeast
3′ processing factors (Fig. 1).With the exception of symple-
kin, the yeast homologs of all essential human pre-mRNA
3′ processing factors are also required for yeast pre-mRNA
3′ end formation (Fig. 1). Second, several mammalian fac-
tors that were previously thought to be essential for pre-
mRNA3′ processing, but lack yeast homologs, were found
to be dispensable. These include CFIm, which consists of
CFIm25 and CFIm68/59, and CstF50, a subunit of CstF.
They may play regulatory roles instead. For example,
CFIm acts as an enhancer-dependent activator of pre-
mRNA 3′ processing (Zhu et al. 2018). Third, Rbbp6/
Mpe1 plays a key and conserved role in stimulating the
cleavage step in both humans and yeast. Previous studies
identified the CPSF subunit CPSF73 (or Ysh1 in yeast) as
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the endonuclease for both canonical and histone pre-
mRNA 3′ processing. CPSF73/Ysh1 alone has low endonu-
clease activities, as it adopts a closed conformation, and
therefore must be activated within the pre-mRNA 3′ pro-
cessing complex. Recent studies in yeast suggest that
Mpe1 activatesYsh1 throughdirect interactionsnear its ac-
tive site (Hill et al. 2019). Now, the current studies provide
strong evidence that Rbbp6, the Mpe1 homolog, plays a
similar role in humans. Originally identified as an Rb- and
p53-binding protein, Rbbp6 was first implicated in pre-
mRNA 3′ processing when it was detected in the human
pre-mRNA 3′ processing complex (Shi et al. 2009). Follow-
up studies provided evidence that Rbbp6 is required for
pre-mRNA cleavage (Di Giammartino et al. 2014). Howev-
er, its role in pre-mRNA 3′ processing remained underap-
preciated, which was due at least in part to the fact that
the homology between Rbbp6 and Mpe1 is limited to its
N-terminal region and that, unlike Mpe1, Rbbp6 does not
stably associate with the human pre-mRNA 3′ processing
complex (Shi et al. 2009). Using purified recombinant pro-
teins and transient overexpression assays, the current stud-
ies provide evidence that Rbbp6 directly interacts with
CPSF73 near its active site, and this interaction is likely
to activate the nuclease activity of CPSF73 (Boreikaite
et al. 2022; Schmidt et al. 2022). This mechanism may be
similar to histone pre-mRNA 3′ processing, in which a U7
snRNP protein, Lsm10, binds to CPSF73 and induces the
latter to shift to an open conformation that allows RNA
binding and cleavage (Sun et al. 2020).
While the findings from both studies are highly consis-

tent, some differences do exist. First, Schmidt et al. (2022)
found that PAPwas essential for pre-mRNA cleavage, con-
sistent with previous studies using purified factors from
HeLa nuclear extract. However, Boreikaite et al. (2022)
managed to reconstitute cleavage in the absence of PAP.
Second, Schmidt et al. (2022) found an essential role for
ATP in cleavage and provided evidence that ATP serves as
a cofactor for Clp1, but no such requirement was observed

by Boreikaite et al. (2022). The exact reasons for such dis-
crepancies remain unclear for now but could reflect differ-
ences in the exact polypeptides and conditions used.
Usage of truncated proteins at high concentration in vitro
may overcome some barriers that exist under native condi-
tions. Further studies are needed to clarify these issues.
The establishment of reconstituted yeast and human

pre-mRNA 3′ processing systems represents an important
milestone for the field. In turn, these systems provide un-
precedented opportunities for in-depth structural and
functional dissection of the core machinery and regulato-
ry factors. We look forward to seeing new advances build-
ing on these studies in the coming years, including the
structures of the pre-mRNA 3′ processing complexes.
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Figure 1. A model for the core human pre-mRNA 3′ processing
machinery. The essential pre-mRNA 3′ processing factors are
shown as boxes with solid outlines, and the nonessential ones
are shown as boxes with dotted outlines. The names of the essen-
tial mammalian factors and their corresponding yeast homologs
are shown in black and blue, respectively.
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