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Polyadenylation is a nearly universal 
mRNA processing step in eukary-

otic gene expression and it takes place 
in a macromolecular machinery termed 
the mRNA 3' processing complex. In a 
recent study, we reported the purifica-
tion and comprehensive characteriza-
tion of functional mammalian mRNA 3' 
processing complexes. Our study defined 
the protein composition of this machin-
ery, revealed new potential links between 
mRNA 3' processing and other cellular 
processes, and characterized basic struc-
tural features of the “core” mRNA 3' 
processing complex. These results pro-
vided new insights into the mechanism 
of mRNA 3'-end formation.

A general mechanistic framework for 
mRNA 3' processing has emerged from 
a large body of biochemical and genetic 
studies in the last two decades (reviewed in 
refs. 1–3). In mammalian mRNAs, poly-
adenylation sites are mainly defined by an 
upstream AAUAAA element and a down-
stream G/U-rich element. Five trans-act-
ing factors are required for 3' processing, 
including the poly(A) polymerase (PAP) 
and the multi-subunit protein complexes 
CPSF, CstF, CF Im and CF IIm. CPSF 
specifically recognizes the AAUAAA ele-
ment at least in part through CPSF160. 
CstF binds to the downstream G/U-rich 
sequence via CstF64. CF Im is involved in 
additional RNA binding and contributes 
to specific recognition of poly(A) signals 
by the polyadenylation machinery. The 
functions of CF IIm in mRNA 3' pro-
cessing remain poorly understood. These 
factors assemble onto mRNA polyadeny-
lation signals to form the 3' processing 
complex. Within this macromolecular 
machinery, 3' processing takes place in 

two steps, an endonucleolytic cleavage 
catalyzed by CPSF73 followed by the 
addition of a poly(A) tail by PAP. Given 
the fundamental importance of mRNA 3' 
processing in eukaryotic gene expression, 
it is not surprising that the majority of the 
mRNA 3' processing factors are conserved 
from yeast to human despite the signifi-
cant divergence between the mRNA poly-
adenylation signals in yeast and those of 
mammalian mRNAs.1-3 Interestingly, 
however, at least 5 more mRNA 3' pro-
cessing factors have been identified in yeast 
than in mammals,2 raising the possibility 
that more factors remains to be discovered 
in the mammalian system.

Mammalian mRNA 3' processing has 
been studied mostly by biochemical puri-
fication and characterization of individ-
ual factors.1,2 Although this reductionist 
approach will remain important in future 
studies, unique insights may be obtained 
by characterizing the mRNA 3' processing 
complex itself, including its composition, 
structure and dynamics. By combining 
glycerol gradient sedimentation and RNA 
tag-based affinity purification, we have 
recently purified the human mRNA 3' 
processing complex in its functional form 
and carried out proteomic, functional and 
structural analyses.4 The major findings 
of these studies and their implications are 
discussed below.

Not All 3' Processing Factors are 
Created Equal

In our recent report,4 we purified and car-
ried out proteomic analysis of the mRNA 
3' processing complexes at the “post-assem-
bly” stage, during which the complex has 
been assembled but very little processing 
has occurred. In contrast to the current 
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detected for CstF77 than CPSF73 despite 
their similar sizes.4 These observations, 
although not strictly quantitative, are con-
sistent with the notion that CstF forms a 
dimer in the 3' processing complex. This 
conclusion is consistent with earlier bio-
chemical studies showing that CstF77 
and CstF50 can both associate with them-
selves7 and with the recently solved X-ray 
structure of CstF77,8 showing that the 
HAT domain of CstF77 self-dimerizes.3,8 
Secondly, we have obtained evidence that 
strongly suggests that CF Im also forms 
a dimer (unpublished data), a conclu-
sion that is again supported by recent 
structural studies demonstrating that the  
25 kDa subunit of CF Im forms a homodi-
mer.9,10 Based on our results and other 
recent studies, we propose a new model 
for the 3' processing complex (Fig. 1), in 
which CPSF, CstF and CF Im form the 
“core” 3' processing complex at a 1:2:2 
stoichiometry and CF IIm dynamically 
associates with the “core” complex. PAP 
or neo-PAP is recruited to the complex at 
a later stage.

These results have direct implications on 
the mechanisms of mRNA 3' processing. 

of the CPSF complex purified under rela-
tively mild conditions by immunoprecipi-
tation.4 These data suggest that PAP is not 
tightly associated with CPSF and is per-
haps not stably recruited to the mRNA 3' 
processing complex until later stages. (2) 
Is PAP the primary poly(A) polymerase 
in mammalian cells?1-3 As the canoni-
cal PAP and neo-PAP display essentially 
identical activities in vitro,6 they may play 
redundant roles in vivo. An alternative but 
mutually non-exclusive possibility is that 
each PAP may be responsible for process-
ing a specific subset of mRNAs. Further 
studies are necessary to discern these 
scenarios.

Even within the “core” 3' processing 
complex, the stoichiometry of CPSF, CstF 
and CF Im is almost certainly not 1:1:1 as 
originally thought.1,2 First, our study pro-
vided indirect evidence that CstF func-
tions as a dimer.4 For example, when the 
purified mRNA 3' processing complexes 
were resolved by SDS-PAGE and stained 
by silver, the CstF77 band was consis-
tently and significantly more intense than 
the CPSF73 band.4 Furthermore, close 
to twice as many unique peptides were 

model of the 3' processing complex,1,2 it 
is clear from our proteomic analyses that 
not all 3' processing factors are equally 
represented in the 3' processing complex. 
First, although CPSF, CstF and CF Im 
were all detected at high levels, the CF IIm 
components were either barely detectable 
(hPcf11) or completely missing (hClp1).4 
This suggests that CPSF, CstF and CF Im 
form a stable “core” mRNA 3' processing 
complex, in which specific interactions 
between the polyadenylation signal in 
the mRNA and the mRNA 3' process-
ing machinery have been established. CF 
IIm, however, associates with the “core” 
complex only weakly and/or transiently, 
indicating that it may primarily function 
in catalysis. Secondly, PAP is absent from 
the “post-assembly” mRNA 3' processing 
complex4. Instead, the related neo-PAP 
was detected at low levels.4 These obser-
vations raise a couple of important ques-
tions: (1) How and when is PAP recruited 
to the 3' processing complex? Previous 
studies suggest that PAP is recruited to the 
3' processing machinery via direct interac-
tion with CPSF160.5 However, we failed 
to detect PAP in our proteomic analysis 

Figure 1. A new model for the mammalian mRNA 3' processing complex. this model incorporates results from recent studies (discussed in the text) and 
has two new features. (1) CPSf, Cstf, and Cf im form the “core” mRNA 3' processing complex. Cf iim, PAP, and other potential mRNA 3’ processing factors 
such as Rbbp6 are transiently and/or weakly associated with the core complex. (2) Both Cstf and Cf im function as dimers in the complex and, as a result, 
each of these subcomplexes contributes two RNA-binding subunits.



524 RNA Biology Volume 6 issue 5

and the samples remain hydrated in their 
native state. With recent advances in 
specimen preparation and computational 
techniques, increasingly high resolution 
(up to ~4 Å) structures has been obtained 
for a wide variety of macromolecular com-
plexes.19 As an initial step, we visualized 
the negative stained mRNA 3' processing 
complexes using EM and carried out sin-
gle-particle analyses.4 The results of these 
experiments provided the first glimpse of 
the mRNA 3' processing complex, a ~250 
Å long “kidney”-shaped particle. Given 
the relatively simple biochemical nature of 
mRNA 3' processing, it is surprising that 
the size of the mRNA 3' processing com-
plex rivals that of the bacterial ribosome 
large subunit and the mammalian spli-
ceosomal A complex.4 The relative homo-
geneous nature and the large size of the 
purified mRNA 3' processing complexes 
make it suitable for cryo-EM analysis in 
the future.

What’s Next?

The availability of highly purified mRNA 
3' processing complex and its subcom-
plexes makes it possible to address a num-
ber of fundamental and long-standing 
questions in the field. First, how are the 
polyadenylation signals specifically recog-
nized by the mRNA 3' processing machin-
ery? Although CPSF160 and CstF64 have 
been shown to bind key cis-elements,1,2 
a more extensive RNA-protein interac-
tion network is almost certainly required 
for specific recognition of polyadenyla-
tion signals by the mRNA 3' processing 
machinery. A systematic characterization 
of RNA-protein interactions within the 
mRNA 3'processing complex will reveal 
such a network. Secondly, it will be of 
great interest to characterize the mRNA 3' 
processing complexes at later stages, such 
as the post-cleavage complexes as well as 
the post-polyadenylation mRNPs. These 
studies will provide new insights into the 
dynamic nature of the mRNA 3' process-
ing complexes and help address a num-
ber of critical mechanistic questions. For 
examples, is there a conformational and/
or compositional change between the 
cleavage and polyadenylation steps? How 
is PAP recruited to the mRNA 3' process-
ing complex and how is the timing of its 

reportedly expressed only in the testis.15 
Our results indicate that CstF64τ is much 
more widely expressed (unpublished data) 
and a putative fission yeast homologue was 
identified.4 These results indicate that the 
mRNA 3' processing machinery is even 
more conserved than previously appreci-
ated. Finally, many factors detected in the 
mRNA 3' processing complex have puta-
tive or known functions outside polyade-
nylation,4 and we believe that at least some 
of them may mediate crosstalk between 
mRNA 3' processing and a wide range of 
other cellular processes, including tran-
scription, splicing, RNA turnover, trans-
lation, and the DNA damage response. 
Sorting out the extensive coupling between 
mRNA 3' processing and other cellular 
processes will be a major challenge for 
future studies, but a necessary step toward 
understanding gene expression and its reg-
ulation at the systems level.

A (EM) Picture is Better than a 
Thousand Words:  
Structural Studies

Detailed structural information is essen-
tial for understanding the mechanisms of 
gene expression at the molecular level, as 
exemplified by the studies of RNAP II16 
and the ribosomes.17 Although crystal 
structures have been obtained for a num-
ber of individual mRNA 3' processing 
factors (reviewed in ref. 3), higher order 
structures are necessary for understand-
ing how mRNA 3' processing factors are 
spatially organized to carry out RNA rec-
ognition and catalysis. Structural analysis 
of the entire mRNA 3' processing com-
plex, however, faces a number of obstacles. 
The quantities of the purified mRNA 3' 
processing complex that can be currently 
obtained are still far below what is needed 
for crystallization trials. And the poten-
tially dynamic nature of the complex poses 
additional challenges. Under these cir-
cumstances, single particle cryo-electron 
microscopy (cryo-EM) analysis18,19 is the 
method of choice for structural analysis 
of the mRNA 3' processing complex. In 
this method, samples are flash frozen in a 
thin layer of vitrified ice and subsequently 
subject to EM and computational analy-
sis for reconstruction of a 3-D model. It 
requires minimal amount of materials 

The CF Im monomer contains either CF 
Im59 or 68, both contain RRM (RNA 
Recognition Motif) domains.1,2 Similarly, 
CstF contains the RNA-binding proteins 
CstF64 or the related CstF64τ.1,2,4 Thus, 
dimerization of the CF Im and CstF can 
lead to significantly more potential RNA-
protein contacts within the 3' process-
ing complex than previously thought, 
which may be necessary to achieve high 
RNA-binding affinity as well as specific-
ity. Furthermore, the alternative RNA-
binding subunits in CstF and CF Im may 
have distinct RNA-binding specificities.11 
Thus different combination of these fac-
tors achieved through dimerization may 
recognize distinct polyadenylation sig-
nals. Broader sequence specificity may 
be advantageous for CstF and CF Im as 
their respective targets, the G/U-rich ele-
ments and the auxiliary elements, are both 
highly divergent.1,2

Function by Association:  
New Mammalian mRNA 3'  

Processing Factors

One of our goals for characterizing the 
mRNA 3' processing complex was to iden-
tify new mammalian 3' processing factors. 
In addition to known 3' processing fac-
tors, our proteomic analyses of the mRNA 
3' processing complex detected over 50 
other proteins.4 First, we identified several 
factors that are the (putative) homologues 
of essential yeast polyadenylation factors, 
including Wdr33, the phosphatase PP1, 
and Rbbp6/PACT. The subsequent func-
tional studies showed that Wdr33 and PP1 
are associated with CPSF and play essential 
roles in mammalian mRNA 3' processing. 
PP1, like its yeast counterpart Glc7p, is 
specifically required for polyadenylation, 
but not for cleavage. Interestingly, Rbbp6/
PACT, homologue of the yeast poly-
adenylation factor Mpe1, was originally 
identified as an Rb- and p53-binding pro-
tein,12,13 and was recently shown to regu-
late p53 stability through modulating its 
ubiquitination.14 Thus Rbbp6 provides an 
intriguing link between mRNA 3' process-
ing and the cell cycle and the p53 pathway. 
Secondly, our study identified CstF64τ as 
a stable component of the CstF and the 
mRNA 3' processing complex.4 CstF64τ 
is a paralogous variant of CstF64 that is 
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recruitment controlled? How does mRNA 
3' processing influence later steps of gene 
expression? Finally, although our initial 
structural characterization of the mRNA 
3' processing complex provided a tanta-
lizing first glimpse of its general features, 
single particle cryo-EM analysis is clearly 
the next step toward building a high-
resolution 3-D model and mapping its 
key components. In the coming years, as 
more of the delicate inner workings of the 
mRNA 3' processing complex are teased 
out, we will be able to better understand 
how this fascinating molecular machine 
really works.
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