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Efficient gene expression requires that, 
during their lifetime, mRNAs associ-

ate with different sets of RNA binding 
proteins to form messenger ribonucleo-
protein particles (mRNPs). The protein 
components of mRNPs are essential for 
the correct post-transcriptional function 
and regulation of mRNAs. mRNPs are 
constitutively remodeled during the mat-
uration of the mRNA in the nucleus and 
downstream steps in the cytoplasm, and 
can also change depending on the cel-
lular environment. Here we review the 
current understanding of the biochemi-
cal and structural aspects of a central 
mRNP component and regulator, the 
exon junction complex (EJC).

Introduction

Eukaryotic cells regulate the expression 
of protein encoding genes, tuning the 
amount and lifetime of any given gene 
product in response to intracellular and 
extracellular signals. This regulation is 
of utmost importance for differentiation, 
proliferation and morphogenesis, and 
allows organisms to adapt to new condi-
tions. Besides transcriptional regulation, 
regulation at the post-transcriptional 
level is of key importance for the cell. 
It encompasses mRNA processing and 
export, surveillance, turnover, silenc-
ing and localization. It is now apparent 
that all of these steps are mechanistically 
linked. The link is physically provided 
by interactions between the set of pro-
teins that are bound to the mRNAs to 
form large multimolecular assemblies, 
known as mRNPs (reviewed in ref. 1 
and 2).
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In metazoa, a central component of 
mRNPs on all mRNAs that are produced 
from intron-containing genes is the exon 
junction complex (EJC) (reviewed in ref. 
3 and 4). The EJC is deposited onto the 
mRNA upon splicing and travels with 
the mRNP to the cytoplasm where it acts 
as an effector for downstream events in 
mRNA metabolism. EJCs are then dis-
assembled and recycled into the nucleus. 
The EJC is formed by the assembly of 
four conserved core proteins, MAGO, 
Y14, eIF4AIII and Barentsz (BTZ).5-13 
In humans, all EJC core components are 
involved in nonsense-mediated mRNA 
decay (NMD), a pathway that detects 
and rapidly degrades mRNAs containing 
premature stop codons (reviewed in ref. 
14 and 15). Conversely, in Drosophila the 
core components are essential for the local-
ized translation of oskar mRNA during 
embryonic development10,16-21 but not for 
NMD.22 The EJC can also increase trans-
lation efficiency and mRNA export.23-29

In recent years, biochemical and struc-
tural studies have provided mechanistic 
insights into the assembly and function of 
the EJC and its recycling into the nucleus. 
Here we review the aspects related to 
the assembly and disassembly of the EJC 
and to the recycling of its components 
as derived from recent biochemical and 
structural data.

Assembly of the EJC

In the nucleus, the EJC core is placed 
20–24 nucleotides upstream of the splice 
junction site and thus marks the positions 
of former introns for the gene expression 
machinery.3 It has been suggested that 
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localization studies would point toward 
a predominantly cytoplasmic sub-cellular 
localization and/or a shuttling activity 
of BTZ.8,10,35 BTZ has been found asso-
ciated to nuclear mRNPs in proteomic 
analysis of spliceosomal complexes from 
Drosophila37 but not from human cells.38 
Stable EJC assembly intermediates lack-
ing BTZ can also be formed in human 
splicing extracts33 suggesting that BTZ 
recruitment might not be required for 

position the EJC at the correct binding 
site,32,33 which is essential for downstream 
post-transcriptional steps e.g., in NMD. 
The formation of the EJC core establishes 
a platform that is used by additional fac-
tors for dynamic interactions (reviewed in 
ref. 4) (Fig. 1).

It is presently still unclear whether 
BTZ is part of the nuclear core of the EJC 
or if it joins the EJC only after the nuclear 
export of the spliced mRNA. Cellular 

the EJC is initially recruited to intronic 
sequences by the interaction with a spli-
ceosomal component, the intron bind-
ing protein IBP160.30 eIF4AIII and the 
MAGO-Y14 heterodimer are recruited 
to the RNA before the exon ligation 
step, i.e., the second step of splicing.31-34 
eIF4AIII RNA association involves a 
conformational change (see EJC disas-
sembly) likely induced by the spliceosome 
and by ATP binding.33 These initial steps 

Figure 1. Interactions in the EJC cycle. The scheme shows the sequence of either simultaneous or mutually exclusive interactions underlying function 
of the EJC and its sub-complexes. The EJC is assembled during splicing onto the mRNA. After the mRNP is exported into the cytoplasm to function 
in translational regulation (ribosome in gray), the EJC is disassembled with the aid of a ribosomal-binding protein, PYM (in orange). The MAGO-Y14 
heterodimer (in blue and cyan, respectively) is re-imported into the nucleus without PYM by Imp13 (in yellow). Here, it is released by RanGTP binding 
(gray/black rectangle) and incorporated into a spliced mRNP with eIF4AIII and BTZ (in pink and red, respectively) in the form of the EJC (other mRNP 
proteins are shown in gray with different shapes and sizes). mRNP composition varies dynamically as well as in the composition of the periphery of the 
EJC. UPF3b (in purple) associates to the EJC in the nucleus and travels with the complex to the cytoplasm. The question marks indicate open issues in 
the cycle: it is unclear whether eIF4AIII and BTZ are imported into the nucleus separately or as a single unit and the putative import receptor(s) has not 
been identified yet.
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BTZ (found in the structure as the 
minimal interacting domain of the pro-
tein, also known as SELOR domain8) 
also contributes to RNA binding, and 
MAGO-Y14 stabilizes the core by inhib-
iting eIF4AIII ATPase activity12,40,41  
(Fig. 2A). eIF4AIII has a conserved heli-
case core with two flexibly linked RecA-
like domains. The N-terminal (domain 1) 
and the C-terminal (domain 2) domains 

Interestingly, the interaction of the EJC 
does not appear to be dependent on specific 
RNA sequences.3,32 The crystal structure of 
the EJC, in complex with RNA, has revealed 
how the EJC holds a tight sequence-inde-
pendent grip on the mRNA.40,41 The major 
RNA binding component is eIF4AIII, 
an ATPase from the DEAD box family 
that binds RNA in an ATP-dependent 
manner (reviewed in ref. 42 and 43). 

EJC stability in the nucleus. It is puzzling, 
however, that BTZ can be loaded on the 
mRNA during in vitro splicing reactions39 
and the recombinant EJC is unstable 
without BTZ.12 Furthermore, an overlap-
ping region on the surface of eIF4AIII is 
used for its interaction with the spliceo-
some and with BTZ.33 Here, we will con-
sider the EJC core as a tetramer, including 
BTZ.

Figure 2. Structures in the EJC cycle. (A) Structure of the human EJC (pdb id. 2J0Q). eIF4AIII is shown in pink and BTZ in red, with ATP and RNA shown 
in black. The N- and C-terminal domains of eIF4AIII are labeled as 1 and 2, respectively. MAGO is shown in blue and Y14 in cyan. The disordered loop 
of BTZ is represented as a dashed red line. The N- and C-termini of the protein are labeled. The same color-coding is applied to all the panels and is 
consistent with the scheme in Figure 1; (B) Structure of the MAGO-Y14 heterodimer in isolation from Drosophila (pdb id. 1HL6) in a similar view as in 
(A); (C) Structure of the eIF4AIII-BTZ binary complex (pdb id. 2J0U in a similar view as in (A). The disordered portions of BTZ that could not be modeled 
in the structure are shown as a red dashed line; (D) Crystal structure of the EJC-UPF3b complex (pdb id. 2XB2). The complex is shown with a 180° rota-
tion around the y-axis as compared with the orientation of the complex in (A). The UPF3b peptide is rendered as a purple cartoon tube. The dashed 
line represents parts of the protein that were not modeled in the structure. Highlighted with a gray circle is a conserved patch on MAGO-Y14 that is 
involved in protein-protein interactions also in (E and F). (E) Structure of the Drosophila MAGO-Y14-PYM complex (pdb id. 2RK8). PYM is rendered as a 
cartoon tube in orange. The N- and C-termini of the protein are labeled. (F) Structure of the Imp13-MAGO-Y14 complex with Imp13 in yellow (pdb id. 
2X1G). The Imp13 N- and C-termini are indicated. This and all other protein structure figures were generated using PyMOL (www.pymol.org).
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reactions, whereas EJCs assembled from 
recombinant subunits are not efficiently 
targeted by PYM.56 In cells, overexpression 
of PYM leads to a decreased association of 
EJCs with spliced mRNAs, while PYM 
inhibition by RNAi leads to an accumu-
lation of EJC components in cytoplasmic 
cell fractions. This last observation is 
compatible with a recycling defect of EJC 
proteins under these conditions. Together, 
these data demonstrate that PYM is an 
EJC disassembly factor both in vitro and 
in vivo. PYM function is regulated by its 
association with ribosomes, which restricts 
the disassembly activity to actively trans-
lated mRNAs. This mechanism prevents 
the uncontrolled disassembly of EJCs in 
the cytoplasm before they have fulfilled 
their functions (e.g., as marker for NMD).

The structure of the MAGO-Y14-
PYM (N-terminal part) ternary complex 
shows that the binding mode of PYM 
to MAGO-Y14 would not be compat-
ible in the EJC due to steric hindrance 
with other components of the complex. 
Interestingly, the same interaction sur-
face on MAGO-Y14 is involved in the 
binding of UPF3b and of PYM, although 
in the first case the binding occurs only 
in the presence of all EJC components 
and in the second case, it competes with 
eIF4AIII and BTZ. Therefore, it is likely 
that PYM has to displace UPF3b to bind 
to MAGO-Y14 and disrupt the EJC. 
Residues in this patch on the surface of 
MAGO were shown to affect NMD when 
mutated.51,55

Recycling of EJC Components

The efficient disassembly and recycling 
of EJC proteins is essential for their re-
assembly in the nucleus. Quantifications 
of endogenous proteins in cell lysates show 
that at steady state there are significantly 
fewer EJC components present than exon-
exon junctions (12,000 eIF4AIII, 40,000 
MAGO-Y14 vs. 400,000 exon-exon junc-
tions).56 This underlines the requirement 
for an efficient system to disassemble, 
recycle and reuse EJC components. In 
order to be reloaded onto mRNA, the EJC 
components have to be re-imported into 
the nucleus.

Among the proteins that associate 
with the EJC or its components there 

heterodimer and the eIF4AIII-BTZ sub-
complex (Figs. 1 and 2B and C) that 
could represent an intermediate step in the 
assembly/disassembly of the EJC.

The structures of the MAGO-Y14 
heterodimer in isolation have shown that 
unexpectedly, the Y14 RNA-recognition 
motif (RRM) is involved in protein-pro-
tein interaction and does not bind RNA51-53 
(Fig. 2B). MAGO-Y14 structures in dif-
ferent complexes reveal that the heterodi-
mer behaves like a rigid unit and likely 
represents a constitutive complex (Fig. 2A, 
B, D and E). In contrast, eIF4AIII under-
goes a dramatic conformational change 
upon assembly/disassembly (Fig. 2A and 
C). On disassembly, the RNA binding 
site is disrupted and the surfaces involved 
in ATP and RNA binding are exposed to 
solvent. In the structures of apo eIF4AIII 
and in complex with BTZ, domain 1 and  
domain 2 are connected by an elongated 
linker and make few contacts with each 
other40,41 (Fig. 2B). It is at present not 
known whether, in the cytoplasm, the dis-
sociation between eIF4AIII and BTZ takes 
places as a further intermediate step. The 
interaction surface of eIF4AIII and BTZ 
in the structure is specific and conserved 
but involves only few contacts, raising the 
possibility that the two proteins could be 
easily dissociated (Figs. 1 and 2C).

Although the processivity of the ribo-
some is likely sufficient to completely 
remove RNA-binding proteins and there-
fore to remodel mRNPs, complexes like 
the EJC that bind with high affinity could 
perhaps significantly slow down the prog-
ress of the ribosome. The removal of all 
EJC core components from the mRNA 
should involve a release of the inhibition 
by MAGO-Y14 on the ATPase activity 
followed by a decrease in the affinity of 
eIF4AIII for RNA. This would result in 
RNA release and a change in conforma-
tion to the open state of eIF4AIII. The 
N-terminal part of the cytoplasmic pro-
tein PYM associates with MAGO-Y14,54,55 
while the C-terminal region of the protein 
binds to the 40S ribosomal subunit.26 As 
suggested by the structural studies, PYM 
represents an EJC disassembly factor 
that equips the ribosome with the ability 
to remove EJCs as it processes along the 
mRNA.41,55,56 PYM is able to dismantle 
EJCs that are formed by in vitro splicing 

of eIF4AIII are arranged to form a deep 
interdomain cleft where ATP binds. The 
RNA binds with a bent conformation in 
a shallow cleft across the two domains 
and is flanked by BTZ (Fig. 2A and D). 
One residue of BTZ stacks against the 
first base, increasing the affinity for the 
RNA.12,44 RNA binds mainly with the 
hydroxyls of the riboses and the phos-
phate moieties, while the RNA bases are 
exposed to the solvent. This explains the 
sequence independent binding and RNA 
specificity of the EJC.12,40,41 Structural 
analysis revealed that the ATPase inhibi-
tion is not achieved from disrupting the 
ATP-binding-site. Instead eIF4AIII is 
locked into the closed conformation on the 
RNA by MAGO-Y14, which prevents the 
release of inorganic phosphate rather than 
the actual hydrolysis reaction.45 Several 
loops from MAGO-Y14 grab domain 2 of 
eIF4AIII and stabilize the linker between 
domain1 and 2 of eIF4AIII. This prevents 
the transition to an open conformation 
that would result in the disruption of 
the RNA binding site and RNA release  
(Fig. 2A and C).

Among the more peripherally associ-
ated EJC proteins that remain bound to 
the spliced mRNA in the cytoplasm is the 
central NMD effector, UPF3b.13 UPF3b 
associates with the EJC core in the nucleus 
and provides the physical link between 
the EJC core and the NMD pathway.46,47 
The structure of the EJC core with UPF3b 
shows that the C-terminal region of 
UPF3b binds as an elongated peptide to 
a composite interaction patch involving 
the tip of the helices of MAGO, the con-
served loop of Y14 and also a conserved 
patch on eIF4AIII48 (Fig. 2D). The struc-
tural analysis explains why UPF3b can 
associate only with the assembled core of 
the EJC but shows no interaction with the 
individual EJC proteins.48

EJC Disassembly

In the cytoplasm, translation alters 
mRNP protein composition. It has been 
proposed that translating ribosomes at the 
first round of translation, strip off bound 
proteins from their binding sites on the 
mRNA.49,50 The EJC can be divided both 
biochemically and structurally, into two 
stable binary complexes: the MAGO-Y14 
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the mechanistic level. How eIF4AIII is 
imported back into the nucleus to be re-
incorporated into the EJC is still unknown 
and the specific import receptor involved 
in this process remains to be identified. 
The function of BTZ in the context of 
the EJC is also not fully understood and 
it is not clear whether this protein could 
shuttle across the nuclear envelope.

Dissecting the complex network of 
interactions stemming from the EJC will 
ultimately be required to fully under-
stand the regulatory role of this complex 
in mRNA metabolism. How the EJC 
mediates downstream interactions is still 
partly an open question. This is of par-
ticular interest since the EJC peripher-
ally associated proteins are involved in 
several aspects of mRNA metabolism. 
Biochemical and structural studies have 
revealed that exclusive and concomitant 
interactions are central to mRNP dynam-
ics. Future investigations will no doubt 
unravel the sequentiality with which mul-
tifunctional surfaces are adopted (such as 
the Y14 interface that binds PYM, Upf3b 
and Imp13).
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