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Preface
The central dogma of molecular biology describes the flow of genetic
information within biological systems. It states that the genetic information is
sequentially transferred from DNA to mRNA (transcription) and then proteins are
synthesized according to the information of mRNA template (translation). However,
on the other hand, the simplicity of central dogma masks the complex regulatory
networks involved at each step.
All living organisms are comprised of cells, and all cells need DNA, RNA and
protein molecules to be functional. The translated proteins are the essential building
blocks of cells. They can work not only on other proteins, but also together with DNA
and RNA molecules. DNA-binding proteins can regulate DNA replication and
transcription, while RNA-binding proteins can regulate the life of RNA. In eukaryotes,
transcribed RNA molecules undergo a number of processing steps, including
splicing, mRNA capping, polyadenylation, export, localization, translation and
degradation. At each of these steps, the RNA needs interact with one or many more
RNA binding proteins (RBPs). The dynamic interactions between RNA and RNAbinding proteins regulate the fates of RNAs in diverse manners based on specific
tissue or cell types and environmental conditions.
Currently, there are thousands of identified RNA-binding proteins, and their
functional defects have been shown to be the causes of many diseases, such as
cancer and neurodegenerative disease. One RNA-binding protein can interact with
different RNAs, and one RNA molecule can bind multiple RNA-binding proteins.
Based on this, RNA-RBP complexes often assemble together into visible cytoplasmic
structures without membranes, which are named as RNA granules. The RNA-binding
proteins regulate the assembly, disassembly and dynamic composition of RNA
granules. The RNAs inside of mRNP granules are thought to be translationally
repressed and they can be re-translated or degraded depending on the specific
situation of the cell.
RNA-binding proteins are the foundation of RNA regulation and gene
expression. Characterizations of RBPs are important for understanding their
functional basis and the mechanisms of diverse mRNPs assembly and disassembly,
which can furthermore provide insights into disease pathology and the development
of novel therapies.
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Chapter 1
Introduction of RNA-Binding Proteins

The whole life of an mRNA from transcription, splicing, capping, polyadenylation,
export, localization, translation to eventually degradation is coupled with diverse
RNA-binding proteins. This chapter introduces background information on RNAbinding proteins from three aspects: the common RNA-binding domains in RNAbinding proteins, mRNA export from nucleus to cytoplasm and mRNA localization in
cytoplasm.

Chapter 1 – Introduction of RNA-Binding Proteins

1.1 RNA-binding domains in RNA recognition
Currently, RNA-binding proteins number in the thousands, however, even this
amount may underestimate the true number of proteins that interact with RNA, since
more and more non-canonical protein-RNA interactions have been identified. Despite
this diversity, many of the proteins interact with RNA through well-characterized RNA
binding domains, such as RNA recognition motif (RRM), K homology domain (KH
domain), zinc finger, double-strand RNA binding domain (dsRBD) and helicase
domains. Considerable biochemical and structural work has allowed the fundamental
properties of these domains to be understood. Here, I summarize the current state
of knowledge for the RRM, KH domain, dsRBD and zinc finger in RNA recognition.
1.1.1 RNA recognition motif (RRM)
The RRM is one of the most abundant protein domains in eukaryotes
presenting in ~0.5%-1% of human genes (Venter et al., 2001). It is also the most
extensively studied RNA-binding domain, especially in structural and biochemical
terms. RRM containing proteins are involved in almost all of the post-transcriptional
processes of RNA, such as splicing, export, localization, translation and degradation.
A typical RRM contains approximately 90 amino acids and forms a β1-α1-β2-β3-α2β4 topology, packing two α-helices against a four-stranded β-sheet, while many
RRMs include additional structure elements (e.g., one more β-strand or α-helix or
both). The β-sheet is commonly used to interact with single-stranded RNA, whereas
non-canonical elements, such as loops and α-helices were also shown to contribute
to or dominate the RRM-RNA interaction (Clery et al., 2008; Daubner et al., 2013).
Due to the extreme structural versatility of RRMs and the high variability of their
interaction modes with RNAs, RRM-containing proteins have highly diverse biological
functions, and it is difficult to predict the RNA targets of an RRM or RRM-containing
protein.
Canonical RRM-RNA binding
A single RRM can bind RNA sequences with a variable number of
nucleotides, but mainly ranging from two nucleotides in the cases of IMP3 RRM12
(Jia et al., 2018) and Nucleolin RRM2 (Allain et al., 2000) to eight nucleotides for
U2B RRM1 (Price et al., 1998). In the canonical RRM-RNA binding, the aromatic-ring
containing amino acids on RNP1 (β3-strand) and RNP2 (β1-strand) are the key
residues to accommodate two nucleotides (Fig. 1A). The base of the 5’ nucleotide
stacks on the aromatic ring located on β1-strand (position 2 of RNP2) and the base
of the 3’ nucleotide stacks on the aromatic ring on β3-strand (position 5 of RNP1).
3
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Moreover, another residue with an aromatic side-chain that often locates in the β3strand (position 3 of RNP1) usually inserts into the space between the two sugar
rings of the dinucleotide (Fig. 1). The binding affinity of RRMs and their target RNA
sequences is often in the micro-molar range. In other RRMs, such as PTB
(polypyrimidine-tract binding protein) RRMs, U2AF65 RRMs and SRp20 RRM, the βsheet is also the primary surface for RNA-binding, but interestingly, each of them
achieves slightly different RNA-sequence specificity through hydrogen bonds formed
between flexible side-chains of conserved residues in β-sheet or loops that connect
β-strands and α-helices (Clery et al., 2008). In the complex structures of IMP3
RRM12 and SRp20 with RNA, only the cytosine stacking upon β1 is recognized with
sequence-specificity (Hargous et al., 2006; Jia et al., 2018), which allows these
proteins to bind more diverse RNA sequences and decreases the evolutionary
pressure on their bound RNA.

Figure 1. The canonical mode of RRM-RNA recognition. (A) Typical RRMs adopt β1-α1β2-β3-α2-β4 folding. Generally, the RRM binds RNA target through the β-sheet surface
formed by four anti-parallel stands. Motifs of RNP1 (β3) and RNP2 (β1) that contain
aromatic residues at specific positions are usually responsible for RNA interaction. (B)
In most of cases, position 2 on RNP2 and position 5’ on RNP1 are residues with
aromatic side-chain to stack with RNA bases. Usually, the position 3’ on RNP2 is also
an aromatic residue and this aromatic side-chain inserts into the space between two
sugars of the di-nucleotide. IMP3 RRM1 is a typical RRM and interacts with RNA
targets in the canonical manner.

Non-canonical RRM-RNA binding
Non-canonical RRMs also adopt the β1α1β2β3α2β4 topology, packing two αhelices against a four-stranded β-sheet, however, they do not contain amino acids
with aromatic side-chain in both of their β1 (RNP2) and β3 (RNP1) (Fig. 1B), which
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excludes the involvement of β-sheet in RNA recognition. In contrast to the additional
contribution of loops to RNA binding that is β-sheet dependent, RRMs of hnRNPF
interact with RNA only through loops that connect β1-α1 (L1), β2-β3 (L3) and α2-β4
(L5), but not β-sheet (Dominguez and Allain, 2006). All three RRMs of hnRNPF do
not contain aromatic residues in RNP1 (except one phenylalanine involved in intramolecular interactions) and RNP2 for RNA accommodation, therefore, they have
been renamed quasi RRMs (qRRMs). Notably, qRRM1 and qRRM2 of hnRNPF both
contain an aromatic residue (Phe120) in L1 and the hairpin motif of L5 (Tyr180).
Phe120 and Tyr180 of qRRM2 are crucial G-tracts recognition, as the substitution of
these two residues by alanine completely abolished binding (Dominguez and Allain,
2006).
Another example beyond typical RRM-RNA interaction is the pseudo-RRM of
SR proteins. SR proteins all contain two RRMs, one canonical RRM in N-terminus
followed by one pseudo-RRM. The β-sheet of the pseudo-RRMs lacks the set of
conserved aromatic residues usually necessary for RNA binding, but there is a
conserved, distinct and invariant heptapeptide SWQDLKD on the α1 (Birney et al.,
1993). The complex structure of SRSF1 pseudo-RRM and RNA showed GGA motif
recognition is done by conserved residues on α1, whereas β-sheet is not involved in
RNA interaction. Remarkably, this unusual mode of RNA binding is conserved
through all pseudo-RRMs tested from humans, yeast and fly (Clery et al., 2013).
Together with the crucial role of loops of qRRMs, the α-helix of pseudo-RRMs, which
typically mediates protein-protein interaction, may evolve in order to expand the
range of RNA target sequences of the RRM family.
RNA binding of tandem RRMs
Within the RNA-binding proteins with RRMs, 44% of them contain two to six
RRMs. Structural characterization of tandem RRMs is an important way to
understand their relative orientation and the functional implications of multi-RRM
interplay. Tandem RRMs are expected to help achieve higher affinity and sequence
specificity toward target RNA, since most of the individual RRMs bind their targets
with weak affinity. The combination of two or more RRMs allows the continuous
recognition of a long nucleotide sequence, which is crucial in the context of cellular
mRNAs. The structures of RRM12 of Sex-lethal, Hrp1 and HuD bound to RNA
confirmed this hypothesis. In presence of RNA, two RRMs are arranged almost
parallel to each other, creating a deep cleft to accommodate a longer RNA sequence
(Handa et al., 1999; Perez-Canadillas, 2006; Wang and Tanaka Hall, 2001).
Similarly, the structure of PTB RRM34 in complex with RNA revealed two RRMs are
5
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compacted tightly through their α-helices and linker region, forming a large
hydrophobic interface. This RRM-RRM interaction leads to an anti-parallel orientation
of their bound RNAs, thus inducing the formation of RNA loops to bring distant
pyrimidine tracts into close proximity for alternative splicing (Oberstrass et al., 2005).
In contrast, the interaction between tandem RRM domains can also block
their RNA-binding capacity. In the structure of IMP3 RRM12 with RNA, the α2 helix
and N-terminus of RRM1 occupy the space above the RRM2 β-sheet, which might
prevent RNA binding to RRM2 (Jia et al., 2018). A similar orientation of RRM
domains was also described in FIR RRM12 structure that binds single-strand DNA
(ssDNA). In FIR RRM12, RRM2 β-sheet is involved in intra-molecular interaction with
RRM1, resulting in that RRM2 does not bind nucleic acid. The β-sheet of RRM1 is
able to bind ssDNA using typical β1 and β3 (Cukier et al., 2010). This unusual RRMRRM interaction of IMP3 RRM12 and FIR RRM12 suggest that they may only bind
very short nucleotide stretch with low affinity, which could be enough for altering the
linear conformation of their targets.
RRM and protein interaction
Besides RNA binding, a small subset of RRMs can interact with proteins as
well. For instance, NMR analysis showed a peptide from Raver1 that is a PTB corepressor interacts with the hydrophobic groove formed by α1-helix and loop5 of PTB
RRM2. Notably, when RNA was added to the complex of PTB RRM2 and Raver1
peptide, NMR chemical shift perturbations were observed, suggesting the peptide
bound on the helical face of PTB RRM2 is compatible with simultaneous RNA
binding (Rideau et al., 2006). Moreover, both the crystal and solution complex
structures of p14 protein and a peptide from SF3b155 revealed that the p14 β-sheet
is occluded by its own α3-helix and SF3b155, leaving only one pocket containing a
conserved RNP2 residue (Tyr22) accessible to solvent. NMR studies suggest that
Tyr22 and additional residues on loops participate in weak branch-point recognition
(Kuwasako et al., 2008; Schellenberg et al., 2006). Similarly, a crystal structure of the
RNA-bound N-terminal region of human La protein showed the La motif interact
extensively with RNA leading to only a few non-canonical contacts between the edge
of RRM1 β-sheet and RNA (Huang et al., 2006; Teplova et al., 2006).
In addition, there are a few RRMs, which appear to lack the ability to
recognize RNA. One interesting example is the complex of eIF3b RRM and an eIF3j
peptide. Both of eIF3b and eIF3j are subunits of eIF3, a multi-subunit complex for
translation initiation. The eIF3j peptide is the N-terminal region that is negatively
charged. It interacts with the positively charged surface formed by the α-helices of
6
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eIF3b RRM, leaving the β-sheet still accessible for potential RNA binding (ElAntak et
al., 2007). However, eIF3b has not been reported to interact with RNA, which may be
because the β-sheet is highly negatively charged due to the presence of a cluster of
acidic residues. In contrast to the non-canonical RNA binding of RRMs, some RRMs
could evolve toward mediating protein-binding instead of RNA-binding.
Summary
With so many current structural and biochemical data, we better understand
the mechanisms underlie the diverse functions of RRM-containing proteins. This
small RRM domain can individually bind RNA usually at modest affinity and can also
work in combination with other RRMs in the same protein or other proteins within an
mRNP to achieve higher RNA-binding affinity and specificity. Considering the
potential of RRMs in mediating protein-protein interaction, their RNA-binding modes
could be regulated by other partners, thereby allowing them to be involved in highly
sophisticated network of intermolecular interactions. This may explain why the RRM
is the most abundant RNA-binding domains and why RRM containing proteins are so
numerous and play central roles in the cell. Since new modes of RRM-RNA
interaction keep being described, it is still far from comprehensive understanding of
this simple but highly versatile protein motif.

1.1.2 KH domains
The hnRNP K homology (KH) domain was named for the human
heterogeneous nuclear ribonucleoprotein K (hnRNP K), in which the KH domain was
first identified (Siomi et al., 1993). The KH motif is usually comprised of
approximately 70 amino acids and is found in various proteins of diverse organisms.
Whereas there are a few cases of proteins with single KH domain (e.g., Mer1p and
Sam68), most of KH domains are present in multiple copies within a protein,
including FMRP with two KH domains, hnRNP K with three KH domains and IMP
family proteins with four KH domains. For both single and tandem KH domains, their
canonical function is to recognize RNA or ssDNA. Notably, the KH domains in
eukaryotic proteins and prokaryotic proteins typically adopt two different folds,
termed as type I and type II respectively (Fig. 2). Both of the KH folds share the
‘minimal KH motif’ in the sequence, however, the order of their secondary structure
elements and the three dimensional arrangement is different (Valverde et al., 2008).
Here, I focus on the typical KH domains of eukaryotic proteins, which have been
extensively studied.
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Figure 2. The two types of folds of KH domains. (A) Eukaryotic type I KH domain. (B)
Prokaryotic type II KH domain. Left are secondary structure elements, labeled
according to general KH nomenclature. Right is the three dimensional arrangement of
two types of KH domains. The dotted line means variable loop (Valverde et al., 2008).

Typical nucleic acid recognition of KH domain
Similar to canonical RRM recognition of its targets, there are also some
common features of KH domains in recognizing targets. The α1 and α2-helices, the
GXXG motif, the β2-strand and the loop between β2 and β’ form versatile binding
clefts (Fig. 2A) to accommodate four unpaired bases. The center of the targetbinding pocket tends to be hydrophobic, which plays an important role in nucleic acid
interaction. In addition, other specific interactions, such as van der Waals forces and
maybe slight electrostatic interactions, also contribute to the RNA or ssDNA binding
affinity. Remarkably, the prevalent interaction between RRM aromatic side-chain and
nucleic acid base is absent in KH domains recognition of target sequences (Valverde
et al., 2008). Usually, individual KH domains bind RNA or ssDNA with low
micromolar affinity. For example, the KH domain of SF1 and hnRNPK KH3 bind their
DNA target sequence at the affinity of 3 µM and 1 µM respectively (Braddock et al.,
2002; Liu et al., 2001).
Tandem KH domains for target binding
The architecture of the KH domain allows for recognition of only short
stretches of RNA or ssDNA with relatively weak binding affinity. A typical way to
increase their binding affinity and specificity toward targets is achieved by the
presence of multiple copies of KH domains within a protein. The arrangement of two
or more KH domains with a specific orientation can optimize their target-recognition
ability. IMP1 KH34 domain is an example to support this conception (Chao et al.,
2010). In the tandem structure of IMP1 KH34, KH3 and KH4 form an antiparallel
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pseudo-dimer conformation in which the RNA-binding surfaces locate at opposite
ends of the molecule. The interface of KH34 domain is stabilized by intramolecular
contacts, including the packing of several hydrophobic residues, hydrogen bonds and
electrostatic interactions. This structural organization of IMP1 KH34 domain allows
the protein to bind its targets through sequence specific contacts distributed over two
stretches of RNA that must be separated by a certain number of linker nucleotides,
thus inducing RNA looping. With this fashion, highly specific RNA binding can be
achieved from two low-affinity interactions. Moreover, the induced RNA looping may
create additional RNA-binding sites for other factors, which could further promote the
assembly of higher-order complexes without directly interacting with other proteins
(Chao et al., 2010). Similar organization can be found in NusA KH12 and KSRP
KH34 domain (Beuth et al., 2005; Garcia-Mayoral et al., 2007).
In addition to the cooperative function, there are a few specific examples of
independent KH domains in the context of multi-copies of them, such as FBP (FUSE
binding protein) KH34 domain. FBP KH3 and KH4 are separated by a flexible linker
without interdomain contacts and each of them binds to a segment of ssDNA
independently (Braddock et al., 2002). This could be explained by the length or
conformation of the linker between FBP KH3 and KH4. IMP1 has four KH domains
and they are paired as KH12 and KH34, because there are short linkers between
KH1 and KH2, as well as KH3 and KH4, but a long linker between KH2 and KH3.
The flexible linkers between multiple KH domains may have an important role in
tuning their independent or cooperative function.
Summary
Like RRMs, KH domains are also well characterized. However, unlike
individual RRMs that recognize a diversity of RNA lengths, a single KH domain
usually accommodates four nucleic acid bases despite the versatility of the binding
cleft. The RNA recognition with higher affinity and specificity can be achieved by
multiple tandem KH domains within a RBP or by cooperating with other domains in
the same or different proteins. As well-tuned motifs that balance the functional
specificity and diversity, the RNA-binding activity of KH domains is central to various
functions of many RBPs.
1.1.3 Double-strand RNA binding domain
The double stranded RNA-binding domain (dsRBD) is a small protein domain
of 65-70 amino acids, which adopt a typical α1-β1-β2-β3-α2 topology that packs two
α-helices against a three-stranded antiparallel β-sheet. This domain is present in
9
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many kinds of proteins that are involved in many aspects of RNA biology. Similar to
RRM and KH domains, RNA-binding proteins can have one or multiple dsRBDs. For
typical dsRBDs, the last third of the C-terminal end is the most conserved part, while
the first two thirds of the N-terminus are more divergent. dsRBD structures are
overall well conserved, while there are also some variations that have been identified
that are usually located in the loops between α1 and β1 as well as between β1 and
β2 which typically contain 6 residues but can accommodate some longer insertions.
In addition to these modest variations around the canonical dsRBD, some
remarkable extensions have also been observed and all of them are found as Cterminal extensions located after helix α2 (Masliah et al., 2013).
Shape-dependent dsRNA recognition of dsRBD
For a very long time, dsRBD has been commonly believed to recognize
dsRNA targets in a shape-dependent way. Typically, dsRBDs prefer to binding
dsRNA in the A-form RNA helix. This A-form dsRNA contains a wide and shallow
minor groove in which the edge of the bases is readily accessible for dsRBD binding,
as well as a deep and narrow major groove where the access of the bases is
hindered. Moreover, in the dsRNA, there is a 2’-OH functional group on the ribose
sugars, lining up in the minor groove, which is the distinctive characteristic comparing
with dsDNA. The dsRBD recognizes dsRNA by probing chemical features of ribose
2’-OH groups (present in dsRNA and absent in dsDNA) and structural features (the
width of minor and major grooves). Since nucleotide bases in major groove is not
accessible, only RNA bases in the minor groove are involved in dsRBD interaction.
As for dsRBDs, the α1 helix in the N-terminus, the loop that links β1 and β2 and the
N-terminal tip of α2 helix participate in dsRNA recognition, through interacting with
bases and ribose 2’-OH groups at two successive minor grooves and by contacting
the phosphate backbone to delimit the intervening major groove (Banerjee and
Barraud, 2014; Masliah et al., 2013).
Interestingly, a few dsRBDs were also described to recognize RNA hairpins.
Internal loops locate in non-complementary regions of dsRNA and the apical loops
are the structures that cap RNA hairpins (Varani, 1995). Three available dsRBDs
structures (from Staufen, Rnt1P and ADAR2) in complex with RNA hairpins showed
a conserved interaction mode that dsRBD α1 binds the minor groove of the RNA
apical loop, resulting in the orientation of N and C-termini of α1 toward the 5’ and 3’
side of the RNA loop respectively (Ramos et al., 2000; Stefl et al., 2006; Wu et al.,
2004). However, currently, it is still not clear if the recognition mode of the apical loop
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is a conserved property among many dsRBDs or it is only present in a subset of
dsRBDs.
Sequence-specific binding of dsRBDs
As the majority of dsRBD-dsRNA interactions are through contacts with the
phosphate backbone or 2’-OH groups of the ribose sugar, dsRBDs have been
referred to non-sequence specific RNA-binding domain. In contrast, dsRBD
containing proteins bind to specific dsRNA targets in vivo. For example, the
Drosophila Staufen that is involved in mRNA transport, contains five dsRBDs and
specifically recognizes 3’ UTR of certain mRNAs, such as bicoid, oskar and prospero
mRNAs (Broadus et al., 1998; Ferrandon et al., 1994; Kim-Ha et al., 1993). Highresolution structures of ADAR2 dsRBDs and Aa RNase III in complex with dsRNA
confirmed the presence of a few RNA sequence specific contacts (Gan et al., 2006;
Stefl et al., 2010). These contacts are formed between backbone group or side
chains of dsRBD peptide and the edge of RNA bases in the minor groove. Two
regions of dsRBDs, α1 helix and loop between β1 and β2, are involved in RNA
binding at two contiguous minor grooves (Gan et al., 2006; Stefl et al., 2010).
Protein-protein interaction mediated by dsRBDs
Some dsRBDs differ notably from canonical ones, especially the N-terminus
and have been referred to as type B dsRBDs, which have been shown to have low or
no dsRNA binding activity. In addition to the intramolecular interactions, in which
appendages at the N and/or C terminal to the dsRBD pack with the dsRBD α1-α2
helical surface (Gleghorn and Maquat, 2014), there are a few examples of
intermolecular dsRBD-protein interactions. Human STAU1 dsRBD5 mediates STAU1
dimerization through the interaction between the α1-α2 helical surface of dsRBD5
and the N-terminal appendage Stau-swapping motif (SSM) in a domain-swapped
manner (Gleghorn et al., 2013).
Another example, which is not a dsRBD-dsRBD interaction facilitated by
appendages, is the complex of Drosophila Staufen (Stau) dsRBD5 with a coiled-coil
region of Miranda cargo-binding domain (Mira CBD). The crystal structure of
Mira514-595/Stau dsRBD5 complex illustrated that Mira forms an elongated parallel
coiled-coil dimer, and two dsRBD5 symmetrically bind to the Mira dimer through their
exposed β-sheet faces, revealing a novel target binding mode of non-conventional
dsRBDs. Furthermore, the Mira CBD-Stau dsRBD5 interaction was shown to be
responsible for the asymmetric localization of Stau during Drosophila neuroblasts
asymmetric divisions (Jia et al., 2015).
11
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Summary
In short, the structures of typical dsRBD in binding dsRNA targets have
shown the recognition mechanism of dsRBD on A-form RNA helix as well as RNA
hairpins. Although the common concept is that dsRBD binds target RNA in a shapedependent manner, a few recent structures opened the possibility that dsRBD can
also perform a direct readout of RNA sequences in the minor groove. The
unconventional function of type B dsRBD in mediating protein-protein interaction
provide insight into how proteins containing multiple dsRBDs, like Staufen, play
diverse roles in cellular processes. It will be important to further study the functional
basis of dsRBD containing proteins in a variety of mRNA processes, such as
localization, stability and degradation.
1.1.4 Zinc finger domains for RNA recognition
Many proteins contain multiple copies of small but independently folded
domains that contain conserved cysteines and histidines that are used to coordinate
zinc ion and such proteins are termed as zinc finger proteins. Based on the motifs
coordinating zinc, this large superfamily is further assigned to different types,
including CCHH (C2H2), CCHC, CCCH and CCCC. Zinc finger domains are
generally thought of as DNA-binding transcription factors, however, there are also
some instances that have revealed their capability in RNA binding (Brown, 2005;
Hall, 2005). Here I mainly introduce two types of RNA recognition by zinc finger
domains.
C2H2 zinc finger domains in RNA binding
C2H2 is the most common type of zinc finger domains, which contain
approximately 30 amino acids with two cysteines and two histidines to coordinate
zinc ion. This small domain adopts the folding of two β-strands followed by an α-helix
(Pavletich and Pabo, 1991). It has been shown that these domains can recognize
both DNA and RNA targets. For example, the transcription factor TFIIIA contains
nine zinc fingers used to interact with DNA (5S rRNA gene) and RNA (5S rRNA)
(Picard and Wegnez, 1979). In 5S rRNA promoter recognition, the first three zinc
fingers bind to the box C sequence wrapping around the major groove of DNA and
the fifth zinc finger interacts with the IE element, while zinc fingers 4 and 6 are not
involved in DNA binding but act as spacer regions (Nolte et al., 1998). Differently, in
5S rRNA recognition, the N-terminal ends of α-helices of zinc finger 4 and 6 are
responsible to recognize the focused elements in loop regions of 5S rRNA, which
represent a new binding mode between C2H2 zinc finger and RNA (Lu et al., 2003).
12
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When binding to DNA, TFIIIA zinc finger 5 uses the typical C2H2 manner
through the side-chains from its α helix that interact with the bases and backbone in
the major groove of DNA (Nolte et al., 1998). In contrast, in the complex with 5S
rRNA, zinc finger 5 makes less contacts with the nucleic acid and does not contact
bases. Instead, it uses the side-chains of its α helix to interact with major groove
backbone of a double-helical region in the RNA, which is consistent with the data that
implicated the importance of phosphate groups for recognition (Lu et al., 2003;
Theunissen et al., 1998). Interestingly, many of the side-chains used to interact with
DNA are also involved in RNA backbone binding, which reveals zinc finger 5 is a bifunctional DNA- and RNA-binding domain. Moreover, the overall structural
arrangement of recognized elements on 5S rRNA is crucial for its tight binding with
zinc fingers 4-6, which allows simultaneous interaction of these elements with all
three fingers (Hall, 2005).
CCCH zinc finger domain in RNA binding
In addition to double-strand RNA binding, the zinc finger domain can also
bind single-strand RNA, which was found in CCCH type zinc finger proteins. CCCH
zinc fingers use three cysteine residues and one histidine residue to coordinate zinc
ion and form a common sequence of Cys-X8-Cys-X5-Cys-X3-His (Hall, 2005). TTP
(tristetraprolin) has been shown to bind mRNAs containing multiple and overlapping
AUUUA pentamers (Chen and Shyu, 1995). The solution structure of a tandem zinc
fingers of Tis11d (TTP related protein) showed each zinc finger domain binds a
UAUU sequence stretch. As many other RNA-binding domains, Tis11d zinc fingers
bind RNA by a combination of base stacking interactions and hydrogen bonds.
However, the RNA sequence specificity is mainly contributed by hydrogen bonds
from protein main-chain atoms with the Watson-Crick edges of bases, which
implicated the importance of the backbone architecture of zinc fingers (Hudson et al.,
2004). As a small domain with limited secondary structure elements, the zinc
coordination, the intra-molecular hydrogen bonds formed from sidechain-mainchain
and mainchain-mainchain build a network of interactions that stabilize the zinc finger
spatial arrangement for sequence-specific RNA recognition (Hall, 2005).
Summary
In short, even though zinc fingers are small, they have versatile functions.
Besides the classical DNA recognition, they can also bind RNA in both double-strand
and sing-strand forms. dsRNA binding of C2H2 zinc fingers depends on contact with
phosphates as well as the hydrophobic stacking with accessible bases that could
13
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provide unique sequence specificity. ssRNA recognition is performed by stacking of
aromatic sidechains with bases and hydrogen bonds between protein mainchain and
RNA bases. Tandem CCCH finger domains are thought to enhance sequence
specificity toward target RNAs. Within a protein including multiple copies of zinc
fingers or different kinds of RNA-binding domains or protein complexes containing
diverse RNA-binding domains, zinc fingers may have more complicated functions,
which are interesting to study.

1.2 RNA-binding proteins in mRNA trafficking
1.2.1 RNA-binding proteins in mRNA export
In eukaryotes, mRNA transcription in the nucleus is separated from mRNA
translation in cytoplasm by a barrier termed the nuclear envelope. mRNA export from
the nucleus to the cytoplasm is a fundamental and crucial mechanism in regulating
gene expression, whose dysregulation is associated to diverse human diseases. To
complete mRNA export, it needs three steps: the formation of export-competent
mRNPs (messenger ribonucleoprotein particles), transport of mRNPs from
processing or transcription sites to nuclear periphery and export of mRNPs to
cytoplasm through nuclear pore complexes (NPCs), none of which can be
accomplished without RNA-binding proteins (Fig. 3).

Figure 3. mRNA export from nucleus to cytoplasm for translation. During transcription,
pre-mRNA is already undergoing processing, such as adding 5’ m7G cap and splicing.
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After polyadenylation and recruitment of TREX or TREX-2 or CRM1 complexes, the
mature and export competent mRNP is formed. By diffusion mode, mRNPs transport to
nuclear periphery followed by translocation through NPCs. NPCs consists of three
parts: nuclear basket at nucleus side, central channel and cytoplasmic filaments, for
mRNPs docking, translocation and releasing respectively.

Generation of mature mRNP for export
First of all, the formation of export efficient mRNP is a prerequisite of mRNA
export. Transcription produces precursor mRNAs (pre-mRNAs) that further undergo
processing, folding and assembling into RNA-protein complexes (Fig. 3A), in which
many RNA-binding proteins are involved (Bjork and Wieslander, 2017). As soon as
the 5’ end of pre-mRNA appears at the RNA pol II exit tunnel, it is recognized by
capping enzymes followed by the binding of nuclear cap-binding complex (CBC)
proteins CBC20 and CBC80 to the cap (Martinez-Rucobo et al., 2015; Visa et al.,
1996). Splicing is performed by the spliceosome, including the SR proteins that have
one or more RNA-binding domains (RBD) and a domain rich in serine-arginine
repeats. SR proteins binds RNA with at least partial sequence specificity and their
phosphorylation level is important for the recruitment to pre-mRNAs for splicing
reaction (Sapra et al., 2009). Also, the association of SR proteins with mRNPs is
important for mRNA export, serving as adaptors for a main mRNP export receptor
NXF1 (Singh et al., 2012). The EJC core (exon-junction complex) resides on premRNA undergoing splicing, 20-24 nucleotides upstream the boundary between two
joined exons. It is also able to recruit different proteins in post-transcriptional
processes, such as export adaptors and translation initiation factors (Bjork and
Wieslander, 2017). Another group of well-known RNA-binding proteins are PABP
(polyA binding protein) that controls the polyadenylation of pre-mRNA 3’ end. There
are also approximately 20 members of the heterogeneous nuclear proteins (hnRNPs)
that bind to pre-mRNA in nucleus to affect pre-mRNP packaging and stability (Bjork
and Wieslander, 2017).
To generate a mature mRNP, other proteins complexes are necessary. TREX
(Transcription-EXport) is a highly conserved multi-component complex for effective
mRNA export by integrating upstream mRNA transcription and processing to export
(Fig. 3B). In humans, TREX is recruited mainly by the splicing machinery with binding
to the 5’ end of mRNA (Cheng et al., 2006; Masuda et al., 2005). As one of the
conserved core subunits, UAP56 is recruited to mRNP during splicing, further
recruits ALY and CIP29, and mediates the association to THO subcomplex (Dufu et
al., 2010). Another conserved protein ALY was recently reported to specifically
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recognize a post-transcriptional modification m5C (5-methylcytosine) (Yang et al.,
2017), which might be involved in selective mRNA export. ALY and THOC5 both can
directly bind to mRNA to promote the recruitment of NXF1 to mRNP. Because of the
intra-molecular interaction between the RBD and NTF2L domain within NXF1, the
RNA binding ability is blocked, and ALY has been suggested to partially destabilize
this interaction, thereby allowing the binding of THOC5 and full releasing of RBD
from NTF2L domain, which eventually allows the RNA binding of NXF1 (Viphakone
et al., 2012).
Another conserved complex linking transcription to export is TREX-2 (Fig.
3C). It is assembled by the scaffold protein GANP (Germinal-centre Associated
Nulcear Protein) that can bind other components such as DSS1, ENY2 and PCID2
(Williams et al., 2018). The available crystal structures of TREX-2 components have
provided detailed information on how GNAP acts as a platform for proteins binding
(Ellisdon et al., 2012; Jani et al., 2012). Compared with TREX-2 in yeast (also known
as THSC), how TREX-2 functions in mammalian mRNA export is much less clear.
Both of ENY2 and GANP interact with RNA polymerase II demonstrating the
association of TREX-2 with transcription (Jani et al., 2012). Although some GANP is
detected within the nuclear interior, TREX-2 is predominantly localized at the NPC
(Wickramasinghe et al., 2010). Similar to TREX, mRNAs are transferred from TREX2 to NXF1, however, the mechanism remains elusive. The N-terminal domain of
GANP that contains a cluster of 6 nucleoporin-like FG repeats interacts with NXF1
directly to increase the concentration of FG repeats at NPCs, which may displace
GANP and TREX-2 from NXF1 for cargo mRNAs passing through NPCs into the
cytoplasm (Wickramasinghe et al., 2010). The question of whether TREX and TREX2 collaborate to export the same mRNA or alternatively act on different mRNAs
remains unresolved.
In addition to TREX and TREX-2, there is a subset of mRNAs export
accomplished by CRM1 (Fig. 3D). It is a major protein-export receptor and does not
directly bind RNA. It is recruited to mRNPs by NES-containing proteins that directly
bind RNA or RNA associated proteins (Williams et al., 2018). eIF4E, a translation
initiation factor was shown to be along with CRM1 to preferentially export a subset of
mRNAs for proliferation, survival, metastasis and invasion (Assouline et al., 2009;
Culjkovic et al., 2008; Topisirovic et al., 2009). Notably, these mRNPs do not contain
NXF1 or ALY, implicated the mechanism that CRM1-eIF4E specifically export a small
class of mRNAs in competing with bulk mRNA export by which cells can respond
quickly and efficiently to intra- or extra-cellular stimulations.
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Nuclear transport of mRNP
Once the mature and export-competent mRNPs is formed, they need to move
to nuclear periphery. Transport of mRNPs from the transcription and processing sites
to the NPC is the rate-limiting step, as it can take several minutes or longer, whereas
the transit through NPC is rapid (Mor et al., 2010; Oeffinger and Zenklusen, 2012;
Sheinberger and Shav-Tal, 2013). By diffusion, mRNPs travel through the interchromatin space within nucleus to reach NPC (Ben-Ari et al., 2010; Politz et al.,
1999; Shav-Tal et al., 2004). Nucleoprotein TPR is a filamentous NPC associated
protein required for mRNA export (Shibata et al., 2002). It is also involved in targeting
of TREX-2 components to NPC, which suggests TREX-2 associated mRNPs may
have an advantage to interact with TPR attached scaffolds, thus possibly promoting
their interaction with NPCs (Fig. 3E) (Umlauf et al., 2013).
Translocation of mRNPs through nuclear pores
Once the mRNPs reach NPCs, they go to the last step of export. NPCs are
macromolecular complexes around 110 MDa consisting of several copies of ~30
proteins (also named as nucleoporins), with an overall octagonal symmetry
(Wickramasinghe and Laskey, 2015). The structure of NPCs can be assigned to
three parts: the nuclear basket, the central channel and cytoplasmic filaments (Fig.
3E). Based on this overall structure, the transit step can be further divided into three
sub-steps: initial docking to NPCs, translocation through central pore and finally
cytoplasmic releasing. It has been reported that only a part of mature mRNPs (15%36%) can be successfully exported to cytoplasm, with many mRNPs returning to
nucleus from the nuclear side of NPCs, suggesting that mRNP docking on nuclear
basket of NPCs is most probably the rate-limiting step (Grunwald and Singer, 2010;
Ma et al., 2013; Siebrasse et al., 2012). To transit through nuclear pores, cargo
mRNAs from TREX and/or TREX-2 are transferred to NXF1-p15 heterodimer. As
mentioned above, by binding to TREX components, the RNA binding domain of
NXF1 is exposed and allows the direct interaction between NXF1 and mRNA
cargoes (Hautbergue et al., 2008; Viphakone et al., 2012). Further, NXF1 interacts
with the phenylalanine-glycine (FG) repeats of nucleoporins that line in the central
NPC transport channel, to push cargo mRNAs through NPC to the cytoplasmic side
(Bachi et al., 2000; Fribourg et al., 2001; Grant et al., 2002). Some factors
disassemble from mRNPs during and after the translocation through NPCs to expose
the domains to interact with cytoplasmic adaptors. When mRNPs arrive at the
cytoplasmic side of NPC, they undergo extensive remodeling to release nuclear
receptors, thereby insuring that they do not return to the nucleus. One of the well17
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studied factors is the ATP-dependent RNA helicase DBP5 (also termed as DDX19B),
which imposes the directionality of mRNA export. It catalyzes the release of RNAbinding proteins from cargo mRNAs that is regulated by its three interaction partners
(mRNA

export factor nucleoporin GLE1, small signaling molecule inositol

hexakisphosphate InsP6 and cytoplasmic nuclear pore complex protein NUP214)
(Folkmann et al., 2011; Montpetit et al., 2011; von Moeller et al., 2009; Weirich et al.,
2006).
Kinetics of mRNA export
Recent methodological and technical developments of single-molecule RNA
imaging has allowed the kinetics of mRNPs nuclear trafficking and export through
NPCs to be measured. Principally, mRNPs move by thermal motion in nucleus.
Ensemble and single-molecule analyses determined a global coefficient of ~0.7
µm2/s (Veith et al., 2010), while the mobility of mRNPs depends on their size with a
maximum diffusion coefficient up to 3 µm2/s (Siebrasse et al., 2008). In an average
mammalian cell nucleus, the mRNPs with a diameter of 5-10 µm reach the nuclear
envelope within 2-6 min after the forming of mature mRNP (Siebrasse et al., 2008;
Veith et al., 2010). Moreover, single-molecule microscopy allows the measuring of
the dynamic events of mRNA export through NPCs. These studies confirmed the
three-step transition of docking-translocation-release from earlier EM studies and
revealed that many mRNPs docking to the NPC do not result in export. An array of
MS2 or PP7 stem-loops were inserted into 3’ UTR of an mRNA transcript and these
mRNAs can be visualized by fusion of fluorescent proteins with MCP (MS2 coat
protein) or PCP (PP7 coat protein). In addition, the components of mRNP and NPC
can also be labeled by spectrally distinct fluorescent proteins (Kubitscheck and
Siebrasse, 2017). From the mRNA trajectories, the respective dwell times for the
nuclear side of NPC, central channel and cytosolic NPC region were calculated,
which vary a lot from human Hela cells to yeast spheroblasts (Ma et al., 2013; Smith
et al., 2015).
Summary
The numerous studies revealed mRNA export is a complex event with
multiple steps that need a variety of conserved multi-protein complexes, such as
TREX, TREX-2, CRM1 and NXF1-p15 dimer. More recently, selective mRNA export
is identified as a potentially significant mechanism in controlling gene expression
patterns and mammalian transcriptome. It is thought to be crucial for particular
biological processes, such as DNA repair, proliferation and stress response. It will be
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interesting to investigate how the selective mRNA export pathways are regulated and
how their dysregulation is linked to diseases. Additionally, by single-molecule
imaging approach, further studies of proteins or complexes involved in mRNA export
will provide more insights to understand the regulation mechanisms of each stage.
1.2.2 RNA-binding proteins in mRNA transport in cytoplasm
Cell polarization depends on the asymmetric distribution of proteins. It had
been thought that the asymmetric protein accumulation in distinct subcellular
compartments was due to protein segregation after translation, since the discovery of
the signal peptide by Blobel and colleagues (Blobel and Dobberstein, 1975).
However, it has also been shown that protein localization can also be achieved by
mRNA localization into distinct destinations within a cell prior to translation
(Czaplinski and Singer, 2006). There are possible advantages for this mechanism,
such as saving the energy consumed by transporting lots of protein molecules, since
one localized mRNA can initiate many rounds of protein translation (Lecuyer et al.,
2007). Also, the localized mRNA can ensure that specific proteins can only be
synthesized in the place where and when they are needed, allowing spatial and
temporal regulation of gene expression in cells.
mRNA localization is a conserved and fundamental mechanism
Asymmetric mRNA localization in the cytoplasm has been extensively studied
in different organisms and in various tissues and cells. During Drosophila
embryogenesis, a global analysis using a high-resolution fluorescent in situ
hybridization procedure, 3370 genes were analyzed and of these genes expressed
during the early development stages, a surprising 71% were found to encode
mRNAs exhibiting clear subcellular distribution patterns (Lecuyer et al., 2007). This
added to the list of localized mRNAs that already included Drosophila maternal bicoid
mRNA and oskar mRNA that are localized at the anterior and posterior respectively,
defining the anterior-posterior axis (Driever and Nusslein-Volhard, 1988; Kim-Ha et
al., 1991). In Xenopus oocytes, Vg1 mRNA is localized to the vegetal pole (Deshler
et al., 1997; Yisraeli and Melton, 1988), which is essential for embryonic
development in establishing body axes and cell fate determination (Zhou and King,
2004). In budding yeast Saccharomyces cerevisiae, Ash1 mRNA is localized to the
tip of budding daughter cells during late anaphase of mitosis and therefore restricts
the expression of Ash1p in the daughter cell. Local translation of Ash1 mRNA
prevents mating type switching and specifies daughter cell fate (Long et al., 1997;
Takizawa et al., 1997). For mammalian cells, β-actin mRNA was shown to localize to
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the leading edge of primary fibroblast (Lawrence and Singer, 1986) and mRNAs that
encode members of Arp2/3 complex had also been shown to accumulate in leading
edge of fibroblast protrusions (Mingle et al., 2005). Numerous studies on neuronal
mRNA localization also revealed its crucial role in neuron physiology, including
synaptic plasticity and the axon growth guidance (Buxbaum et al., 2015b).

Figure 4. mRNP transport by cytoskeleton based motors. (A) An mRNA and its binding
proteins as well as adaptors form mRNP. (B) mRNPs trafficking along microtubule or
actin-filaments are mediated by corresponding motors. (C) Multimerization of RBPmotor complex because of multiple localization elements within an mRNA. (D) The
bidirectional movement of an mRNP granule that is associated to both the kinesin and
dynein motors.

Poorly understood mRNP transport granules
Much attention has dedicated to understanding the mechanisms underlying
mRNP granule formation and its cytoskeleton-based transport. First of all, the cisacting element located in an mRNA is required for recognition by RNA-binding
proteins (RBPs) and the following recruitment of diverse adaptors as well as
attachment with motors. Most of these identified elements reside in the 3’ UTR of
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mRNAs. For example, the zipcope element (a bipartite motif containing 54-nucleotide
sequence of β-actin 3’UTR) is recognized by ZBP1 (also known as IMP1), which is
necessary and sufficient to localize it to the leading edge of fibroblasts and to neuron
dendrites in a cytoskeleton- and motor- dependent manner (Eom et al., 2003;
Latham et al., 2001). While the interaction between ZBP1 and zipcode has been
biochemically and structurally characterized, the high-order structure of mRNP
granules remains largely elusive, including the components of unique mRNA
granules and how the mRNA, RBPs and adaptors assemble to further associate to
motors (Fig. 4A). Biochemical identification approaches have shown that some RBPs
were identified in various RNA granules, but the complete composition of individual
granules remains unknown (Fritzsche et al., 2013; Kanai et al., 2004). It is also
possible that mRNP granule assembly may be the combinational effect of many
RBPs and adaptors, which make it difficult to conclude the roles of isolated individual
RBPs from granule-independent experiments. On the other hand, it is also hard to
interpret the physiological function of one RBP from the aberrant localization of one
mRNA target, since one RBP may interact with tens to hundreds of mRNA transcripts
(Buxbaum et al., 2015b).
Transport manners of mRNP granules
For processive and directional transport along cytoskeleton, mRNPs must be
attached with motors, kinesin and dynein for microtubule (mostly in the plus-end and
minus-end directions, respectively) and myosin for microfilaments (Fig. 4B).
Biochemical and structural characterizations of motors have mainly been performed
with their isolated motor domains or cargo-binding domains (Shi et al., 2014; Song et
al., 2015). In mammalian cells, while little is known on the details of mRNA transport
granule formation and cytoskeleton-dependent motility, single-molecular imaging
provides much important information. Using this approach, a single mRNP granule
can be visualized and its dynamic movement can be tracked. It has been shown that
mRNA transport granules vary in sizes and their moving patterns along cytoskeleton
are complicated and diverse, such as in different velocity and processivity. To
address the various sizes and moving manners of mRNA transport granules, one
hypothesis is that multiple zipcode elements in an mRNA mediate multimerization of
motor-associated complex in mRNA granule to increase the size and/or moving
processivity (Fig. 4C). For instance, the yeast ASH1 mRNA contains four zipcode
elements that all can potentially recruit SHE-Myo4p complexes. Since every She2p
tetramer binds two zipcode elements, therefore several ASH1 mRNAs may be
incorporated to form larger mRNP granules with various sizes (Niedner et al., 2014).
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Multi-zipcode mediated oligomerization of SHE-Myo4p complexes is confirmed by in
vitro reconstitution experiments with RNAs bearing two zipcode elements (Heym et
al., 2013) and the linear correlation between localization elements within a single
mRNA and the number of motors that binds to it (Sladewski et al., 2013).
Also, there could be other reasons for multimerization mediated by multizipcode mRNAs, such as co-transporting several different species of mRNA with
similar or correlated functions. Several studies have described large mRNP granules
in neuronal dendrites (Kanai et al., 2004; Krichevsky and Kosik, 2001), suggesting
the possibility that one granule may contain multiple species or copies of mRNAs for
co-transporting. Support for this model came from microinjected CaMKIIα,
neurogranin and Arc mRNAs that all contain A2RE localization element for hnRNPA2 binding and were found to be co-localized and co-transported in the same granule
(Gao et al., 2008). However, the concept of this co-transport model has been
modified by recent quantitative studies using single-molecule imaging that provided
evidence for the majority of individual mRNA or small copy numbers of mRNA
transport. In fixed and live cells, MAP2, CaMKIIα and β-actin mRNAs were sorted
into different granules that contain only a low copy number of each mRNA, as well as
for the endogenous mRNAs detected by in situ hybridization (Mikl et al., 2011).
Additionally, no colocalization was observed among eight mRNAs examined with
single-molecule multiplex detection of endogenous mRNAs in fixed cells (Batish et
al., 2012). Although these studies in neuronal dendrites suggest many RNAs are
likely transported in the way of one granule with one mRNA molecule, it remains an
open question if there are multi-copies of mRNAs in granules under certain
conditions, such as neuronal stimulation or after injury.
Since microtubules are polarized, the directionality of mRNP granules could
be regulated by different RBPs and motor proteins that are recruited to mRNAs. For
example, an mRNA containing diverse localization elements can recruit both of
kinesin and dynein motors, thereby the granule can move towards plus-end and
minus-end along microtubules, resulting in bidirectional movement (Fig. 4D).
Synchronizing multiple motors exerting opposite forces on a single mRNP to ensure
directional moving toward its destination is a complicated but regulated process.
Eventually, the net force of multiple motors with opposite directions determines the
net directionality of mRNA granule, which could simply arise from the types and
numbers of motors coupled (Buxbaum et al., 2015a). However, the number of motors
may not linearly contribute to mRNP active transport, since the binding affinity of
motors to cytoskeleton or mRNP granule and their motor activity can be regulated by
various modifications (Gross et al., 2007). Specific mRNAs may also be subject to
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different transport mechanisms in different cell types, such as β-actin mRNA that is
largely diffusive in glia cells but are static or direct transported in neuron dendrites
(Buxbaum et al., 2014; Park et al., 2014), which could be regulated by disparate RBP
expression pattern (Buxbaum et al., 2015a).
In addition, there are certain cases where mRNA localization can be achieved
by spatially capturing or anchoring of selective mRNAs, in which the mechanism is
still not fully understood. Examples are mainly from actin-dependent mRNA
anchoring. At late D. melanogaster oogenesis, nanos mRNAs were predominantly
localized by diffusion and entrapment to encounter the actin-based anchor at the
posterior pole (Forrest and Gavis, 2003). Also, bicoid mRNA is actively transport and
then anchored to actin for its anterior localization (Weil et al., 2008).
As mentioned above, many of the listed studies were done with single
molecule imaging in living cells or fixed cells. Similar to single-molecule RNA imaging
in mRNA export, to visualize and analyze mRNA trafficking in cytoplasm, the mRNA
is also labeled by MS2-MCP or PP7-PCP system. By tagging RBPs also with
fluorescent proteins (GFP or RFP), people can study their specific functions on
specific mRNA in specific cell context. While much has been learned from singlemolecule fluorescence in situ hybridization (smFISH) on mRNA localization by
advanced microscope and quantitative analysis tools in fixed cells, live cell imaging
provides the dynamic information of mRNA granule moving in real time. Overcoming
the signal-to-noise ratio, the rapid moving particles and the temporary particle
disappearance due to moving in and out of focus are the challenges of single-particle
tracking in live cell imaging. Many tracking tools are freely available that use various
computational methods to link particles between successive frames (Meijering et al.,
2012; Park et al., 2010). Further advanced imaging technologies and analysis tools
will certainly provide more information on mRNA localization kinetics and variability.
Summary
With decades of research progress, many factors (e.g., RBPs, zipcode
elements and adaptors) have been identified to be involved in mRNA localization.
The mechanisms underlying mRNA transport has allowed to draw multi-step models
of mRNA localization. The development of high-resolution technologies in mRNA
visualization enables the subcellular and single-molecule analysis of mRNA
transport. This can be used to study the functions of RBPs in mRNA localization and
will provide more information regarding mRNA trafficking kinetics and variability.
Currently, very little is known concerning the complete compisition of a single mRNP
or RNA granule in vivo, as well as the assembly/disassembly mechanisms.
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Combining the utility of the MS2 system and innovative RNA-protein affinity
purification approaches could enable biochemical characterization of specific mRNPs
to shed light on their formation for transport (Slobodin and Gerst, 2011). In addition,
single-molecule imaging of RNA-protein interactions in live cells may also be applied
to analyze mRNP composition (Wu et al., 2015). Another interesting aspect is how
the asymmetric cytoskeletal organization contributes to the directed mRNA transport,
especially the differential mRNA localization in axons and dendrites of neurons.
Future work need to address whether the polarized cytoskeleton constitutes a
general mechanism for mRNA localization.
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Abstract
The IMP family of RNA binding proteins, also named as insulin-like growth factor 2
(IGF2) mRNA-binding proteins (IGF2BPs), are highly conserved RNA regulators that
are involved in many RNA processing stages, including mRNA stability, localization
and translation. There are three paralogs in the IMP family, IMP1-3, in mammals that
all adopt the same domain arrangement with two RNA recognition motifs (RRM) in
the N-terminus and four KH domains in the C-terminus. Even though the three
members share very high sequence identity, they have diverse functions that can
also depend on the specific cell-type. Compared to the C-terminal KH34 domains,
less is known about the N-terminal RRM and middle KH12 domains. In this chapter, I
report the structure and biochemical characterization of RRM12 domains of IMP2
and IMP3, as well as the complex of IMP3 RRM12 with two short RNAs. These
structures show that both RRM domains of IMP2 and IMP3 adopt the canonical RRM
topology with two α-helices packed on an anti-parallel four-stranded β-sheet. In IMP3
RRM12, the spatial orientation of RRM1 to RRM2 is unique compared with other
known tandem RRM structures. In the IMP3 RRM12 complex with RNA, only RRM1
is involved in RNA binding and preferentially recognizes a dinucleotide sequence.
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2.1 Introduction
RNA-binding proteins (RBPs) participate in all levels of gene expression by
orchestrating the assembly and disassembly of distinct mRNA-protein complexes
(mRNPs) that function at specific stages of a transcript’s life to regulate transcription,
splicing, export, localization, translation and degradation (Muller-McNicoll and
Neugebauer 2013; Singh et al. 2015). While the repertoire of domains that have
been found to interact with RNA continues to increase, many RBPs contain a few
well-characterized domains (Gerstberger et al. 2014; Castello et al. 2016). Among
the most abundant of these domains are the RNA recognition motif (RRM) and
hnRNP K-homology (KH) domain, which both predominantly recognize short RNA
motifs (Query et al. 1989; Siomi et al. 1993). To compensate for this limited
sequence specificity, the cooperative interaction of multiple RBDs within an RBP or
multiple RBPs within an mRNP enables recognition of specific RNAs (Lunde et al.
2007; Hennig and Sattler 2015). Understanding how the higher order assembly of
RNA-protein complexes integrates both sequence and structural information remains
a central challenge in post-transcriptional regulation (Gronland and Ramos 2017).
The IMP RNA-binding proteins (IMP1, IMP2 and IMP3) are a conserved
family of multi-domain RBPs (two RRMs and four KH domains) that have been found
to regulate RNA localization, translation and stability (Degrauwe et al. 2016b). Their
diversity of function is exemplified by the multiple independent discoveries
(Vg1RBP/Vera, IMP1-3, CRD-BP, KOC, ZBP1 and IGF2BP1-3) of these RBPs in a
variety of experimental systems (Deshler et al. 1997; Mueller-Pillasch et al. 1997;
Ross et al. 1997; Doyle et al. 1998; Havin et al. 1998; Nielsen et al. 1999). The IMPs
are highly expressed during development and are down-regulated postnatally,
though IMP2 expression is maintained in adult tissues, but are often re-expressed or
amplified in numerous cancers and correlate with poor survival (Bell et al. 2013;
Degrauwe et al. 2016b). Recent work has also demonstrated a direct role for the IMP
family in promoting oncogenic transformation (JnBaptiste et al. 2017).
The six RBDs of the IMP proteins are arranged into three pairs RRM1+RRM2
(RRM12), KH1+KH2 (KH12) and KH3+KH4 (KH34) that are separated by flexible
linkers. The interaction between IMP1 (ZBP1) KH34 and the zipcode cis-acting
element of the β-actin 3′UTR has been extensively biochemically and structurally
characterized (Chao et al. 2010; Patel et al. 2012; Nicastro et al. 2017). While the
isolated KH34 domain is capable of high affinity and specific RNA recognition, less is
known concerning how the RRM12 and KH12 domains contribute to the function of
the full-length proteins. Several genome-wide studies of IMP family members have
identified RNAs that are bound in vivo, however, a complete understanding of how
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IMP family members recognize and regulate their respective target mRNAs has not
yet been achieved (Hafner et al. 2010; Conway et al. 2016; Degrauwe et al. 2016a;
Ennajdaoui et al. 2016).
Here, I report the crystal structures of the unbound IMP2 and IMP3 RRM12
domains and the complex of IMP3 RRM12 with RNA. These structures show that
both of the RRM1 and RRM2 domains adopt canonical RRM folds (β1α1β2β3α2β4),
however, only the RNA-binding surface of IMP3 RRM1 is accessible. Biochemical
experiments show that IMP3 RRM12 recognizes short cytosine and adenine
sequences with modest affinity. The structure of IMP3 RRM12 bound to ACAC and
CCCC oligonucleotides confirmed that the RNA-binding interface is exclusively
comprised of residues within RRM1 and RNA-binding does not induce a
conformational change in the orientation of RRM1 to RRM2. These findings provide
insight into the function of the N-terminal RRM domains of the IMP family of RNAbinding proteins.

2.2 Methods and Materials
2.2.1 Protein preparation
IMP3 RRM12 (residues 1-161) and the Y5A mutant, IMP2 RRM12 (residues 1-162)
were cloned by PCR into a derivative of pMalc (New England BioLabs) that contains
a Tobacco Etch virus (TEV) protease site after the maltose-binding protein (MBP)
tag. A C-terminal His6 tag was added by PCR to ensure purification of full-length
fusion proteins. The constructs were transformed into Escherichia coli strain Rosetta2
(EMD Bio-sciences), and recombinant proteins were induced with 1 mM IPTG for 4 h
at 37°C or 0.5 mM IPTG for 16 h at 16°C. Cell pellets were resuspended in lysate
buffer (50 mM Tris pH 7.5, 1.0 M NaCl, 1 mM EDTA, 1 mM DTT) supplemented with
one Complete EDTA-free protease inhibitor tablet (Roche), and were lysed by
sonication. Cell debris was removed by centrifugation, and the soluble fusion protein
was purified by amylose affinity chromatography (New England BioLabs) followed by
Ni-NTA affinity chromatography and size exclusion column S200 (GE Healthcare).
The protein concentrations were calculated by measuring the absorbance at 280 nm
and using extinction coefficients determined by ProtParam (Gasteiger E. 2005).
2.2.2 Crystallization and structure determination of IMP2 RRM12, IMP3 RRM12
and IMP3 RRM12 + RNA complex
IMP3 RRM12 (0.75 mM) and IMP2 RRM12 (0.55 mM and 1.1 mM) were crystallized
using sitting-drop vapor diffusion at 20°C by mixing equal volumes of the protein (20
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mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT) and reservoir solution (0.2 M KNO3, 20%
PEG3350 for IMP3 RRM12, 0.1 M Na3Citrate, 0.5 M (NH4)2SO4, 1.15 M Li2SO4 for
IMP2 RRM12). The crystals were cryoprotected by soaking in reservoir solution
supplemented with 22% ethylene glycol before flash-cooling in liquid nitrogen. Data
were collected to 1.31 Å resolution for IMP3 RRM12 and 1.22 Å resolution for IMP2
RRM12 from a single crystal at the Swiss Light Source X06DA beamline at a
wavelength of 0.9795 Å. The diffraction data were indexed, integrated, and scaled
using MOSFLM and the CCP4 suite of programs (Battye et al. 2011; Winn et al.
2011).
IMP3 RRM12 (0.75 mM) in complex with RNA, CCCC or ACAC (1.12 mM), were also
crystallized using sitting-drop vapor diffusion at 20°C by mixing equal volumes of the
complex (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT) and reservoir solution (100
mM Bis-Tris pH 6.2, 0.2 M MgCl2, 25% PEG3350 for RNA CCCC and 0.2 M
KH2PO4, 20% PEG3350 for RNA ACAC). Crystals were cryoprotected by soaking in
reservoir solution supplemented with 20% ethylene glycol before flash-cooling in
liquid nitrogen. Data were collected to 2.1 Å resolution for complex with CCCC and
2.0 Å resolution for complex with ACAC from a single crystal at the Swiss Light
Source X06DA beamline at a wavelength of 0.9999 Å. The diffraction data of IMP3
RRM12+CCCC were indexed, integrated, and scaled using XDS (Kabsch 2010),
while complex data of IMP3 RRM12+ACAC is processed by MOSFLM.
All of the structures of IMP2 RRM12, IMP3 RRM12 in free and RNA-bound forms
were determined by molecular replacement with Phaser using the truncated versions
of the NMR model of IMP2 RRM1 (PDB 2CQH) or IMP3 RRM2 (PDB 2E44) (McCoy
et al. 2007). Rounds of refinement and model building were carried out with Phenix
and Coot (Emsley and Cowtan 2004; Adams et al. 2010). TLS-refinement was
performed in the initial rounds of refinement with domains corresponding to RRM1
and RRM2.
2.2.3 Isothermal titration calorimetry
ITC measurements were performed on an ITC200 Micro calorimeter (MicroCal) at
25°C. IMP2 RRM12, IMP3 RRM12, IMP3 RRM12 Y5A mutant and the synthesized
RNAs (four nucleotide containing oligos were ordered from Dharmacon, eight and
seven nucleotide containing oligos were ordered from Sigma) were dialyzed in 20
mM HEPES pH 8.0, 150 mM NaCl, and 1 mM TCEP buffer. For IMP3 RRM12, the
titrations were carried out by injecting 35.2 µl aliquots of the protein (0.9 mM) into
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RNA (0.065 mM for all four and eight nucleotide oligos, 0.045mM for seven
nucleotide oligos), while for IMP2 RRM12, its syringe concentration is 1.0 mM and
RNA in cell is 0.070 mM. The time interval between injections is 2 min to ensure that
the titration peak returned to the baseline. The titration data were analyzed using the
program Origin7.0 (MicroCal).
2.2.4 RNA selection by SELEX using a random library
Two libraries containing 14-random and 30-random nucleotides with the constant
sequence for PCR amplification 5′-GGGAATGGATCCACATCTACGA-(N14 or N30)TTCACTGCAGACTTGACGAAGCTT-3′ were prepared by chemical synthesis
(Microsynth). Fourteen nucleotides (N14, positions 23–36) and thirty nucleotides
(N30, positions 23-52) were randomized to 25%A, 25%T, 25%G, and 25%C. The
dsDNA library preparation and the random RNA pool used for initial selection were
performed as described previously (Chao et al. 2010). For selection by IMP3
RRM12, the concentration of MBP-IMP3 RRM12 for first three rounds was 1 µM and
the RNA pool concentration was also 1 µM. From round four to nine, the protein
concentration decreased to 500 nM, while the RNA concentration kept 1 µM. Finally,
the enriched RNA populations after nine rounds of selection for IMP3 RRM12 were
converted to DNA and analyzed by sequencing, to look for conserved consensus in
the randomized region. In addition, RNA populations from the third, sixth and ninth
round of selection and the random RNA pool were fluorescein-labeled, and their
affinity for MBP IMP3 RRM12 was quantified by EMSA (data not shown).

2.2.5 SEC-MALS (Multi-Angle Light Scattering)
Purified IMP2 RRM12 and IMP3 RRM12 (in buffer 20 mM Tris pH 7.5, 150 mM NaCl,
1 mM DTT) was concentrated to 5 mg ml-1 and loaded to Superdex 200 10/300 GL
gel-filtration column (GE Healthcare) equilibrated in 20 mM Tris pH 7.5, 200 mM
NaCl, 0.02% w/v NaN3, 1 mM DTT. Light scattering was recorded with an in-line
miniDAWN TREOS three angle light scattering detector (Wyatt Technology) and
protein concentration was detected using an in-line Optilab T-rEX refractive index
detector (Wyatt Technology). The molecular mass of IMP3 RRM12 was calculated
using ASTRA 6 software (Wyatt Technology).
2.2.6 Data Deposition
The coordinates of IMP3 RRM 12 (6FQ1) and IMP3 RRM12 + RNA complex (6FQR
and 6GX6) have been deposited in the Protein Data Bank. The coordinates of IMP2
RRM12 has not yet been deposited in the Protein Data Bank.
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2.2.7 Contributions
All the experiments are performed by Min Jia. Heinz Gut helped with crystal data
collection and gave inputs for structure determination. Jeffrey A. Chao designed and
supervised the project.

2.3 Results
2.3.1 Crystal structure of IMP3 RRM12
While the role of the C-terminal KH domains (KH34) of ZBP1 / IMP1 in
recognition

of

RNA

has

been

extensively

biochemically

and

structurally

characterized, much less is known about the function of N-terminal RRM domains
(RRM12) and the middle KH domains (KH12) (Fig. 1A). To better understand the
function of RRM12, I expressed and purified IMP3 RRM12 (residues 1-161) from
bacteria with an N-terminal maltose binding protein (MBP) tag and a C-terminal His6
tag. After removal of the MBP-tag by TEV protease, IMP3 RRM12 was found to be a
monomer in solution (Fig. 2A). Crystals of IMP3 RRM12 were obtained that belonged
to the space group P1 and diffracted to 1.3 Å resolution (Table 1). The structure was
solved by molecular replacement using an NMR model of the IMP3 RRM2 domain
(PDB 2E44). There are two copies of IMP3 RRM12 in the crystallographic
asymmetric unit and the electron density allowed complete modeling of IMP3 RRM12
(residues 1-161, chain A and residues 1-159, chain B) as well as an N-terminal
serine residue, which remained after TEV cleavage, and a part of the C-terminal Histag (chain A). Both structures of IMP3 RRM12 are nearly identical with a root-meansquare deviation (RMSD) of 0.47 Å for 159 Cα atoms.
Table 1. Data collection and refinement statistics of IMP3 RRM12.
Dataset

IMP3 RRM12

PDB

6FQ1

Space group

P1

Cell dimensions
a , b, c (Å)

30.13, 41.58, 72.49

α , β, γ (°)

92.01, 99.91, 108.94

Data Collection
Wavelength (Å)

0.9795

Resolution range

50.0-1.31 (1.38-1.31)

No. of reflections

244,339

No. of unique reflection

75,254
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Rmerge (%)

4.4 (42.3)

I / σI

12.3 (2.8)

Completeness (%)

95.1 (92.4)

Multiplicity

3.2 (3.2)

CC1/2

99.9 (81.0)

Refinement
Resolution range

19.44-1.31 (1.35-1.31)

Rwork / Rfree (%)

14.02 / 17.45
2

Wilson B-factor (Å )

13.02
2

Average B-factors (Å )

20.8

No. of atoms
Protein

2787

RNA

0

Ligands

4

Stereochemistry
R.m.s.d. bond lengths (Å)

0.009

R.m.s.d. bond angles (°)

1.4

Ramachandran favored (%)
Ramachandran outliers (%)

98.0
0.6

In the IMP3 RRM12 structure, both of the individual RRM1 and RRM2
domains adopt the canonical RRM-fold with β1α1β2β3α2β4 topology, which positions
the two α-helices over an anti-parallel four-stranded β-sheet (Fig. 1C) (Afroz et al.
2015). The tandem RRM domains form a compact structure that is stabilized by an
interface of ~700 Å2 of buried surface area. In RRM1, the canonical RNA-binding
surface formed by β1 (RNP2 motif) and β3 (RNP1 motif) are solvent accessible (Fig.
1C). The N-terminus of RRM1 and RRM1 α2 pack against the surface formed by the
β1 and β3 strands of RRM2, which occludes the potential RNA-binding interface of
RRM2 (Fig. 1C, Fig. 2B). Gln84 within RRM2 β1, which is usually a conserved
phenylalanine or tyrosine residue within the RNP2 motif, makes a hydrogen bond
with His72 in RRM1 β4 (Fig. 1B,D). Also, in the interface of RRM1 and RRM2,
hydrogen bonds formed between Glu55 on RRM1 α2 and Thr115, Ser117 on Loop3
of RRM2 contribute to the stabilization of this conformation (Fig. 1D). The orientation
of RRM2 relative to RRM1 is further stabilized by the C-terminus of RRM2 that is
threaded through a pocket formed by the linker that connects RRM1 and RRM2 and
hydrogen bonds formed between Gln78, Arg81 and Asp156 as well as two salt
bridges between the side chains of Arg81 and Asp156 (Fig. 1C,E). In addition, a
dense network of interactions amongst the linker residues, which are conserved
within the IMPs, contributes to the specific conformation of the IMP3 RRM12 domain
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(Fig. 2C and Fig. 3).

Figure 1. Structure of IMP3 RRM12 domain. (A) Schematic diagram showing conserved
domain arrangement of IMP-family members. (B) The sequence alignment of RRM12
domains of IMP1-3. Identical residues (white), highly conserved (red) and not
conserved (black) are depicted. Residues involved in the RRM1-RRM2 interface (star)
and the linker-RRM2 (C-terminus) interactions (triangle) are shown. (C) Domain
orientation of IMP3 RRM12. RRM1 (blue), RRM2 (green) and linker (purple) with
secondary structures labeled. The β-sheet surface of RRM1 is exposed to solvent,
while the β-sheet surface of RRM2 is occluded by RRM1. (D) The hydrogen bonds
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formed in the interface of RRM1 and RRM2. (E) Hydrogen bonds and salt bridges
formed between residues of linker and RRM2 (C-terminus).

Figure 2. Additional contacts within RRM12 domain contribute to the unique
conformation of IMP3 RRM12. (A) IMP3 RRM12 (with C-terminal His6 tag) is a monomer
in size exclusion column coupled with multi-angle light scattering (MALS). Calculated
molecular mass is 18.45 KD, close to expected 18.91 KD, with the polydispersity
Mw/Mn 1.001(±0.622%). (B) Hydrophobic contacts in the interface of RRM1 and RRM2.
(C) A dense network of interactions stabilizes the linker conformation.

Figure 3. Sequence alignment of RRM12 domains of IMP1-3. Identical residues (white),
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highly conserved (red) and not conserved (black) are depicted. Residues involved in
hydrophobic contacts within RRM1 and RRM2 interface are marked in dark gray stars.
The linker amino acids, which are important for the unique conformation of linker and
IMP3 RRM12, are marked in light gray stars. The ones labeled in black circles are
involved in RRM1 and RNA interaction.

The arrangement of the tandem IMP3 RRM domains is unique compared to
previously determined structures of proteins containing multiple RRMs (Fig. 4). The
orientation of RRM1 to RRM2 in FBP-interacting repressor (FIR) has the highest
structural similarity (RMSD 3.07 Å) and also closely packs the α2 helix of RRM1 onto
the β-sheet surface of RRM2, though it is rotated by ~45° (Fig. 4) (Cukier et al.
2010). Interestingly, the structure of FIR RRM12 does not change upon nucleic acid
binding and, consequently, only RRM1 is involved in DNA recognition.

Figure 4. IMP3 RRM12 domain orientation represents a novel tandem RRM domain
arrangement. Overlay of IMP3 RRM12 (green) with FIR RRM12 (pink, PDB 2KXF),
hnRNPL RRM34 (orange, PDB 3TO8), hnRNPA1 RRM12 (grey, PDB 1HA1), Prp24
RRM12 (cyan, PDB 2GO9) and CPEB1 RRM12 (yellow, PDB 2MKH), aligned on one of
their two RRMs.

2.3.2 Crystal structure of IMP2 RRM12
To characterize the RRM12 domain of IMP2, I expressed and purified IMP2
RRM12 (residues 1-162) from bacteria with an N-terminal maltose binding protein
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(MBP) tag and a C-terminal His6 tag. The MBP-tag was removed by TEV protease,
while the His-tag remained with RRM12 domain. Crystals of IMP2 RRM12 were
obtained that belonged to the space group C1 2 1 and diffracted to 1.22 Å resolution
(Table 2). The structure was solved by molecular replacement using an NMR model
of the IMP2 RRM1 domain (PDB 2CQH). The electron density map allowed almost
complete modeling of IMP2 RRM12 (residues 1-157).
Table 2. Data collection and refinement of IMP2 RRM12.
IMP2 RRM12

Dataset
PDB

XXXX

Space group

C1 2 1

Cell dimensions

a , b, c (Å)
α , β, γ (°)

80.47, 66.82, 44.02
90.03, 104.7, 89.98

Data Collection
Wavelength (Å)

0.9795

Resolution range

16.96-1.22 (1.24-1.22)

No. of reflections

223,349

No. of unique reflection

66,601

Rmerge (%)

2.7 (13.8)

I / σI

17.2 (5.4)

Completeness (%)

99.7 (98.7)

Multiplicity

3.4 (3.2)

CC1/2

99.9 (96.1)

Refinement
Resolution range

16.96-1.22 (1.24-1.22)

Rwork / Rfree (%)

14.40 / 16.23
2

Wilson B-factor (Å )

10.6
2

Average B-factors (Å )

19.0

No. of atoms
Protein

1366

RNA

0

Ligands

19

Stereochemistry
R.m.s.d. bond lengths (Å)

0.005

R.m.s.d. bond angles (°)

1.04

Ramachandran favored (%)
Ramachandran outliers (%)

97.0
0
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Similar to IMP3 RRM12, in the IMP2 RRM12 structure, both of the individual
RRM1 and RRM2 domains adopt the canonical RRM-fold with β1α1β2β3α2β4 topology,
which positions the two α-helices over an anti-parallel four-stranded β-sheet (Fig.
5A). However, in contrast to the compact structure of IMP3 RRM12, IMP2 RRM12
adopts a more ‘open’ conformation (Fig. 5B). Both of the β-sheets of RRM1 and
RRM2 are solvent accessible. Close to the linker region, there are two sulfate
groups, which may contribute to the stabilization of the overall conformation of IMP2
RRM12. One SO4 forms extensive hydrogen bonds with Tyr6, Asn9 on RRM1, one
alternative conformation of Arg80 in linker and Arg130 in RRM2 (Fig. 5C). Hydrogen
bonds formed between the other SO4 and linker residues (Lys77, Lys78 and another
alternative conformation of Arg80) also contribute to the specific linker conformation
(Fig. 5D). There is almost no contact between RRM1 and RRM2 domains, except the
hydrogen bond between Tyr6 on RRM1 and Arg130 on RRM2 (Fig. 5E). In addition,
the hydrogen bonds amongst linker and RRM2 residues (Arg82 and Ala128, Ser81
and Ile155, Asp157) stabilize the spatial orientation of RRM2 to linker and RRM1
(Fig. 5F). Compared to the ‘closed’ conformation of IMP3 RRM12, IMP2 RRM12 has
a relative ‘open’ conformation. The position of the sulfate groups next to linker region
suggested that two SO4 may mimic RNA-binding and induce RRM12 conformation
from ‘close’ to ‘open’.

47

Chapter 2 - Structural Basis of IMP RRM12 Recognition of RNA

Figure 5. Structure of IMP2 RRM12. (A) Overall structure of IMP2 RRM12. RRM1 is
showed in cyan, RRM2 in lemon-green, linker in magenta and sulfate groups in orange.
Secondary structures are also labeled. (B) The structure superimposition of IMP3
RRM12 and IMP2 RRM12, based on their RRM1 alignment. (C) Contacts between SO4 1
and IMP2 RRM12 residues. This sulfate group stabilizes the open conformation of IMP2
RRM12. (D) Contacts between SO4 3 and linker residues, which contribute to the flat
conformation of linker. (E) A hydrogen bond between Tyr6 on RRM1 β1 and Arg130 on
RRM2 α2 helps stabilize the orientation of RRM2 to RRM1. (F) Linker residues Arg82
and Ser81 (with alternative conformations) form hydrogen bonds with RRM2 residues
Ala128, Ile155 and Asp157, stabilizing the RRM2 position to RRM1.

It is, however, important to note that the conformation of the IMP2 RRM12
domain that I observed results from a domain-swapped dimerization with another
symmetry related molecule (Fig. 6A). When focusing on the RRM1 in the asymmetric
unit and RRM2 from a symmetry-related molecule, their overall conformation is very
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close to the IMP3 RRM12 structure (Fig. 6A, Fig. 1C). In order to determine the
oligomerization of IMP2 RRM12, I performed MALS (multi-angle light scattering) that
showed IMP2 RRM12 is a monomer in solution (Fig. 6B). This indicates that the
domain-swapped dimer conformation results from crystal packing and that the ‘open’
structure of IMP2 RRM12 is unlikely to exist in solution.

Figure 6. Structure of IMP2 RRM12 is artificial from specific crystal packing. (A) IMP2
RRM12 and a symmetry-related IMP2 RRM12 adopt a dimer-like form. Red circle
marked RRM1 from one molecule of IMP2 RRM12 and RRM2 from another (a symmetryrelated copy), which showed a similar overall conformation to IMP3 RRM12. (B) MALS
data showed IMP2 RRM12 is a monomer in solution. Calculated molecular mass is
18.57 KD, close to expected 19.17 KD, with the polydispersity Mw/Mn 1.000 (±0.602%).

2.3.3 RNA-binding affinity and sequence specificity of IMP3 RRM12
In order to identify the RNA-binding sequence specificity of IMP3 RRM12, I
also performed the in vitro SELEX experiment using an RNA library containing 14
randomized nucleotides. RNA sequences were selected for by binding to MBP-IMP3
RRM12 that was immobilized on amylose resin. While the structure of IMP3 RRM12
in the absence of RNA suggested that only RRM1 is accessible, a 14-nucleotide
random sequence was used in the SELEX experiment that would potentially be long
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enough to identify any non-canonical RNA-binding interfaces within IMP3 RRM12.
Since I anticipated that the interaction of IMP3 RRM12 with RNA would be weak, the
concentration of RNA was kept constant at 1 µM during the selection, while protein
concentration was set 1 µM in first three rounds but decreased to 0.5 µM from fourth
to ninth round. After nine rounds of selection, the enriched RNA population was
determined by sequencing (Table 3). A majority (80%) of the sequences contained a
stretch of pyrimidine nucleotides of at least three with CCC being the most common.
The other sequences all contained a CC dinucleotide within the randomized
nucleotides, however, this sequence was also present in the constant regions used
for PCR amplification. IMP3 RRM12 recognition of only a short RNA sequence is
consistent with electrophoretic mobility shift assays that demonstrated only weak
binding affinity for the selected RNA population during the course of the selection
(data not shown).
Table 3. Sequence motifs enriched from SELEX by nine rounds of selection with IMP3
RRM12 domain.

Since the SELEX experiments suggested that IMP3 RRM12 recognizes only
short RNA sequences, we measured the binding affinity of IMP3 RRM12 to a short
RNA oligonucleotide UUCCCG (~30 µM), one of the most abundant SELEX
sequences (Table 3), using isothermal titration calorimetry (ITC) (Fig. 8A). To further
characterize its RNA-binding specificity, we measured the affinity of IMP3 RRM12 to
RNA oligonucleotides containing all four homopolymers (CCCC, UUUU, AAAA,
GGGG). IMP3 RRM12 bound to CCCC and AAAA with similar, but, weak affinity
(~40 µM) (Fig. 7A,B,D). We did not detect the binding, however, to either UUUU or
GGGG indicating modest sequence specificity (Fig. 8B,C). IMP3 RRM12 bound to
ACAC with almost an order of magnitude higher affinity (~5 µM) indicating its
preference for this dinucleotide sequence (Fig. 7C,D).
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Figure 7. Binding affinity determination of IMP3 RRM12 with RNA. Titration of IMP3
RRM12 into CCCC (A), AAAA (B) and ACAC (C), monitored by ITC. The top panel
-1

shows titration experiment plotted as heat (µcal s ) versus time (min) and the lower
-1

panel shows binding isotherm with the integrated heat (kcal mol ) of IMP3 RRM12
versus the molar ratio of IMP3 RRM12 to RNA. The continuous line shows the fit of the
data to a one-site binding model. (D) Summary of ITC measurements of IMP3 RRM12
binding to above RNAs.
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Figure 8. Binding affinity measurements of IMP3 RRM12 with RNA UUCCCG (A), UUUU
(B) and GGGG (C) using ITC. RNA UUUU (B) and GGGG (C) did not show detectable
interaction with IMP3 RRM12.

I also measured IMP3 RRM12 binding to longer RNA sequences that
revealed similar sequence preferences but could also provide multiple protein
binding sites (Fig. 9). The seven nucleotides containing RNAs ACACACA and
UCUCUCU interact with IMP3 RRM12 at ~10 µM range in the stoichiometry
approximately 1.8:1 and 1.3:1 respectively (Fig. 9A,B,G), which indicates that in
solution the complexes of these two RNA with IMP3 RRM12 are the mixture of 2:1
and 1:1 stoichiometry. In contrast, RNA GCGCGCG does not bind IMP3 RRM12,
however it may form duplex structure preventing accurate affinity measurements (Fig.
9C). Additionally, homopolymer RNAs with eight nucleotides bind to IM3 RRM12 with
similar binding preferences as the shorter RNAs, and also with weak affinities (Fig.
9D,E,F,G).
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Figure 9. Binding affinity measurements of IMP3 RRM12 with RNA ACACACA (A),
UCUCUCU (B), GCGCGCG (C), CCCCCCCC (D), AAAAAAAA (E) and UUUUUUUU (F) by
ITC. (G) Summary of ITC measurements of IMP3 RRM12 binding to above RNAs.

Since IMP2 RRM12 and IMP3 RRM12 share high sequence identity, I also
measured the binding affinity of IMP2 RRM12 with some of the RNAs identified for
IMP3 RRM12. ITC measurements indicated there is binding between IMP2 RRM12
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and RNA UUCCCG or CCCCCCC, but with weaker affinity than measured for IMP3
RRM12 (Fig. 10). Further work will be necessary to determine the sequence
specificity of IMP2 RRM12 and if it, indeed, differs from that of IMP3 RRM12.

Figure 10. Binding affinity measurements of IMP2 RRM12 and RNAs by ITC.

IMP2

RRM12 titrated RNA UUCCCG (A), CCCCCCC (B) and GGGGGGG (C).

2.3.4 Crystal structures of IMP3 RRM12 in complex with ACAC and CCCC RNA
To understand the structural basis of IMP3 RRM12 recognition of RNA, I
performed co-crystallization trials with short RNA sequences. Crystals were obtained
of IMP3 RRM12 in complex with either ACAC or CCCC that diffracted to 2.0 Å and
2.1 Å resolution, respectively. The IMP3 RRM12 + ACAC crystals belonged to a
trigonal space group and had one copy of the complex in the asymmetric unit, while
the IMP3 RRM12 + CCCC crystals had the same space group and unit cell
dimensions as the unbound IMP3 RRM12 crystals (Table 4). For the IMP3 RRM12
complex with ACAC, the RNA electron density allowed building of the first three
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nucleotides and the backbone of C4, while for the CCCC structure, only three
cytosine nucleotides were visible in only one of the two copies of IMP3 RRM12 in the
asymmetric unit (Fig. 11). Crystal lattice contacts prevent RNA from binding to the
other copy of IMP3 RRM12. IMP3 RRM12 in the free (residues 1-159) and RNAbound (residues 1-157) structures are very similar (RMSD of 0.57 Å with CCCC and
0.78 Å with ACAC, for 157 Cα atoms) indicating that RNA-binding does not induce a
conformational change between the RRM1 and RRM2 domains.
Table 4. Data collection and refinement statistics of IMP3 RRM12 + RNA.
IMP3 RRM12
+CCCC

IMP3 RRM12
+ACAC

6FQR

6GX6

P1

P31 2 1

30.06, 41.19, 72.27

75.44, 75.44, 66.26

92.14, 100.40, 108.65

90.0, 90.0, 120.0

0.9999

0.9999

Resolution range

50.0-2.10 (2.15-2.10)

66.26-2.0 (2.11-2.0)

No. of reflections

35,187

191,147

No. of unique reflection

17,886
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Figure 11. Electron density map of visible nucleotides in the complex of IMP3 RRM12
with RNA ACAC (A), CCCC (B). The contour level is 1.0.

The canonical RNA-binding interface of RRM1 formed by β1 (RNP2) and β3
(RNP1) is involved in recognition of the two central nucleotides, either C2A3 or C2C3
(Fig. 12A,B). The cytosine nucleotide (C2) is involved in most of the RNA-protein
contacts and interacts with two conserved tyrosine residues (Tyr5 in RNP2 and
Tyr39 in RNP1) in both structures. The cytosine base stacks on the aromatic ring of
Tyr5, similar to the binding of other RRM domains to pyrimidines in this position of
the RNP2 motif (Fig. 12C) (Afroz et al. 2015). Mutation of Tyr5 to an alanine
abolishes binding to the ACAC RNA indicating that this residue is critical for RNAbinding (Fig. 12D). The aromatic side chain of Tyr39 (RNP1) also makes van der
Waals contacts to the C2 backbone, as well as inserting into the space between the
sugars of the second and third nucleotides (Fig. 12E,F). The position of C2 is further
stabilized by a network of hydrogen bonds. His72, Ser73 and Val74, which are
located in the linker between RRM1 and RRM2, make hydrogen bonds to the base of
C2 (Fig. 12C). Additionally, the guanidinium group of the Arg79 sidechain makes a
hydrogen bond to the 2’ OH of the C2 sugar (Fig. 12C). Almost all of these
interacting residues are conserved among IMP family members suggesting that this
RNA-binding specificity may also be shared (Fig. 3). The only exception is His72,
which is a tyrosine in IMP2, however, it is the backbone carbonyl of this amino acid
that hydrogen bonds to the C2 base (Fig. 12C, Fig. 3). The bases of the third
nucleotides (A3 and C3) both stack upon the aromatic ring of Phe41 within the RNP1
motif, however A3 forms an additional hydrogen bond with the hydroxyl group of
Ser73 (Fig. 12E,F). The increased stacking interaction of A3 and its additional
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hydrogen bond likely account for the increased affinity measured for ACAC. The A1
and C1 nucleotides in the two structures both make contacts with residues from
symmetry-related copies of IMP3 RRM12 and these interactions are artifacts of
crystal packing (data not shown).

Figure 12. The structure of IMP3 RRM12 in complex with ACAC and CCCC RNAs. (A)
Overall structure of IMP3 RRM12 and RNA ACAC. RRM1 (blue), RRM2 (green), linker
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(purple) and RNA (in sticks) are shown. Only RRM1 is involved in RNA binding. (B)
Overall structure of IMP3 RRM12 and RNA CCCC. (C) Contact details between RRM1 βsheet and cytosine C2 in IMP3 RRM12 and ACAC complex. (D) IMP3 RRM12 Y5A
mutant disrupts the interaction between IMP3 RRM12 and RNA ACAC. (E) In the
complex of IMP3 RRM12 with ACAC, the base of A3 stacks on the sidechain of Phe41
and forms a hydrogen bond with Ser73 on IMP3 RRM12 linker. (F) In the complex of
IMP3 RRM12 with CCCC, the base of C3 stacks on the side chain of Phe41.

2.4 Summary and discussion
From the crystal structure of IMP3 RRM12, I showed that both the RRM1 and
RRM2 domains adopt the canonical RRM topology (Fig. 1C). The surface of the
RRM2 β-sheet, which is generally used for RNA binding, is occupied by the RRM1
α2 and N-terminus (Fig. 1C,D). Furthermore, RRM2 β1 and β3 lack the canonical
aromatic-ring containing residues, which are essential for RNA interactions (Fig. 1B).
Our biochemical and complex structures of IMP3 RRM12 with RNAs confirmed that
RRM2 is not involved in RNA binding (Fig. 12A,B). IMP3 RRM1 binds a very short
sequence of RNA (CA dinucleotide is most preferable) with modest affinity and
sequence specificity through a similar network of interactions as other typical RRM
domains (Fig. 7,8,9,12). Importantly to note, RNA binding on IMP3 RRM12 does not
induce a conformational change of RRM12 domain.
The structure of IMP2 RRM12 I determined is likely artificial caused by
specific crystal packing, so that the conformation we observed may not exist in
solution. Since IMP2 RRM12 showed much weaker binding to some of RNAs
identified for IMP3 RRM12, it will be interesting to investigate the specific targets of
IMP2 RRM12 domain.
My structural and biochemical characterization of IMP3 RRM12 contributes to
the understanding of how multi-domain RNA-binding proteins function in recognition
of specific transcripts. While the isolated IMP3 tandem RRM domains recognize RNA
with only modest sequence specificity and affinity, these interactions may be
functionally important in the context of the full-length protein bound to its RNA targets.
Recently, the importance of RNA conformation and dynamics in ZBP1 (IMP1) binding
to the β-actin 3’ UTR have been described (Woods et al. 2017). The interactions of
RRM12 and KH12 with RNA may alter or stabilize specific RNA structures when
coupled to the high affinity and sequence-specific interactions of KH34, which could
nucleate the assembly of a larger mRNP. In the yeast ASH1 transport mRNP, the
cooperative assembly of She2p and She3p to the ASH1 transcript is necessary for
transport, which highlights the importance of multiple low-affinity interactions in
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stabilizing specific RNA-protein complexes (Edelmann et al. 2017). Interestingly,
IMP1 RRM12 has been shown to bind the motor KIF11 while IMP3 can interact with
KIF20A (Taniuchi et al. 2014; Song et al. 2015). An important future goal will be to
understand the RNA-binding specificity of IMP1 and IMP2 RRM12 domains and the
interaction of IMP family members with other proteins.
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Abstract
Similar to many other RNA-binding proteins, IMP1-3 have multiple RNA-binding
domains, however, how these tandem RNA-binding domains cooperate together to
endow diverse and distinct functions of IMPs has remained elusive. The previous
biochemical and structural characterization of IMP1 KH34 domain and my work on
IMP3 RRM12 domain have provided a foundation to understand how these domains
function in the full-length proteins. It is interesting to investigate how the tandem
RNA-binding domains of IMPs work together to recognize their respective RNA
targets and to promote mRNP granule assembly. Biochemical and structural
characterization of IMP KH12 and the full-length proteins is currently ongoing.
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3.1 Introduction
The mammalian IMP family proteins belong to the VICKZ (Vg1 RBP/ Vera,
IMP1,2,3, CRD-BP, KOC, ZBP1) family of RNA-binding proteins that have been
implicated in regulating multiple stages of post-transcriptional regulation (Yaniv and
Yisraeli, 2002; Yisraeli, 2005). IMP1, the ortholog of ZBP1 in chicken cells, was firstly
identified as the MYC mRNA stabilizing protein (CRD-BP) by binding to the coding
region instability determinant of MYC mRNA to prevent its degradation (Doyle et al.,
1998). IMP3, the ortholog of Xenopus Vg1 RBP / Vera was identified as KOC
(hnRNP K homology (KH) domain containing protein overexpressed in cancer) due
to its high abundance in pancreatic cancer tissue (Mueller-Pillasch et al., 1997).
Another member of the IMP family, IMP2, has been characterized mostly for its role
in adult energy metabolism by regulating mRNAs which encode mitochondrial
proteins and type 2 diabetes from a series of genome-wide association studies
(Christiansen et al., 2009; Dai et al., 2015; Janiszewska et al., 2012). During
embryogenesis, all the three IMP paralogs are expressed in most organs, while after
birth, IMP1 and IMP3 are either absent or expressed at very low level in most tissues
(Degrauwe et al., 2016b; Hansen et al., 2004). However, unlike IMP1 and IMP3,
IMP2 expression is retained in several adult organs of mice (Bell et al., 2013). In
various cancers, all three proteins are re-expressed to high level, and correlate with
poor prognosis (Boyerinas et al., 2008; Dimitriadis et al., 2007; Lederer et al., 2014).
The three IMP proteins are highly similar from domain order to domain
spacing, with 56% identity of overall sequence. For closely related IMP1 and IMP3,
73% of their amino acids are identical, with even greater similarity within individual
domains (Bell et al., 2013). All IMP family members contain two RNA recognition
domains in the N-terminus and four KH domains in the C-terminus. Currently, the KH
domains are known to be responsible for RNA binding and mRNP formation, while
RRM domains may contribute to stabilize the IMP-mRNA complex or regulate the
mRNA structural conformation (Chao et al., 2010; Patel et al., 2012; Wachter et al.,
2013; Jia et al., 2018). The shared and distinct RNA binding property of endogenous
IMP proteins is demonstrated by multiple independent CLIP assays. Genome-wide
studies using PAR-CLIP (Photoactivatable-Ribonucleoside-Enhanced UV Crosslinking and Immunoprecipitation) in HEK293T cells revealed a single consensus
recognition RNA element with 5’-CAUH-3’ (H=A, U or C) for all three IMP family
members (Hafner et al., 2010). More recently, in primary proneural GSCs
(glioblastoma stem cells) and their progeny, PAR-CLIP of IMP2 showed the 4-nt
binding motif proposed by Hafner et al. was strongly over-represented in their cluster
sequences, while the top scoring 4-mers consist of A, T and A/T repeats (Degrauwe
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et

al.,

2016a).

In

another

report

using

enhanced

UV

cross-linking

and

immunoprecipitation (eCLIP) followed by high-throughput sequencing in human
pluripotent stem cells (hPSCs), thousands of RNA binding sites of endogenous IMP
family proteins were identified in vivo (Conway et al., 2016). Surprisingly, IMP1 and
IMP2 showed highly overlapping binding to 3’ UTR of mRNA targets, which was not
observed between IMP1 and IMP3 or IMP2 and IMP3. Moreover, RNA Bind-N-seq
applied to recombinant IMP1 and IMP2 full-length proteins revealed CA-rich motifs,
which were also enriched in eCLIP-defined binding sites (Conway et al., 2016).
Moreover, in two PDAC (pancreatic ductal adenocarcinoma) cell lines (PL45 and
PANC1 cells), the individual nucleotide resolution CLIP (iCLIP) of IMP3 mapped its
binding sites that occur frequently within 3’ UTRs and identified two overrepresented
motifs (AACAT and TTTGC) within a 10-nt window of each crosslinking site
(Ennajdaoui et al., 2016).
Understanding how IMP family recognize their specific RNA targets is critical
for deciphering the mechanisms by which these proteins regulate localization,
translation and mRNA stability. IMP1 is well known for its regulation on mRNA
localization, especially the β-actin mRNA transport in mammalian fibroblast, neuronal
dendrites and growth cones (Farina et al., 2003; Tiruchinapalli et al., 2003; Zhang et
al., 2001). Interestingly, chicken ZBP1 was shown to modulate β-actin mRNA
translation by preventing premature translation during mRNA transport. When β-actin
mRNA granules reach their destination, Tyr396 of ZBP1 is phosphorylated by protein
kinase Src, thereby leading to the release of ZBP1 and disassembly of mRNP
granule, thus allowing the temporal and spatial translation of β-actin mRNA
(Huttelmaier et al., 2005). IMP2 was also shown to be highly enriched in developing
axon tracts and its identified RNA targets in developing mouse brain were mainly
related to axon guidance (Preitner et al., 2016). Additionally, IMP2 was shown to
competitively bind to let-7 miRNA recognition elements on target transcripts,
protecting them from degradation in glioblastoma stem cells (GSC), in which let-7
miRNAs and their target transcripts, including IMP2, all have elevated expression
(Degrauwe et al., 2016a). This provides an alternative mechanism by IMP2 to
substitute for LIN28B in regulation of let-7 targets and GSC preservation (Heo et al.,
2009; Nguyen et al., 2014; Viswanathan et al., 2009). To what degree IMP3, the
most related member to IMP1 in sequence, participates in mRNA localization
remains to be elucidated, while it is widely correlated with many types of cancers.
IMP1 is also involved in protection of let-7-mediated gene silencing (Fusco and
Fedele, 2007; Nishino et al., 2013), and IMP3 is proposed to function in a similar
manner as IMP1, by sequestering let-7 targets, such as HMGA2 and LIN28B, into
66

Chapter 3 - Structural Studies of IMP KH12 Domains and Full-length Proteins
cytoplasmic granules that do not contain RISC/Ago (Busch et al., 2016; Jonson et al.,
2014). In contrast, in pancreatic ductal adenocarcinoma (PDAC) cells, Ennajdaoui
and colleagues demonstrated IMP3 binding sites on target transcripts are enriched
near microRNA recognition sites, but promote mRNA target association with
Ago2/RISC for further degradation, which implicated a bimodal regulatory function of
IMP3 on mRNA stability (Ennajdaoui et al., 2016).
Here, to provide insights into the structure and function of IMP family
members, I aimed to crystalize the full-length IMPs and determine their structures
with or without binding RNA. By optimizing the boundaries of full-length proteins and
purification buffer, I can purify IMP1 with good behavior in vitro, however, no crystals
have been obtained yet. Also, I purified the middle KH12 domains of IMP1-3 and
performed crystallization screening. Small needle-like crystals of IMP1 KH12 domain
have been grown, which need further optimization for structural analysis.

3.2 Methods and Materials
3.2.1 Constructs cloning and Protein preparation
Full-length IMPs, versions with a few C-terminal amino acids truncated and KH12
domains of IMP1-3 were cloned by PCR into a derivative of pMalc that contains a
TEV protease site after the maltose-binding protein (MBP) tag. A C-terminal His6 tag
was added by PCR to all the recombinant proteins to ensure the purifying of intact
proteins. These constructs were transformed to Escherichia coli strain Rosetta2.
Recombinant protein was induced with 0.5 mM IPTG for 16 h at 16°C. Cell pellets
were resuspended in lysis buffer containing 50 mM Tris pH 7.5, 1.0 M NaCl, 1 mM
EDTA, 1 mM DTT, supplemented with one Complete EDTA-free protease inhibitor
tablet (Roche), and were lysed by sonication. Cell debris was removed by
centrifugation, and the soluble fusion protein was purified by amylose affinity
chromatography (New England BioLabs) followed by Ni-NTA affinity chromatography
and size exclusion column S200 (GE Healthcare). The protein concentrations were
calculated by measuring the absorbance at 280nm, using extinction coefficients
determined by ProtParam.
3.2.2 Crystallization screening set up
Crystallization screening of IMP full-length proteins (diverse concentrations tested
from 2 mg/ml to 10 mg/ml) was performed on Phoenix nano-liter robot, using sittingdrop vapor diffusion at 20°C by mixing equal volumes of the protein and reservoir
buffer. The same procedure was done to KH12 domains of IMP1-3 (multiple
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concentrations for IMP1 KH12, 6 mg/ml and 12 mg/ml for IMP2 KH12, 7 mg/ml for
IMP3 KH12). Additionally, I did screening of IMP1 KH12 at 4°C at concentration of 17
mg/ml and 34 mg/ml.
3.2.3 Size exclusion chromatography (SEC)
Equal molecular amount of IMP1 1-566 and 32nt RNA (14 µM) were incubated at 4
°C for 0.5 h. 100 µl individual protein, RNA or their mixture were injected to Superose
12 10/300 GL column (GE Healthcare) equilibrated with buffer containing 50 mM Tris
pH 7.5, 150 mM NaCl, 1 mM DTT. Protein and RNA elution were detected by
absorbance at 280 nm and 260 nm.
3.2.4 Pre-crystallization test
To determine the appropriate concentration for crystallization screening, IMP fulllength proteins at concentration of 1.5 mg/ml to 8 mg/ml, were tested by commercial
reagents HR2-140 and HR2-142 (Hampton). The procedures were exactly performed
according to the manufacture protocol.
3.2.5 SEC-MALS (Multi-Angle Light Scattering)
After purified from SEC S200 column, full-length and other constructs of IMP1-3 (in
buffer 20 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT) were concentrated to 3-5 mg/ml
and loaded to Superdex 200 10/300 GL column (GE Healthcare), which was
equilibrated with buffer 20 mM Tris pH 7.5, 200 mM NaCl, 0.02% w/v NaN3, 1 mM
DTT. Light scattering was recorded with an in-line miniDAWN TREOS three angle
light scattering detector (Wyatt Technology) and protein concentration was detected
using an in-line Optilab T-rEX refractive index detector (Wyatt Technology). Their
molecular mass was calculated using ASTRA 6.1 software (Wyatt Technology).
3.2.6 Protein thermal shift assay: buffer screening
The assay was performed exactly as the protocol of ‘applied Biosystems by life
technologies’

(publication

part

number

4461810),

including

setting

up

an

experimental file for the instrument run, preparing the protein melt reactions, running
the protein melt reactions and analysis of melt curve. The total volume of each
reaction is 20 µl, in which IMP proteins were finally diluted to 0.1 mg/ml. Besides
protein thermal shift buffer 5.0 µl, dye (8X) 2.5 µl and the volume of IMP proteins for
final concentration of 0.1 mg/ml, the volume ratio of protein purification buffer (or
water) and screening buffer can be tested as long as the final reaction volume is 20
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µl. Solubility and Stability Screen HT (Hampton HR2-072), Slice pH (Hampton HR2070) and JCScreen Solubility HTS (Jena Bioscience, CO-311) were screened.
3.2.7 ProteoPlex to optimize protein stability
The purified IMP1 1-563 with C-terminal His-tag was stored in buffer 20mM Tris
pH7.5, 150mM NaCl and 1 mM TCEP and sent to David Haselbach (now a group
leader in Research Institute of Molecular Pathology, Vienna), in Max Planck Institute
for Biophysical Chemistry (MPIBPC), Göttingen. The buffer screening of ProteoPlex
was performed by Jan Erik Schliep in MPIBPC of Göttingen, according to the
published method details (Chari et al., 2015).
3.2.8 Contributions
All the experiments are performed by Min Jia, under the supervision of Jeffrey A.
Chao.

3.3 Results
3.3.1 Purification and Crystallization of IMP full-length proteins
The IMP family of RNA-binding proteins adopt the same domain arrangement
and share high sequence identity, however, it is not clear how these proteins
recognize their specific RNA targets and how these interactions regulate the fate of
the bound RNAs (Fig. 1A). A structural understanding of how the RNA-binding
domains are arranged in space would provide a physical basis to further explore their
functional mechanisms.
I expressed the three IMP full-length (IMP FL) proteins from E.coli Rosetta2,
fused with a N-terminal maltose-binding protein (MBP) tag and a C-terminal His6 tag,
which was added by PCR directly after the last residue. The recombinant proteins
were purified by amylose resin followed by MBP cleavage with TEV protease. The
proteins were further purified with Ni-NTA chromatography and gel filtration using a
SEC S200 column. The three IMPs were eluted at a similar volume and when
concentrated to higher than 5 mg/ml, they precipitated at 4°C within hours (Fig.
1B,C,D).
To get more details of the proteins behavior in solution, I first measured the
homogeneity of IMP2 FL that had less precipitation after concentration with SECMALS. It revealed that IMP2 FL is a monomer in solution. The polydispersity
(Mw/Mn) was 1.013 (±5.825%), indicating that IMP2 FL is not homogenous in
solution (Fig. 1E). To improve the protein behavior in solution, I performed protein
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thermal shift assays to screen for an optimal buffer for IMP2 FL. These experiments
indicated that a high concentration of glycerol at 20%-25% and lower pH ~7.0
improved the solubility and stability (Fig. 1F,G).

Figure 1. Characterization of full-length proteins of IMP family. (A) Schemes of domain
arrangement of IMP1-3. (B-D) Elution curves of IMP1 FL, IMP3 FL and IMP2 FL from
SEC S200. (E) SEC-MALS of IMP2 FL revealed that it is a monomer in solution, but not
very homogeneous (polydispersity Mw/Mn 1.013). (F) Protein thermal shift assay of
IMP2 FL with solubility and stability HT from Hampton, suggesting high concentration
of glycerol (20%-25%) prominently elevated the unfolding temperature of protein from
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~41°C to ~52°C. (E) JBScreen solubility HTS revealed modest improvement on IMP2 FL
unfolding temperature from ~41°C to ~45°C in lower pH buffers (~7.0), which are not
highlighted.

Previous structural characterization of IMP1 KH34 indicated that truncation of
the C-terminus, which is likely disordered, improved the solubility of this domain and
allowed it to be crystalized (Chao et al., 2010). Based on sequence alignments on
secondary structure predictions, I generated constructs expressing IMP1 1-566,
IMP2 1-588 and IMP3 1-567. These proteins, however, also precipitated at
concentration higher than 6 mg/ml, despite the addition of 10% glycerol in the
purification buffer. Consistent with this poor solubility, in crystallization screening
trials of IMP1 1-566 at 5 mg/ml, more than 70% of wells had amorphous
precipitation. Since the IMPs are RNA-binding proteins, I also attempted cocrystallization of IMP1 1-566 with a 32nt-RNA GGCGGACUAUGACUUAGUUGCGU
UACACCCUU from the β-actin zipcode element or with three small RNAs (ACACCC,
CGGACU and CCCC) base on IMP1 KH34 and IMP3 RRM1 recognition sequences
(Chao et al., 2010; Jia et al., 2018). However, both of the 32nt-RNA and small RNAs
mixture did not show obvious improvement on amorphous precipitation in
crystallization trials. To test the binding of IMP1 1-566 with 32nt-RNA, the individual
protein, RNA and their mixture were loaded to Superose 12 10/300 column. In the
elution curves of IMP1 1-566 and 32nt RNA mixture (1:1), there were peak shifts for
both of IMP1 1-566 and 32nt RNA when compared with their individual peaks, at
both 280 nm and 260 nm (Fig. 2A,B), indicating the interaction between protein and
RNA.

Figure 2. Characterization of IMP1 1-566 binding with 32nt-RNA. (A) Elution peaks of
IMP1 1-566, 32nt RNA and their mixture, detected by absorbance at 280 nm. (B) Elution
peaks of IMP1 1-566, 32nt RNA and their mixture, detected by absorbance at 260 nm.
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Additionally, I tested three other constructs IMP1 1-563, IMP2 1-584 and
IMP3 1-564 that were truncated further at the C-terminus. By SEC-MALS, it revealed
that IMP1 1-563 is a homogeneous monomer with polydispersity (Mw/Mn) of 1.001,
while IMP2 1-584 and IMP3 1-564 aggregated to heterogeneous multimerizations
with polydispersity (Mw/Mn) of 1.773 and 1.036 respectively (Fig. 3A,B,C). IMP1 1563 can be concentrated to over 10 mg/ml without precipitation at 4°C overnight.
Moreover, I performed a pre-crystallization test on this construct from 2 mg/ml to 12
mg/ml that suggests 2 mg/ml to 4 mg/ml is good concentration for crystallization
screening (data not shown). I set up crystallization trials of IMP1 1-563 at 2 mg/ml, 3
mg/ml, 4 mg/ml and 6 mg/ml. There were less wells with heavy amorphous
precipitation at 2 mg/ml and 3 mg/ml, but no crystal obtained (data not included).

Figure 3. Homogeneity of IMP proteins with SEC-MALS. (A) IMP1 1-563 His6. (B) IMP2 1584 His6. (C) IMP3 1-564 His6. All three proteins were finally purified in the buffer
containing 20 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT.

72

Chapter 3 - Structural Studies of IMP KH12 Domains and Full-length Proteins
To further screen an optimal buffer for IMP1 1-563, I send the protein to
David Haselbach (now a group leader at the Research Institute of Molecular
Pathology, Vienna) at the Max Planck Institute for Biophysical Chemistry (MPIBPC),
Göttingen. Buffer screening was carried out by his colleague Jan Erik Schliep using
ProteoPlex (Chari et al., 2015). Sodium citrate buffer pH 7.0 was found to be optimal
(Fig. 4), reminiscent of the thermal shift assay with IMP2 FL (Fig. 1F,G). Next, I will
purify IMP1 1-563 in sodium citrate containing buffer at pH 7.0 and set up
crystallization screening trails to see if this buffer condition can aid in crystal growing.

Figure 4. Optimal buffer screening of IMP1 1-563 through ProteoPlex, which showed
sodium citrate pH 7.0 is more favorable than ADA pH 7.0. The unfolding temperature of
IMP1 1-563 increased to ~51°C in sodium citrate pH 7.0 buffer from ~46°C in control
buffer with Tris pH 7.5.

3.3.2 Purification and Crystallization of KH12 domains
While working on the optimization of the IMP full-length proteins, I also
purified the isolated KH12 domains of IMP1-3, since this domain of the IMP family
has not yet been structurally characterized. The KH12 domains were fused with Nterminal MBP-tag and C-terminal His-tag (Fig. 5A). Because of the low extinction
coefficient of the isolated KH12 domains after removal of the MBP, the protein
fractions from SEC were determined by SDS-PAGE (Fig. 5B). IMP1 KH12 expressed
well and could be readily purified, while IMP3 KH12 had lower expression level and
was less pure after SEC (Fig. 5B-left and middle). For IMP2 KH12, its MBP tag was
difficult to cleave, even with excess of TEV protease and days of cleavage incubation
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at 4°C (Fig. 5B-right). Needle-like crystals of IMP1 KH12 were obtained from protein
concentrations at 17 mg/ml and 34 mg/ml at both 20 °C and 4°C (Fig. 5C). The
crystal conditions all contain 2 M (NH4)2SO4 (Fig. 5C). Crystallization screening was
also performed for IMP3 KH12 at 7 mg/ml and IMP2 KH12 at 6 mg/ml and 12 mg/ml,
but no crystal was obtained.

Figure 5. Purification and crystallization of KH12 domains. (A) Elution peak of IMP1
KH12 domain fused with MBP-tag and His-tag. (B) Protein SDS-PAGE of KH12 domains
after S200 column (left and middle). The right side is the sample of MBP-IMP2 KH12His6 incubated with TEV protease for 3 days at 4 °C. (C) Crystals of IMP1 KH12 were
observed with different concentrations at both 4 °C and 20 °C.

3.4 Summary and Discussion
The purification and characterization of IMP FL proteins and C-terminal
truncations revealed that their conformation in solution could be dynamic to some
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degree, because of the multiple RNA-binding domains and flexible linkers between
them. Protein thermal shift assay on IMP2 FL and IMP1 1-563 with ProteoPlex both
revealed sodium citrate buffer at pH 7.0 slightly improve IMPs stability and solubility
(Fig. 1G, Fig. 4). Combining with the observation that high concentration of glycerol
obviously improved IMP2 FL stability (Fig. 1F), in future, it is better to purify IMP
proteins with buffer containing 5%-10% glycerol as well as sodium citrate pH 7.0.
With general Tris buffer at pH 7.5, IMP proteins are either easy to precipitate at
concentration higher than 6 mg/ml or formed heavy amorphous precipitation in most
of crystallization wells. For the construct of IMP1 1-563 that has the best behavior so
far, there are also many wells with heavy precipitation in crystallization screening
trials when using concentration higher than 4 mg/ml. The optimal buffer condition
with sodium citrate pH 7.0 may allow IMP1 1-563 being concentrated to higher
concentration for crystallization screening by improving its solubility and stability. And
this buffer could also work for other IMP proteins for further characterization.

Figure 6. The IMP-mRNA complex is important in mRNP formation and subsequent
mRNA transport along cytoskeleton for localization. Understanding how the IMP family
members recognize their respective mRNA targets will provide insights into the
mechanisms of diverse mRNP formation.
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Previous structural and biochemical studies showed IMP1 KH34 domain
adopts an anti-parallel pseudodimer conformation with the canonical RNA-binding
surfaces at opposite ends of the molecule, which places restrictions on the distance
between the two RNA elements recognized by KH3 and KH4 (Chao et al., 2010). My
current work on IMP3 RRM12 domain revealed RRM1 and RRM2 domains formed a
compact structure, in which the canonical RNA-binding β-sheet of RRM2 is occluded
by RRM1 and only RRM1 is accessible for RNA interaction (Jia et al., 2018).
However, how the KH1 and KH2 domains are arranged and how they contribute to
RNA recognition remain unknown (Fig. 6). Determining the structure of KH12 domain
will provide more insights to the overall arrangement of IMP full-length proteins and
guide to predict the RNA sequence it might bind, as well as further biochemical
characterizations. As well, structures of IMP full-length proteins are highly significant
for understanding how their multiple RNA-binding domains work together to
recognize specific transcripts and mediate mRNP assembly for subsequent motordependent transport (Fig. 6).
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Abstract
While structural and biochemical experiments of IMP family proteins have begun to
address how these RNA-binding proteins recognize their RNA targets, much less is
known concerning the functional consequence of these interactions. All of the IMP
family members have been implicated in RNA localization, however, the molecular
details are not well understood. In particular, how IMP family members recruit
molecular motors to mRNAs has not been elucidated. In order to characterize the
interaction between IMP proteins and motors, I attempted to reconstitute the reported
interactions with KIF11, KIF20A and Myosin Va. Additionally, I developed a singlemolecule live-cell RNA imaging approach to determine if tethering of IMP proteins to
mRNAs could be used to detect changes in RNA mobility and localization. At this
time, a direct interaction between an IMP family member and a molecular motor still
needs to be identified.
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4.1 Introduction
Although proteins can localize to specific compartments of a cell after being
translated, localization of mRNAs is a conserved and fundamental mechanism
regulating gene expression thus controlling cellular function and architecture.
Asymmetrical mRNA localization and subsequent local translation have been found
to involve in diverse cellular processes in various cell types and organisms (Pratt and
Mowry, 2013; Xing and Bassell, 2013), including Drosophila embryogenesis (Driever
and Nusslein-Volhard, 1988; Kim-Ha et al., 1991; Lecuyer et al., 2007), Xenopus
oocytes development (Deshler et al., 1997; Yisraeli and Melton, 1988; Zhou and
King, 2004), budding yeast mitosis (Long et al., 1997; Takizawa et al., 1997) and
mammalian cells (Kislauskis et al., 1994; Lawrence and Singer, 1986; Mingle et al.,
2005). As highly polarized cells, neurons have been shown to have asymmetric
mRNA localization and spatial-temporal translation (Kang and Schuman, 1996).
Restricted local synthesis of proteins has been shown to be involved in neuronal
growth (Buchan, 2014; Pratt and Mowry, 2013), synapse-specific plasticity (Martin et
al., 2000; Swanger and Bassell, 2011; Tsuboi et al., 2015), stimulus-triggered
response (Hengst et al., 2009) and neuronal survival after injury (Jung et al., 2012;
Willis et al., 2005).
IMP proteins have been shown to be involved in mRNA localization in
polarized cells. IMP1 (IGFBP1 or ZBP1) is the most well-studied member of its
family. It binds to the ‘zipcode’ sequence in the 3’UTR of β-actin mRNA, regulating
the transport and local translation of β-actin mRNA in diverse cell types, such as
fibroblasts and neurons (Farina et al., 2003; Gomes et al., 2014; Kiebler and Bassell,
2006; Rodriguez et al., 2008). IMP3, closely related to IMP1 in sequence and widely
associated with human cancers, has much fewer evidence regarding its participation
in mRNA transport. It was shown to regulate the localization of its binding transcripts
by KIF20A mediated transport in pancreatic cancer cells, thus promoting cell motility
and invasiveness (Taniuchi et al., 2014a; Taniuchi et al., 2014b; Lederer et al.,
2014). More recently, IMP2, another member of the IMP family, was reported to
enrich distinctively in axon tracts of developing nervous system. As expected, IMP2
knockdown in the developing spinal cord led to strong defects on axon trajectories
(Preitner et al., 2016).
mRNA trafficking is thought to often occur by the formation of mRNA
transport granules, which include multiple RNA-binding proteins, anchor proteins,
translation repressors, motor proteins and even ribosomes as well as some
translation initiation factors (Buchan, 2014; Dahm and Kiebler, 2005; Lasko, 2009;
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Niedner et al., 2014). Active mRNP (messenger ribonucleoprotein) granule transport
occurs by interactions with motors attached to microtubule (kinesin and dynein) or
microfilament (myosin) (Balasanyan and Arnold, 2014; Bullock, 2007; Martin and
Ephrussi, 2009). So far, the best characterized example of mRNP transport is the
Ash1 mRNA granule in yeast. She2p, which shuttles between nucleus and
cytoplasm, is a specific Ash1 mRNA binding protein (Edelmann et al., 2017; Muller et
al., 2011). The tetrameric She2p in complex with two zipcodes of Ash1 mRNA is
exported to cytoplasm, and there, it interacts with two complexes of She3p-Myosin4p
(a dimer of She3p and a monomer of Myosin4p) (Bohl et al., 2000; Long et al., 2000),
therefore inducing the dimerization of motor Myosin4p and assembly of active
transport complex (Heym et al., 2013; Niedner et al., 2014; Sladewski et al., 2013).
The mammalian IMP family members are also reported to be able to interact
with motor proteins. Song and her colleagues characterized the direct interaction
between IMP1 and KIF11, and mapped the RRM12 domain of IMP1 as the direct
interaction partner of the tail domain of KIF11 in vitro (Song et al., 2015). Moreover,
Nalavadi et al. elucidated a role of Myosin Va in modulating the transport of ZBP1 in
axons. By co-immunoprecipitation of endogenous and overexpressed proteins,
interaction of Myosin Va with ZBP1 was detected. Inhibition of Myosin Va function
with short hairpin RNA or the overexpression of its globular tail domain (GTD, also
named as cargo binding domain, CBD) led to an accumulation of ZBP1 in axons
(Nalavadi et al., 2012). For IMP3, its interaction with KIF20A was shown by
immunoprecipitation in pancreatic cancer cells and knockdown of KIF20A
suppressed local protein translation of specific IMP3-bound transcripts (Taniuchi et
al., 2014b).
In addition to biochemical and classical cellular approaches, microscopy
methods have been developed to visualize RNA transport and localized translation of
single RNA molecules in living cells (Buxbaum et al., 2014; Halstead et al., 2015;
Zimyanin et al., 2008). To visualize mRNP granules, there are two commonly used
approaches, directly imaging mRNA molecules or indirectly via the RNA binding
proteins (RBPs) that are associated with mRNAs. Fusing fluorescent protein to RBPs
as a tag can be a powerful tool to track RNA granules in living cells. Exogenous
expression by transient transfection or lentiviral transfection allows fast and reliable
study on RBPs (wide-type, truncated or mutated forms). To image single mRNA
molecule in vivo, the widely used method is tagging mRNA, usually in the 3’-UTR,
with MS2-MCP (Bertrand et al., 1998; Wu et al., 2015) or PP7-PCP system (Chao et
al., 2008; Hocine et al., 2013). With this approach, mRNP trafficking has been
studied in different cell types, from Drosophila oocyte, budding yeast to mammalian
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fibroblast and neurons (Bauer et al., 2017; Belaya and St Johnston, 2011; Eliscovich
and Singer, 2017).
Many RBPs are arranged into domains that have distinct functions (e.g. one
domain may be responsible for RNA-binding while a second could interact with other
proteins). The function of an RBP can be studied by tethering the RBP or only a
specific domain to an mRNA of interest through the interaction of bacteriophage
proteins, such as MCP (MS2 coat protein) and PCP (PP7 coat protein), with MS2 or
PP7 stem loops (Bos et al., 2016). Since the tethering is accomplished by an RNA
tag, such as MS2, and RBP fused MCP, in principle, the protein of interest does not
need to have RNA-binding activity, which enables the study of separate domains of
RBPs or protein complex that are recruited by RBPs. So far, most of the tethering
assays are performed on RBPs. This approach has been applied to all areas of RNA
processing, such as mRNA stability (Coller et al., 1998; Lykke-Andersen et al.,
2001), pre-mRNA splicing (Graveley and Maniatis, 1998; Sun et al., 2012) and
mRNA translation (Pillai et al., 2004). I adapted this approach to monitor the
localization and mobility of single mRNAs that are tethered with RRM12 domains of
IMP proteins.
Here, I present my work of reconstituting reported interactions of IMP proteins
with motors, which is still ongoing. Also, utilizing the developed mRNA tethering
approach, I can detect the mobility of mRNA dots bound with RRM12-MCP-GFP and
analyze their moving manner.

4.2 Methods and Material
4.2.1 Constructs cloning and Protein preparation
RRM12 domains of IMPs were expressed and purified as described in chapter 2.
IMPs full-length, KIF11 and KIF20A fragments were cloned by PCR into a derivative
of pMalc (New England BioLabs) that contains a Tobacco Etch virus (TEV) protease
site after the maltose-binding protein (MBP) tag. A C-terminal His6 tag was added by
PCR to all the fragments of KIF11 and KIF20A. Myosin Va fragments were cloned to
a vector of pOPIN system containing the N-terminal GST-His6 tag. The constructs of
IMPs, KIF11 and KIF20A were transformed into Escherichia coli strain Rosetta2
(EMD Bio-sciences), while Myosin Va fragments were transformed to Escherichia
coli strain BL21 (DE3). Then recombinant proteins were induced with 0.5 mM IPTG
for 16 h at 16°C. Cell pellets were resuspended in lysis buffer containing 50 mM Tris
pH 7.5, 1.0 M NaCl (0.5 M for Myosin Va fragments), 1 mM EDTA, 1 mM DTT,
supplemented with one Complete EDTA-free protease inhibitor tablet (Roche), and
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were lysed by sonication. Cell debris was removed by centrifugation, and the soluble
fusion protein was purified by amylose affinity chromatography (New England
BioLabs) followed by Ni-NTA affinity chromatography (if with His-tag) and size
exclusion column S200 (GE Healthcare). The protein concentrations were calculated
by measuring the absorbance at 280 nm, using extinction coefficients determined by
ProtParam from ExPASy server.
4.2.2 Pull-down assays
For KIF11 and KIF20A fragments containing MBP tag, after purified from size
exclusion column in 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT buffer, 500 µl
proteins at concentration of 3 µM were incubated with 30 µl amylose resin
(equilibrated with the same buffer of proteins) at 4°C for 0.5 h. Then the supernatant
was abandoned and washed the resin with 500 µl buffer twice, followed by the
incubation with IMP RRM12 domains (3 folds excess to MBP-tagged protein) at 4°C
for 1h. Finally, abandoned the supernatant, washed the resin three times with buffer
and boiled the resin with loading buffer or eluted the proteins from resin with buffer
additionally adding 10 mM maltose. The boiled and eluted samples were loaded to
SDS-PAGE for analysis.
For GST tagged Myosin Va fragments, GST Pull Down was performed with purified
IMP full-length proteins. The whole procedure and details are the same as MBP Pull
Down above. The only difference is I used GST-binding resin. Finally, the proteins
were eluted with freshly made GSH-containing buffer or boiled from resin.
4.2.3 Size exclusion chromatography
Equal molecular amount of purified IMP full-length proteins and motor fragments
were mixed and incubated at 4°C for 0.5 h. 100 µl individual proteins or mixture of
IMP protein and motor fragment, at the concentration around 10 µM, were injected to
Superose 12 10/300 GL column (GE Healthcare) equilibrated with the buffer
containing 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT. Protein elution was
detected by absorbance at 280 nm.
4.2.4 Cells expressing reporter mRNA
HeLa cells expressing the reporter mRNA with MS2 stem-loops were provided by my
lab-members, Johannes Wilbertz (with integrated Renilla luciferase sequence) and
Ivana Horvathova.
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4.2.5 Transient transfection of Hela cells
With diluting the Hela cells (expressing Renilla luciferase mRNA) by new DMEM
medium containing 10% (v/v) FBS to 10x103 cells/ml in a glass bottom 35mm µ-Dish
(Ibidi), they were cultured overnight. On the second day, 2 µg plasmid expressing
RRM12-2xMCP-2xGFP was added to 250 µl optimized medium, and combined with
pre-incubated Fugene and medium mixture (10 µl Fugene and 240 µl medium). After
incubating for 0.5 h at room temperature, the final 500 µl mixture was added to Hela
cells and cultured overnight. On the third day, doxycycline (1 µg/ml) was added to
cell medium to induce reporter mRNA production for around 1.5 h for live cell
imaging.
4.2.6 Stable cell line generation for tethering assay
A day before transfection, 4x106 HEK293 cells were seeded into a 10-cm dish.
Second day, the plasmid expressing RRM12-stdMCP-stdGFP (20 µg) was incubated
with 1-2 µg backbone plasmids, medium and Fugene according to a general protocol
and added to cells. Let the cells grow until the fourth day. Taking the 10ml-medium at
fourth day, the viruses inside were collected by centrifugation (in supernatant),
meanwhile, new 10 ml DMEM medium was added to cells, keeping in culture
overnight. This step was repeated twice and all the 3x10ml virus-containing
supernatant was mixed together. Then, following filtering the virus-supernatant,
adding lenti-X concentrator (3 times of supernatant volume), the mixture was
incubated overnight at 4°C. Finally, after spinning down the mixture and discarding
the supernatant, the pellet was resuspended in 1 ml DMEM medium and aliquoted to
100 µl/tube for storing at -80°C.
To make the stable cell line expressing target protein, the Hela cells were infected
with 10 µl virus of RRM12-stdMCP-stdGFP to two wells (with 10,000 and 20,000
cells respectively) of a 12-well plate. Cells were split when necessary and transfered
to a 10-cm dish. Infected cells were kept in culture and were sorted by FACS
(fluorescent activated cell sorting) according to the GFP expression level.
4.2.7 Live cell imaging of reporter mRNA
On the day of imaging, the reporter mRNA transcription was induced with
doxycycline (1 µg/ml) and the cells expressing fused protein of RRM12-MCP-GFP
were imaged on a spinning-disk confocal microscope based on an Olympus IX81
inverted microscope. Cells were maintained at a constant temperature of 37°C and
5% CO2 within an incubation box. Images were acquired using Visiview (Visitron) as
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single planes at frame rates of 20 Hz (50 ms exposure). The operation of microscope
and movies acquisition were all done by my laboratory colleagues, including Jeffrey
Chao, Johannes Wilbertz and Varun Bhaskar.
4.2.8 Images analysis in live cells
To allow accurate detection of reporter mRNAs, the movies of cells with reasonable
mRNA particle numbers and signal to noise ratio were selected. Also, for image
improvement, the movies were loaded to Image J and underwent ImageàAjustà
Bleach correction Histogram matching and then ProcessàFFTàBandpass filterà
Process the entire stack. Next, the movie files were opened in NIS (Nikon
microscope imaging software) and the nuclear mRNAs were excluded by manually
define a cytoplasmic ROI (region of interest) in each imaging movie. Detection of
mRNA spots in all frames and their linking into trajectories were performed by a
standard protocol of my laboratory. Since the cells are highly variable, the detection
threshold was manually chosen depending on each cell to get optimal mRNA spot
detection. For most of cases, the spots are expected to be the size around 0.38 µm,
with a maximum movement speed at round 8 µm/s. For spot-spot linking and gapclosing between frames, the maximum distance was generally set to 0.6 µm.
Meanwhile, the maximum gap-closing size was set to 2 frames. Finally, the spot and
trajectory statistics were exported in Excel file for mRNA spots movement analysis.
To perform the diffusion analysis using a 2-component fit of the cumulative
displacement function (Diff2fit), the excel file containing mRNA spot and trajectory
statistics was copied to Matlab path, which has all needed Diff2fit files. Running
‘Diff2Fit_Pipeline’, setting pixel size to 0.09 µm (for SD1 microscope), turning on
‘diffusion analysis’ and selecting the input excel file generated the input file
(*.disp_all1.txt) for 2-component fit. By optimizing the parameters, such as number of
frames and traj_average, the output file was generated containing the moving speed,
D1 and D2 and their respective percentage. The quality of fitting is valued by gof
(goodness of fit).
4.2.9 Pull-down of Hela cell lysate with MBP-IMP
For one pull down reaction, I used ~2x106 Hela parental 11HT cells from two 10-cm
dishes. To harvest cells, following aspirating the growth medium and adding of 1 ml
ice cold PBS, scraper was used to scrape attached cells from dish. Cells were then
transferred to a pre-cooled tube for spinning at 500g for 3 min at 4°C. Then
supernatant was discarded and cell pellet was washed with ice-clod PBS twice. To
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lyse cells, resuspend cell pellet in 200 µl ice-cold lysis buffer (20 mM Tris pH 7.5, 150
mM NaCl, 0.5 mM EDTA, 0.5% NP-40, protease inhibitor and 1 mM PMSF) by
pipetting up and down. The tube was placed on ice for 30 min with extensively
pipetting every 10 min, followed by centrifugation at 18,000x g for 10 min at 4°C. The
supernatant after spinning (~200 µl) was transferred to amylose resin pre-incubated
with MBP-IMP proteins. Additionally add 300 µl washing buffer (20 mM Tris pH 7.5,
150 mM NaCl, protease inhibitor and 1mM PMSF) and incubate for 1 h. Then discard
the supernatant and wash beads twice with 500 µl washing buffer. Finally,
components on beads were eluted by washing buffer containing 15mM maltose and
loaded to protein SDS-PAGE, followed by silver staining. The interesting bands were
picked up and treated with an in-gel digestion protocol with trypsin (from FMI protein
analysis platform), for mass spectrum analysis.
4.2.10 Contribution
All the experiments were performed by Min Jia, under the supervision of Jeffrey A.
Chao. Most of my colleagues helped with microscopy operation for live cell imaging,
including Jeffrey A. Chao, Johannes Wilbertz and Varun Bhaskar.

4.3 Results
4.3.1 Verification of reported direct interaction between KIF11 and IMP1
The localization of β-actin mRNA is an important process for the maintenance
of cell polarity and motility. In chicken embryo fibroblasts (CEFs), KH34 domain of
ZBP1 was showed to recognize the zipcode element of β-actin mRNA and mediate
mRNP granule formation (Farina et al., 2003). Interestingly, when the N-terminal
RRM domains were deleted, the granules formed by KH domains did not localize to
leading edge indicating a potential role of RRM domains in targeting granule
transport to cell destinations (Farina et al., 2003). Recently, a direct interaction
between the IMP1 RRM12 domain and the tail domain (762-1056aa) of motor
Kinesin KIF11 was mapped with biochemical approaches in vitro (Song et al., 2015).
To validate the reported interaction between human KIF11 and IMP1, I expressed
and purified the RRM12 domains of IMP family as described in chapter 2. The
fragments of KIF11 were expressed with fused N-terminal MBP tag and C-terminal
His-tag similar to the approach used by Song et al. (Fig. 1A). The fusion proteins
were first purified by MPB affinity resin, followed by size exclusion column (SEC)
S200 (GE Healthcare). All of the fragments with MBP and His6 tags were eluted in
SEC at the volume close to void volume (~600KD), which indicates these fragments
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are not monomeric and are aggregating (data not shown). Using these proteins, I
performed an MBP pull-down experiment to check the interaction between KIF11
fragments and IMP RRM12 domains. This experiment revealed that the RRM12
domain could interact with all KIF11 tail domain fragments, however, it was not clear
if this was specific interaction or due to non-specific aggregation (Fig. 1B). To
improve the behavior of KIF11 tail fragments, I designed another three constructs,
762-806aa, 762-860aa and 920-1056aa. The fragment of 920-1056aa was wellbehaved via SEC, while the other two suffered from partial degradation. With these
three shorter fragments, I performed the MBP pull-down again and also included IMP
KH34 domains as a control that were previously shown to not interact with KIF11
(Song et al., 2015). In this experiment I detected interactions of the KIF11 tail
constructs with both of RRM12 and KH34 domains (Fig. 1C), which led me to
conclude that these interactions were not specific.

Figure 1. MBP pull-down of KIF11 tail domain with IMP RRM12 domain. (A) Domain
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scheme of motor KIF11. The fragments boundaries of tail domain are indicated as
residue numbers. (B) Pull-down of purified MBP KIF11 fragments with RRM12 domains
of IMP1-3. Samples were from boiled beads. (C) Pull-down of purified shorter
fragments of MBP KIF11 tail domain with RRM12 domains and KH34 domain from IMP2
or IMP3 as the control. Samples were boiled on beads. IMP2 KH34 is labeled in color
orange, while IMP3 KH34 is in red. MBP- and His-tagged KIF11 762-860 was eluted as
two peaks in SEC. Protein fraction in the lane marked with star is from the former peak,
while the ones next to it, are from the later peak (SEC data not shown).

Since I could not reproduce the reported specific interaction of the KIF11 tail
domain with IMP1 RRM12, I constructed another two fragments of KIF11, its stalk
region 364-762aa and a longer tail domain 736-1056aa (Fig. 2A). When run over a
Superose 12 10/300 gel filtration column, I found all the tested KIF11 fragments were
eluted close to void volume (8ml, >600KD) (Fig. 2B,C). Especially for KIF11 364-762,
there were two peaks, indicating it has multiple oligomerization states in solution (Fig.
2C-left). For both the IMP1 and IMP2 full-length proteins, I was unable to detect a
stable interaction by gel filtration (Fig. 2B,C). Song et al. characterized the direct
interaction using one-step affinity-purified RRM12 and KIF11 tail domains via the
resin that bind MBP- or His-tag. Eluted proteins from resin were dialyzed for pulldown assay, without undergoing further purification steps (Song et al., 2015). This
simple purification procedure could interfere the accuracy of the mapped interaction,
since the domains may be not pure and not behaved well in vitro.
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Figure 2. Size exclusion chromatography (SEC) of KIF11 fragments and IMPs. (A)
Domain scheme of IMP1, IMP2 and KIF 11. (B) Elute curves of individual MBP KIF11 tail
protein, MBP IMP1 (left) or IMP2 (right) and their mixtures from SEC. (C) Elute curves of
individual IMP1, KIF11 stalk domain (left) or a longer form of tail domain (right) and
their mixtures from SEC.

4.3.2 Test the interaction between KIF20A and IMP RRM12 domains
Besides KIF11, KIF20A was also demonstrated to associate with mRNP
granules containing IMP3-mRNA complexes by immunoprecipitation (IP) and
western blot (Taniuchi et al., 2014b). To testify the interaction of KIF20A and IMP
proteins in vitro, I expressed and purified the KIF20A fragments also with MBP and
His6 tags (Fig. 3A). Similar to the KIF11 fragments, all the fragments of KIF20A were
not monomeric in solution and eluted close to void volume in SEC S200. Using an
MBP pull-down assay, as the experiments performed previously with KIF11 proteins,
there were also weak bands that corresponded to the molecular mass of RRM12
domain (Fig. 3B). However, when I eluted the KIF20A proteins from the amylose
resin with 15 mM maltose, instead of boiling the resin, I could no longer detect any
interaction with IMP RRM12 domains (Fig. 3C).
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Figure 3. MBP pull-down of KIF20A fragments with RRM12 domains. (A) Scheme of
KIF20A domain structure. Tested protein boundaries were indicated with numbers. (B)
Pull-down of recombinant KIF20A fragments with RRM12 domains of IMP1-3. Finally,
samples were boiled on beads. There are two lanes of fragment 558-890 from two
batches of purification. (C) Repeat the pull-down of some KIF20A fragments with IMP3
RRM12. Proteins were finally eluted with elution buffer containing 15mM maltose.
KIF20A 558-816 has two fractions from two independent purification batches.

4.3.3 Interaction of Myosin Va and IMP proteins
In hippocampal neurons, the interaction between Myosin Va and IMP1, which
was also shown RNA-independent, was demonstrated by co-immunoprecipitation
(Co-IP) of endogenous and overexpressed proteins (Nalavadi et al., 2012). To
determine if Myosin Va can directly interact with IMP proteins in vitro, I expressed
and purified Myosin Va CBD domain with N-terminal GST and His6 tag (Fig. 4A). In a
GST pull-down experiment, IMP1 was not detected, however a small amount of IMP2
and IMP3 were found to interact with the Myosin Va CBD, when the proteins were
eluted from the resin using GSH (Fig. 4B). In contrast, when the samples were boiled
from resin, all three IMP proteins were detected together with Myosin Va CBD (Fig.
4B). Importantly, IMP2 was found to bind the glutathione resin non-specifically.
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Figure 4. Biochemical characterization of interaction between IMPs and Myosin Va
CBD. (A) Domain scheme of IMPs and Myosin Va. (B) GST pull-down of Myosin Va CBD
with MBP tagged IMP proteins. Left four lanes are samples eluted by GSH containing
buffer. Right four lanes are proteins boiled from GST-affinity beads. Red arrow points
GST-His6-Myosin Va CBD and blue arrow indicates bands of IMPs size. (C) SEC
analysis of Myosin Va CBD and IMP1 1-563.

The size exclusion chromatography confirmed that there was no direct
interaction between Myosin Va CBD and IMP1, which also demonstrated the
recombinant Myosin Va CBD was a well-behaved protein in solution (Fig. 4C). I also
tested two longer fragments containing Myosin Va CBD domain, 1275-1855aa and
1338-1855aa fused with an N-terminal MBP-tag. Both of them have good behavior in
vitro but no interaction found with IMP full-length proteins or the isolated RRM12
domains via SEC (data not shown).

4.3.4 Development of tethering assay for measuring RNA motility
Since I was unable to confirm any of the reported interactions between IMP
family members and motor domains, I wanted to design an assay that would allow
the ability of RNA-binding proteins to recruit molecular motors to be monitored in
cells. To this end, I modified the MS2 system for imaging single mRNAs in living cells
by fusing the domains of RNA-binding proteins to the MCP-GFP protein that is used
to visualize the mRNAs (Fig. 5). In this approach, HeLa cells express the reporter
mRNA with 24xMS2 stem-loops in the 3’-UTR that can be imaged by co-expression
of MCP-GFP fusion proteins. The MCP-GFP fusion protein contains 2xMCP, which is
a single-chain tandem dimer consisting of two MCP molecules (also named tdMCP)
and promotes the dimerization of MCP that is required for binding the MS2 stem-loop
(Peabody and Lim, 1996; Wu et al., 2012). The tandem MS2 stem-loops (24 repeats)
help to increase the fluorescent brightness of per reporter mRNA particle and
maximize signal to noise ratio (Fig. 5). Reporter mRNAs imaged with only MCP-GFP
randomly diffuse through the cytoplasm and show no directed motions. By fusing the
MCP-GFP with additional domains from RNA-binding proteins, any changes in RNA
mobility can be directly measured. While RNA localization is not routinely studied in
HeLa cells, this cell line has been shown to express a large number of kinesin,
dynein and myosin motors, which made it a reasonable system for establishing this
approach (Maliga et al., 2013).
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Figure 5. Designing of mRNA mobility tethering assay. By binding to MS2 stem-loops
through MCP, fused RRM12 and GFP are recruited to reporter mRNA together,
enabling visualization of reporter mRNA with live cell imaging. In this system, study of
RRM12 domain function for reporter mRNA transport could be independent of its RNA
binding ability.

One day before imaging, HeLa cells expressing the reporter mRNA
containing the Renilla Luciferase coding sequence and 24xMS2 stem-loops, were
transfected with the plasmid expressing RRM12-2xMCP-2xGFP. The following day,
the transcription of the reporter mRNA was induced by doxycycline for 2 h, followed
by live cell imaging using a spinning-disk confocal microscope. In cells expressing
the MCP-GFP fusion proteins with IMP1 RRM12 and IMP2 RRM12, there were many
transcripts whose mobility was similar to that of MCP-GFP alone (Fig. 6Aleft&middle). Interestingly, in cells expressing the IMP3 RRM12 fused protein,
reporter transcripts could be identified that showed continuous or linear movement
that might indicate movement along microtubules (Fig. 6A-right). However, the
number of mRNAs that showed these movement patterns was very low.
In order to quantify the mobility of the RNAs, I generated stable cell lines
expressing the IMP RRM12-MCP-GFP fusion proteins and sorted the cells according
to GFP expression levels for single mRNA imaging. The analysis of the images was
performed with a single particle tracking program (NIS, Nikon) and a Matlab program
(Diff2Fit_Pipeline, generated by Franka Voigt for two diffusion components fit). In
contrast to a 1-component-fit algorithm, the 2-component-fit analyzed trajectory
displacements and calculated diffusion coefficients more accurately by dividing RNA
movements into two groups, slow (D2) and fast moving (D1) types. A control vector
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expressing stdMCP-stdGFP (std: synonymous tandem dimer, a modified version of
2xMCP-2xGFP) fused with a nucleus localization sequence (NLS) and a HA tag was
also tested (Fig. 6B). Compared to the control, there was an increase in the fraction
of RNAs that showed reduced mobility (D2<0.06 µm2 S-1) in IMP3 RRM12-stdMCPstdGFP expressing cells (Fig. 6B,C). Interestingly, I no longer observed any RNAs
that underwent directed movements.

Figure 6. Live cell imaging of reporter mRNA spots of tethering assay. (A) Imaging of
mRNAs in HeLa cells that express RRM12-2xMCP-2xGFP by transient transfection. The
directed and linear moving path of an mRNA dot is showed in blue line and marked
with red rectangle that is further zoom in with a separate window. (B) Imaging of mRNA
in stable HeLa cell lines with integrated RRM12-stdMCP-stdGFP or NLS-HA-stdMCPstdGFP coding sequence. (C) Analysis of trajectory displacements (black dots) of
mRNA spots and calculation of spots diffusion coefficients. Red line is 1-componentfit, generating one diffusion coefficient. Blue is 2-component-fit, generating two
diffusion coefficients, D1 and D2 with their respective percentage.
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To verify the phenotype of static mRNA spots, the system was further
optimized. First, the NLS-HA tag was added to RRM12 fusion protein, so that the
free NLS-HA-IMP RRM12-stdMCP-stdGFP was localized within nucleus, to improve
the signal to noise ratio in cytoplasm (Fig. 7A). In order to reduce cell-to-cell variation
in shape and size, I used a CYTOOchip (CYTOO, 10-015-00-18) to culture cells for
imaging. Micropatterns are printed on the slide that enables cells to attach and
spread in a defined geometry (Fig. 7A). I imaged cell lines expressing all three IMP
RRM12-MCP-GFP and the control cell line. After mRNA trajectory and diffusion
analysis with Diff2Fit_Pipeline, the diffusion coefficients, D1 and D2, and their
percentage of all trajectories were calculated (Fig. 7B). In cells expressing the
RRM12 fusion proteins, more mRNA spots are less mobile, especially for IMP1
RRM12, compared to the control vector (Fig. 7B). A decreased RNA mobility was
also observed by Varun Bhaskar, a postdoc in the group, who tethered the RH1
domain of RILPL2, which is known to interact with myosin Va, to MCP-GFP.
Previously, however, I could not verify a direct interaction between Myosin Va and
IMP full-length proteins (see 4.3.3) or the individual RRM12 domains (data not
shown).
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Figure 7. Live cell Imaging of reporter mRNA tethered by NLS-HA-IMP RRM12-stdMCPstdGFP or control fusion protein and diffusion coefficient analysis. (A) The shape of
HeLa cells expressing control or RRM12 fusion proteins was uniformized by
CYTOOchip, which ensure all of the cells have the same shape more or less, to reduce
the bias because of cell-to-cell variability. (B) Calculated diffusion coefficients are
2

-1

indicated in numbers (µm S ) on top of the histograms. Y-axis is their corresponding
percentage of all trajectories analyzed.

4.3.5 Searching of protein binding partner of IMP proteins
The result of my RNA mobility tethering assay suggested that IMP RRM12
domain maybe able to recruit a motor that anchors RNA to the cytoskeleton, but the
identity of this factor was not known and it is not clear if this interaction was direct or
through an additional protein. To search for a protein binding partner for the IMP
proteins, I performed a pull-down assay using recombinant MBP-IMP full-length
proteins bound to amylose resin to incubate with HeLa cell extract.

Figure 8. Searching for proteins binding to IMPs. (A) Pull-down of MPB IMP1 with HeLa
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11HT cell lysate. The samples are visualized by silver staining of protein SDS-PAGE.
Five interesting bands were cut and performed in-gel digestion with trypsin overnight
at 37°C. (B) Mass spectrum identification of interesting protein bands, B1 to B5. I
picked hnRNP A1 (red arrow) for further test. (C) SEC analysis of IMP1 and full-length
hnRNP A1 with MBP tag.

The samples were loaded to SDS-PAGE, followed by silver staining (Fig. 8A).
Bands that were selected from the Hela extract were cut and treated with an in-gel
digestion protocol for mass spectrum analysis (Fig. 8A). In each band, there were a
few proteins detected, while the protein hnRNP A1 only showed in band 4 as the
most abundant one (Fig. 8B). To determine if hnRNP A1 can directly bind to IMP1,
purified hnRNP A1 (15 µM) and IMP1 (10 µM) were incubated together and run over
a superpose 12 10/300 column. In this experiment, I did not detect a stable
interaction (Fig. 8C). The reasons could be that there is no direct interaction between
IMP1 and hnRNP A1 or the interaction is too weak to be detected via SEC or the
interaction is RNA-dependent. I also performed MBP pull-down using recombinant
IMP2 and IMP3 with HeLa cell extract but could not identify any protein candidate by
mass spectrometry analysis (data not included).

4.4 Summary and discussion
Biochemical verification failed to detect any direct interaction of reported
motors, KIF11, KIF20A and Myosin Va, with IMP full-length proteins and RRM12
domains (Fig. 1,2,3,4). One explanation could be that there is indeed no direct
interaction. Alternatively, the reason I did not find any positive interaction, especially
between reported IMP1 RRM12 and KIF11 tail domain (Song et al., 2015), could be
that the recombinant KIF11 fragments were not folded properly in vitro. I tried to
remove the MBP tag from recombinant KIF11 and KIF20A proteins, and found most
of the KIF11 and KIF20A fragments degraded during TEV cleavage, indicating their
instability (data not included). To get better behaved motor proteins, I will try to test
different fusion tags at the N-terminus or C-terminus, while expressing recombinant
motor fragments in insect cells can also be an alternative plan.
In the RNA mobility tethering assay, I found that the IMP RRM12 domains
reduced the movements of reporter mRNAs in HeLa cells. This is an interesting
result that could be followed up. To further characterize this phenotype, I can test
mutant versions of the RRM12 domain, such as abolishing its RNA binding ability by
mutating the aromatic residues on RRM1 β-sheet or destabilizing its conformation by
mutating residues in the interface of RRM1 and RRM2 (Jia et al., 2018). Usually the
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reduced mobility of RNA particles is due to anchoring with actin. Myosin Va is the
most widely studied motor that attaches on actin and it has been shown to be
associated with IMP1 in Co-IP assays (Nalavadi et al., 2012). I could try to
knockdown myosin Va to see if the reduced motility of RNAs change. On the other
hand, HeLa cell line is not optimal for monitoring RNA trafficking in cytoplasm. In
futher, I plan to use polarized cells, for example fibroblasts. Neurons or neuron-like
cells would be the best model to visulize mRNA transport patterns.
The pull-down assay was performed with purified MBP-IMP full-length
proteins, which did not identify any convincing binding partner from HeLa cell lysate
by mass spectrum and further biochemical characterization (Fig. 8). Silver staining of
protein gel gave very high background, preventing specific bands recognition.
Keeping the eluted samples in solution could be an alternative strategy for mass
spectrum analysis. In addition, it would be worth to try Co-IP with endogenous IMP
proteins in the RNA dependent or independent conditions.
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Chapter 5
Introduction of mRNA Translation Initiation Control

During translation initiation, many RNA-binding proteins and multi-component
complexes are involved. The translation initiation control is crucial for cells in
response to diverse stresses. This chapter introduces the background information on
canonical translation initiation, its regulation in integrated stress response (ISR) and
diseases associated stress granules.

Chapter 5 - Introduction of mRNA Translation Initiation Control

5.1 Canonical translation initiation
A majority of mRNAs in eukaryotic cells undergo canonical translation
initiation based on cap-dependent and start codon scanning mechanism. It can be
divided to the steps of 43S pre-initiation complex (PIC) assembly, mRNA activation
by eIF4F-eIF4B complex, loading of 43S to mRNA to form 48S PIC for AUG
scanning and joining of 60S following AUG recognition (Fig. 1).
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Figure 1. Sequential steps of canonical translation initiation. The active GTP-formed
eIF2 heterotrimer and initiator tRNA form TC (ternary complex). Together with eIF1,
eIF1A, eIF5 and eIF3, 43S PIC (pre-initiation complex) is assembled. In parallel, 5’ cap
region is bound by eIF4F complex (eIF4E, eIF4G and eIF4A) and eIF4B. With the
attachment of 43S PIC to mRNA, 48S PIC formed for scanning. Following optimal AUG
recognition, GTP on eIF2 hydrolyzes to GDP induced by eIF5, leading to the
dissociation of eIF2-GDP and eIF5. Further induced by GTP-eIF5B and joining of 60S
ribosome subunit, eIF1 and eIF1A are removed. The hydrolysis of GTP on eIF5B
mediates the dissociation of itself. eIF2B (a decamer with two copies of each five
subunits) is a guanian exchange factor, catalyzing GDP to GTP exchanging on eIF2
and at the same time displacing eIF5 from GDP-eIF2-eIF5 complex, thus allowing eIF2GTP to bind Met-tRNAi to form TC for a new initiation recycle (adapted from
Hinnebusch, 2017).

Assembly of 43S PIC
43S PIC is assembled by loading ternary complex (TC) that contains eIF2GTP and Met-tRNAi to 40S ribosomal subunit in a complicated reaction system
promoted by eIF1, eIF1A, eIF5 and eIF3 (Fig. 1). eIF2 is a heterotrimer consisting of
three subunits, termed as α, β and γ. The inactive form of eIF2-GDP is stabilized by
eIF5 and its change to active eIF2-GTP is catalyzed by eIF2B, a specific guanine
exchange factor (GEF). The GDP to GTP exchange rate is thought to be the limiting
step of translation initiation through controlling the amount of available TC. By
electron cryomicroscopy (cryo-EM), TC structure was visualized within partially
reconstituted yeast 48S PICs (open and closed conformations) at 4.0-6.0 Å
resolution (Hussain et al., 2014; Llacer et al., 2015), and mammalian 43S PIC at the
resolution of 11.6 Å. Also, there is a structure of free TC from archaea (Schmitt et al.,
2012). Compared to archaeal free TC, the reorientation of eIF2α was observed in
eukaryotic PICs. All of these structures showed how eIF2 subunits bind to the MettRNAi. eIF2γ and eIF2α form an extensive interface with Met-tRNAi, which appears to
be dynamic and capable of distorting the Met-tRNAi conformation within the PIC.
eIF3 is a complex with multiple subunits, involved in the whole initiation pathway from
promoting 43S PIC assembly to start codon recognition. It is the only factor that
differs dramatically in yeast and mammals: mammalian eIF3 contains 13 subunits,
while yeast eIF3 contains five essential subunits and one nonessential subunit
(Hinnebusch, 2017).
Attachment of 43S PIC to mRNA
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Attachment of 43S PIC to mRNA requires the cooperation with eIF4F
complex (eIF4E, scaffold protein eIF4G and eIF4A) and eIF4B that unwind the 5’
cap-proximal region (Fig. 1). eIF4E binds to m7G cap and the binding affinity is
enhanced upon its binding with eIF4G because of induced structural changes (Gross
et al., 2003; Volpon et al., 2006). The DEAD-box helicase eIF4A has two domains
that form a contiguous RNA-binding surface and alternates between inactive ‘open’
and active ‘closed’ conformations. Its helicase activity is strongly increased by
binding of eIF4G and eIF4B (Andersen et al., 2006; Rogers et al., 2001). eIF4G
functions as a scaffold for protein-protein interaction to bind eIF4E, eIF4A, poly(A)binding protein PABP and eIF3. eIF4B contains RRM (RNA recognition motif)
domains and binds single-stranded mRNA behind eIF4A to prevent mRNA reannealing and promoting processive unidirectional movement of eIF4A, which could
be part of the contribution to stimulate eIF4A helicase activity (Marintchev et al.,
2009).
Start codon scanning in the 5’UTR of mRNA
Following the attachment to mRNA, the 43S PIC starts to scan mRNA
downstream of the cap (Fig. 1). 43S PIC can scan unstructured 5’ UTR without
factors for unwinding of RNA secondary structure. This ability can be reduced
substantially by omission of eIF1A and almost abrogated by lack of eIF1 that suggest
movement of 43S PIC along mRNA requires the scanning-competent conformation
contributed by eIF1 and eIF1A (Passmore et al., 2007; Pestova and Kolupaeva,
2002). eIF3 is indispensable for 48S PIC formation, whereas it was shown to interact
with mRNA upstream of the E-site to form an extension of mRNA-binding channel
that may contribute to scanning (Pisarev et al., 2008). The 43S PIC is attached by
the interaction chain of cap-eIF4E-eIF4G-eIF3-40S, however, the mechanism of
these factors cooperation and transition from attachment to scanning remains
unknown (Jackson et al., 2010).
Optimal AUG recognition
Start codon recognition is a discriminatory mechanism of the exact match of
an AUG with the Met-tRNAi anti-codon. The first AUG triplet is usually located in an
optimum context, termed the Kozak sequence (GCC(A/G)CCAUGG) (Kozak, 1991).
eIF1 has been found as a critical component to ensure initiation fidelity. One of its
multiple roles is to enable 43S PIC to discriminate against non-AUG triplets and AUG
triplets with poor context or located within 8 nucleotides of the mRNA 5’ end (Pestova
et al., 1998; Pisarev et al., 2006). When eIF1 is absent, 48S complex with partial
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base pairing can still form and continue to subsequent steps, because the 48S PIC
stability is not challenged. However, the mismatched tRNA may be ejected, since
such 48S complex does not have the same conformation with eIF1 presenting
(Jackson et al., 2010). With our current knowledge, during scanning, eIF1 cooperates
with eIF1A to promote an ‘open’ conformation of 43S PIC, whereas with base paring
of codon-anticodon, eIF1 is displaced and eIF1A-40S interaction gets tighter that
switches the complex conformation to ‘closed’ (Lomakin et al., 2003; Maag et al.,
2005; Unbehaun et al., 2004). eIF1A were reported to have opposite effects on AUG
recognition with its N-terminal tail that promotes 48S PIC ‘closed’ conformation
decreasing initiation accuracy and C-terminal tail that increase the stringency of AUG
selection by promoting ‘open’ conformation of 48S complex (Fekete et al., 2007).
Formation of 80S ribosome
The last step is the joining of 60S subunit (Fig. 1). AUG recognition is
followed by GTP hydrolysis of the TC that is activated by eIF5, a GTPase activating
protein (GAP) that interacts with eIF2β and stimulates the GTPase activity of eIF2γ
(Jackson et al., 2010). Premature GTP hydrolysis from eIF2 within the 43S PIC and
subsequent release of Pi are repressed by eIF1, which is displaced after the
establishment of codon-anticodon base pairing (Maag et al., 2005). Hydrolyzed eIF2GDP has lower affinity for Met-tRNAi and partially dissociates from the 40S subunit
together with eIF5 (Kapp and Lorsch, 2004). Further dissociation of eIF1, eIF1A,
eIF3 and residual eIF2-GDP, as well as 60S subunit joining to assemble 80S
ribosome is induced by a ribosome-dependent GTPase factor eIF5B whose release
is mediated by its own GTP hydrolysis (Pestova et al., 2000; Unbehaun et al., 2004).
Summary
Biochemical characterizations on the activities of translation initiation factors
and the interaction networks of initiation complexes have advanced our knowledge of
the whole initiation process. The recent high-resolution structures of PICs containing
different combinations of factors also provided important information at atom-level for
understanding the mechanism underlying start codon recognition. Cryo-electron
microscopy structures with higher resolution and more components will provide
further insights into the organization of multi-subunit eIF3 and the 48S PIC at
open/closed conformations. Additionally, it should be noted that there are also noncanonical translation initiation modes. One example is Internal Ribosomal Entry Site
(IRES) that is cap-independent and does not require start codon scanning from
mRNA 5’ end. In addition, there is also non-AUG translation initiation (e.g., CUG and
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GUG) that is used at an astonishing frequency during development or stress (Kearse
and Wilusz, 2017).

5.2 Translation initiation control under stress
In eukaryotic cells, the integrated stress response (ISR) is a common but
elaborately adaptive pathway that is activated by a range of stress stimuli from
physiological changes and different pathological conditions, in order to restore
cellular homeostasis (Wek et al., 2006). All the extrinsic (e.g., amino acid deprivation
and viral infection) and intrinsic (unfolded protein accumulation on endoplasmic
reticulum) ER stresses, as well as the oncogene activation within cancer cells,
induce ISR through the phosphorylation of eIF2α subunit on its Ser51 (Ron, 2002).
Phosphorylated eIF2 is more tightly associated with eIF2B decreasing the eIF2B
GEF (guanian exchange factor) activity, which reduces global protein synthesis but
increase the expression of selected genes (e.g., ATF4) to aid cell survival and
recovery or to execute cell death.
eIF2 Kinases involved in ISR
There are four well-known serine/threonine eIF2α kinases (PERK, HRI,
GCN2 and PKR) that act in the upstream of ISR pathway and respond to diverse
stresses (Fig. 2). To be functional, each one forms a homodimer and autophosphorylates itself (Lavoie et al., 2014). They all share extensive homology within
their kinase catalytic domains, but have distinct regulatory domains, reflecting their
unique roles in responding to specific types of stress (Harding et al., 1999; Meurs et
al., 1990; Ramirez et al., 1991). The PKR-like ER kinase (PERK) is located in ER
membrane and is activated by ER stresses, such as accumulation of unfolded
proteins in the ER lumen. Dissociation of GRP78 from PERK upon misfolded or
unfolded proteins is thought to be the classical mode to activate PERK (Bertolotti et
al., 2000; Harding et al., 1999), whereas recent studies suggest that PERK may also
be activated by binding directly to unfolded or misfolded proteins with its luminal
domain (Gardner and Walter, 2011; Korennykh and Walter, 2012). Also, in cancer
cells, the ISR can be triggered by oncogene activation through PERK, which was
demonstrated by induction of PERK/eIF2α-P/ATF4 in a premalignant model of
melanoma with amplified HRAS (Denoyelle et al., 2006). General control nonderepressible 2 (GCN2) conserved from yeast to human is activated by amino acid
deprivation and UV light. The mammalian PKR is induced mainly by viral infection
with double-stranded RNA (dsRNA) to inhibit subsequent viral and host protein
translation through eIF2α-P (Balachandran et al., 2000; Lee and Esteban, 1993). It

110

Chapter 5 - Introduction of mRNA Translation Initiation Control
can also respond to various stresses, such as ER and oxidative stress, but in a
dsRNA independent manner (Lee et al., 2007; Shimazawa and Hara, 2006). Different
from above three kinases having broad tissue distribution, HRI is mainly expressed in
erythroid cells in response to heme deprivation (Han et al., 2001). Binding of heme
promotes disulfide bond formation between HRI monomers to keep them in an
inactive dimer conformation, thus inhibiting the kinase activity, while in the absence
of heme, HRI forms an active dimer with non-covalent interactions (Acharya et al.,
2010; Hirai et al., 2007). It can also be activated by diverse stresses with the aid of
heat shock proteins HSP90 and HSP70, however, the mechanism remains unknown
(Lu et al., 2001). These four kinases have overlapping functions, suggesting that they
can act cooperatively to ensure cells response to a range of stresses.

Figure 2. Integrated stress response pathways. Four kinases activated by different
types of stress all phosphorylate the α subunit of eIF2. GDP-eIF2(α-P) binds to eIF2B at
an increased affinity, resulting in decreased catalytic activity of eIF2B. The reduction of
free GTP-eIF2 for initiator tRNA binding leads to the repression of global translation
initiation. In contrast, a small group of genes shows elevated expression, including
ATF4 and CHOP that are important for cell survival from stress or inducing apoptosis.
GADD34 is also stress induced at downstream of ATF4, increasing phosphatase
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activity of PP1. CReP is constitutively expressed to form complex with PP1 to dephosphorylate eIFα-P. The Compounds of Salubrinal and Guanabenz as well as its
derivative Sephin1 are ISR enhancers by inhibiting PP1 phosphatase activity, whereas
ISRIB is an ISR inhibitor that restores global translation and inhibits stress-induced
genes up-regulation through enhancing eIF2B GEF activity independently on eIF2α
phosphorylation.

eIF2α phosphorylation for translation regulation
eIF2 is the center point of the ISR. It is a heterodimer with three subunits and
its GTP binding state recruits initiator tRNA to from TC for translation initiation. Under
stress, Ser51 of the α subunit is phosphorylated by one or more of the eIF2 kinases,
resulting in increased binding affinity of eIF2α-P with eIF2B, converting eIF2-GDP
from a substrate to a competitive inhibitor of eIF2B. The reduced levels of TC cause
the inhibition of the global protein synthesis (Fig. 2). Homozygous mutation of eIF2α
Ser51 (e.g., S51A/S51A) can effectively prevent its phosphorylation allowing normal
translation even under stress conditions, however, cells with this mutation were
hypersensitive to stresses or unable to induce autophagy upon viral infection and
starvation (Scheuner et al., 2001; Talloczy et al., 2002).
When the bulk protein synthesis is inhibited by eIF2α-P, selected mRNAs are
preferentially translated during the ISR, including ATF4, ATF5, CHOP and GADD34.
These mRNAs have short upstream open reading frames (uORFs), which inhibit the
main ORF translation in unstressed cells (Fig. 2). Under stress conditions, the
translation of main ORFs is increased, in which the mechanisms are not entirely
understood and have been thought to occur by re-initiation, leaking scanning or IRES
(Chan et al., 2013; Rzymski et al., 2010). ATF4 is a basic leucine zipper (bZIP)
transcription factor that belongs to the activating transcription factor family. Upon the
stress of unfolded or misfolded proteins, ATF4 induces the expression of chaperones
to help reduce protein accumulation on ER (Luo et al., 2003). It has also been shown
that ATF4 increases the expression of the transcription factor CHOP (C/EBP
homologous protein). Both ATF4 and CHOP induce the up-expression of GADD34
(growth arrest and DNA-damage inducible 34, also known as protein phosphatase 1
regulatory subunit 15A or PPP1R15A) that is a regulatory cofactor of the catalytic
subunit (PP1c) of protein phosphatase 1 (PP1) (Brush et al., 2003). The increased
GADD34-PP1 complex enhances de-phosphorylation of eIF2(α-P) to act as an
important negative feedback loop to restore general protein synthesis once ISR
signals terminate that enables cell recovery (Ma and Hendershot, 2003; Marciniak et
al., 2004). GADD34 may also play an important and independent role in apoptosis
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induction (Farook et al., 2013; Shi et al., 2004). Apart from stress induced GADD34,
the constitutively expressed paralogue CReP (constitutive repressor of eIF2α
phosphorylation, also termed as PPP1R15B) forms a complex with PP1c in
unstressed cells to maintain translational homeostasis through ensuring low levels of
eIF2(α-P) (Jousse et al., 2003). Interestingly, G-actin was recently identified as a
crucial and conserved component of the eIF2α phosphatase complex indicating the
involvement of cytoskeletal dynamics in regulating the stress response (Chambers et
al., 2015; Chen et al., 2015).
ATF4 is a key factor that decides cellular fate through forming homodimer or
different heterodimers with other bZIP transcription factors to regulate gene
transcription and guide cellular outcome (Pakos-Zebrucka et al., 2016). By binding to
the C/EBP-ATF response element (CARE), ATF4 alone can induce the expression of
CHOP and ATF3. Furthermore, the heterodimer of ATF4 with ATF3 selectively
induces the transcription of genes that promote cells to re-establish homeostasis,
while the ATF4-CHOP heterodimer increases the transcription of genes that lead to
cell death (Ohoka et al., 2005; Wang et al., 2009). In this way, by association with
various transcription factors and proteins, ATF4 modulates the transcriptome of the
cell in response to different stresses (Pakos-Zebrucka et al., 2016). The effects of
eIF2α-P based ISR activation are integrated outcomes of stress type (nature,
duration and severity), eIF2α-P extent and the protein level of ATF4 and other bZIP
transcription factors. Generally, a short-duration ISR is an adaptive and pro-survival
response for resolving stress and cell recovery, whereas a prolonged ISR can guide
cell to apoptosis (Jiang and Wek, 2005). De-phosphorylation of eIF2α-P aids
stressed cells to terminate the ISR. ATF4 and the products of its target genes (prosurvival genes, ATF3 and GADD34) promote cells to adapt and recover from
stresses (Pakos-Zebrucka et al., 2016). When general protein synthesis fails to
restore, CHOP increases the transcription of pro-apoptosis genes (Romero-Ramirez
et al., 2017). With these studies, important questions arise concerning how the cells
are regulated to switch between pro-survival and pro-death signaling during ISR.
Therapeutic studies targeting ISR
Since eIF2α phosphorylation from ISR is related to diverse diseases, such as
various cancers, CNS (central nervous system) injury and neurodegenerative
diseases, ISR is becoming a therapeutic target for these diseases treatment. To
inhibit the ISR as a strategy for overcoming resistant cancers or targeting neuronal
diseases, there are inhibitors of eIF2α kinases, such as GSK2606414 and
GSK2656157 that trap PERK in an inactive state and prevent its auto-
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phosphorylation (Axten et al., 2012; Axten et al., 2013). In a mice model, treatment
with GSK2656157 showed a significant reduction in the growth of human xenograft
multiple myeloma and anti-angiogenic activity (Palam et al., 2015). Another
compound ISRIB (ISR inhibitor) is drawing much more attention, recently. It does not
affect the level of eIF2α phosphorylation but effectively reverse global translation
inhibition and the expression of ISR induced genes (e.g., ATF4) through enhancing
eIF2B GEF activity when bound to eIF2(α-P) (Fig. 2). By restoring overall protein
synthesis, ISRIB impairs cell adaption to chronic ER stresses. Interestingly, ISRIB
can dissolve assembled stress granules caused by eIF2 (α-P) (Sidrauski et al.,
2015), suggesting an application in neurodegenerative diseases associated with the
formation of RNA-protein aggregates. Moreover, the applications of ISRIB
surprisingly showed significant enhancement of cognitive memory and fearassociated learning in mouse models treated by food/light-dark stress or with
traumatic brain injury (Chou et al., 2017; Sidrauski et al., 2013).
Alternatively, there are also other pharmacological small molecules that
activate the ISR signaling by activating eIF2α phosphorylation independent of
upstream stresses or by inhibiting eIF2α-P de-phosphorylation through phosphatase
inhibitors. For example, the compound CCT020312 induces eIF2α phosphorylation
as a selective PERK activator without eliciting general unfolded protein response
(Stockwell et al., 2012). ISR enhancement by drug-induced activation of eIF2 kinases
can be exploited in combined therapies against resistant cancers, since it can
activate G1/S checkpoint by eIF2α-dependent depletion of cyclin D (Stockwell et al.,
2012). Drugs targeting eIF2α de-phosphorylation include salubrinal and guanabenz.
Salubrinal, whose direct target remains unknown, inhibits both of GADD34-PP1
(stress induced) and CReP-PP1 (constitutively expressed) complexes thereby
reducing eIF2α-P de-phosphorylation and protein synthesis on ER (Fig. 2) (RomeroRamirez et al., 2017). It was discovered from a high-throughput screen of
compounds with cytoprotective effect on attenuation of protein synthesis and against
ER-stress-induced cell death (Boyce et al., 2008). Guanabenz and its derivative
Sephin1 both act on GADD34-PP1 complex, not CRep-PP1, to inhibit the
phosphatase activity (Fig. 2). Guanabenz does not selectively inhibit GADD34 and
can bind α2-adrenegeric receptor at nanomolar affinity that leads to adverse effects,
whereas Sephin1 selectively inhibits GADD34 and does not bind α2-adrenegeric
receptor, thus less side effects were observed than Guanabenz (Das et al., 2015).
Both Guanabenz and Sephin1 were reported to show beneficial effects in models
with degenerative diseases, particularly where protein mis-folding plays a role in
disease phathogenesis, including traumatic brain injury (TBI) and amyotrophic lateral
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sclerosis (ALS) (Das et al., 2015; Dash et al., 2015). These drugs appear to function
by slowing down protein synthesis ensuring prolonged time for protein folding within
ER and eventually protecting cells from deleterious effects of proteotoxicity.
Summary
While the diverse signaling pathways of ISR are becoming better
characterized, there are still gaps in our knowledge. We know all stresses converge
on eIF2α phosphorylation by four eIF2 kinases, but it is still unclear how the cells
manage tailored response to diverse stresses. Also, the mechanism for ISR induced
expression of mRNAs with uORFs has not been well described, as well as the
biological function of uORFs peptides. As we only know a few examples of selective
translated mRNAs during ISR, it will be necessary to identify other factors to draw a
clearer picture of the ISR downstream pathway. Importantly, pharmacological study
targeting ISR will be a promising strategy to treat a number of cancers and neuronal
disorder diseases.

5.3 Stress granules and diseases
Stress granules (SGs) are cytoplasmic compartments without membranes
and they maintain their defined protein and RNA compositions relying on the multivalency of RNA and multi-domain proteins as well as low-affinity interactions
between proteins with prion-like/low-complexity domains. Unlike other RNA granules
that are constitutively present in cells (e.g., transporting granules and P-granules),
SGs are specifically formed during cellular stresses, such as viral infection, oxidative
and unfolded protein stress. In response to stresses (ISR), global translation is
inhibited and mRNAs accumulated into stress granules for spatial-temporal storage,
some of which even contain 40S ribosome subunit and translation initiators. SGs can
disassemble once the stress is solved with mRNAs going back to cytosol for further
translation or other procedures. Notably, in the neurons of patients with ALS,
frontotemporal lobar degeneration (FTLD) and other neurodegenerative diseases,
cytoplasmic inclusions are observed with similar morphology and overlapping
compositions with endogenous SGs, which suggest that the aberrant assembly or
persistence of these structures may underlie neuronal pathogenesis (Fan and Leung,
2016).
Stress granules with neurological diseases
Many mutated proteins linked to degenerative diseases are RNA-binding
proteins and localize to stress granules, such as TDP-43, FUS, SMN, hnRNPA1, and
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TIA-1. The mutated forms of these proteins often show increased aggregation in vitro
and trigger aberrant SGs assembly in vivo (Johnson et al., 2009; Wolozin, 2012).
The affects of mutated proteins that cause diseases can be suppressed by the
depletion or loss of factors that promote SGs assembly (Elden et al., 2010; Ritson et
al., 2010). TAR DNA-binding Protein 43 (TDP-43) and Fused in Sarcoma (FUS) are
two components that are found in a majority of inclusion bodies. TDP-43 belongs to
the hnRNP family, containing two putative RRMs that prefers to GU-rich intron
sequences (Tollervey et al., 2011) or exceptionally long introns (Lagier-Tourenne et
al., 2012), one glycine-rich C-terminal PrLD and one nuclear localization signal (NLS)
in the N-terminus. As a consistent component of endogenous SGs, TDP-43 is also
present in 97% of ALS and 45% of FTLD inclusions. FUS contains a contiguous pair
of PrLDs at the N-terminus, an RRM, two RGG domains one of which is separated
by a zinc finger, and a NLS at the C-terminus (Fan and Leung, 2016). Different from
TDP-43, depletion of FUS does not affect the assembly and normal behavior of SGs.
Also endogenous FUS is not a common SG component, whereas it localizes
predominantly in the nucleus during the ISR (Aulas et al., 2012). Even though it is
less abundant in neurological inclusions (<1% in ALS, ~9% in FTLD), FUS is similar
to TDP-43 in many functional ways and disease phenotypes. For example, in ALS
and FTLD disease models, both of these two proteins are significantly recruited to
SGs and their mutations are linked to aberrant SGs. Most of ALS-related mutations
on TDP-43 specifically clustered in its C-terminal PrLD and showed enhancement on
aggregate stability, which most likely apply to FUS as well (Barmada et al., 2010;
Vance et al., 2013). A current model to explain this is that TDP-43 and FUS act as
granule-promoting factors through their PrLDs and mutations within them strengthen
the protein-protein interactions that prevent their return to the cytoplasm and nucleus
after stress release. As a consequence, persistent SGs are observed, trapping
mRNAs and other mRNP factors in such granules to cause altered regulatory
networks. Supporting studies showed up-regulation of autophagy or impairing
aberrant SGs assembly inhibited ALS pathology in model systems and patients
(Fornai et al., 2008; Kim et al., 2014; Zhang et al., 2014).
Relation between stress granules and cellular toxicity
Whether aberrant SGs are necessary to convey cellular toxicity is still elusive,
and the precise mechanism of how pathologies proceed from aberrant accumulation
of TDP-43 or FUS is also poorly understood. In yeast models, C-terminal PrLD of
TDP-43 is necessary and sufficient for both cytoplasmic localization and aggregation,
but to induce cellular toxicity, the intact RRM2 domain has to be involved. Moreover,
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proteins with only two RRMs or PrLD showed cytoplasm localization and aggregation
but did not cause abnormal cell growth (Johnson et al., 2008). For FUS, the Nterminal PrLD, RRM and first RGG domain are required to promote cell death
because of toxic aggregation (Sun et al., 2011). Notably, the aggregation of both of
TDP-43 and FUS with SGs has been shown as RNA-dependent (Vance et al., 2013),
since deletion of RRMs from them rescued the deleterious affects with ALS mutants
(Daigle et al., 2013). Additionally, sequestration of signaling factors to aberrant
granules, which regulate growth and apoptotic decisions, may also be important to
disease progression (Takahara and Maeda, 2012; Thedieck et al., 2013). Taking into
account the diverse functions of TDP-43 and FUS, such as alternative splicing of
FUS mediated by TDP-43 mutant, defected nucleus/cytoplasm shuttling of FUS
mutant and neuronal transport impaired by disease alleles of TDP-43, it will be
important to illustrate the causes of cellular toxicity and answer the question
concerning why neurons are particularly susceptible to the mutations that mediate
cytoplasmic aggregations.
Stress granules and cancers
The contribution of stress granules to cancer has also been described in
some cases. These SGs are non-canonical containing different components from
normal SGs by inclusion or exclusion of specific signaling molecules that affect cell
variability. Their assembly can be eIF2α phosphorylation dependent or independent,
and can promote cancer cell survival or death (Anderson et al., 2015). For example,
treatment with drugs Bortezomib and 5-Fluorouracil induced SGs formation via eIF2α
phosphorylation, which has been linked to the survival of diverse cancer cells
(Fournier et al., 2010; Gareau et al., 2011; Kaehler et al., 2014). In contrast, sodium
selenite, Pateamine A (PatA), hippuristanol and silvestrol disrupt canonical
translation initiation complex to trigger the assembly of SGs and have been used as
anti-cancer therapeutics by promoting selective apoptosis of cancer cells. In these
four cases, SGs assemble in an eIF2α-P independent manner. Selenite acts on
eIF4E-binding protein 1 (4EBP1) that disrupts the translational-competent eIF4F
complex to induce the formation of SGs, thus facilitating cell death instead of cell
survival in response to treatment stress (Fujimura et al., 2012). The other three PatA,
hippuristanol and silvestrol all target eIF4A to affect the eIF4A activity, reducing
eIF4F complex level for translation and inducing SGs formation, thus allowing the
activation of apoptosis (Bordeleau et al., 2005; Bordeleau et al., 2008; Dang et al.,
2006; Mazroui et al., 2006).
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Some SGs associated proteins are implicated in orchestrating cell
proliferation, cell death and cell survival. eIF4E (cap-binding protein) is a component
of eIF4F complex and its expression is elevated by ~30% in many cancers
(Anderson et al., 2015). As an oncogene, even modest overexpression of eIF4E
enhances cancer cell proliferation and resistance to cell death (Polunovsky and
Bitterman, 2006). Since eIF4E is a necessary factor of cap-dependent translation, a
specific group of mRNAs that encode cancer-related protein kinases, transcription
factors and cell cycle/apoptosis regulators, are particularly sensitive to its levels
(Holcik and Sonenberg, 2005; Sonenberg and Hinnebusch, 2009). Besides, RACK1
and the conserved RNA-dependent helicase DDX3 are both SG-associated proteins
and observed with dual functions on either suppressing or promoting cancers
depending on their specific binding partners in specific signaling pathway (Anderson
et al., 2015). Considering the complexity and diversity of SG components under
different conditions, it will be beneficial to investigate the crosstalk between RNA
granules and apoptotic machinery in order to reveal how cancer cells decide to cell
survival or cell death.
Summary
The significant progress of the last decade has demonstrated SGs rely on
dynamic, low-affinity protein-RNA and protein-protein interactions. It is increasingly
certain that these interactions are promoted by PrLD-mediated oligomerization. The
aberrant assembly and disassembly of SGs have been linked to diverse neurological
diseases, however, the mechanism underlying the pathogenesis remains poorly
understood, largely due to the heterogenous and highly variable nature of SGs and
the disease class. For the therapy of SGs associated neuronal diseases, one
potential approach is to use drugs that target in disrupting the formation of SGs.
Since recent data suggest that the aggregation through PrLDs/LCDs (low complexity
domain) can be regulated by post-translational modifications within these domains, to
identify the enzymes that perform these modifications and further explore their
tissue-specific

activation/inactivation

may

provide

new

therapeutic

avenues

(Gambetta and Müller, 2014; Kwon et al., 2013; Kwon et al., 2014). Concerning the
treatment of SG-related cancers, chemotherapeutic drugs can induce the assembly
of non-canonical SGs and these granules can promote either cell survival or death.
Understanding the mechanisms of how these drugs induce SGs assembly and
regulate specific signaling pathways for cell survival or death will identify new targets
for cancer therapy. Additionally, single-molecular imaging of mRNAs and proteins
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accumulated in non-canonical SGs will aid researchers to characterize the dynamic
and variable properties of these SGs and the functions of disease-related proteins.
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Abstract
Eukaryotic translation initiation factor 2B (eIF2B) is the guanine-nucleotide exchange
factor (GEF) specific for eukaryotic initiation factor 2 (eIF2). eIF2B is a
heterodecameric complex containing two copies each of the α-, β-, γ-, δ- and εsubunits. Under stressed conditions, the guanine-nucleotide exchange is strongly
inhibited by the tight binding of phosphorylated eIF2 to eIF2B, and this inhibition
limits the supply of Met-tRNAi to initiate translation, leading to global translational
repression and enhanced translation of transcripts necessary for mounting the stress
response. A variety of mutations of human eIF2B subunits have been found in
neurodegenerative diseases, such as VWM (vanishing white matter). During the
course of my characterization of eIF2B, the eIF2B decamer organization details were
revealed by a crystal structure of S.pombe eIF2B and two cryo-EM structures of
human eIF2B in complex with a small molecule ISRIB, which can reverse the global
translation repression caused by eIF2α phosphorylation. The mechanism by which
eIF2B binds phosphorylated eIF2α more tightly, however, has not yet been
determined. I have now focused my efforts to reconstitute the human eIF2B in
complex with eIF2 in order to better understand how this interaction is regulated
during stress.
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6.1 Introduction
Translation initiation is the process of scanning and decoding the AUG start
codon by methionyl initiator tRNA (Met-tRNAi) in complex with the pre-initiation
complex (Hinnebusch, 2017; Sonenberg and Hinnebusch, 2009). In the canonical
model of eukaryotic mRNA translation initiation, the small ribosomal subunit (40S) is
loaded onto to an mRNA with ternary complex (TC, consisting of eIF2+GTP+MettRNAi) at the cap structure and scans the 5′UTR for AUG recognition by Met-tRNAi
(Hinnebusch, 2011; Jackson et al., 2010). Following the AUG identification, the GTP
of TC is then hydrolyzed to GDP, which is stimulated by the GTPase-activator protein
(GAP) eIF5, leading to the release of eIF2-GDP-eIF5 from Met-tRNAi. With more
factors dissociating from initiation complex, the 60S ribosome subunit joins to form
80S initiation complex (Hinnebusch, 2017).
eIF2B is the guanine exchange factor (GEF) of eIF2, recycling inactive eIF2GDP to active eIF2-GTP, which is crucial for controlling the rate of translation in a
cell (Pavitt, 2005). It is comprised of five subunits, termed as α, β, γ, δ and ε, in order
of their increasing molecular weight. These five subunits are grouped into two
subcomplexes by sequence homology and complex formation; the regulatory
subcomplex containing α, β and δ subunits and catalytic subcomplex consisting of γ
and ε subunits (Koonin, 1995; Pavitt et al., 1998; Price et al., 1996). The catalytic
activity requires the HEAT domain that resides on the C-terminus and the NF motif
on the N-terminus of eIF2Bε, while eIF2Bγ was reported to bind GTP, enhance GEF
activity compared with ε alone and stimulate eIF5 releasing from eIF2-GDP together
with ε (Gordiyenko et al., 2014; Jennings et al., 2013; Wang et al., 2012). The
regulatory subcomplex of α, β and δ subunits is responsible for the eIF2B response
to eIF2 phosphorylation (Ser51 of eIF2α) in cells under stress conditions. In the
crystal structure of S.pombe eIF2B, the central cavity formed by α, β and δ subunits
was shown to be recognized by eIF2α-P N-terminal domain (NTD) through surfacescanning photo-cross-linking experiments (Kashiwagi et al., 2016). However, similar
cross-linking pattern was observed on eIF2α without phosphorylation, therefore, the
mechanism underlying the enhanced affinity for eIF2α-P is still unclear. To be
functional, eIF2B subunits assemble into a decamer, with two copies each of α, β, γ,
δ and ε (Gordiyenko et al., 2014). The crystal structure of S.pombe eIF2B and two
cyro-EM structures of human eIF2B all revealed the heterotetramer (βδ)2 together
with α2 homodimer form the hexameric regulatory subcomplex and the two γε
catalytic heterodimers bind on two opposite sides of the regulatory core (Kashiwagi
et al., 2016; Tsai et al., 2018; Zyryanova et al., 2018). In vitro isolation of
recombinant complexes showed mammalian eIF2B subunits can assign to these
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stable forms: decamer (αβγδε)2, tetramer (βγδε), homodimer α2 and heterodimer of
γε (Kashiwagi et al., 2016; Li et al., 2004; Tsai et al., 2018).
The integrated stress response (ISR) is a conserved mechanism for coupling
various upstream stresses to translation regulation. Under a variety of cellular
stresses, eIF2α was phosphorylated at Ser51, leading to the inhibition of eIF2B GEF
activity by the elevated binding affinity between eIF2α-P and eIF2B, which causes
rapid depletion of ternary complex and reduction in global protein synthesis. There
are four kinases involved in eIF2α-Ser51 phosphorylation during ISR: PERK, GCN2,
HRI and PKR, which are activated for example by accumulation of unfolded proteins,
amino acid deprivation, oxidative stress and viral infection respectively (Sidrauski et
al., 2015a; Wortham and Proud, 2015). In contrast to inhibition of overall protein
production, a small subset of mRNAs that contain small upstream open reading
frames (uORFs) in their 5’UTR can increase their translation in response to eIF2α-P
allowing the cell to mount an appropriate response to stress (Harding et al., 2003;
Wek et al., 2006). Among the ISR induced translational mRNAs, there are the wellstudied mammalian ATF4 (Activating Transcription Factor 4) and CHOP (a proapoptotic transcription factor) (Harding et al., 2000; Palam et al., 2011; Vattem and
Wek, 2004). Also, GADD34 is induced, which encodes the regulatory subunit of the
eIF2α phosphatase, in order to reduce eIF2α-P levels and allow stressed cells to
restore normal translation (Lee et al., 2009; Novoa et al., 2001).
ISRIB (integrated stress response inhibitor) was first identified as an inhibitor
of PERK signaling from a cell-based compound screen for molecules that reduced
ATF4 expression during stress. It was subsequently revealed that it acts downstream
of all four kinases (PERK, GCN2, HRI and PKR), rescues global translation and
inhibits

stress

granule

formation,

thereby

reversing

the

effects

of

eIF2α

phosphorylation (Sidrauski et al., 2013). Later, it was demonstrated that ISRIB
targets eIF2B and enhances eIF2B GEF activity during stress thus restoring overall
protein synthesis and inhibiting preferential translation of stress response mRNAs
(Sekine et al., 2015; Sidrauski et al., 2015b). In cryo-EM structures of human eIF2B
in complex with ISRIB, ISRIB binds within a deep cleft at a two-fold symmetry
interface of β and δ subunits, thereby stabilizing octameric architecture (βγδε)2,
which provides greater affinity for eIF2B(α2) binding, therefore stabilizing the
decameric eIF2B holoenzyme (Tsai et al., 2018; Zyryanova et al., 2018). Since eIF2
phosphorylation has been shown to be important for learning and memory, it was
reported that ISRIB-treated mice display enhancement in spatial and fear-associated
learning, while in two different mouse models with Traumatic brain injury (TBI), ISRIB
also rescued hippocampal-dependent cognitive deficits induced by TBI (Chou et al.,
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2017; Sidrauski et al., 2013). ISRIB has a half-life in plasma of 8 h and can rapidly
cross the blood-brain barrier, quickly equilibrating with the central nervous system
(Sidrauski et al., 2013). Based on these promising observations, the therapeutic
potential of ISRIB is currently being explored.
Additionally,

the

autosomal

recessive

inherited

neurological

disorder

leukoencephalopathy with vanishing white matter (VWM), also known as childhood
ataxia with central hypomyelination (CACH), is caused by mutations in the genes
encoding eIF2B subunits (Pronk et al., 2006). A large number of VWM-associated
mutations have been mapped onto every subunit of eIF2B, but the majority are
observed in eIF2Bε (Pavitt and Proud, 2009). Most of these mutations were identified
to effect on eIF2B GEF activity or decamer structure formation or substrate
interaction (Fogli et al., 2004; Li et al., 2004; Liu et al., 2011; Matsukawa et al.,
2011). Recent work revealed that eIF2B with various VWM-mutations, which
destabilize eIF2B holoenzyme structure and impair its GEF activity, can be targeted
by ISRIB that re-stabilizes the decamer form and elevates catalytic activity to wildtype level (Wong et al., 2018). Also ISRIB blocked the activation of ISR in cells
carrying these mutations (Wong et al., 2018). A few mutations were also mapped
onto the γ and ε subunits that only affect eIF5 displacement (Jennings and Pavitt,
2014; Jennings et al., 2013; Kashiwagi et al., 2016). However, there are still a
number of mutations that may not be explained by defects of eIF2B known functions,
suggesting VWM disease could result from undescribed functions of eIF2B (Liu et al.,
2011; Wortham and Proud, 2015).
Considering that eIF2B integrates diverse signaling pathways that regulate
translation initiation, there may be other mechanisms affecting eIF2B activity besides
eIF2 phosphorylation. It is possible that eIF2B subunits are regulated by
posttranslational modifications, such as phosphorylation or acetylation, while other
endogenous components, such as proteins or ligands, are also possible to bind
eIF2B, regulating its decamer assembly, GEF activity or novel functions yet to be
identified. Therefore, it is important to understand the different modes of eIF2B
regulation of translation control and identify other therapeutic compounds that target
eIF2B function in VWM or other nervous system diseases.
In this chapter, I describe my initial work on eIF2B decamer reconstitution
using E.coli and insect cells. For the expression system of insect cells, I assembled
the coding sequence of five subunits into a single baculoviral vector (biGBac), which
showed that all of α, β, γ, δ and ε subunits can be expressed together. Optimization
of expression and purification of eIF2B is ongoing. I also present the initial
expression and purification work of eIF2 subunits (α, β, γ) as well as the eIF2α
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Ser51Asp mutant version that mimics phosphorylation. The aim of this work is to
structurally and functionally characterize the eIF2B+eIF2 complex and search for
novel compounds that can target eIF2B with therapeutic potential.

6.2 Materials and Methods
6.2.1 Individual subunits preparation of eIF2B and eIF2 with E.coli cells
As described in previous chapters, full-length subunits of eIF2B and eIF2 were
cloned by PCR into a derivative of pMalc that contains a TEV protease site after
MBP tag. A C-terminal His6 tag was added by PCR to all the recombinant proteins. In
addition, constructs of eIF2B and eIF2 subunits within vector pET32a (Novagen,
69015-3) were also generated for their expression with a fused N-terminal Trx-Histag. The coding sequences of eIF2B subunits were ordered from Genewiz with
codon optimization for E.coli expression. Detailed expression and purification steps
are the same as previous chapters.
6.2.2 Co-expression of eIF2B subunits in E.coli cells
eIF2B β and δ subunits were cloned into two independent open reading frames of
pETDuet-1 vector respectively (Novagen, Cat.No. 71146-3), while γ, ε subunits were
cloned to pCOLADuet-1 vector that also contains two independent open reading
frames (Novagen, Cat. No.71406-3). Both of two vectors are designed for coexpression of two target genes from a single plasmid. Each vector has two multiple
cloning sites (MCS), which are both proceeded by T7 promoter, lac operator and
ribosome binding site. MCS1 encodes a N-terminal His6 tag for the fused proteins.
Individual pETDuet-1-β&δ or pCOLADuet-1-γ&ε was transformed to BL21(DE3) for
co-expression of β&δ or γ&ε. For co-expressing of β, δ, γ and ε subunits, pETDuet-1β&δ and pCOLADuet-1-γ&ε were co-transformed to BL21(DE3). E.coli culture and
protein induction were the same as individual subunit preparation described above.
Harvested cell pellet were resuspended in buffer 50 mM Tris pH 7.5, 0.5 M NaCl, 2
mM β-mercaptoethanol, 5 mM imidazole supplemented with one Complete EDTAfree protease inhibitor tablet (Roche), and were lysed by sonication. Cell debris was
removed by centrifugation, and the soluble fusion protein was purified by Ni-NTA
affinity or MBP-affinity chromatography. Samples during purification steps were
analyzed by SDS-PAGE.
6.2.3 Construct generation for expressing five subunits in one vector

134

Chapter 6 - Structural Studies of Human eIF2B
With corresponding forward primers all contain NotI restriction site and reverse
primers all contain KpnI restriction site, individual cDNAs of eIF2B five subunits were
amplified and inserted to the vector pLIB (from Nicolas Thomä lab) with insect cell
promoter and His-tag or strep-tag. Using five pairs of primers from Georg Petzold,
cDNA of α, β, γ, δ and ε together with promoter and tag sequences were amplified by
PCR and purified by PureLink PCR Purification Kit (Invitrogen). 100 ng linearized
pBIG1 vector (got from Georg Petzold) was mixed with five PCR products from last
step each of which are up to fivefold molar excess over the vector. In Gibson
assembly reactions, the needed reagents were added sequentially exactly as
described in the literature (Weissmann et al., 2016). 5 µl of the assembly reaction
was transformed into DH5α competent cells. After the standard steps of
transformation, cells were plated onto LB agar plates containing 50 µg/ml
spectinomycin. Plasmids were purified using QIAprep Spin Miniprep Kit (Qiagen),
analyzed by SwaI digestion and finally confirmed by sequencing.
6.2.4 Bacmid DNA generation
Following adding 5 µl pBIG1 plasmid assembled with five gene cassettes of eIF2B
subunits into DH10 competent cells and 30 min incubation on ice, the cells were heat
shocked at 42°C for 45 sec followed by adding another 900 µl LB medium. After
shaking at 37°C for 5 h, cells were plated onto LB agar plates containing 10 µg/ml
tetracyclin, 50 µg/ml kanamycin, 7 µg/ml gentamycin, 100 µg/ml Bluo-gal and 40
µg/ml IPTG. It took around two days to see white and blue colonies. Only pick white
colonies, which contain the recombinant DNA, and grow them in triple antibiotics
(same as LB plates) medium. To perform bacmid DNA purification, do the steps P1P3 of QIAprep Spin Miniprep Kit and centrifuge the lysate properly. The lysate was
poured into 800 µl ice-cold isopropanol and incubated for 30 min on ice. With
centrifugation for 10 min at 4°C, discard the supernatant and add 500 µl ice-cold 70%
ethanol to wash the pellet by inverting the tube. After 10 min, centrifuge at top speed,
discard ethanol and let pellet dry at room temperature in hood. Finally dried pellet
was resuspended in 50 µl elution buffer and concentration was measured with Nanodrop. Since the bacmidDNA is very big, it is better to store them in the fridge instead
of the freezer.
6.2.5 Virus Propagation
For insect cell transfection, 150 µl EX-CELL 420 medium, 8 µl cellfectin and 4 µg
bacmid-plasmid were mixed in 1.5ml-tube and incubated for 30 min at room
temperature. At the same time, spin down prepared sf9 cells at 1500 rpm for 5 min
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and resuspend them to 3 mio/ml (3x106) in fresh medium. Transfer 850 µl
resuspended sf9 cells and cellfectin transfection mixture to 10ml flasks and shake
them for around 5 h at 27°C. Additional adding 4 ml fresh EX-CELL 420 medium,
cells were incubated in 27°C shaker for 5 days.
To harvest cells above, they were transferred to a 15-ml tube and spin down at 1500
rpm for 7 min at 20°C. The supernatant (P0 viruses) was taken to a new 15-ml tube
and added 10% FBS for storage in fridge. Meanwhile, add 1 ml P0 viruses to 10ml
prepared sf9 cells (1.0 mio/ml) in a new 50-ml flask. With 3 days culture, do the same
procedures as harvesting P0 viruses to collect and store P1 viruses. Similarly, infect
25 ml sf9 cells (1.0 mio/ml) with 250 µl P1 viruses and culture for 3 days at 27°C.
Finally, by centrifuging sf9 cells, P2 viruses (supernatant) were stored at 4°C with
adding 10% FBS.
6.2.6 Small-scale expression test in Hi5 cells
5 ml Hi5 cells at the density of 4x106 cells/ml were diluted with 5 ml fresh SF900-II
medium and infected by 0.2 ml P1 or P2 viruses. With shaking for around 42 h at
27°C, cells were centrifuged at 1500 rpm for 5 min in 15-ml tube and the pellet was
resuspended in ice-cold lysis buffer 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM
TCEP, 1 mM PMSF and one tablet of protease inhibitor. Cells were sonicated at 15%
for 10s on ice (repeat three times) and then transferred to 2-ml tube for centrifugation
at 13200 rpm (30min, 4°C). The cleared supernatant was added to 25 µl Ni-NTA or
15 µl Strep-Marco-Prep that were pre-equilibrated with lysis buffer. Samples were
incubated on the shaking platform in the cold room for 1 h. After centrifugation for 1
min at 1800 rpm, the supernatant was discarded, followed by twice resin washing
with 600 µl lysis buffer on shaking platform for 20 min (additionally add 5 mM
imidazole for Ni-NTA resin). Following spinning for 1 min at 1800 rpm, supernatant
was discarded, and 20 µl of 2xSDS loading dye were added to resin. After placing
the samples at 95°C for 5 min, they were loaded to SDS-PAGE for analysis.
6.2.7 Large-scale expression
Following centrifugation of Hi5 cells (2 L at the density of 4 mio/ml) at 1500 rpm for
10 min, the supernatant was discarded and cell pellet was resuspended with 25 ml
P2 virus solution. The mixture was incubated in a shaker at 27°C for 1 h and
distributed equally to four liters of SF900 II medium that was supplemented with 100
U/ml Pennicillin and 100 µg/ml Streptomycin per liter. Generally, they were cultured
in dark in 27°C shaker for around 42-48 h. Cells were harvested by spinning at 1500
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rpm for 10 min. The supernatant was transferred back to culturing flasks for
bleaching. Cell pellet was resuspended with lysis buffer as small-scale expression
test and sonicated on ice at 60% for 20 sec with 3x3 times (better keep 3 min break
between every 60 sec sonication).
After 4°C ultracentrifugation at 30,000 rcf for 45 min, the supernatant was filtered
through 4-layers of Microcloth and a empty column and then flow through the gravity
column with strep-binding resin (1 drop per sec, taking around 2 h). After washing the
beads with buffer 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM TCEP, the proteins
were eluted with washing buffer added 2.5 mM desthiobiotin. Samples of cell lysate,
flow through, washing, elution and a small volume of boiled beads were loaded into
SDS-PAGE for analysis. The collected elution samples were further purified by ionexchange Q-column (or skip this step) and eventually by size exclusion column
Superose 6 12/60 (GE Healthcare) equilibrated with buffer 50 mM Tris-HCl pH 7.5,
150 mM NaCl and 1 mM TCEP.
6.2.8 Negative staining EM (electron microscopy)
Fresh protein fractions collected from size exclusion column were diluted with its
buffer to diverse concentrations for negative staining analysis. All of the preparation
work, such as EM grid, needed solutions and EM imaging were performed by EM
facility staff Alexandra Graff Meyer.
6.2.9 Contributions
All the experiments were performed by Min Jia under the supervision of Jeffre A.
Chao. People from Thomä lab in the institute helped me establish the expression
system of insect cells.

6.3 Results
6.3.1 Expression and purification of eIF2B subunits with E.coli cells
Given the critical role of eIF2B in regulating translation initiation, its
correlation with disease VWM and the promising effects of ISRIB treatment in mouse
model with neurodegenerative diseases, it is highly important to illustrate the diverse
mechanisms of eIF2B function. When I initiated this project, the eIF2B structures
from S.pombe and human had not been reported (Kashiwagi et al., 2016; Tsai et al.,
2018; Zyryanova et al., 2018), so I aimed to determine the structure of human eIF2B
decamer by cryo-EM and understand how ISRIB targets eIF2B. To reconstitute
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human eIF2B in vitro, I expressed and purified the five subunits individually from
E.coli cells. With the N-terminal MBP-tag, α, β, γ and δ subunits can be expressed
well, while ε showed lower expression (Fig. 1A). However, for MPB-affinity
purification, only recombinant α and β subunits bound amylose resin, while γ, δ and ε
subunits did not bind to the amylose resin despite the MBP-tag, probably due to
misfolding of the fusion proteins (Fig. 1A). I also tested recombinant subunits with
Trx-His-tag from a pET32a derivative vector that showed only α and β subunits can
be expressed (Fig. 1A).

Figure 1. Expression and purification of human eIF2B subunits with E.coli strains. (A)
Expression and purification of five individual subunits with MBP or Trx tag. (B) Vector
maps of pETDuet-1 and pCOLADuet-1, both containing two multi-cloning sites for coexpression of two proteins within one plasmid. (C) Left, co-expression of His-eIF2Bβ
and eIF2Bδ, showing only a protein band at the size of His-eIF2Bβ marked by red
arrowhead. Right, co-transformation of pETDuet-1 and pCOLADuet-1 for co-expression
of eIF2B His-β, MBP-δ, MBP-γ and His-ε subunits. The top band labeled with red
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arrowhead is supposed to be MBP-δ or MBP-γ, and the lower band is predicted to be
His-β. It seems His-ε was not expressed.

Furthermore, I tried to co-purify cell pellets of β-δ, γ-ε, α-β-δ as well as α-β-γδ-ε, none of which was successful (data not shown). At this time, the crystal structure
of S.pombe eIF2B was published (Kashiwagi et al., 2016). Based on their approach
for reconstituting eIF2B, I generated the co-expression constructs of pETDuet-1
inserted with β and δ and pCOLADuet-1 inserted with γ and ε (Fig. 1B). It turned out
that only His-β subunit expressed from co-expression of β and δ (Fig1. C-left), while
neither of γ nor His-ε was expressed with pCOLADuet-1. I then generated another
version of pETDuet-1 with His-β and MBP-δ as well as pCOLADuet-1 with MBP-γ
and His-ε. By performing co-transformation of them into Rosetta2 (DE3), I observed
the expression bands similar to His-β and MBP tagged δ or γ that still did not bind
amylose resin (Fig. 1C-right). When TEV protease was added to the elution fractions
from nickel-column, the band corresponding to MBP-tagged δ or γ was not cleaved
(data not shown). These experiments with pMalc, pETDuet-1, and pCOLADuet-1
vectors revealed although γ, δ and ε subunits can be expressed with fused MBP-tag,
somehow the recombinant subunits are not properly folded.
Kashiwagi et al. also cloned His-α together with T7 promoter and terminator
sequences into the upstream (SphI/SgrA1) of MCS1 on pETDuet-1 for co-expression
of α, β and δ subunits (Kashiwagi et al., 2016). To reconstitute human eIF2B, Tsai et
al. generated three plasmids (pETDuet-1 with α, pACYCDuet-1 with β and δ,
pCOLADuet-1 with γ and ε) and co-transformed them to BL21 Star (DE3) for coexpression of all five subunits (Tsai et al., 2018). Both of these approaches could be
evaluated in the future.

6.3.2 Small-scale expression test of eIF2B five subunits using a single
baculovirus plasmid in insect cells
Protein expression with insect cells is a powerful system for eukaryotic
proteins. Since the co-expression of β-γ-δ-ε subunits with E.coli plasmids was not
successful, I initiated insect cells expression of the subunits to reconstitute eIF2B. I
generated a construct containing all five subunits in one pBIG1 vector with the guide
of Georg Petzold (Thomä lab, FMI). In this system, each subunit has its own
promoter and terminator (Weissmann et al., 2016). After virus propagation, I
performed a small-scale expression test with four viral plasmids, two containing
strep-tagged β and his-tagged α, γ, δ, ε and two containing strep-tagged ε with histagged α, β, γ, δ (Fig. 2). All the cells infected by their P1 or P2 viruses showed
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expression of all five subunits, but P2 infected cells showed lower overall expression
level, suggesting that high titer viruses in Hi5 cells could be toxic (Fig. 2). With strepaffinity purification, the molar ratio of five subunits appeared to be close to 1:1 from
the intensity of the protein bands. Ni-NTA purification showed slightly less β and δ
subunits but excess of α subunit (Fig. 2).

Figure 2. Small-scale expression and purification test with Hi5 insect cells. All viral
plasmids tested can express five eIF2B subunits. Cells infected by P1 viruses showed
slightly higher expression level than cells infected by P2 viruses. Close molar yield of
five subunits was detected in purification by strep-affinity beads.

6.3.3 Large-scale expression of eIF2B five subunits from a single baculoviral
plasmid in insect cells
According to the small-scale expression test, I used the P2 viruses that
express strep-ε-his-αβγδ (the molar ratio of five subunits appears closer to 1:1 from
the intensity of protein bands, Fig. 2) for large-scale expression with Hi5 cells. All five
subunits were expressed, however, only a small fraction of the proteins were eluted
from strep-affinity resin by 2.5 mM desthiobiotin containing buffer and the majority of
the proteins remained bound to the beads (Fig. 3A). I tried to increase the
concentration of desthiobiotin to 5 mM and 7.5 mM in elution buffer, but did not
observe any improvement (data not shown). I further purified the small fraction of
eIF2B proteins eluted from strep-affinity column using an ion-exchange Q column
and size exclusion column. The eIF2B subunits were eluted as a broad peak during
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SEC (Fig. 3B). The fractions of the peak were loaded to SDS-PAGE showing various
heterogeneous complex states and only very weak band at the size of eIF2Bα
indicating that it may disassociate from the other subunits during purification (Fig.
3C). Two fractions that contained all five subunits were further analyzed by negative
staining electron microscopy, both of which revealed they did not form homogeneous
complex since there were particles of different sizes (Fig. 3D). To confirm the identity
of the proteins that were in the two central fractions used for negative stain EM, the
samples were analyzed by mass spectrometry. Interestingly, endogenous insect
eIF2α and eIF2γ were detected, suggesting the association between insect eIF2 and
human eIF2B during protein expression (Fig. 3C). The virus infection for eIF2B
production could stimulate stress response in Hi5 cells, however, it has not yet been
determined if insect eIF2α is phosphorylated.

Figure 3. Large-scale expression and purification with Hi5 cells. (A) SDS-PAGE of
samples from strep-affinity purification through a gravity column. (B) Elution curve of
eIF2B on size exclusion column. (C) SDS-PAGE of protein fractions collected from the
peak of (B). (D) Molecular particles of complexes from fractions marked with stars in
(C), imaged by native staining electron microscopy.

From the SDS-PAGE of SEC elution peak fractions, there is less eIF2Bδ
comparing with eIF2Bγ and much less eIF2Bα (Fig. 3C). It is reported that α subunit
easily dissociates from the whole eIF2B complex especially in high salt condition
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(Kashiwagi et al., 2016; Tsai et al., 2018). Consequently, ion-exchange purification
should be avoided in future experiments.
Since ISRIB has been shown to stabilize eIF2B, I explored its use to stabilize
the complex during purification. I added 1 µM ISRIB in the lysis and washing buffer
and 10 µM ISRIB in elution buffer for small-scale test. As observed in large-scale
purification of strep-ε-his-αβγδ, only a small amount of the complex was eluted (Fig.
4A-left), while most of the proteins remained on the beads (Fig. 4A-right). I also
tested addition of 0.05% NP40 in elution buffer that showed only slight improvement
in eluting eIF2B proteins from beads (Fig. 4B).

Figure 4. Optimization on purification procedures of eIF2B. (A) SDS-PAGE of eIF2B
samples from 10-ml Hi5 cells. Left are eluted samples by elution buffer added 10 µM
ISRIB and right are samples from boiled beads after elution. Protein bands from up to
down indicated by arrowheads correspond to ε, δ, γ, β and α subunits. (B) SDS-PAGE
of eIF2B samples from 10-ml Sf9 cells. Left are eluted samples by elution buffer added
0.05% NP40 and right are samples from boiled resin after elution.

6.3.4 Subunits expression and purification of eIF2
Previously, I detected insect eIF2 α and γ subunits co-purified with human
eIF2B after SEC (Fig. 3C), so I attempted to reconstitute eIF2 in vitro. I expressed
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and purified individual α, β and γ subunits with a fused N-terminal MBP tag using
E.coli strains. eIF2γ was expressed at a lower level compared with eIF2α and eIF2β,
and all three subunits could be purified by MBP-affinity resin (Fig. 5A,B,C). MBPeIF2α and MBP-eIF2γ were difficult to cleave by TEV protease, while recombinant
eIF2β was much easier to remove MBP tag (Fig. 5D). The three eIF2 subunits were
mixed, concentrated and loaded onto a size exclusion S200 column (Fig. 5E).
Unfortunately, the eIF2 subunits were eluted from S200 column in the void-volume
peak (Fig. 5F).

Figure 5. Expression and purification of human eIF2 subunits with E.coli strains. (A)
Purification of MBP-eIF2α through amylose resin. (B) MBP-eIF2β purification by
amylose resin. (C) MPB-eIF2γ purification by amylose resin. (D) MBP-fused
recombinant eIF2 subunits were incubated with TEV protease at 4°C for 48 h. (E)
Elution curve of protein mixture of (D) from SEC S200. (F) SDS-PAGE of peak fractions
of (E). Red arrowheads indicate eIF2 subunits, green arrowhead marks uncut
recombinant eIF2 proteins, black arrowhead points MBP-TEV protease and purple
arrowhead labels MBP.
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I then generated constructs of eIF2 subunits with a pET32a derivative version
containing trx-his-tag and a following 3C protease cleavage site. After Ni-NTA affinity
purification, there were still many impurities in the elution fractions, but the bands
with similar sizes of trx-his tagged eIF2 subunits were observed in SDS-PAGE.
When 3C protease was added, most of the recombinant eIF2α and eIF2β were
cleaved, while eIF2γ could not be cleaved (data not shown). I also expressed eIF2αS51D that mimics Ser51 phosphorylation and it could be purified in a similar manner
as wild type eIF2α (data not included).

6.4 Summary and Discussion
eIF2B subunits can be expressed together in a single viral plasmid, however,
I need to optimize its purification procedure to solve the current problems and obtain
a homogeneous decamer complex. Alternatively, I plan to add ISRIB to the culture
medium of insect cells to stabilize eIF2B assembly during protein production. This
will need to be optimized as well since excess of ISRIB can also inhibit decamer
assembly (Tsai et al., 2018). Kashiwagi et al. and Tsai et al. reconstituted eIF2B with
E.coli co-expression plasmids (Kashiwagi et al., 2016; Tsai et al., 2018), suggesting
that E.coli can be re-evaluated as an expression system.
With structures determination of S.pombe eIF2B and human eIF2B+ISRIB,
the regulation mechanism of eIF2α Ser51 phosphorylation on eIF2B GEF activity and
how ISRIB reverses global translation inhibition caused by eIF2α-P by binding to
eIF2B remain largely unknown. It will be important to determine the structure of
eIF2B+ISRIB+eIF2 (phosphorylated or not) to reveal the mechanistic details of the
critical step in regulation of translation initiation. From my preliminary work on eIF2
subunits with E.coli, it seems that three individual subunits as well as the eIF2α
Ser51Asp mutant were not well folded in vitro. In future, I can try to reconstitute eIF2
also in insect cells with a single viral DNA containing coding genes of all three
subunits and co-express it with eIF2B viral plasmid, in order to assemble eIF2B+eIF2
(α, Ser51Asp) complex.
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Thesis Summary and Future Perspectives
In this thesis, I presented my work on two projects. Chapters 2, 3 and 4
reported my work on RNA-binding proteins of IMP family. The structures of IMP3
RRM12 and its complex with RNA provided insights into the RNA recognition mode
of RRM12 domains of IMP family. While IMP3 RRM2 does not bind RNA, IMP3
RRM1 domain recognizes a dinucleotide sequence using the canonical β-sheet
surface (Jia et al., 2018). The characterized modest affinity and sequence specificity
of IMP3 RRM12 domain in binding RNA implicated the importance of weak RNAbinding ability of RRM domains in targeting diverse transcripts in the context of fulllength RNA-binding proteins. Since the IMP1 KH34 domain can enable target
recognition at high affinity and specificity (Chao et al., 2010), the RRM12 domain
may cooperate with KH domains to alter the dynamic conformation of target
transcripts, in order to recruit other factors for the mRNP formation. Determining the
structure of KH12 domains as well as the IMP full-length proteins will help us to
understand the cooperation mechanism of the tandem RNA-binding domains of IMPs
in targeting transcripts and mediating mRNP assembly. However, because of the
independent RNA binding domains and flexible linkers between them, IMP full-length
proteins may have dynamic conformations in solution, which make it difficult to
crystalize. Future work will focus on purifying homogeneous and well-behaved IMP
proteins that contain all six RNA-binding domains, such as using the identified
optimal buffer with sodium citrate at pH 7.0 and high concentration of glycerol. On
the other hand, IMP proteins could adopt a stable conformation when forming a
complex with RNA targets, suggesting that I can also try to search the proper RNA
sequence that stabilizes the conformation of recombinant IMPs and perform cocrystallization screening. The structural characterization of KH12 domains and fulllength proteins will help reveal the mechanism underlying the shared and distinct
functions of IMP1-3.
Due to the aggregated or unfolded protein fragments of motors, I have not
identified any direct interaction of IMPs full-length or RRM12 domains with motors in
vitro. With the mRNA tethering assay, in the stable HeLa cell lines that express
reporter mRNAs with MS2 stem-loops and RRM12-MCP-GFP fusion proteins, I did
not observe the directed linear or continuous movement of mRNA dots, while I found
the reduced motility of many mRNA dots compared to control cell lines that express
MCP-GFP fusion proteins (chapter 4). The reduced mobility of mRNA dots suggests
an association with actin-filament, which further suggests the RRM12 domain may
associate to myosin motors. Since I did not detect any direct interaction between
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Myosin Va CBD and IMPs full-length or RRM12 domains, in future, I could test what
will happen to mRNA mobility upon the depletion of Myosin Va or the treatment with
drugs that depolymerize the actin cytoskeleton. In addition, it should be noted that
HeLa cells are not appropriate for looking for RNA transport differences. Polarized
mammalian cells, especially neurons, will be more appropriate for studying how IMP
proteins regulate mRNA motility manners with single-molecule live cell imaging
(Buxbaum et al., 2015).
Considering the complexity and dynamic property of cellular interactions
among RNA-binding proteins, scaffold proteins and RNA transcripts, it is important to
study the functions of IMPs (e.g., mRNA transport and stability) in the context of
mRNPs or mRNA granules. However, the complete composition of mRNPs and the
mechanism of their assembly remain poorly understood. An adventurous and
challenging future direction is to isolate endogenous IMP-mRNA granules to analyze
their shared and distinct components, determine their structure and identify novel
character of IMP-family members in mediating protein-protein interaction. Moreover,
single-molecule mRNA imaging can also be used to characterize the functions of
RNA-binding proteins and the mRNPs composition, especially in the subcellular
compartments (Wu et al., 2015).
In chapter 6, I introduced my initial work on human eIF2B, which is the
guanian exchange factor (GEF) of eIF2. It has been widely known eIF2
phosphorylation lies in the center of integrated stress response and eIF2B integrates
diverse signals to regulate translation initiation. With my preliminary experiments, all
the five subunits of eIF2B can be expressed in insect cells and I will further optimize
the expression and purification system to reconstitute homogenous eIF2B.
Alternatively, it will be worth to put more efforts to the reconstitution protocols in the
literatures that use E.coli co-expression system (Kashiwagi et al., 2016; Tsai et al.,
2018). Since individual eIF2 subunits do not behave well in vitro, in future I could use
the E.coli co-expression system or insect cells to reconstitute eIF2. To understand
the mechanism how phosphorylated eIF2(α-P) binds eIF2B more tightly and reduces
eIF2B GEF activity, determining the structure of eIF2B+eIF2 (normal and
phosphorylated) will be necessary. Since eIF2(α-P) binds eIF2B at higher affinity, it
may be easier to start from eIF2B+eIF2α-P. The compound ISRIB targets eIF2B
reversing ISR effects at the downstream of eIF2α-P and has shown promising
therapeutic potential toward nervous system diseases. Structural characterization of
ISRIB+eIF2B+eIF2(α-P) will reveal how ISRIB overcomes the eIF2α-P to enhance
eIF2B GEF activity.
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As a crucial factor to control translation, eIF2B is associated to diverse
diseases, which makes it an important target for therapeutic interventions. Mutations
of some residues that were identified in disease samples are not related to eIF2B
GEF activity or decamer assembly, but may affect eIF5 displacement or other eIF2B
functions that have not been described yet (Kashiwagi et al., 2016; Wortham and
Proud, 2015). One focus of future work will be to screen novel compounds that target
eIF2B to look for new therapy approaches and identify unknown functions of eIF2B.
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