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ABSTRACT

The proper regulation of mRNA processing, localization, translation, and degradation occurs on mRNPs. However, the
global principles of mRNP organization are poorly understood. We utilize the limited, but existing, information available
to present a speculative synthesis of mMRNP organization with the following key points. First, mRNPs form a compacted
structure due to the inherent folding of RNA. Second, the ribosome is the principal mechanism by which mRNA regions
are partially decompacted. Third, mRNPs are 50%—-80% protein by weight, consistent with proteins modulating mRNP or-
ganization, but also suggesting the majority of mRNA sequences are not directly interacting with RNA-binding proteins.
Finally, the ratio of mMRNA-binding proteins to mRNAs is higher in the nucleus to allow effective RNA processing and limit
the potential for nuclear RNA based aggregation. This synthesis of mMRNP understanding provides a model for mRNP bio-
genesis, structure, and regulation with multiple implications.

INTRODUCTION

The biosynthesis and function of eukaryotic mRNAs is a
complex process in which the mRNA interacts with a series
of RNA processing, localization, translation, or degradative
complexes. The interaction of the mRNA with these cellu-
lar machines is determined and regulated by a diverse set
of RNA-binding proteins (RNA-BPs) that taken together
make up assemblies referred to as mRNA-protein com-
plexes, or mMRNPs (Singh et al. 2015). The overall organiza-
tion, dynamics, and architecture of mRNPs is poorly
understood. In this essay, we consider mRNP structure
from the perspective of how mRNAs fold, how ribosomes
remodel mRNA structure and protein composition, and
how the density of proteins on mRNAs impacts mRNP
organization.

NONTRANSLATING mRNAS FORM COMPACTED
STRUCTURES

Several observations argue that mRNPs in vivo form
compacted structures, particularly when not engaged in
translation (Fig. 1). This was first suggested by the EM
analysis of the Balbiani long mRNA (37 kb) in dipteran
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Chironomus tentans, which forms a dense 50 nm mRNP
particle resulting in a ~200-fold compaction of the
mRNA relative to its linear length when it is fully extended
and unstructured (Wurtz et al. 1990a). Similarly, EM analy-
sis of nuclear pretranslational mRNPs isolated from yeast
shows these mRNPs are also compacted by at least ~15-
fold (Batisse et al. 2009). More recently, single-molecule
FISH (smFISH) analysis using probes to different regions
of mammalian long mRNAs in the cytosol or nucleus dem-
onstrates they are similarly compacted by ~40-55-fold
when they are not translated (Adivarahan et al. 2018;
Khong and Parker 2018).

Two observations argue that the compaction of mRNPs
seen in cells is driven primarily by the inherent tendency
of RNA to fold. First, a wide variety of RNAs in vitro, includ-
ing various mRNAs, are observed to fold into compact
structures. For example, on average, the Ef2 and RpoB
mRNAs are compacted more than 50-fold compared to
their linear lengths in vitro as analyzed by fluorescence cor-
relation spectroscopy (Borodavka et al. 2016). Similarly,
RNA compaction on shorter RNAs (975-2777) showed an
approximately six- to 12-fold compaction compared to
their linear lengths as visualized by Cryo-EM (Gopal et al.
2012). In addition, genome-wide structural probing studies
demonstrate nontranslating mRNAs in vivo have extensive
RNA secondary structures that resemble RNA secondary
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FIGURE 1. Schematic of the different levels of compaction of mRNAs. (i) Nuclear and non-
translating mRNAs represent the most compact form. (i) Ribosomes decompact the mRNA
by unfolding the mRNA. (iii) mRNAs that are more engaged in translation (more ribosomes
loaded) are more decompact than mRNAs that are not as well translated. (iv) Finally, the the-

oretical fully expanded mRNA.

structures in vitro (Rouskin et al. 2014; Beaudoin et al.
2018).

Some observations suggest that the inherent folding of
RNA may contribute to the formation of the “closed-loop”
nature of mRNPs. For example, the ends of purified
mRNAs folded in vitro are close (<10 nm) in solution
(Fang et al. 2011; Yoffe et al. 2011; Clote et al. 2012;
Leija-Martinez et al. 2014; Lai et al. 2018). This distance
is significantly smaller than the overall size of the mRNA
when compacted. This inherent RNA structure may pro-
vide a closed-loop arrangement of RNA molecules that
proteins have evolved to bind and utilize for mRNA regu-
lation. One example would be the protein—protein interac-
tions between the cap-binding complex (elF4F) and the
poly(A) tail binding protein (PABP), which can modulate
translation initiation and mRNA decapping.

RIBOSOMES DECOMPACT mRNPS

Several lines of evidence argue that ribosomes decompact
mRNAs. This was first suggested by the strong helicase ac-
tivity of elongating ribosomes (Takyar et al. 2005). In addi-
tion, analysis of mammalian mMRNP compaction by smFISH
has revealed that translating mRNPs are more extended
than nontranslating mRNAs (Adivarahan et al. 2018;
Khong and Parker 2018). The degree of mRNA compac-
tion is due to ribosomes loaded on the mRNAs since the
compaction of the translating mRNP is inversely correlated
with the number of ribosomes loaded on the message
(Adivarahan et al. 2018), and when ribosomes run-off the
mRNA following inhibition of translation initiation, the 5’
portion of the mRNA compacts before the 3’ region
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(Adivarahan et al. 2018; Khong and
Parker 2018). Since the compaction
of translating mRNPs is not affected
by inhibition of translation elonga-
tion (Khong and Parker 2018), it sug-
gests even stalled ribosomes on the
OREF are sufficient to decompact the
mRNA.

A second line of evidence that ribo-
somes decompact mRNA secondary
structure comes from genome-wide
structure probing in zebrafish wherein
translating mRNAs contain fewer CDS
secondary structures than nontrans-
lating mMRNAs (Beaudoin et al. 2018).
Similarly, a neural network study that
combines numerous ribosome densi-
ty studies and structural probing stud-
ies suggests that ribosome density
plays a strong role in disassembling
mRNA secondary structures (Yu et al.
2019). Therefore, ribosomes are de-
compacting mRNPs, and one should
anticipate a range of mMRNP compaction with a nontranslat-
ing mMRNP being most compacted and with translating
mRNAs being more extended in a manner proportional
to ribosome density (Fig. 1).

An important point is that translating mRNPs are still
compacted relative to its contour length (Adivarahan
et al. 2018; Khong and Parker 2018). The simplest model
of this compaction is due to the formation of secondary
structures of mRNA sequences between elongating ribo-
somes, which is supported by the spacing of ribosomes
on mRNAs. For example, translatome-wide studies sug-
gest one ribosome is found per 156 and 183 CDS nucleo-
tides, which is ~1/5 and ~1/6 of the maximal packing
density in yeast and mammalian cells (Arava et al. 2003;
Hendrickson et al. 2009). Moreover, single-molecule trans-
lation studies suggest the average inter-ribosome distance
is between 200-2000 nt on mammalian reporter mRNAs
(Morisaki et al. 2016; Pichon et al. 2016; Wang et al.
2016; Wu et al. 2016; Yan et al. 2016). Since a ribosome
footprint is ~30 nt (Steitz 1969; Wolin and Walter 1988),
this argues that the majority (~80%—-99%) of the mRNA is
not coated with ribosomes. This suggests that translating
mRNAs will likely compact by secondary structure forma-
tion between elongating ribosomes (Fig. 1). Since sponta-
neous intramolecular RNA folding can be very fast, in
hundreds of microseconds (Gralla and Crothers 1973;
Pérschke 1974), whereas eukaryotic translation elongation
is slower at approximately every 50-350 msec/nt (Boehlke
and Friesen 1975; Ingolia et al. 2011; Morisaki et al. 2016;
Pichon et al. 2016; Wang et al. 2016; Wu et al. 2016;
Yan et al. 2016), one anticipates that mRNA sequences
between ribosomes will collapse into RNA secondary
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structures, which are continuously unwound by each elon-
gating ribosome (Fig. 1).

The unwinding of local RNA structure by ribosomes may
couple initiation and elongation rates. Specifically, since
secondary structures can slow down ribosome transloca-
tion speed (Somogyi et al. 1993; Wen et al. 2008; Qu
et al. 2011; Tholstrup et al. 2012; Charneski and Hurst
2013; Chen etal. 2013; Yang et al. 2014), subsequent ribo-
somes transiting behind an initial ribosome may exhibit
faster elongation rates as long as the trailing ribosomes
are close enough to the first ribosome to limit extensive
secondary structure formation. Supporting this idea, two
studies suggest faster translation initiation rates correlate
with faster translation elongation rates (Arava et al. 2005;
Riba etal. 2019). A similar phenomenon has been suggest-
ed for mRNAs with extensive secondary structures where
subsequent ribosomes catch up with the first ribosome re-
sulting in increased mRNA decompaction and more effi-
cient elongation (Tuller et al. 2010; Zur and Tuller 2012;
Mao et al. 2014).

IS THE CLOSED-LOOP ARCHITECTURE SPECIFIC
FOR NONTRANSLATING mRNPS?

An unresolved issue is whether the closed-loop model of
mRNP structure can form on translating, nontranslating,
or both types of mRNAs. The closed-loop model of
mRNPs is the concept that the 5" and 3’ ends of mMRNAs in-
teract through protein—protein interactions to regulate
translation and mRNA degradation (Kahvejian et al.
2001; Jackson et al. 2010; Hinnebusch 2014). This model
is based on two major types of observations. First, that 3’
regulatory elements, including the poly(A) tail, can affect
5" events such as translation initiation and mRNA decapp-
ing (Jacobson and Favreau 1983; Gallie 1991; Muhlrad
etal. 1994). Second, that the 3’ poly(A) tail binding protein
(PAB1) interacts with the elF4G component of the cap-
binding complex suggesting a possible direct physical
link between the 5 and 3’ ends (Tarun and Sachs 1996;
Wells et al. 1998).

The analysis of long mRNAs by smFISH suggests that
the closed-loop architecture, in some cases, may be limit-
ed to nontranslating mRNAs. The key observation is that
for multiple long mRNAs (AHNAK, DYNC1H1, MDN1,
PRPF8, and POLAT), the 5 and 3’ ends of the mRNA are
generally too far apart when the mRNAs are engaged in
translation for the closed-loop to form, although the
ends are found in proximity when the mRNAs exit transla-
tion (Adivarahan et al. 2018; Khong and Parker 2018).
Thus, in some cases when mRNAs are engaged in transla-
tion, they are not in a closed-loop formation.

In contrast, EM analysis of polysomes in cells can reveal
circular or hairpin polysome arrangements where the 5’
and 3’ ends are in proximity when the mRNAs are engaged
in translation (Palade 1955; Warner et al. 1962; Wettstein

et al. 1963; Christensen et al. 1987; Shelton and Kuff
1996; Christensen and Bourne 1999; Yazaki et al. 2000).
Moreover, genome-wide methods utilizing proximity liga-
tion reveal RNA-RNA interactions between the 5" and 3’
ends, indicating the ends can interact, although it is not
clear if these are in translating or nontranslating mRNPs
(Sugimoto et al. 2015; Aw et al. 2016; Lu et al. 2016; Ziv
et al. 2018). One possibility is that the formation of the
closed-loop architecture during translation is specific to
certain types of mRNAs or occurs in a dynamic nature.
An important issue in future work will be exploring how
closed-loop architecture is dynamically regulated and spe-
cific to some translating mRNAs and thus, how closed
loops interactions can modulate mRNA function.

HOW DO mRNAS FOLD?

As nascent mRNAs are extruded from RNA polymerase,
they will form secondary structures. One unresolved issue
is whether a given mRNA will have a defined 3D structure
analogous to the folding of a functional ncRNA (e.g., rRNA,
tRNA, catalytic RNAs) in which specific tertiary interactions
stabilize interactions in a defined manner between sec-
ondary structure elements (Herschlag et al. 2018). In the
absence of defined tertiary interactions, we should expect
mRNAs to form a collapsed state of RNA secondary struc-
tures similar to an RNA “molten globule” that is observed
as a folding intermediate in the folding of catalytic RNAs
(Fig. 2; Russell et al. 2002). Given that the estimated den-
sity of nucleotides in folded mRNAs is less dense that rRNA
(we estimate a ribosome as 0.84 bases/nm?, nuclear bal-
bani ring MRNP as 0.56 bases/nm?), the simplest hypothe-
sis is that mRNAs will form extensive secondary structure,
but fail to form a fully defined unique 3D fold. However, lo-
cal regions of mRNAs, such as regions of the 3'-UTR, can
clearly form defined tertiary folds with functional conse-
quences (Berry et al. 1991; Badis et al. 2004; Jambor
et al. 2014). One anticipates the possibility that mRNAs
with unique biological roles, such as localizing to specific
regions of the cell, may have a more fully defined tertiary
structure, which should be revealed by evolutionary con-
servation of both secondary and tertiary RNA interactions.

A second unresolved issue of mRNA folding is how
diverse the patterns of secondary structure are even for a
single mRNA sequence. RNAs are well known to form mul-
tiple conformers when refolded in vitro. For example,
structural probing studies indicate a single mRNA se-
quence adopts multiple conformations in vitro due to the
extensive existence of both single-stranded and double-
stranded reads at the individual nucleotide level (Kertesz
et al. 2010; Wan et al. 2014; Kaushik et al. 2018).
Similarly, ssRNAs often adopt many different structures
in vitro as assessed by using cryo-EM, 3D reconstruction
of SAXS form factors, and MD simulations (Gopal et al.
2012). Moreover, mRNAs are predicted to form multiple
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FIGURE 2. Stepwise ncRNA folding versus mRNA folding. RNA has a propensity to fold into
secondary structures rapidly forming a “molten globule” state. Functional ncRNAs which have
defined tertiary interactions, enable further compaction into specific structures. In contrast,
mRNA lacking defined tertiary interactions stays in a “molten globule” state.

conformations with very similar minimum free energy
(Yoffe et al. 2008). These in vitro experiments suggest
that mRNAs are expected to form a diverse array of con-
formers based on stochastic events in RNA folding.

One key difference for mRNA folding in the cell as com-
paredtoinvitrois thatfolding will occurina 5’ to 3’ direction
as the RNA is extruded from RNA polymerase or the ribo-
some. This raises the possibility that directional informa-
tion, and/or the binding of RNP-BP, might lead to a more
limited, or unique, set of RNA folding patterns. However,
structure probing of nontranslating mMRNAs in cells, which
would be influenced by directional folding, and refolded
mRNAs in vitro, which refold as a full-length RNA, argues
they have a similar set of variable structures (Rouskin
et al. 2014; Beaudoin et al. 2018). Consistent with that
view, computational analysis of intramolecular cross-links
in RNA molecules suggests that mRNAs have a less consis-
tent structure that other RNAs with defined folds, such as
rRNA, snoRNAs, and snRNAs (Yu et al. 2019). This leads
one to argue that directional folding of RNA, imposed as
the RNA is extruded from the polymerase or from elongat-
ing ribosomes, or the binding of RNA-BP, does not gener-
ally make a large impact on the overall fold of mMRNAs,
although it could in some cases be significant.

Taken together, one anticipates that mRNA structure
will be made up of three components when just con-
sidering the RNA. First, mRNAs will form an extensive
secondary structure due to the inherent folding of RNA se-
quences. Second, due to stochastic events in RNA folding,
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ing). Third, some local secondary
and tertiary structures in mRNAs will
be functional and will be evolutionari-
ly conserved. Finally, the folding of
mRNAs in some cases will be influ-
enced by the binding of RNP-BP,
including the ATP dependent binding
of DEAD/DExH box proteins. Work on
determining the diversity of mRNA
folding patterns, how those generally
are affected by protein binding, will
be of future interest.

AAAAA

HOW MANY PROTEINS ARE
BOUND TO INDIVIDUAL mRNAS?

In the cell, RNA folding and the
overall organization of mRNPs may
be influenced by RNA-BPs. In order
to understand mRNP organization in
cells, and how proteins influence
mRNPs, one starting point is to con-
sider how much protein is bound to
mRNAs, and how that might change during the mRNA
life cycle.

Numerous studies have identified hundreds of proteins
that reproducibly cross-link to eukaryotic mRNAs, collec-
tively referred to as the RNA-BP proteome (Baltz et al.
2012; Castello et al. 2012; Mitchell et al. 2013; Bao et al.
2018; Queiroz et al. 2019; Trendel et al. 2019; Urdaneta
etal. 2019). Based on these cross-linking experiments, cur-
rent estimates suggest that over 1000 proteins in human
cells can bind to mRNAs. This gives the impression that
mRNAs are coated with a myriad of proteins, although
there is little actual data about how many molecules of pro-
tein are bound to an individual mRNA molecule.

Two recent studies estimate the degree with which
mRNAs are bound to proteins in the nucleus or in the en-
tire cell by RNase-mediated protein footprint sequencing
(Silverman et al. 2014; Gosai et al. 2015). They suggest
on average each mRNA molecule contains ~16 protein-
protected fragments in Hela cells and ~13 protein-pro-
tected fragments in Arabidopsis nuclei. Given that on
average mRNA in mammalian cells (MW ~ 1000 kilodal-
tons) weighs twenty times more than the average proteins
(MW ~ 55 kDa), this translates to a range of protein to RNA
composition for mMRNPs between ~40%-50% protein to
~50%—-60% RNA. These studies do not distinguish translat-
ing versus nontranslating mRNPs, which might vary in the
RNP-BP composition.

Another way to estimate the number of RNA-BPs associ-
ated with an mRNA is to determine the buoyant density of
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mRNPs in CsCl, gradients, which is a function of the rela-
tive mass of protein and RNA in a particle (Perry and
Kelley 1966). For example, analysis of the nuclear form of
the 37 kb Balbiani ring mRNP indicates this mRNP is 60%
protein/40% RNA (Wurtz et al. 1990b). This approximates
to one 50 kDa protein per 100 bases of mRNA. Additional
analysis suggests that the average density of hnRNPs is be-
tween 1.3-1.5 gm/c:m3 (Wurtz et al. 1990b), suggesting a
range of protein to RNA composition for nuclear mRNPs
from 80% protein to 50% protein. Although these are
crude estimates based on limited data, it is reassuring
that the numbers are more or less in line with the RNase-
mediated protein footprint studies.

One can estimate what such mRNP compositions would
suggest for mRNAs of different sizes (Supplemental Table
S1). For example, for an “average” human mRNA of 3000
bases, 50% protein composition would imply ~1,000,000
g/mole of protein /MRNA, whereas 80% protein composi-
tion by mass would imply ~4,000,000 g/mole of protein/
mRNA. A typical cytoplasmic mMRNP would be expected
to have ~500 kDa of protein-bound from just the elF4F
complex and two molecules of the poly(A) binding protein
on the 3’ poly(A) tail. This implies that since most cytoplas-
mic mRNAs have ~500,000 kDa of protein from these core
mRNP complexes, short mRNAs will have a higher ratio of
protein to mRNA simply by this “ubiquitous” complex. In
contrast, longer mRNPs will have their ratio of protein to
RNA more heavily influenced by proteins binding to cod-
ing and 3'-UTR regions.

Given a range of protein/mRNA, one can also estimate
the number of RNA-BPs associated with an mRNA, and
therefore the amount of RNA sequence that is covered
by protein (Supplemental Table ST1A,B). While this is a
very rough calculation and will vary depending on the as-
sumptions made for the average size of an RNA-BP and
the number of nucleotides covered by the average RNA-
BP, these estimates suggest that between 3.3% to a max-
imum of 50% of an mRNA will be coated with proteins.

An important implication of these buoyant density ex-
periments and RNase-mediated footprint assays is some
RNA sequences in an mRNA are not coated with proteins.
For example, if we use the estimate of 80% protein/20%
mRNA, which is the highest amount of protein on nuclear
mRNPs from CsCl, sedimentation (Wurtz et al. 1990b), es-
timate the average size of RNA-BP as 50 kDa, and assume
each RNA-BP covers 10 bases of RNA, then ~23%-25% of
an mRNA will be coated with protein (Supplemental Table
S1A,B). Since the ratio of RNA-BP to RNA is higher in the
nucleus than in the cytosol (see Supplemental Table S2;
Fig. 3), this suggests an upper limit for how many proteins
are binding to an mRNA, with significantly less mRNA coat-
ed with proteins in the cytosol. Regions of mRNAs that are
not coated by proteins have the potential to interact in
trans, thus contributing to the formation of large RNP gran-
ules (Van Treeck and Parker 2018).

Concentration estimates of RNA-BP to mRNA sequences
in the nucleus and cytosol of U-2 OS cells

[RNA-BP] = 1.4 x 10° proteins/pm?
[mRNA] =5.5 x 10° nt/pm?
m

[RNA-BP] _ y
imRNA] = 1 RNA-BP/4 nt

7
gicrep AAA  [16.7 - fold

[RNA—BP] =4.7 x 10° proteins/pm?*
[mRNA] = 3.1 x 10° nt/um?

[RNA-BP] _ 4 pNA-BP/G6 Nt
[mRNA]

FIGURE 3. Estimates of MRNA and RNA-BP concentrations in the nu-
cleus and the cytoplasm. The estimates are derived from analyzing a
number of data sets (Alberts 2002; Beck et al. 2011; Wuhr et al.
2015; Piovesan et al. 2016; Khong et al. 2017) (see Supplemental
Calculation #1). RNA-BPs are estimated to be ~30-fold more concen-
trated in the nucleus than in the cytosol in U-2 OS cells. mRNA (in
terms of RNA nucleotides) is ~1.8-fold more concentrated in the nu-
cleus than in the cytosol. Therefore, the ratio of RNA-BPs to mRNA
sequences is higher in the nucleus than the cytoplasm (~16.7-fold
more RNA-BPs per nucleotide).

RNA-BINDING PROTEINS ARE AT HIGHER
CONCENTRATIONS IN THE NUCLEUS

Since the biogenesis of nuclear MRNA requires mRNA pro-
cessing, and there are no ribosomes to occupy the coding
region in the nucleus, we speculated that the nucleus
might have a higher concentration of RNA-BPs than the cy-
tosol. Increased RNA-BPs in the nucleus would then func-
tion to bind nascent RNA, facilitate RNA processing, and
prevent intermolecular RNA-RNA interactions that might
otherwise trigger nuclear RNA aggregation (Van Treeck
and Parker 2018). To this end, we estimated the concentra-
tion of RNA and RNA-BPs in both the nucleus and
cytoplasm.

We estimated the relative concentrations of RNA-
binding proteins in the nucleus and cytoplasm based on
quantitative mass spectrometry in U-2 OS cells (Beck
et al. 2011), and the known localization of RNA-BPs
(Supplemental Table S2; Wiihr et al. 2015). Strikingly, there
is a clear bias for abundant RNA-BPs to be enriched in the
nucleus. For example, 94 of the 110 most abundant
RNA-BPs in U-2 OS cells are predominantly nuclear
(Supplemental Table S2). Summing up the molecules of
RNA-BPs (top 110), we estimate ~140,000 RNA-BPs/pm3
are in the nucleus and ~4700 RNA-BPs/pm? in the cytosol
(See Supplemental Calculation # 1). Although these are

www.rnajournal.org 233


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.073601.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.073601.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.073601.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.073601.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.073601.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.073601.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.073601.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.073601.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.073601.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.073601.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.073601.119/-/DC1

Khong and Parker

very crude estimates, and we do not account for effective
accessible cytoplasm and nucleus, these calculations
demonstrate RNA-BPs are significantly more concentrated
in the nucleus than the cytosol by a substantial factor
(~30-fold).

THE RATIO OF RNA-BP TO RNA IS HIGHER
IN THE NUCLEUS THAN CYTOSOL

We can also estimate the concentration of mMRNA in the nu-
cleus as compared to the cytosol. These estimates are
based on (i) the average human mature mRNA being
3392 bases (Piovesan et al. 2016), (i) the average human
precursor mRNA being 66,700 bases (Piovesan et al.
2016), (iii) the number of pre-mRNAs present in the nucle-
us at any one time is 1% of the cytoplasmic pool of mature
mRNAs, and (iv) U-2 OS cells have ~330,000 mRNAs in the
cytoplasm (Khong et al. 2017). This calculation estimates
that there are 1.12 x 107 nt of cytosolic MRNA or ~3.1 x
10° nt/pm? in the cytosol, and 2.2 x 10® nucleotides of nu-
clear pre-mRNA, or ~5.5 x 10° nt/um?® in the nucleus (for
methods of calculations see Supplemental Calculation
#1). Thus, the concentration of pre-mRNA in terms of
RNA nucleotides is ~1.8 times higher in the nucleus than
the cytosol (Fig. 3).

This analysis suggests that the ratio of RNA-BPs to
mRNA sequences is higher in the nucleus by a factor of
~16.7-fold with more RNA-BPs per RNA sequences in
the nucleus (Fig. 3). A simple explanation for this differ-
ence between the cytosol and the nucleus is that the
large size of introns and complex RNA processing reac-
tions that occur in the nucleus requires a large number of
RNA-BP to bind the pre-mRNA and orchestrate RNA pro-
cessing. In addition, given the tendency of RNA to form
intermolecular RNA-RNA interactions (Van Treeck and
Parker 2018), the higher concentration of nuclear RNA-
BP may be important to bind RNA sequences and limit in-
termolecular RNA-RNA interactions, which would other-
wise lead to the formation of nuclear RNA granules that
would hinder RNA processing and function.

The lower concentration of RNA-BP per RNA se-
quence in the cytosol makes sense since there are
fewer nucleotides per RNA molecule, and over 50% of
the average human mRNA is the coding region, which
is limited in stable RNA-BPs interactions due to the pro-
cess of translation elongation displacing proteins bound
to the ORF. Thus, fewer RNA-BPs are needed in the cy-
tosol. This also provides a rationale for why mRNAs form
stress granules through intermolecular RNA-RNA inter-
actions when the vast majority of mRNAs exit translation
during stress response (Khong et al. 2017; Van Treeck
and Parker 2018; Van Treeck et al. 2018). There are
simply not sufficient RNA-BPs in the cytosol to limit in-
termolecular RNA-RNA interactions triggering RNA
condensation.
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The broader implications from this analysis, limited as it
is to these rough estimates, is that the ratio of RNA-BP/
mRNA is higher in the nucleus and then decreases in the
cytosol. This implies that the highest density of proteins
bound to mRNAs occurs in the nucleus and then decreases
in the cytosol. When mRNAs exit translation, they reveal
the ORF region as naked RNA, which can either be coated
with proteins, form extensive secondary structures which
compact the RNA, and/or form intermolecular interactions
that drive RNA-RNA aggregation and lead to the forma-
tion of stress granules.

COMBINING RNA FOLDING AND PROTEIN
COMPOSITION: WHAT DO mRNPS LOOK LIKE?

Taken together, we propose a model for nontranslating
mRNP structure with the following key points. First, when-
ever possible, the mRNA will fold in cis to compact the
RNA into a folded structure. Second, since mRNAs are
generally not coated with RNA-BP, and since the relative
size of a protein on average is 10 times smaller than an
mRNA, we expect the protein binding would then mini-
mally affect RNA structure. Moreover, since mRNA folding
in vitro correlates with nontranslating mRNP architecture in
terms of compactness, shape, and the close proximity of
the 5" and 3’ ends, we suggest the intrinsic property of
mRNA folding is largely driving nontranslating mRNP
architecture.

One can make two speculations on how mRNA-binding
proteins will interact with mRNAs. First, we speculate that
RNA-BPs will predominantly decorate the surface of the
mRNA core RNA structure, not unlike the architecture of
other well-known RNP assemblies (ribosome, spliceo-
some, and telomerase) where RNA is central to the assem-
blies. Second, we speculate that intrinsically disordered
regions of RNA-BPs that bind RNA (Castello et al. 2016)
may intertwine into the RNA secondary and stabilize the
overall mRNA secondary structure. This latter possibility
is based on the observation that many similar tails of ribo-
somal proteins intertwine into the secondary structure ele-
ments of the ribosome and stabilize the overall fold.

BINDING SITES FOR RNA-BINDING PROTEINS
AND THEIR DYNAMIC DISTRIBUTIONS

Several observations lead us to suggest that the distribu-
tion of RNA-BP between the nucleus and cytoplasm will
be influenced by the availability of binding sites on RNA
molecules (Fig. 4). Supporting this idea, many RNA-BPs
are known to shuttle between the nucleus and cytosol,
thus allowing those proteins, in principle, to interact with
either cytosolic or nuclear mRNAs (Pifiol-Roma and
Dreyfuss 1992). In addition, when nuclear RNA concentra-
tion is reduced by blocking transcription, many RNA-BPs
accumulate in the cytosol (Hamilton et al. 1997).
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FIGURE 4. The shuttling of RNA-BPs between the nucleus and the cytoplasm is highly dependent on mRNA concentration in the nucleus and the
cytoplasm. (i) When mRNAs in the cytoplasm are degraded by viral ribonucleases or RNase L, a rapid accumulation of cytoplasmic RNA-BPs in the
nucleus has been observed (Clyde and Glaunsinger 2010; Gilbertson et al. 2018; Burke et al. 2019). (ii) Similarly, when transcription is blocked,
many nuclear RNA-BPs accumulate in the cytoplasm (Hamilton et al. 1997). (iii) Finally, when ribosomes run-off mRNAs due to cellular stress and
expose the ORF, several nuclear RNA-BPs move to the cytosol (Kedersha et al. 1999).

Moreover, when cytoplasmic mRNAs are widely degraded
by the action of RNase L or viral nucleases, many RNA-BPs
show increased accumulation in the nucleus (Clyde and
Glaunsinger 2010; Gilbertson et al. 2018; Burke et al.
2019). Finally, when cells undergo a stress response and ri-
bosomes run-off of MRNAs exposing the ORF RNA, a num-
ber of nuclear RNA-BPs show increased distribution in the
cytosol (Kedersha et al. 1999).

Taken together, this suggests a model whereby the
distribution of RNA-BPs is influenced by the presence of
RNA-binding substrates. Binding to RNA would be expect-
ed to affect both the rate of export from the nucleus since
mRNA export can carry along with proteins bound to the
mRNA. Similarly, binding to cytoplasmic mRNAs would
limit the reimport of RNA-BPs into the nucleus.

The redistribution of RNA-BPs between the nucleus and
cytosol can impact gene expression in multiple ways. First,
in cases where there is an increase in available cytosolic
RNA, such as a stress response or defects in mRNA
turnover, some nuclear RNA-BPs will redistribute to the
cytosol, which decreases the concentration in the nucleus.
Adecrease in nuclear RNA-BPs would be expected to alter

RNA processing, which might occur in multiple manners.
For example, the well-described decrease in 3’ end pro-
cessing and polyadenylation of mRNAs could be due to
decreased concentration of nuclear RNA-BPs that modu-
late 3" end processing (Vilborg and Steitz 2017).
Conversely, the accumulation of TDP-43 in the cytosol
and its corresponding depletion from the nucleus can ex-
pose cryptic polyadenylation sites that were normally
blocked by TDP-43 binding, thereby allowing premature
3’ end processing and polyadenylation (Melamed et al.
2019). In another example, the inhibition of transcription
can lead to the accumulation of numerous RNA-BP in the
cytosol, some of which compete with RNA decay factors
leading to the stabilization of cytosolic mMRNAs (Brennan
and Steitz 2001), thus maintaining mRNA levels despite
the decreased transcription rate.

mRNP ORGANIZATION AND INTERMOLECULAR
INTERACTIONS OF mRNPS

An interesting question is how this view of mRNP architec-
ture impacts the interactions of mRNPs with RNP
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processing and translation machines. In this section, we
consider how this view of mRNP organization would ripple
through the biology of mRNA biogenesis and function.

Impact on mRNA synthesis and RNA processing

As mRNAs are being synthesized and emerging from the
RNA polymerase, they will fold into secondary structures.
In the absence of any input, the mRNA would fully fold
by extrusion from RNA polymerase. However, during ex-
trusion, mRNAs are beginning to be bound by RNA-BPs
and snRNAs for splicing. Indeed, the optimal time to rec-
ognize a binding site in an mMRNA is immediately after ex-
trusion from the polymerase since it is single-stranded and
optimally presented for recognition by small RNAs or pro-
teins. The principle of MRNA folding and then competing
for recognition with trans-acting factors provides a bio-
physical basis for cotranscriptional splicing, where the
snRNAs recognize the mRNA during extrusion. Note that
one can utilize RNA-BP to modulate mRNA folding and al-
low certain regions to stay accessible for later recognition.
This provides a mechanistic view for all the various RNA-BP
that bind precursors and modulate alternative splicing.
One also has to consider the possibility that cells utilize a
variety of RNA unfolding machines to allow for rearrange-
ments in RNA structure that prevent elements from being
completely hidden from recognition.

Entry and exit of translation

We anticipate two ways mRNP folding will influence the in-
teraction with ribosomes. A nontranslating mRNP will be
assembled into a structure that is essentially the size of
the 40S ribosome. To get the multifactor complex (MFC)
to load on an mRNA, the 5’ UTR will need to be accessible.
The current model is that the 5" end will be bound by either
nuclear cap-binding complex or elF4F, and this will recruit
elF4A or Ded1/DDX3, which would then unwind the
5'UTR. An alternative view is that the role of elF4A is to ex-
tract the 5’ end of the mRNA from the overall mRNA struc-
ture, thereby allowing for assembly of Ded1/Ddx3 and cis
unwinding of the 5 UTR to allow MFC loading (Yourik et al.
2017). In contrast, since the 3'-UTR is more structured that
the coding region (in zebrafish, fruit flies, worm, and hu-
mans) (Li et al. 2012; Wan et al. 2014; Beaudoin et al.
2018), RNA structures in the 3’UTR may help terminate
translation by stalling ribosomes at the stop codon.

General effects on recognition of regulatory sites
in mRNAs

There appears to be a conundrum created by the local
folding of mRNA in that such folding will limit the ability
of important sites to be recognized in trans. In principle,
there are several mechanisms to ensure efficient recogni-
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tion of regulatory sites in mRNAs in the face of mRNA fold-
ing. First, sites can be recognized during synthesis as they
emerge from RNA polymerase Il. Second, RNAs can
evolve structures and/or local RNA-BPs that load early
and dictate the RNA structure in a manner that ensures rec-
ognition of a key regulatory site. Finally, cells may utilize
RNA helicases to keep RNA structure in mRNAs dynamics
and thereby allow for the reexamination of the sequence
space by trans-acting components.
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