1160-1169 Nucleic Acids Research, 2015, Vol. 43, No. 2
doi: 10.1093/narlgkul 320

Published online 29 December 2014

RNA structure generates natural cooperativity
between single-stranded RNA binding proteins

targeting 5’ and 3’'UTRs

Yi-Hsuan Lin' and Ralf Bundschuh'-2:3:4"

'Department of Physics, The Ohio State University, 191W Woodruff Avenue, Columbus, OH 43210-1107, USA,
2Department of Chemistry & Biochemistry, The Ohio State University, 100W 18th Avenue, Columbus, OH
43210-1340, USA, 3Division of Hematology, Department of Internal Medicine, The Ohio State University, 320W 10th
Avenue, Columbus, OH 43210, USA and “Center for RNA Biology, The Ohio State University, 484W 12th Avenue,

Columbus, OH 43210-1292, USA

Received June 24, 2014; Revised December 02, 2014; Accepted December 05, 2014

ABSTRACT

In post-transcriptional regulation, an mRNA
molecule is bound by many proteins and/or
miRNAs to modulate its function. To enable com-
binatorial gene regulation, these binding partners
of an RNA must communicate with each other, ex-
hibiting cooperativity. Even in the absence of direct
physical interactions between the binding part-
ners, such cooperativity can be mediated through
RNA secondary structures, since they affect the
accessibility of the binding sites. Here we propose
a quantitative measure of this structure-mediated
cooperativity that can be numerically calculated for
an arbitrary RNA sequence. Focusing on an RNA
with two binding sites, we derive a characteristic
difference of free energy differences, i.e. AAG, as
a measure of the effect of the occupancy of one
binding site on the binding strength of another. We
apply this measure to a large number of human
and Caenorhabditis elegans mRNAs, and find that
structure-mediated cooperativity is a generic fea-
ture. Interestingly, this cooperativity not only affects
binding sites in close proximity along the sequence
but also configurations in which one binding site
is located in the 5’UTR and the other is located in
the 3'UTR of the mRNA. Furthermore, we find that
this end-to-end cooperativity is determined by the
UTR sequences while the sequences of the coding
regions are irrelevant.

INTRODUCTION

Post-transcriptional regulation of messenger RNAs (mR-
NAs) is an important component in cellular information

processing. At the molecular level, this post-transcriptional
regulation involves the binding of a multitude of pro-
teins and other factors such as microRNAs incorporated
into riboprotein complexes to an mRNA molecule (1,2).
These proteins affect gene expression through regulation of
mRNA stability, localization and translation. The impor-
tance of these RNA protein interactions can be gauged from
the fact that there are close to 800 RNA binding proteins an-
notated in the proteome of the human embryonic kidney (3)
and 860 in HeLa cells (4), and that a PubMed title search for
the words ‘RNA’, ‘protein’ and ‘binding’ yields more than
2500 articles.

In order to obtain ‘combinatorial’ gene regulation, bind-
ing events of RNA binding proteins and other RNA bind-
ing factors have to be interdependent, or in biochemical
terms ‘cooperative’. Since, most protein and microRNA
binding sites are located in the untranslated regions (UTRs)
at the ends of an mRNA (5), it is an interesting ques-
tion how cooperativity between these distant regions of an
RNA molecule is achieved, especially in light of recent evi-
dence that the protein bridge between the 3" and SUTRs in
eukaryotes mediated by proteins that simultaneously bind
the poly(A) tail and the cap may not be essential (6). For
some transcripts the two UTRs might be brought together
physically by binding of dimeric RNA binding proteins to
one binding site in each UTR as recently hypothesized for
the GLD-1 protein in Caenorhabditis elegans (7). Here, we
present a natural mechanism for such cooperativity that
does not require specific proteins but relies on RNA sec-
ondary structure alone.

Qualitatively the mechanism for this cooperativity is
as follows: many RNA binding proteins bind to single-
stranded regions of RNA (8-10). Therefore, a natural com-
petition arises between the formation of intramolecular
base pairs in the RNA and the binding of proteins to un-
paired bases (here and in the following we will restrict our
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Figure 1. An example of structure-mediated cooperativity, where open
boxes indicate unoccupied protein binding sites and filled boxes indicate
occupied protein binding sites. G is the free energy of the RNA—protein
complex in each step, Gy is the free energy of the RNA secondary struc-
ture alone, AG; is the free energy associated with breaking the base pairs
in the stem containing the two protein binding sites, ¢1, ¢2, Kp, 1 and Kp, »
are the concentrations and dissociation constants of the first and the sec-
ond protein, respectively, R is the gas constant and 7'is the temperature in
kelvin. (a) To have the first protein bind to bases in a stem of the structure
in the absence of the second protein, the stem has to be broken, resulting
in a free energy difference of AGy . 1 = AGy — RTIn (¢1/Kp, 1). (b) Once
the second protein is bound to the opposing bases in the stem, the first pro-
tein can directly bind to its binding site without the loss of free energy by
breaking additional base pairs, yielding AG> _, 12 = —RTIn (¢1/Kp, 1) <
AGy _ 1. Thus, in this case the two proteins exhibit positive cooperativity.

language to ‘RNA binding proteins’ even though in the
context of this study any RNA binding factor that com-
petes with the RNA for base pairing, such as, ¢.g. a mi-
croRNA, can play the role of what we call an ‘RNA bind-
ing protein’). We have recently discovered that this com-
petition between binding to a single-stranded RNA bind-
ing protein and formation of intramolecular base pairs pro-
vides a possible mechanism for cooperativity among pro-
teins binding an RNA molecule (11). A protein binding an
RNA molecule will change the RNA’s secondary structure
by prohibiting the bound bases from pairing, which in turn
affects the base pairing at the binding site of the second pro-
tein, and thus the ability of the second protein to bind (see
Figure 1). In our previous work (11) we have focused on es-
tablishing that this RNA secondary structure mediated co-
operativity is a long-range effect, and used simplified mod-
els of RNA folding to understand this behavior for random
sequences. Here, we will show that this cooperativity (i) oc-
curs for natural sequences, (i1) is of a biologically relevant
order of magnitude of several kcal/mol, (iii) not only oc-
curs between protein binding sites that are within 100 nt
or so along the RNA but also between the SUTR and the
3'UTR and (iv) is determined by the UTR sequences with
little effect from the coding regions.

MATERIALS AND METHODS
RNA secondary structure prediction

A single-stranded RINA folds into different configurations
by pairing its nucleotides and forming stable Watson—Crick
(i.e. A-U or G-C) or wobble (i.e. G-U) base pairs. Stacks of
these base pairs form stiff helices connected by flexible link-
ers of unpaired bases. In the case of structural RNAs these
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Figure 2. The four possible RNA—protein complexes to consider. Lines are
RNA backbones and dots are bases. Transparent and black blocks repre-
sent the unoccupied and occupied protein binding sites, respectively. Only
the bases that are not in the occupied binding regions participate in base
pairing.

elements fold into a three-dimensional structure required
for the biological function of the molecule, called the ter-
tiary structure. However, given the generic propensity of nu-
cleotides to base pair, also mRNAs, which are not primar-
ily designed to fold into a specific structure, will form base
pairs. Since here we are interested in mRNAs, we will fo-
cus on these secondary structures only. For computational
convenience we follow the usual approach of the field and
exclude the formation of pseudoknots because such struc-
tures contribute small amounts of free energy if they are
short and become kinetically suppressed if they are long
(12). More specifically, we use the Vienna package (13) to
calculate the free energies of secondary structure folding,
which implements the state-of-the-art nearest-neighbor free
energy model of RNA secondary structure formation (14).

RNA-protein binding

To discuss RNA-protein binding events, we consider only
the simplest effects of the binding of the protein on the RNA
secondary structure (11,15): (i) a bound protein prevents all
nucleotides in its footprint from base pairing and (ii) bind-
ing of a protein to the RNA results in a free energy gain
of RTIn (c/Kp), where c is the concentration of the protein
in solution, Kp is the dissociation constant of the protein
from the specific site in the RNA, which contains all the de-
tails of the interaction between the protein and the RNA, R
is the gas constant and 7 is the temperature in kelvin (16).
More sophisticated effects of RNA—protein binding, for ex-
ample the increased geometrical distance of the bases adja-
cent to the protein binding site upon binding of the protein
or any other modifications to the binding propensities of
nucleotides not within the footprint of the protein, are not
considered in our minimal model and will be subject of fu-
ture research.

We will further constrain ourselves to the case that there
are only two proteins, P; and P,, binding one binding site
each on a given RNA molecule, which is the simplest system
to investigate protein—protein cooperativity in (11). Conse-
quently, there are four possible RNA-protein complexes,
distinguished by whether the first and/or the second pro-
tein binding site is occupied or not, which we label as RNA,
RNA®, RNA® and RNA!? as illustrated in Figure 2. For
each complex, different sets of base pairs can participate
in base pairing interactions. We calculate the free energies
G, GV, G? and G of the secondary structures for each
of the four complexes using the constraint folding capabil-
ities of the Vienna package to exclude the nucleotides ‘hid-
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den’ in the footprints of bound proteins from base pair-
ing. To obtain the free energies of the entire complexes the
protein binding free energy R7In (c;/Kp, 1) has to be sub-
tracted from GV and G''? and the protein binding free en-
ergy RTIn(c»/Kp,») of the second protein has to be sub-
tracted from G® and G'?.

Quantitating protein—protein cooperativity

With the two proteins P; and P;, all RNA-—protein binding
reactions can be expressed as

RNA + P, 4+ P, 295 RNAD 4 py

AGy_» AGiS12

)

RNA® + P, <« RNAW

AGrs12
where the free energy differences AG of the four reactions
are given by

AGo, =GV — G — RTIn(c;/Kp,). (1a)
AGo_y =G — GY — RTIn(c2/Kp>), (1b)
AG1_>12 = G(lz) — G(l) — RT]H(CQ/KD_z), (IC)

AGyp = G1? — GP — RTIn(c;/Kp,1). (1d)

The cooperativity between the two binding sites can be
quantified by comparing the binding free energies AG of
the reactions on opposite sides of this diagram, e.g. the dif-
ference in binding free energy AGy_, | for the binding of
protein P; in the absence of protein P, and the binding free
energy AG; _, 15 associated with binding of protein P; in the
presence of protein P, (or vice versa with the two proteins
interchanged which leads to the same result). This yields the
cooperativity free energy

AAG = AGo1 — AGyrs 12 = AGon — AGIL 12
2
— 6 4 GO _ gt _ GO @)

which becomes independent of the protein concentrations
¢1 and c¢;. Therefore, for an arbitrary RNA sequence, once
the two protein binding sites are assigned, the Vienna pack-
age can be used to calculate the structural free energies
G, GV, G? and G'?, from which the free energy differ-
ence AAG quantifying the cooperativity can be deduced via
Equation (2). For a positive cooperativity, a protein already
bound helps the other protein bind, leading to AG, _, 5 <
AGy _ 1 and thus a positive AAG; for a negative coopera-
tivity, the situation is reversed and AAG is negative.

Locations of protein binding sites

We are especially interested in the cooperativity between the
proteins bound on the 5" and 3’'UTRs close to the 5" and 3’

- Doy=n1+ny

Figure 3. Definition of the outside distance, Doy, as the sum of the dis-
tances from each of the two protein binding sites to their corresponding
ends in units of nt. Black dots represent bases and the two blocks repre-
sent the protein binding sites with footprint length / (in this figure / = 4 nt).
In our numerical calculation we restrict ourselves to the symmetric case 7]
= n, and use a footprint size of / = 6 nt.

ends of the mRNAs, respectively. Therefore, we assign the
two protein binding sites of each mRNA in their 5 and 3’
ends, and vary their distances from the ends of the RNAs
(note that in our minimal model the binding site of each
protein is specified explicitly, i.e. that we assume perfect se-
quence specificity for the sequence at whatever binding site
we choose without actually specifying that sequence). The
relative location of the two binding sites is quantified by the
outside distance, Doy, which is defined in Figure 3 as the
sum Doy = ny + np of the distances n; and ny of the two
binding sites from their respective sequence ends. In order
to avoid the very significant computational cost of varying
the two distances 7; and n; independently, we consider only
the situation that the two binding sites are symmetric, 7,
= n,, when we calculate the AAG(D,y) of an ensemble of
mRNAs or of several extremely long sequences; we do not
expect any qualitative differences for asymmetric situations.
In our studies involving microRNA binding sites described
below, we choose the known microRNA binding site in the
3’'UTR and vary the location of the putative protein bind-
ing site in the SUTR. The footprint of the proteins is set to
be / = 6 nt in agreement with typical footprint sizes of RNA
binding proteins.

Sequences

We select human mRNA sequences in NCBI’s RefSeq
database (17) to study cooperativity between 5 and
3’'UTRs. As a comparison to gauge the influence of the
length of the UTRs, we also investigate C. elegans mRNAs
from the WormBase database (18), in which the UTRs are
much shorter than those in human mRNAs.

Some of the sequences are deposited in these databases
including their poly(A) tails. Since these tails, as homopoly-
mers, contribute very little to the RNA secondary struc-
ture, and in order to treat all mRNAs consistently no mat-
ter if they were submitted to the databases with or without
poly(A) tails, we discard all poly(A) tails. Specifically, we
remove any runs of three or more consecutive adenines at
the 3’ ends of the sequences in the database. We are aware
that in eliminating the poly(A) tails, we lose the ability of
applying our results to the important class of poly(A) bind-
ing proteins (PABPs) (19-21); however, since the poly(A)
tails should not form secondary structures, PABPs are not



expected to be subject to structure-mediated cooperativity,
and thus are irrelevant in this study.

Since RNA secondary structure prediction scales as the
third power of sequence length, computational resources
constrain us to focus on the shorter mRNAs in the database.
Dictated by computational feasibility, we thus choose the
range from 500 to 1500 bases (counted after dropping the
poly(A) tails). For human sequences, we select those se-
quences in which both 5" and 3’UTRs are longer than 110
bases to ensure that all our binding sites are always in the
UTRs even for the greatest outside distance, max (Dyy) =
200 nt, yielding a total of 2282 sequences. For C. elegans se-
quences, we select the sequences with short UTRs by con-
straining the UTR lengths between 30 and 150 bases, yield-
ing a total of 1277 sequences.

Since we want to identify which, if any, regions of the hu-
man mRNAs might have evolved to generate cooperativity,
we also generate several sets of artificial RNA sequences
based on our set of human sequences: (i) we shuffle each
of the 2282 selected human sequences, generating an en-
semble of random sequences with equal dinucleotide fre-
quencies (22). (i) We shuffle the UTRs of each of the 2282
human sequences to generate an ensemble of random se-
quences with equal dinucleotide frequencies in the UTRs
but with unchanged coding sequences (CDSs). (iii) We se-
lect sequences that have UTR lengths in the range from 110
to 400 nt and replace their CDSs by the CDS of the sin-
gle sequence NM004242 (300 nt), rendering an ensemble of
totally 1377 artificial sequences with a fixed CDS.

In order to show that our results are not limited to short
mRNA sequences, we also selected four individual mRNA
sequences with more than 2000 bases, namely PTP4Al,
MARCKS, MYC and PPP1R15B for verification purposes
(it is computationally feasibly to study a few individual long
mRNASs, but averaging over the entirety or even just a large
number of these is not possible).

Human microRNA binding sites

Above, we describe symmetric protein binding sites, which
are designed to have n; = n, in Doy = n; + ny. However,
in addition to these ‘assigned’ binding sites, we also investi-
gate natural microRNA binding sites on 3’'UTRs (23), and
specifically their cooperativity with proteins binding on the
S'UTR.

We fetch microRNA binding sites from microRNA.org
(24) using a strict mirSVR score cutoff of —1 (25). Again, we
select only the mRNA sequences with total lengths from 500
to 1500 nt and UTR lengths above 110 nt for computational
reasons. We limit the distance between the microRNA bind-
ing site and the 3’ end of the mRNA to be less than 100
bases, i.e. 1, < 100, because we want to focus on the coop-
erativity between microRNAs bound on the end and pro-
teins bound at the beginning of the same mRNA sequence.
The above-mentioned conditions yield 1173 microRNA-
mRNA binding pairs, in which some of the mRNA se-
quences correspond to more than one microRNA binding
site. We investigate each such microRNA-mRNA pair in-
dependently, i.e. we consider only one specific microRNA
interacting with its bound mRNA at a time. The cooper-
ativity is calculated between the microRNA and a protein
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binding site around the end of the 5 UTR. We set the protein
footprint to be / = 6 nt and investigate all possible protein
binding sites from exactly at the end (n; = 0 nt) to 100 bases
from the end of SUTR (n; = 100 nt). For each microRNA—
mRNA pair we find the SUTR protein binding site that has
the greatest A AG with respect to the microRNA, recording
it as the strongest cooperativity of the microRNA-mRNA
pair.

As a comparison, multiple random ensembles of
microRNA-mRNA binding pairs are generated. In each
random ensemble the microRNA binding sites, which are
located by their n, on their naturally bound mRNA, are
randomly assigned to a different mRNA. The strongest
cooperativities of the reassigned microRNA-mRNA pairs
are recorded as a reference, to which the cooperativities of
the natural microRNA-mRNA pairs can be compared.

Artificial evolution of highly cooperative sequences

We use an evolutionary algorithm, in order to explore how
high structure-mediate cooperativities can become. We
choose five natural sequences, namely NM_006308,
NM_022645, NM_001104548, NM_001244390 and
NM_001272086, as starting sequences. We calculate
the maximum over all IAAGI for all possible pairs of pro-
tein binding sites. Considering the massive computational
resources required for a search through all possible protein
binding site pairs (on the order of N° x N*> ~ N° in which
N is the length of sequence), we compromise on merely
searching protein binding sites in the region of 5nt < ny,
n, < 25nt, as we are more interested in the cooperativity
between the ends of the two UTRs. In each evolutionary
step, we randomly choose and mutate a nucleotide of the
sequence and recalculate the maximum of IAAGI for all
protein binding pairs. If the maximum is greater than
that of the previous sequence, we keep the new sequence;
otherwise we continue with the previous sequence. This
evolutionary step is repeated 1000 times.

RESULTS
Distance dependence of structure-mediated cooperativity

We quantify RNA secondary structure mediated protein
binding cooperativity by the cooperativity free energy
AAG, which is defined as the difference between the free
energies of binding of the first protein in the presence and
absence of the second protein (see the Materials and Meth-
ods section). If it is positive, the presence of the second
protein promotes binding of the first while if it is negative,
the presence of the second protein prevents binding of the
first. In order to demonstrate that RNA secondary struc-
ture mediated protein binding cooperativity is a generic ef-
fect providing cooperativity between proteins binding at
the two ends of an RNA molecule, we select 2282 human
mRNA sequences (see the Materials and Methods section).
We choose one protein binding site to be close to the 5’ end
of each molecule and one close to the 3’ end and system-
atically vary their distance from their respective ends such
that the sum D,y of the two distances from the ends ranges
from 0 to 200 nt (see Figure 3). We calculate the coopera-
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Figure 4. The mean (circles) and standard deviation (diamonds) of the co-
operativity free energy AAG of 2282 human sequences, as a function of
the outside distance D, between the two protein binding sites. The mean
of the cooperativity free energy AAG is close to zero for all outside dis-
tances, while its standard deviation is on the order of or greater than the
thermal energy scale of R7T =0.6 kcal/mol. The dashed vertical lines label
two different outside distances Doy for which the whole distribution of the
cooperativity free energies is compared in Figure 5. The maximum of the
standard deviation of the cooperativity free energy occurs at Dy, = 8 nt.

tivity free energy AAG for each ‘outside’ distance Do, and
each of the 2282 sequences.

Figure 4 shows the mean and standard deviation of the
cooperativity free energy AAG over all 2282 sequences as
a function of the outside distance D,y of the two protein
binding sites. The mean cooperativity free energy remains
within about 0.1 kcal/mol of zero, more or less independent
of the outside distance between the protein binding sites.
That in principle leaves two possibilities, namely that either
RNA secondary structure mediated cooperativity is a very
small effect or that it is a significant effect but roughly equal
numbers of sequences show positive as negative coopera-
tivity. The standard deviation allows us to differentiate be-
tween these two scenarios: the fact that it starts out above 1
kcal/mol when the two binding sites are very close to their
respective ends and then falls to about 0.5 kcal/mol for out-
side distances of 30 nt and stays in this range for binding
sites up to 100 nt away from their respective ends (yield-
ing a total outside distance of 200 nt) implies that many se-
quences must have cooperativity free energies with absolute
values of this order of magnitude.

Structure-mediated cooperativity is significant for large num-
bers of mRNA molecules

In order to classify cooperativity free energies as significant
or not, it is convenient to compare them to the thermal en-
ergy of RT, which is approximately 0.6 kcal/mol at temper-
atures of 37°C. Free energy differences below this magni-
tude will not have a measurable effect on protein binding in
the thermal environment of a cell. Free energy differences
larger than RT do result in significant protein binding co-
operativity. The horizontal dashed lines in Figure 4 indicate
cooperativity free energy levels of RT and 2RT and show
that the standard deviation of the cooperativity free energy
is on the order of RT in the distance range of 30 nt < Dgy

1500 — T
1o* L v [5D S
D i\ 4 1 |--D,,=150

—~ TR :‘ '
A 102 1% poro
3 AFET Lo

ool | B K | |
g 000 AV : :ﬁl;"(* :' : :

= 5 x X 1
8 100-5 II0II 1 a5t : :
X h

= [ [
g ' :' [
© AR

< 500 B 1 1 i 1 1 7]
2 [ : : [
Pz [ [
VAN
A, 1
0 Y

-5 5

0
AA G(kcal/mol)

Figure 5. The number of mRNA molecules with respect to given coop-
erativity free energies AAG (in bin sizes of 0.2 kcal/mol) at outside dis-
tances between the protein binding sites of Doy = 8 (solid line) and Dgy¢
= 150 (dashed line). The inset shows the same data on a logarithmic scale.
The two distributions are both centered at 0. The distribution for Doy =
8 (when the protein binding sites are close to their respective ends of the
molecule) extends much wider than that for Doy = 150 when the protein
binding sites are further away from the ends of the molecule. Vertical black
dashed and dash-dotted lines label IAAGl = RT'and IAAGl =2 RT, respec-
tively.

< 150nt. Thus a good fraction of molecules must have co-
operativity free energies larger than RT even at these out-
side distances. This is illustrated in Figure 5 for two specific
outside distances, namely D,,; = 8 nt where both proteins
are very close to their respective ends and the standard de-
viation of the cooperativity free energy has its maximum,
and D, = 150 nt, where the standard deviation of the co-
operativity free energy starts to fall below RT. The figure
illustrates how many sequences have a given cooperativity
free energy in bin sizes of 0.2 kcal/mol. As suggested by the
small mean, the distributions of cooperativity free energies
are symmetric with equal numbers of molecules showing
positive as negative cooperativity. It can also be seen that
the distribution at Doy = 8 nt is much wider than the dis-
tribution at Doy = 150 nt as expected from their standard
deviations shown in Figure 4. The inset of Figure 5 shows
the same distributions as the main figure but on a logarith-
mic scale that emphasizes the long tails of the distribution
indicating some sequences with very large cooperativity free
energies.

An additional way to quantify the significance of the co-
operativity free energies is to count the number of molecules
out of the 2282 tested that have a cooperativity free energy
above a certain threshold for each outside distance Dgy;.
Figure 6 shows these data for thresholds of R7 and 2RT.
The data show that when the proteins bind very close to
their respective ends of the RNA molecule, about half of
the totally 2282 investigated sequences have IAAGl > RT
and a quarter have IAAGl > 2RT (at Doy = 6 nt), implying
that a significant cooperativity between two protein bind-
ing sites, of which one is at the 5" end of a molecule and the
other is at the 3’ end of a molecule, is a generic property
among mRNAs. In addition, even at an outside distance of
200 nt (each protein binds 100 nt from its respective end
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Figure 6. The number of mRNA sequences with biochemically relevant
protein binding cooperativity among the 2282 investigated human mRNA
sequences. The two data sets correspond to IAAGI/RT > 1 (circles) and
IAAGI/RT > 2 (diamonds). The data show that at any given distance Doyt a
significant fraction of molecules has a significant cooperativity free energy.

of the RNA) still 10% of the 2282 mRNAs studied show
a cooperativity free energy of at least R7 and more than a
hundred show a cooperativity of at least 2RT.

Cooperativities in human mRNAs and random RNA se-
quences have different statistical characteristics

In our previous work we verified that structure-mediated
cooperativity is a generic property of all RNA molecules,
stating that cooperativity exists in an ensemble of random
RNA sequences (11). In this study we investigate the coop-
erativity in human, and thus evolved, mRNAs. Thus, we are
curious about what the similarities and differences between
the cooperativities for a ‘random’ and a ‘natural’ sequence
ensemble are.

To compare with the human mRNA sequences, we thus
randomly permute nucleotides in each of the 2282 selected
human sequences and generate two ensembles of 2282 ran-
dom sequences (see the Materials and Methods section):
(1) random sequences generated by shuffling the entire se-
quence of each human mRNA such that the dinucleotide
frequencies are identical to those of the original human mR-
NAs, and (i) random sequences generated by shuffling only
the 5" and 3’'UTR sequences of each human mRNA while
leaving the CDS unaffected. We investigate cooperativity in
these two random sequence ensembles and compare their
statistical properties with those of the natural human se-
quences.

The standard deviations of AAG(D,y;) of the two ran-
dom ensembles and the human mRNA ensemble are shown
in Figure 7. We notice that all these three ensembles com-
prise many sequences with biologically relevant cooperativi-
ties, i.e. AAGis on the order of or greater than 0.6 kcal/mol.
However, the standard deviation of the human mRNA en-
semble has a large peak at small Dy, and then sharply de-
creases to merely around RT at Dy, > 50 nt. Instead, the
standard deviation of the completely shuffled random se-
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Figure 7. The standard deviations of the cooperativity free energy AAG
for different mRNA ensembles including 2282 sequences each, as func-
tions of the distance Do, between the protein binding sites. Statistics
of four sequence ensembles are shown: natural human mRNAs (circles),
dinucleotide-shuffled human sequences (diamonds), sequences with ran-
domized UTRs (crosses) and natural C. elegans mRNAs (squares). All four
sequence ensembles have standard deviations on the order of or greater
than the thermal energy scale of R7'=0.6 kcal/mol, implying that a biolog-
ically relevant AAG is a general property for mRNA sequence ensembles.
However, different sequence ensembles show different statistical character-
istics.
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Figure 8. The fractions of sequences that have IAAG(Doy)! > 2RT in dif-
ferent sequence ensembles: natural human mRNAs (circles), dinucleotide-
shuffled human sequences (diamonds), sequences with randomized UTRs
(crosses) and natural C. elegans mRNAs (squares). All four ensembles
show maxima of the fraction at small Dy,. However, their distance de-
pendences are different.

quences smoothly decays in the entire investigated region,
0 nt < Dyy < 200 nt. The standard deviation of the UTR-
shuffled sequences is in between those of the human mRNA
and fully shuffled sequence ensembles.

The fraction of sequences that have IAAGI| > 2RT in the
human mRNA and the two random sequence ensembles are
shown in Figure 8. Similar to the standard deviations, for
the two random sequence ensembles, the fractions of se-
quences with strong cooperativities decrease smoothly as
D,y increases, whereas for human mRNAs the fraction de-
creases sharply once Dy, becomes greater than that for the
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Figure 9. The standard deviations of the cooperativity free energy AAG of
2282 human mRNAs and 1377 CDS-replaced sequences. The two standard
deviations are very similar to each other, implying that the cooperativity
depends on UTRs instead of CDSs.

maximum at Dy, = 8 nt. Taken together, a human mRNA is
likely to have strong cooperativity between the ends of the
5" and 3'UTRs, while this cooperativity decreases rapidly
as the two UTR binding sites are farther from their re-
spective ends. On the other hand, random sequences per-
form power-law like, smoothly decaying cooperativity with
respect to Doy We thus conclude that human RNAs are
different from random RNAs in terms of their cooperativ-
ity properties. While one might have expected stronger co-
operativity in the evolved human sequences than in their
randomly shuffled counterparts, we would like to point out
that we, as discussed above, for computational reasons only
look at symmetrically located binding sites of the two pro-
teins. These will in general not correspond to the true pro-
tein binding sites on those natural mRNAs and it is conceiv-
able that a possible design for cooperativity at true binding
sites in fact leads to the suppression of cooperativity at the
symmetrically located positions we interrogate.

Cooperativity is driven by the UTRs and not by the coding
sequences

Since we have shown in the previous section that replac-
ing the UTRs with shuffled sequences yields similar coop-
erativities as shuffling the entire sequence, we here ask the
inverse question and retain the UTRs while replacing the
CDSs of the ensemble of human mRNAs by one fixed CDS
(see the Materials and Methods section). Figure 9 shows
the comparison of the standard deviations of AAG(Dqgyt)
of human mRNAs and the CDS-replaced sequences. The
two ensembles of sequences show very similar profiles. This
similarity suggests that the cooperativity between the 5" and
3'UTR binding sites is determined by the two UTR se-
quences, while the coding region has little effect.

Cooperativities in C. elegans mRNAs are weaker than those
in human mRNAs

Compared to human mRNA sequences, C. elegans mR-
NAs comprise much shorter UTRs (17,18). As we have con-

|
< PTP4A1, 5081bp
MARCKS, 4289bp
- - MYC, 2364bp
--—-PPP1R15B, 5273bp

I

= 2RT
1

AA G(kcal/mo

1
0 50 100 150 200

Figure 10. The cooperativity free energy of four randomly selected
mRNA molecules longer than 2000 nt as a function of outside distance
AAG(Doyt). Horizontal lines label the scales of +=R7T and +2RT. For all
four molecules, AAG exceeds these energy scales and thus develops signif-
icant cooperativity at specific values of the outside distance Doy;.

firmed in the last section that the cooperativity is driven
by the UTRs, it is natural to investigate the cooperativities
of an ensemble of sequences that have short UTRs. Thus,
we choose an ensemble of 1277 C. elegans mRNAs, both
UTRs of which are in the range from 30 to 150 bases and
the total sequence lengths are between 500 and 1500 bases.
Their standard deviation of AAG(D,,) and the number of
sequences having significant AAG(D,y) are plotted in Fig-
ures 7 and 8, respectively. The two figures show two con-
sistent consequences. First, the cooperativities in C. elegans
mRNAs are also biologically relevant, i.e. IAAG| 2 RT. Sec-
ond, although cooperativities in C. elegans mRNAs are bi-
ologically relevant, they are significantly weaker than the
cooperativities in human sequences. The latter result is ad-
ditional evidence for the strong relationship between coop-
erativity and UTR sequences.

RNA structure mediated cooperativity between the sequence
ends persists in long mRNA molecules

While computational complexity does not allow us to in-
clude mRNA molecules longer than 1500 nt in our sys-
tematic study above, we selected four individual mRNA
molecules with more than 2000 nt to determine if our find-
ings of significant cooperativity between 5’ and 3’ ends of an
mRNA hold for longer molecules as well. Figure 10 shows
the cooperativity free energy of these four molecules as a
function of outside distance D,. It can be seen that all four
chosen molecules have some outside distances D, at which
IAAGl > 2RT and even though for two of them (MYC and
PPP1R15B) the binding sites with such large cooperativity
free energy are very close to the ends, all molecules also have
cooperativity free energies in excess of 1 R7 at some outside
distance between 50 and 150 nt.

Human microRNA binding sites show significant negative co-
operativities

A large number of microRNAs bind to the 3’UTRs of
mRNA sequences to regulate their abundance. At the same
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Figure 11. The number of microRNA-mRNA binding pairs, for which
the strongest cooperativity with respect to a binding site in the 5UTR
corresponds to a given value of AA Gy, in bins of 0.2 kcal/mol. While
the number distribution of human binding pairs does not show significant
differences compared to randomly shuffled binding pairs for most values
of AAGnax, a peak at AAGpax & —3.8 kcal/mol suggests that there is a
group of human sequences with strongly negative cooperativities between
the 3’UTR-bound microRNA and putative 5 UTR-bound proteins.

time, proteins are bound to the 5UTRs, e.g. see (7,26).
Thus, in addition to the symmetric binding sites with 7,
= mp, studied so far, we also investigate the cooperativi-
ties between these microRNAs binding at their experimen-
tally verified sites in the 3’UTR and putative SUTR bind-
ing proteins. We select 1173 microRNA-mRNA binding
pairs from the microRNA.org database (see the Materials
and Methods section). For each microRNA binding site
in a 3’'UTR, we search through putative protein binding
sites in the first 100 bases in the 5UTR of the correspond-
ing mRNA and record the cooperativity free energy AAG
of the binding site with the greatest absolute value of the
cooperativity free energy AAG, termed AAGp,x. We note
that although the position of the putative protein binding
site in the SUTR is selected by maximizing the absolute
value of the cooperativity free energy, the chosen cooper-
ativity free energy still can be either positive or negative. As
a comparison, we randomly shuffle the positions of the mi-
croRNA binding sites, matching them with different mR-
NAs. The AAGyx calculated from these randomly shuf-
fled microRNA-mRNA binding pairs helps us evaluate the
significance of the characteristics discovered in the natural
microRNA-mRNA pairs.

Figure 11 shows the distribution of the AA Gy in the
1173 microRNA-mRNA binding pairs in bin sizes of 0.2
kcal/mol, with the gray regions representing the distribu-
tion of 10 ensembles of randomly shuffled binding pairs.
The dark gray region for each cooperativity free energy bin
designates the range of frequencies observed among the 10
ensembles while the light gray region indicates the regime of
four standard deviations. The figure illustrates that for most
cooperativity free energies, the ensemble of natural binding
pairs does not show significant differences from the ensem-
bles of randomly shuffled binding pairs. However, in the re-
gion of negative A A Gy, the natural binding pairs exhibit a
characteristic difference from random fluctuations, namely
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Figure 12. Cooperativities along artificial evolutionary trajectories start-
ing from five human sequences seeking to maximize the cooperativity
free energy. Compared to the cooperativities in natural human sequences,
which are on the order of RT, the artificial sequences generated by mu-
tations support much stronger cooperativities of IAAGl > 10RT. The
original sequences for initiating the evolutions are (from top to bottom
at the final evolutionary step of 1000): NM_001272086, NM_001244390,
NM_001104548, NM_022645 and NM_006308.

apeak at AAGpax &~ —3.8 kcal/mol ~ —6RT labeled in Fig-
ure 11. The number of microRNAs with cooperativities of
this magnitude is greater than its expected frequency based
on the 10 random sequence ensembles by more than four
standard deviations. We conclude that this peak is statis-
tically significant, suggesting that a group of microRNAs
results in strongly negative cooperativities with respect to
proteins bound to the 5UTRs. Considering the role of mi-
croRNAs in silencing and suppression of gene regulation
(23), the negative cooperativity we discover in the statistics
of human microRNA-mRNA binding pairs is reasonable
and, furthermore, implies that a microRINA can participate
in combinatorial regulation with proteins binding far from
its binding site.

Cooperativities of artificially evolved RNA sequences can be
large

In order to find out how strong cooperativities between the
3’'UTR and the UTR can possibly become, we do not re-
strict ourselves to natural sequences but rather search for
the maximum of the cooperativity free energy AAG among
a huge number of possible sequences using an evolutionary
algorithm (see the Materials and Methods section). In Fig-
ure 12 we show evolution trajectories starting from five hu-
man sequences over 1000 mutation steps. At the end of the
artificial evolution trajectories all five human mRNAs mu-
tate to artificial sequences comprising very strong coopera-
tivities. Three sequences NM_001104548, NM_006308 and
NM_022645 eventually mutate to sequences with [AA G,y
~ 20RT, and NM_001244390 and NM_001272086 have
even higher final cooperativities of IAA Gl = 30RT. This
result shows that appropriately designed RNA molecules
can support cooperativities much stronger than typically
found in natural mRNA sequences. However, considering
that most biochemical reactions occur at energy scales of a
few RT, such large AAG are actually unrealistic and inap-
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propriate for biological functions as the strong interactions
they would confer would not be reversible thus rendering
regulation impossible.

DISCUSSION

In this study, we have introduced a quantitative measure
of RNA secondary structure based protein binding coop-
erativity and we have demonstrated that significant coop-
erativity between protein binding sites at the two ends of
an RNA molecule is a generic feature of RNA secondary
structure formation. We have come to this conclusion by
systematically studying the ensembles of human mRNAs,
C. elegans mRNAs, and random sequences generated from
human mRNAs, in which the sequence lengths are between
500 and 1500 nt, and verified the effect in selected longer
human mRNAs.

The cooperativity free energy AAG rises up to a biolog-
ically relevant value (i.e. IAAGlI > RT =~ 0.6 kcal/mol) in
more than 1000 among the 2282 human mRNAs we investi-
gated. Our statistical investigation of these sequences shows
that this cooperativity gets stronger as the two binding sites
get closer to their respective ends, suggesting a significant
‘end-to-end’ cooperativity between two proteins or microR-
NAs that bind on the opposing ends of an mRNA molecule.
We interpret this observed cooperativity to imply that the
two binding partners, albeit far from each other, when mea-
sured in terms of nucleotides along the mRNA sequence,
can actually be close to each other in physical and secondary
structure space due to the intricate secondary structures of
the mRNA molecule. In consequence, the binding of the
two partners becomes interdependent, and this effect allows
for combinatorial post-transcriptional regulation.

We compared the cooperativity free energies AAG(Dgyt)
of human mRNAs and two ensembles of the random se-
quences generated from the human mRNAs. We discovered
that all three sequence ensembles support biologically rele-
vant cooperativity, IAAGl > RT and have maximal coopera-
tivities when the binding sites are relatively close to the ends
of the UTRs. However, in human mRNAs the cooperativ-
ity AAG decreases rapidly as the distance D, increases; on
the other hand, the cooperativity AAG(Dyy) of random se-
quences decays smoothly, as shown in Figure 7. We view the
difference as an evidence that human mRNAs have distin-
guishable cooperativity properties compared to random se-
quences and note that the fact that human sequences appear
to show a weaker cooperativity than their random counter-
parts can be a consequence of our only looking at symmet-
rically located putative binding sites that likely do not co-
incide with the true pairs of binding sites in human UTRs.
Consistently with this, when we investigated experimentally
annotated microRNA binding sites, we did find a group of
microRNA binding sites with a strong cooperativity free
energy around AAG = —3.8 kcal/mol ~ —6RT that is sta-
tistically over-represented compared to randomly permuted
sites.

An intriguing phenomenon about RNA secondary struc-
ture induced cooperativity is its symmetry in terms of the
sign of the cooperativity. The symmetry of the distribution
of cooperativity free energies shown in Figure 5 implies
that the number of mRNAs with positive cooperativity is

roughly equal to the number of those with negative cooper-
ativity. Whether this symmetry is a generic property of RNA
or if it is specific to the ensembles of mRNAs studied here
is an interesting topic for future investigations.

Another interesting fact we find about the cooperativ-
ity between the two ends of an RNA is that it appears ex-
clusively determined by the 5 and 3'UTR sequences. Our
investigation of C. elegans mRNAs shows a positive rela-
tionship between UTR length and cooperativity strength.
Moreover, an ensemble of sequences generated by substi-
tuting a fixed CDS for the CDSs of human mRNAs shows
very similar cooperativities to the ensemble of original hu-
man mRNAs. These two results support the picture that the
5" and 3’UTRs ‘communicate’ with each other with little in-
terference from the CDS.

In our study we first chose the protein binding sites to be
symmetrically arranged, i.e. at equal distances from their re-
spective ends of the mRNA molecule. Based on the proper-
ties of RNA secondary structure, we would expect that sta-
tistically asymmetric configurations of the protein binding
site will behave the same as the symmetric configurations
with the outside distance Dy, being the only relevant pa-
rameter. However, when studying the cooperativity free en-
ergy of a specific molecule, being able to vary the positions
of both binding sites independently should dramatically in-
crease the search space and thus enable even higher cooper-
ativity free energies. Unfortunately, the computational cost
of varying the two positions independently is prohibitive
since each combination of binding sites requires a new fold-
ing of the entire molecule.

However, we were still able to investigate asymmetric con-
figurations in some limited cases. In our study of microR-
NAs, the 3’UTR binding sites are fixed, and thus we were
able to tune the YUTR binding sites and search through a
range of different n; with respect to the asymmetric, fixed
ny. Also, when we looked for the maxima of cooperativity
in artificially evolved RNA sequences, we constrained the
calculation of AAG in a small range of asymmetric #; and
ny, as a compromise given the limitations imposed by com-
putational cost. In this case we found very significant coop-
erativity free energies up to IAAGpaxl ~ 30RT.

An important aspect for future investigations is the inclu-
sion of sequence specificity. For the purpose of this work, we
assumed perfect sequence specificity and allowed the pro-
tein (or microRNA) to only bind at one pre-defined loca-
tion along the mRNA. With techniques like RNAcompete
(9,10) systematically measuring the affinities of many im-
portant RNA binding proteins to all possible binding sites,
it should be possible to allow sequence-dependent binding
of two proteins to be incorporated into RNA secondary
structure prediction and we will pursue this avenue in order
to identify mRNAs and pairs of proteins that actually em-
ploy this mechanism of post-transcriptional regulation and
could be verified experimentally. Lastly, while our study en-
tirely focused on thermodynamical quantities, studying the
kinetics of the interplay of RNA structure and protein bind-
ing will be important as well.
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