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ABSTRACT

Recently, the ability to interact with messenger RNA
(mRNA) has been reported for a number of known
RNA-binding proteins, but surprisingly also for dif-
ferent proteins without recognizable RNA binding
domains including several transcription factors
and metabolic enzymes. Moreover, direct binding
to cognate mRNAs has been detected for multiple
proteins, thus creating a strong impetus to search
for functional significance and basic physico-
chemical principles behind such interactions. Here,
we derive interaction preferences between amino
acids and RNA bases by analyzing binding inter-
faces in the known 3D structures of protein-RNA
complexes. By applying this tool to human
proteome, we reveal statistically significant
matching between the composition of mRNA se-
quences and base-binding preferences of protein
sequences they code for. For example, purine
density profiles of mMRBNA sequences mirror
guanine affinity profiles of cognate protein se-
quences with quantitative accuracy (median
Pearson correlation coefficient R=-0.80 across
the entire human proteome). Notably, statistically
significant anti-matching is seen only in the case
of adenine. Our results provide strong evidence for
the stereo-chemical foundation of the genetic code
and suggest that mRNAs and cognate proteins may
in general be directly complementary to each other
and associate, especially if unstructured.

INTRODUCTION

In the 50 years since the discovery of messenger RNA
(mRNA) (1), the relationship between this key biopolymer
and proteins has been studied predominantly in the
context of transmission of genetic information and

protein synthesis. Recently, however, evidence of direct
non-covalent binding between mRNAs and a number of
functionally diverse proteins has been provided, including
surprisingly various metabolic enzymes, transcription
factors and scaffolding proteins with hitherto
uncharacterized RNA-binding domains (2-5). It has
been found that such mRNA-protein complexes fre-
quently participate in the formation of RNA droplets in
the cell (e.g. P-bodies), which display all features of a
separate cytoplasmic microphase and open up new para-
digms in cell biophysics (6-8). What is more, several
proteins have been found over the years to directly bind
their own cognate mRNAs, including among others
thymidylate synthase, dihydrofolate reductase and p53
(2,9—-14), with binding sites in both translated and untrans-
lated mRNA regions. The functional significance of such
cognate interactions has been clearly ascertained in some
cases [e.g. translational feedback control (12)], but it is far
from clear how general and functionally relevant they
actually are. Kyrpides and Ouzounis hypothesized that
cognate protein—-mRNA interactions may represent an
ancient mechanism for autoregulation of mRNA stability
(9,10), but structural and mechanistic aspects of their
proposal have never been explored in detail. Altogether,
the rapid growth of the number of experimentally verified
mRNA-binding proteins, both cognate and non-cognate,
has now created a strong incentive to search for the func-
tional significance of such interactions and, even more
fundamentally, the basic physico-chemical rules that
guide them.

Related to this, we have recently shown that pyrimidine
(PYR) density profiles of mRNA sequences tend to closely
mirror sequence profiles of the respective cognate proteins
capturing their amino-acid affinity for pyridines, chem-
icals closely related to PYR (15). These findings
provided strong support for the stereo-chemical hypoth-
esis concerning the origin of the genetic code, the idea that
the specific pairing between individual amino acids and
cognate codons stems from direct binding preferences of
the two for each other (16-21). However, based on our
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results, such binding complementarity may exist predom-
inantly at the level of longer polypeptide and mRNA
stretches rather than individual amino acids and codons.
Stimulated by these findings, we hypothesized that PYR-
rich regions in mRNAs and protein stretches encoded by
them may bind each other in a complementary fashion, a
feature encoded directly in the universal genetic code (15).
Although strongly suggestive, these findings remained
silent about the potentially equivalent complementarity
on the side of purines (PUR) as well as any details con-
cerning specific nitrogenous bases. In addition to confirm-
ing our previous results using a completely orthogonal
approach, the present study provides strong novel
evidence along both of these two key lines.

MATERIALS AND METHODS

Analysis of contacts between amino-acid side chains and
RNA nucleobases

All available structures of protein—RNA complexes (both
X-ray and nuclear magnetic resonance structures) were
downloaded from the Protein Data Bank (PDB) (22) in
September 2012 using the 30% protein sequence identity
and 3 A resolution (for X-ray structures) cutoffs. The
initial set was further manually filtered to exclude
complexes containing double-stranded RNAs or mature
transfer RNAs. The structures of the complete
Saccharomyces cerevisiae (23), Escherichia coli (24) and
Thermus thermophilus (25) ribosomes with the highest
crystallographic resolution as well as the 50S subunit of
the Deinococcus radiodurans (26) and Haloarcula
marismortui ribosome were also included in the set. This
resulted in a total of 299 individual PDB structures
(Supplementary Table S1). An amino-acid residue and
an RNA base were considered to be neighbors and form
a contact if their centers of geometry were separated by
less than a given cutoff distance. All the results reported in
the main manuscript are given for the cutoff of 8A,
whereas for testing purposes, this cutoff was also varied
between 6 and 10 A with a 0.25A step. We separately
analyzed contact statistics for residues having at least
one neighboring base (set ‘14’ with a total of 25820
unique contacts for 8 A cutoff), at least two neighboring
bases (set 2+’ with a total of 16331 unique contacts for
8 A cutoff) or include only the two closest neighboring
bases (set ‘2" with a total of unique 12040 contacts for
8 A cutoff).

Calculations of amino-acid interaction preferences

Amino acid/nucleobase preferences €/ (with i=1,...,20
for amino acids and j = 1,....,4 for bases) were estimated
using the following standard distance-independent contact
potential formalism with the quasi-chemical definition of
the reference state (27-31):

NZhs — —In NZhs (1)
Ngxp X"X/NZ;JOVT

g/ = —In

where NZhS is the number of observed contacts between
amino acid side chain of type i and nucleobase of type j
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in experimental structures, and N/  is the expected
number of such contacts. The latter is calculated as the
product of molar fractions of amino acid i and base j
among all observed contacts (X; and X, respectively)
and the total number of all observed contacts N797.

Interaction preference scales of amino acids were
obtained separately for guanine (‘G-preference’), adenine
(‘A-preference’), cytosine (‘C-preference’), uracil (‘U-pref-
erence’), PUR (both G and A, ‘PUR-preference’) and
PYR (both C and U ‘PYR-preferences’).

Proteome data

The sequences of the complete human proteome (17083
proteins) and coding sequences of their corresponding
mRNAs were extracted from UniProtKB database
(January 2013 release), with maximal-protein-evidence-
level set at 4 (i.e. proteins annotated as ‘uncertain’ were
excluded) and with only the reviewed Swiss-Prot (32)
entries used for further analysis. The coding sequences
of their corresponding mRNAs were extracted using the
‘Cross-references’ section of each of UniProtKB entry
where out of several possible translated RNA sequences
the first one satisfying the length criterion (RNA
length = 3 x protein length+3) was selected and its
sequence downloaded from European Nucleotide
Archive Database (http://www.ebi.ac.uk/ena). The
protein as well as RNA sequences with only canonical
amino acids or nucleotides were chosen for analysis. The
complete set of mRNA/protein sequences used herein is
included in the Supplementary Data. The average content
of codons when it comes to individual nucleobases or
PYR or PURs for all 20 amino acids (‘codon content’
scales) was extracted from the thus-obtained cognate
mRNA and protein sequences.

Correlation calculations

Pearson correlation coefficients (R) were calculated
between nucleobase preferences and ‘codon content’
scales and between sequence profiles of nucleobase
content for mRNAs and of different amino-acid prefer-
ence scales for proteins from the complete human
proteome set. Before comparison, the profiles were
smoothed using a sliding-window averaging procedure;
the window size of 21 residues/codons was used for all
calculations.

Analysis of statistical significance

Statistical significance (P-values) of the observed correl-
ations was estimated using a randomization procedure
involving random shuffling of the interaction preference
scales. Each scale was shuffled one million times, and
Pearson correlation coefficients (R) against codon
content scales as well as for mRNA /protein profiles were
calculated for each shuffled scale. The reported P-values
correspond to the fraction of shuffled scales, which exhibit
a higher absolute R than the original (|R| > |Roriginall) in
the case of codon content comparisons, or for which <R>
is higher in absolute value than <Rgyigina> in the case of
sequence-profile comparisons.
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The typical randomized scales whose distributions of
correlation coefficients are depicted in the manuscript
were chosen to be those, whose mean and standard devi-
ation are the same as the average mean and the average
standard deviation over all 10° randomized scales in each
case.

Analysis of protein disorder and gene ontology (GO)
classification

The average disorder for each protein sequence in the
human proteome was predicted using IUpred server
(33). Fourteen subsets of proteins displaying best or
worst matching between their interaction preference
profiles and nucleobase density profiles of their cognate
mRNAs in term of Pearson R were extracted from the
human proteome (top and bottom 10% cohorts) for the
six cases of direct correspondence between nucleobase
preferences and nucleobase composition profiles (e.g.
protein G-preference versus G mRNA content, Gprotein-
Gnrna, ctc) and for the G-preference versus PUR
mRNA content one (Gprotein-PURmrNA). Each of these
subsets contains 1707 proteins, for which average
disorder values were assigned. Means and standard devi-
ations of the 14 thus-obtained distributions of average
predicted disorder were compared with those of the
entire human proteome (background). The significance
of the mean difference from the background was estimated
for each of the analyzed subsets using the Wilcoxon
signed-rank test. The gene ontology (GO) analysis was
performed for the same seven top 10% best-matching
protein subsets using DAVID functional annotation
server (34). The entire human proteome was used as back-
ground, and only the most significantly enriched func-
tional terms with a DAVID EASE score (P-values)
<107'% were considered.

Data visualization

The 3D structures of protein-RNA and amino acid/
nucleobase complexes were visualized using PyMol
(http://www.pymol.org/) (35). Contact statistics heat-
map was produced using MATLAB (R2009a). Pearson
R distributions for mRNA /protein profiles were processed
and visualized using Grace (http://plasma-gate.weizmann.
ac.il/Grace/).

RESULTS

Derivation of amino acid/nucleobase interaction
preferences

How differentiated and context-dependent are the prefer-
ences of amino acids to interact with specific nitrogenous
bases? To address this question, we analyze contact inter-
faces of ~300 high-resolution structures of different
protein—-RNA complexes including five ribosomal struc-
tures (Supplementary Table S1). We use distances
between centers of geometry of amino-acid side chains
and nucleotide nitrogenous bases in combination with a
fixed cutoff to define contacting neighbors (Figure 1A). In
this way, we isolate sequence-specific protein—RNA

contacts (36-38) while ignoring non-specific interactions
defined exclusively by protein or RNA backbones. We
first present results for the distance cutoff of 8 A following
Shakhnovich et al. who established cutoffs between 7 and
8 A to be optimal for residue-based statistical potentials
describing protein-DNA interactions, albeit with a
slightly different definition of reference points (28).
However, all of our principal findings hold qualitatively
for cutoffs between ~6 and 9 A as discussed later in the
text. Finally, to differentiate cases in which an amino acid
interacts with a single base only from denser, potentially
more stereospecific contacts with more than one neighbor-
ing base within the cutoff, we separately merge contact
statistics over the whole set of studied structures for
amino acids having at least one neighboring base
(set ‘1+’) or at least two neighboring bases (set 2+,
Figure 1A) within the cutoff.

Using standard distance-independent contact potential
formalism (27-31), we subsequently derive scales of amino
acid/nucleobase interaction preferences (Figure 1B and
Supplementary Table S2) and use them to address the
following questions: (i) how does the average composition
of mRNA codons coding for a given amino acid relate to
the preferences of this amino acid to interact with different
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Figure 1. Derivation of amino acid/nucleobase interaction preference
scales from known structures of RNA/protein complexes. (A) We
define amino-acid side chains and RNA bases in a given complex to
be contacting neighbors if their centers of geometry are less than a
given cutoff radius R apart (left and middle) and merge contact statis-
tics over the entire set of studied structures (right, 2+ set with applied
8 A cutoff). (B) Interaction preference scales of amino acids (in arbi-
trary units) for binding to_guanines (G), PYR and PUR obtained from
set 2+’ statistics using 8 A cutoff (panel A, right). The scales are stat-
istical analogs of relative free energy of binding (see ‘Materials and
Methods’ section) with the prominently negative values corresponding
to amino acid side chains having the highest affinities for bases of a
given type and vice versa.
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nucleobases at protein/RNA interfaces and (ii) how does
sequence density of different bases in mRNA-coding se-
quences relate to sequence profiles of amino-acid inter-
action preferences for these and other bases in cognate
protein sequences?

Amino acid interaction preferences and their codon
content

We first focus on contact statistics from set 2+
Dinucleotides were found previously to exhibit potential
for specific recognition of amino acids at protein-RNA
interfaces (39) and have also been suggested as potential
catalysts for amino acid synthesis in pre-biotic environ-
ments (40). Moreover, set 2+’ by definition also
includes all instances where triplets of bases directly
contact a given amino acid, which may be relevant in
the context of the genetic code. Using set 2+’ statistics,
we observe a remarkably strong correlation between pref-
erences of amino acids to interact with guanine (G-prefer-
ence, Figure 1B) and the average PUR content of their
respective codons as derived from the complete human
proteome with Pearson correlation coefficient R of
—0.84 (Figure 2A). Negative Pearson correlation coeffi-
cients indicate matching between amino acid preferences
and codon content owing to the way preference is defined
(see ‘Materials and Methods’ section). Put differently,
amino acids, which are predominantly encoded by
PURs, display a strong tendency to co-localize with G
at protein—RNA interfaces. This is also true, albeit at a
somewhat weaker level of correlation, for matching
between PUR composition of individual codons from
the standard genetic table and the respective G-prefer-
ences if the statistics of codon usage in the human
proteome is not included (R = —0.68, Supplementary
Figure S1). The observed signal for G is statistically
highly significant as evidenced by randomization calcula-
tions (P-value < 107, Figure 2B). Related to this, G-pref-
erence of amino acids inversely correlates with C and U
content of their codons (Figure 2B). Somewhat less prom-
inent, but still extremely significant correlations are
observed for G- and C-preference of amino acids and
the average G- and C-content of their codons (R of
—0.47 and —0.58, respectively). On the other hand, the
interface statistics for adenine (A) and uracil (U) do not
correlate with their average usage in codons. In particular,
the A-preference of amino acids correlates inversely with
the A-content (R = 0.59) or directly with the U-content of
their codons (R = —0.51), whereas the U-preference
exhibits  relatively low  correlations  throughout
(Figure 2B). Finally, both PYR and PUR binding prefer-
ences of amino acids (Figure 1B) display significant cor-
relations with PYR and PUR fraction in their codons with
R of —0.54 and —0.53, respectively, and P-values < 107 in
both cases. In other words, amino acids coded for by
PYR-rich codons prefer to co-localize with PYR, and
those coded for by PUR-rich codons with PUR at
RNA-protein interfaces. Although similar in the present
case, PYR- and PUR-preference scales need not necessar-
ily be inverses of each other owing to the way preferences
are defined, and we therefore here report and discuss both.
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Matching between sequence profiles of mRNAs and their
cognate proteins

How do these observations translate if one compares
complete mRNA-coding sequences with their cognate
protein sequences? Owing to codon usage bias and non-
uniform amino-acid composition of the human proteome,
these results could in principle deviate significantly from
the results obtained for individual codons and amino
acids. To address this question, we calculate a Pearson
R for every cognate mRNA/protein pair in the human
proteome capturing the correlation between each mRNA
sequence composition profile with the base-binding pref-
erence profile of its cognate protein sequence.
Remarkably, we observe an extremely high level of
matching between PUR density profiles of mRNAs and
G-preference profiles of cognate protein sequences with a
median Pearson R (Ryedqian) Over the entire human
proteome of —0.80 and a low P-value (<107°) as
determined by randomization (Figure 2C). In particular,
the distribution of Pearson R values for this scale over the
human proteome is significantly left shifted and shows
only marginal overlap with the one calculated
for a typical randomized interaction preference scale
(Figure 2C). For illustration, we present sequence
profiles for proteins of most abundant length (300-400
amino acids, Supplementary Figure S2) displaying
typical (i.e. exhibiting a Pearson R equal to the population
median) or best levels of correlation (Figure 2D). As is
evident, the PUR density of mRNAs is quantitatively ex-
tremely well predicted by the G-binding preference profiles
of cognate proteins even for typical human proteins
(Rinedian = —0.80 and P < 107%). We also observe signifi-
cant matching between C-preference profiles for protein
sequences and both C- and PYR-density profiles of their
cognate mRNAs with Reqian of —0.55 and —0.47, re-
spectively (Figure 2E). In contrast, the A-preferences
display significant matching with PYR-density profiles
on the side of mRNA (Figure 2E; see also
Supplementary Table S2 for the full report of profile cor-
relations) with Rycgian Of —0.53. Finally, strong and sig-
nificant level of matching is observed for PYR-binding
preferences of amino acids and PYR mRNA profiles as
well as PUR-binding preferences of amino acids and PUR
profiles (Rpedian Of —0.58 in both cases and P-values of
8.6 x 107 and 7.9 x 1072, respectively, Figure 3A and C).
From the exemplary typical and best profiles (Figure 3B
and D), it is clear that the PYR- and PUR-rich regions in
mRNA code for stretches of amino acids in cognate
proteins, which prefer to co-localize with PYR and PUR
bases, respectively, at protein—-RNA interfaces in the
known 3D PDB structures. The typical level of similarity
between sequence profiles is actually greater than what
one might infer from Rpeqian values, suggesting that
Pearson correlation coefficient might not even be the
optimal measure of deviation in this case. Importantly,
this direct physico-chemical complementarity between
mRNA and cognate protein sequences may be indicative
of pronounced potential for complex formation between
them, especially under circumstances when ‘peak’ regions
become available for such interactions. Given the fact that
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Figure 2. Relationship between nucleobase-binding preferences of amino acids and mRNA content at multiple levels. (A) Correlation between G
interaction preferences of amino acids (Figure 1B) and the average PUR content of their codons in mRNAs of the entire human proteome.
(B) Pairwise Pearson correlation coefficients (R) between base-binding preference scales of amino acids (‘scl’) and average base content of their
codons (‘cdn’). (C) Distributions of correlation coefficients (R) between window-averaged PUR-content profiles of individual mRNA coding sequences
and window-averaged G-preference sequence profiles of the respective proteins for the entire human proteome (window-size = 21). The dashed curve
depicts the distribution of correlation coefficients calculated for a typical randomized G-preference scale. /nset: the distribution of the means of sequence-
profile correlation coefficients for the human proteome (<R>) calculated for 10° randomized G-preference scales. The R for the original G-preference
scale is shown with an arrow. (D) Typical (R = Rpedian) @and best pairs of mRNA PUR-content (black curves) and protein G-preference profiles (red
dashed curves) for human proteins. (E) Median pairwise Pearson correlation coefficients for comparison between nucleobase content profiles of mRNAs
(subscript ‘mRNA’, x-axis) and base-preference-weighted protein sequence profiles (subscript ‘protein’, y-axis) over the entire human proteome. All
results are based on the analysis of set 2+ statistics. All data reported for preference scales are obtained using an 8 A cutoff.

a significant matching of profiles is detected at the level of
primary sequences, we propose that the presence of ex-
tended unstructured protein and mRNA segments may
be required for such binding. This suggestion agrees well
with recent knowledge-based studies where RNA loops
and bulges were found to be more likely to interact with
amino-acid side chains in a specific manner (38,41).

How sensitive is the level of matching to the choice of
cutoff distance used to define contacting amino acids and

nucleobases in protein/RNA complexes? To address this
question, we have repeated the aforementioned analysis
for a range of different cutoff values going from 6 to
10 A in steps of 0.25A (Figure 4). Overall, for set 2+,
our findings are largely robust to the choice of the exact
cutoff in this range, albeit with a somewhat lower level of
significance for longer cutoffs. However, the majority of
the signal is lost if one uses the ‘1+’ set, except for
G-preference and PUR-content (Figure 5A) and
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A-preference and PYR-content (Supplementary Table
S2). This observation strongly suggests that close dense
packing of nucleobases around amino acids may be
required for specificity in cognate complex formation.
Although interfaces may be dynamic and liquid-like, as
we have suggested before, they may still need to be
densely packed. Interestingly, if one reduces the 2+ set
by including only the two closest bases in contact with a
given amino acid (set ‘2°), the signal for G-preference/
PUR-content even further improves by several percentage
points (Figure 5A), and the same holds for C-preference/
C-content and A-preference/PYR-content (Supplemen-
tary Table S2).

To further study the role of protein structural disorder
in matching, we have analyzed the levels of the predicted
disorder of the top and the bottom 10% of proteins when
it comes to the degree of mRNA /protein profile matching
as captured by Pearson R coefficient (see ‘Materials and
Methods’ section). We have done this for the six cases of
direct comparison whereby the same base type is used for
both protein preference and mRNA profile density
(Gprotein'GmRNAs Aprotein'AmRNA, Cprotein'CmRNAa
Uprotein'UmRNAa PURprotein'PURmRNA and PYRprotein'
PYR,,rna) and also for the case displaying the strongest
signal in our analysis (Gprotein-PURmrNA). Importantly, in
the case of Gprotein'GmRNA: Aprotein'AmRNA and Cprotein'
C.rva matching, we do observe a pronounced tendency

for the top and the bottom 10% cohorts to be significantly
enriched (top 10%) and depleted (bottom 10%) in dis-
ordered proteins (Supplementary Table S3), whereas in
the case of Uprowein-Upror matching, the situation is
reversed.  Interestingly, for  PURpoein-PURpRrNA,
PYRprotein'PYRmRNA and Gprotein'PURmRNA matching,
one observes slight disorder enrichment in both top and
bottom cohorts. The most prominent shift of the distribu-
tion of predicted average disorder toward higher disorder
as compared with background is observed for the top
10% cohort of proteins displaying strong matching
between C-preference profiles of their sequences and the
C-content of their cognate mRNAs (Cprotcin-CmrNas
Supplementary Table S3, Supplementary Figure S3).
One might argue that this effect could just be related to
compositional properties of such protein and mRNA
pairs, whereby disordered proteins are simply encoded
by C-rich sequences. However, the differences between
nucleobase compositions of mRNAs from the Cpoein-
Cmrna top 10% cohort and the complete proteome are
minor, suggesting that the underlying explanation might
be more complex (Supplementary Figure S3).

Which biological functions might be associated with a
high level of complementarity between proteins and
cognate mRNAs? To address this question, we have per-
formed GO analysis for seven different top 10% subsets of
proteins displaying strong matching with cognate mRNAs
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Figure 4. Effect of cutoff radius used to define protein-RNA contacts
on observed correlations. (A) Dependence of Pearson correlation coef-
ficients (R) between amino acid preference scales and average codon
content on the cutoff radius for the two sets of statistics studied (‘1+,
2+). The total number of unique contacts in ‘1+’ and 2+’ (given in
parentheses) sets obtained for each of used cutoff radii is indicated at
the top of the panel. (B) Cutoff radius dependence of median pairwise
Pearson correlation coefficients (Rpyedian) for comparison between
nucleobase content profiles of mRNAs and base-preference-weighted
protein sequence profiles over the entire human proteome (color code
the same as in panel A).

(see ‘Materials and Methods’ section for details). In
Supplementary Table S4, we report the most significantly
enriched biological functions (using a P-value cutoff of
107'%) shared by proteins from the analyzed cohorts. In
a striking agreement with our hypothesis, in most cases,
we observe pronounced enrichment of terms related to
nucleic-acid/protein interactions, including regulation of
RNA metabolic processes, ribonucleoprotein complexes
and transcription. The latter, in particular, allows one to
speculate that protein tendencies to associate with cognate
mRNA might be used by the cells to modulate gene ex-
pression pathways. What is more, PUR or PYR density
profiles of mRNAs are identical to PUR or PYR density
profiles of coding-strand DNA sequences (with Us being
replaced by Ts). Although based on our statistical poten-
tials, we cannot say anything about T-binding preferences
of amino acids, it is possible that our results may be gen-
eralizable even to DNA-protein interactions as well as
other RNA-protein interactions. One should also
mention that depending on the particular type of
matching, other biological functions also tend to be
enriched. For instance, the Upiotein-Umrna top 10%
subset displays significant enrichment of membrane
proteins, whereas Gprotein-PURmrNA top cohort seems to
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Figure 5. Physico-chemical origins of the mRNA /protein relationship.
(A) Correlation coefficients (R and <R> with standard deviations)
between PYR or PUR average codon content (‘Codon content’) and
respective mRNA profiles (‘Profiles’) calculated for G- (blue), PUR-
(red) and PYR- (green) binding preferences of amino acids, which
were obtained using different amino acid neighbor statistics (1+, 2+
or 2). (B) A model of physico-chemical complementarity between
proteins and cognate mRNAs. Preferential interactions of amino
acids with PYR or PUR define their codon content in the genetic
table and facilitate complementary interactions between PYR/PUR-
rich mRNA regions and PYR/PUR preferring regions in proteins.
The opposite behavior of adenines and guanines adds an additional
layer of complexity in the case of PURs as signified by dashed
arrows in the model. Note: polymer sizes not drawn to scale.

be populated by extracellular proteins and particularly
those involved in the functioning of the innate immune
system. Altogether, our preliminary GO analysis illus-
trates significant functional differences between proteins
that strongly complement their cognate mRNAs and the
rest of the human proteome, and these findings will be
further explored in another manuscript.

DISCUSSION

High levels of matching between base-binding-preference
profiles of proteins and PYR- or PUR-density profiles of
cognate mRNA-coding sequences, defined primarily by
amino acid preferences to co-localize with G and C
bases at RNA/protein interfaces, allow one to speculate
that direct complementary binding interactions may be a
key element underlying the whole mRNA /protein rela-
tionship when it comes to both its evolutionary develop-
ment as well as present day biology (Figure 5B). This
agrees well with and significantly extends our previous
findings where we have shown that protein sequence
profiles of amino acid affinity for PYR analogs (42—44)
mirror PYR density profiles of cognate mRNA sequences
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(15). It should be emphasized, however, that our present
results are based exclusively on the statistics of direct
amino acid/nucleobase contacts at RNA/protein inter-
faces. It is therefore still possible that the driving force
for interactions between mRNAs and cognate proteins is
non-specific (e.g. binding of positively charged amino acid
side chains to RNA phosphate groups), whereas comple-
mentary interactions actually confer specificity to binding.

Moreover, our results provide a clear evolutionary per-
spective concerning the physico-chemical origins of trans-
lation in line with the stereo-chemical hypothesis of the
origin of the genetic code (16-21). In particular, our
results give strong support to the possibility of direct
templating of proteins from mRNAs in the era before
the development of ribosomal decoding and code’s
fixation in that era (17,45). In this framework, ancient
amino acids associated with mRNA directly following
their intrinsic physico-chemical preferences as outlined
here. However, the fact that an analogous effect is not
seen for all bases, especially adenine and uracil, supports
the possibility that in addition to physico-chemical ration-
ales in the context of direct binding other evolutionary
forces were also responsible for shaping the genetic code
as suggested before (19). Our results are most consistent
with the possibility that the early stereo-chemical phase in
code’s development was dominated by G- and C-rich
codons, as strongest correlations are seen for precisely
these bases. If the basic structure of the early genetic
code was defined by such codons, but was later modulated
by the inclusion of A and U bases, this might explain why
G-affinity of amino acids in present-day protein sequences
closely follows PUR density profiles in cognate mRNAs.
Interestingly, Trifonov and coworkers have suggested that
the first codons were G- and C-rich on the basis of a con-
sensus analysis of 40 different criteria (46).

Importantly, it should be emphasized that the stereo-
chemical hypothesis of the code’s origin may differ from
the cognate mRNA/protein complementary interaction
hypothesis in terms of its evolutionary underpinnings.
Direct templating of proteins from mRNAs in ancient
systems (the coding aspect of the stereo-chemical hypoth-
esis) does not necessarily imply that modern proteins
directly interact with their own mRNA (complementary
interaction hypothesis). However, our findings support the
possibility that the origin of the genetic code and potential
complementarity between proteins and cognate mRNAs
might have the same physico-chemical background. It is
well possible that other independent influences have
shaped both effects, and the two hypotheses leave ample
room for such refinements. However, we would like to
stress that in our view, the two hypotheses are inter-
linked: cognate binding is on the one hand a reasonable
consequence of the stereochemical hypothesis, but on the
other hand, it also gives a potential biological rationale for
the early development of the code to begin with, such as
stabilization of RNA structures by bound polypeptides, as
has been suggested before (45).

There are a number of open challenges concerning the
aforementioned proposal. First and foremost, the struc-
tural features of mRNAs and cognate proteins impose
severe constraints on any putative complementarity
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between the two. Namely, with the contour length of the
mRNA coding part being ~4.5 times longer than that of a
cognate protein, it is not clear what structural arrange-
ments may be consistent with any complementary inter-
actions. We would like to suggest that structures of such
complexes may be dynamic and liquid-like with mRNA
stretches enveloping and solubilizing cognate protein
stretches (15). Second, with many mRNAs and proteins
being well-folded and compact for most of the time, it
remains to be studied when and how opportunities could
arise for the complementarity between their primary se-
quences to be of relevance. It is possible that, if at all
realistic, such complementary binding might be function-
ally important precisely in those situations where both
polymers are unstructured such as during translation,
export and degradation, as a consequence of thermal
stress or in the case of intrinsically unstructured
proteins. However, we do not exclude the possibility of
complementary interactions even in the folded state.
Finally, concerning the origin of the genetic code, it is
not clear how the final well-defined structure of the code
could have arisen based on still partially non-specific
large-scale binding interactions between mRNAs and
cognate proteins. As suggested before, it is possible that
the answer lies in a combination of different influences
(19). Future research should shed light on these and
related questions.

These challenges notwithstanding, our findings provide
strong evidence that the ability to interact with mRNA
might be a widespread phenomenon in the cell involving
not only cognate proteins but also other proteins based on
similar principles. The potential significance of such
physico-chemical complementarity between mRNAs and
proteins potentially extends to all facets of nucleic acid
and protein biology in the modern cell including transcrip-
tion/translation regulation (9,10,47,48), mRNA transport
and localization (49,50), processing and decay (51), struc-
ture of ribonucleoproteins (52) and others (2-5,53,54).
Our preliminary GO analysis has demonstrated a signifi-
cant enrichment of functions related to association with
nucleic acids for the subsets of proteins that complement
their cognate mRNAs strongly, and these findings will be
explored in more detail in future work.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors thank S. Dorner, R. Schroeder, A. Vaziri, G.
Warren and members of the Laboratory of
Computational Biophysics at MFPL for useful advice
and critical reading of the manuscript.

FUNDING

This work was supported in part by the Austrian Science
Fund FWF [START grant Y514-B11 to B.Z.]; European
Research Council [ERC Starting Independent grant


-
-
ile
In fact, 
ince
indeed 
purine 
very 
indeed 
very 
is 
above 
approximately 
quite 
up
,
,
,
indeed 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt618/-/DC1
: Supplementary Tables S1-S4, Supplementary Dataset, Supplementary Figures S1-S3

8442 Nucleic Acids Research, 2013, Vol. 41, No. 18

#279408 to B.Z.]. Funding for open access charge:
Austrian Science Fund FWF.

Conflict of interest statement. None declared.

REFERENCES

1.

10

12.

13.

14.

15.

16.

17.

18.

Brenner.,S., Jacob,F. and Meselson,M. (1961) An unstable
intermediate carrying information from genes to ribosomes for
protein synthesis. Nature, 190, 576-581.

. Anders,G., Mackowiak,S.D., Jens,M., Maaskola,J., Kuntzagk,A.,

Rajewsky,N., Landthaler,M. and Dieterich,C. (2012) doRiNA: a
database of RNA interactions in post-transcriptional regulation.
Nucleic Acids Res., 40, D180-D186.

. Baltz,A.G., Munschauer,M., Schwanhausser,B., Vasile,A.,

Murakawa,Y., Schueler,M., Youngs,N., Penfold-Brown,D.,
Drew,K., Milek,M. et al. (2012) The mRNA-bound proteome and
its global occupancy profile on protein-coding transcripts. Mol.
Cell, 46, 674-690.

. Castello,A., Fischer,B., Eichelbaum,K., Horos,R.,

Beckmann,B.M., Strein,C., Davey,N.E., Humphreys,D.T.,
Preiss, T., Steinmetz,L.M. et al. (2012) Insights into RNA biology
from an atlas of mammalian mRNA-binding proteins. Cell, 149,
1393-1406.

. Konig,J., Zarnack,K., Luscombe,N.M. and Ule,J. (2012) Protein-

RNA interactions: new genomic technologies and perspectives.
Nat. Rev. Genet., 13, 221-221.

. Mitchell,S.F., Jain,S., She,M. and Parker,R. (2013) Global

analysis of yeast mRNPs. Nat. Struct. Mol. Biol., 20, 127-133.

. Weber,S.C. and Brangwynne,C.P. (2012) Getting RNA and

protein in phase. Cell, 149, 1188-1191.

. Han, T.N.W., Kato,M., Xie,S.H., Wu,L.C., Mirzaei,H., Pei,J.M.,

Chen,M., Xie,Y., Allen,J., Xiao,G.H. et al. (2012) Cell-free
formation of RNA granules: bound RNAs identify features and
components of cellular assemblies. Cell, 149, 768-779.

. Kyrpides,N.C. and Ouzounis,C.A. (1993) Mechanisms of

specificity in messenger-rna degradation - autoregulation and
cognate interactions. J. Theor. Biol., 163, 373-392.

. Ouzounis,C.A. and Kyrpides,N.C. (1994) Reverse interpretation-a

hypothetical selection mechanism for adaptive mutagenesis based
on autoregulated messenger-RNA stability. J. Theor. Biol., 167,
373-379.

. Chu,E., Copur,S.M., Ju,J., Chen,T.M., Khleif.S., Voeller,D.M.,

Mizunuma,N., Patel,M., Maley,G.F., Maley.F. et al. (1999)
Thymidylate synthase protein and p53 mRNA form an in vivo
ribonucleoprotein complex. Mol. Cell. Biol., 19, 1582-1594.
Tai,N., Schmitz,J.C., Liu,J., Lin,X., Bailly,M., Chen,T.M. and
Chu,E. (2004) Translational autoregulation of thymidylate
synthase and dihydrofolate reductase. Front. Biosci., 9, 2521-2526.
Schuttpelz,M., Schoning,J.C., Doose,S., Neuweiler,H., Peters.E.,
Staiger,D. and Sauer,M. (2008) Changes in conformational
dynamics of mRNA upon AtGRP7 binding studied by
fluorescence correlation spectroscopy. J. Am. Chem. Soc., 130,
9507-9513.

Zhao,X., Liu,M., Wu,N., Ding,L., Liu,H. and Lin,X. (2010)
Recovery of recombinant zebrafish pS3 protein from inclusion
bodies and its binding activity to p53 mRNA in vitro. Protein
Expr. Purif., 72, 262-266.

Hlevnjak,M., Polyansky,A.A. and Zagrovic,B. (2012) Sequence
signatures of direct complementarity between mRNAs and
cognate proteins on multiple levels. Nucleic Acids Res., 40,
8874-8882.

Woese,C.R. (1965) Order in genetic code. Proc. Natl Acad. Sci.
USA, 54, 71-75.

Woese,C.R. (1965) On the evolution of the genetic code. Proc.
Natl Acad. Sci. USA, 54, 1546-1552.

Yarus,M. (1998) Amino acids as RNA ligands: A direct-RNA-
template theory for the code’s origin. J. Mol. Evol., 47, 109-117.

. Koonin,E.V. and Novozhilov,A.S. (2009) Origin and evolution of

the genetic code: the universal enigma. /[UBMB Life, 61, 99-111.

20.

21.

22.

23.

24.

25.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Yarus,M., Widmann,J.J. and Knight,R. (2009) RNA-amino acid
binding: a stereochemical era for the genetic code. J. Mol. Evol.,
69, 406-429.

Johnson,D.B. and Wang,L. (2010) Imprints of the genetic code in
the ribosome. Proc. Natl Acad. Sci. USA, 107, 8298-8303.
Berman,H.M., Westbrook,J., Feng,Z., Gilliland,G., Bhat,T.N.,
Weissig,H., Shindyalov,I.N. and Bourne,P.E. (2000) The protein
data bank. Nucleic Acids Res., 28, 235-242.

Ben-Shem.,A., de Loubresse,N.G., Melnikov,S., Jenner,L.,
Yusupova,G. and Yusupov,M. (2011) The structure of the
eukaryotic ribosome at 3.0 angstrom resolution. Science, 334,
1524-1529.

Dunkle,J.A., Wang,L.Y., Feldman,M.B., Pulk,A., Chen,V.B.,
Kapral,G.J., Noeske,J., Richardson,J.S., Blanchard,S.C. and
Cate,J.H.D. (2011) Structures of the bacterial ribosome in
classical and hybrid states of tRNA binding. Science, 332,
981-984.

Polikanov,Y.S., Blaha,G.M. and Steitz,T.A. (2012) How
hibernation factors RMF, HPF, and YfiA turn off protein
synthesis. Science, 336, 915-918.

. Harms,J.M., Wilson,D.N., Schluenzen,F., Connell,S.R.,

Stachelhaus,T., Zaborowska,Z., Spahn,C.M. and Fucini,P. (2008)
Translational regulation via L11: molecular switches on the
ribosome turned on and off by thiostrepton and micrococcin.
Mol. Cell., 30, 26-38.

Miyazawa,S. and Jernigan,R.L. (1985) Estimation of effective
interresidue contact energies from protein crystal-structures -
quasi-chemical approximation. Macromolecules, 18, 534-552.
Donald,J.E., Chen,W.W. and Shakhnovich,E.I. (2007) Energetics
of protein-DNA interactions. Nucleic Acids Res., 35, 1039-1047.
Jonikas,M.A., Radmer,R.J., Laederach,A., Das,R., Pearlman,S.,
Herschlag,D. and Altman,R.B. (2009) Coarse-grained modeling of
large RNA molecules with knowledge-based potentials and
structural filters. RNA, 15, 189-199.

Perez-Cano,L., Solernou,A., Pons,C. and Fernandez-Recio,J.
(2010) Structural prediction of protein-RNA interaction by
computational docking with propensity-based statistical potentials.
Pac. Symp. Biocomput., 15, 269-280.

Tuszynska,l. and Bujnicki,J.M. (2011) DARS-RNP and QUASI-
RNP: new statistical potentials for protein-RNA docking. BMC
Bioinformatics, 12, 348.

Gasteiger,E., Gattiker,A., Hoogland,C., Ivanyi,I., Appel,R.D. and
Bairoch,A. (2003) ExPASy: the proteomics server for in-depth
protein knowledge and analysis. Nucleic Acids Res., 31, 3784-3788.
Dosztanyi,Z., Csizmok,V., Tompa,P. and Simon,l. (2005) IUPred:
web server for the prediction of intrinsically unstructured regions
of proteins based on estimated energy content. Bioinformatics, 21,
3433-3434.

Huang da,W., Sherman,B.T. and Lempicki,R.A. (2009) Systematic
and integrative analysis of large gene lists using DAVID
bioinformatics resources. Nat. Protoc., 4, 44-57.

The PyMOL Molecular Graphics System, Version 1.3rl. (2010)
Schrodinger, LLC. http://www.pymol.org/citing (4 July 2013,
date last accessed).

Treger,M. and Westhof,E. (2001) Statistical analysis of atomic
contacts at RNA-protein interfaces. J. Mol. Recognit., 14,
199-214.

Hoffman,M.M., Khrapov,M.A., Cox,J.C., Yao,J., Tong,L. and
Ellington,A.D. (2004) AANT: the amino acid-nucleotide
interaction database. Nucleic Acids Res., 32, D174-D181.
Gupta,A. and Gribskov,M. (2011) The role of RNA sequence and
structure in RNA—protein interactions. J. Mol. Biol., 409, 574-587.
Fernandez,M., Kumagai,Y., Standley,D.M., Sarai,A.,
Mizuguchi, K. and Ahmad,S. (2011) Prediction of dinucleotide-
specific RNA-binding sites in proteins. BMC Bioinformatics,
12(Suppl. 13), S5.

Copley,S.D., Smith,E. and Morowitz,H.J. (2005) A mechanism
for the association of amino acids with their codons and the
origin of the genetic code. Proc. Natl Acad. Sci. USA, 102,
4442-4447.

Iwakiri,J., Tateishi,H., Chakraborty,A., Patil,P. and Kenmochi,N.
(2012) Dissecting the protein-RNA interface: the role of protein
surface shapes and RNA secondary structures in protein-RNA
recognition. Nucleic Acids Res., 40, 3299-3306.


http://www.pymol.org/citing

42.

43.

44.

45.

46.

47.

48.

Woese,C.R., Dugre,D.H., Saxinger,W.C. and Dugre,S.A. (1966)
The molecular basis for the genetic code. Proc. Natl Acad. Sci.
US4, 55, 966-974.

Woese,C.R. (1973) Evolution of the genetic code.
Naturwissenschaften, 60, 447-459.

Mathew.D.C. and Luthey-Schulten,Z. (2008) On the physical
basis of the amino acid polar requirement. J. Mol. Evol., 66,
519-528.

Noller,H.F. (2012) Evolution of protein synthesis from an RNA
world. Cold Spring Harb. Perspect. Biol., 4, 1-U20.
Trifonov,E.N., Kirzhner,A., Kirzhner,V.M. and Berezovsky,[.N.
(2001) Distinct stages of protein evolution as suggested by protein
sequence analysis. J. Mol. Evol., 53, 394-401.

Vaquerizas,J.M., Kummerfeld,S.K., Teichmann,S.A. and
Luscombe,N.M. (2009) A census of human transcription factors:
function, expression and evolution. Nat. Rev. Genet., 10, 252-263.
Sonenberg,N. and Hinnebusch,A.G. (2009) Regulation of
translation initiation in eukaryotes: mechanisms and biological
targets. Cell, 136, 731-745.

49.

50.

S1.

52.

53.

54.

Nucleic Acids Research, 2013, Vol. 41, No. 18 8443

Lecuyer,E., Yoshida,H., Parthasarathy,N., Alm,C., Babak,T.,
Cerovina,T., Hughes,T.R., Tomancak,P. and Krause,H.M. (2007)
Global analysis of mRNA localization reveals a prominent

role in organizing cellular architecture and function. Cell, 131,
174-187.

Martin,K.C. and Ephrussi,A. (2009) mRNA localization: gene
expression in the spatial dimension. Cell, 136, 719-730.
Moore,M.J. and Proudfoot,N.J. (2009) Pre-mRNA processing
reaches back to transcription and ahead to translation. Cell, 136,
688-700.

Glisovic,T., Bachorik,J.L., Yong,J. and Dreyfuss,G. (2008) RNA-
binding proteins and post-transcriptional gene regulation. FEBS
Lett., 582, 1977-1986.

Bellucci,M., Agostini,F., Masin,M. and Tartaglia, G.G. (2011)
Predicting protein associations with long noncoding RNAs. Nar.
Methods, 8, 444-445.

Rinn,J.L. and Chang,H.Y. (2012) Genome regulation by long
noncoding RNAs. Annu. Rev. Biochem., 81, 145-166.



