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The relation between mRNA folding and protein structure

Mengwen Jia °, Liaofu Luo **

& Laboratory of Theoretical Biophysics, Faculty of Science and Technology, Inner Mongolia University, Hohhot 010021, China
® MOE Key Laboratory of Bioinformatics, Department of Automation, Tsinghua University, Beijing 100084, China

Received 19 February 2006
Available online 3 March 2006

Abstract

About 200 mRNA sequences of Escherichia coli and human with matching protein secondary structure data were studied. The mRNA
folding for each native sequence and for corresponding randomized sequences was calculated through free energy minimization. We have
found that the folding energy of mRNA segments in different protein secondary structures is significantly different. The average Z score is
more negative for regular secondary structure (o-helix and B-strand) than that for coil. This suggests that the codon choice in native
mRNA sequence coding for protein regular structure contributes more to the mRNA folding stability.
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Classical studies show that for many proteins, the infor-
mation required for folding a protein is contained in the
amino acid sequence. However, several authors recently
indicated the possible connections between protein second-
ary structure and genetic information stored in mRNA.
Statistical analyses have shown the codon usage correlated
to protein secondary structures [1-7]. Localized secondary
structures of single-stranded mRNA may play important
functional roles in translational regulation and gene
expression [8—12]. If mRNA secondary structure does effect
the translation process, then it is reasonable to infer that
the mRNA structure may exert some influence on the for-
mation of protein secondary structure since regular second-
ary structures occur in the very early stage of the nascent
peptide folding [13,14]. The possible influence of mRNA
stem—loop frequency on protein secondary structure has
been indicated from the study of up-to-date sequence-
structure data [15]. The mRNA structure is determined in
principle by the minimization of the free energy of the mol-
ecule. The aim of this study was to give a statistical analysis
of mRNA folding energy contributed from codons in dif-
ferent protein secondary structures. We shall demonstrate
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that the codon choice in native mRNA sequence coding
for protein regular secondary structure contributes more
to the mRNA folding stability than that for protein coil
region.

Materials and methods

Data. The gene sequences and structural data of two species, Esche-
richia coli and human, were analyzed. Starting from ASTRAL1.50 [16], we
have set up an integrated sequence-structure database, called IADE2 [15]
(Integrated ASTRAL-DSSP [17]-EMBL [18]). The database incorporates
matching mRNA sequence, amino acid sequence, and protein secondary
structure data of 107 E. coli and 125 human proteins with less than 40%
sequence identity to each other. Their PDB names and corresponding
EMBL accession numbers can be found in Table 1 of [15].

mRNA folding energy and secondary structure. Both secondary struc-
ture and folding free energy for a native mRNA sequence were calculated
using RNAfold [19-21]. For comparison the folding free energies of 50
randomized sequences corresponding to a native mRNA sequence have
also been calculated. Two ways of folding were used in this study. First,
the native mRNA sequence and corresponding randomized sequences are
folded in whole length (called “whole folding). Second, the mRNA
sequence is folded in a local window pattern (called “‘windows folding”).
In local windows folding, the sequence is folded in short regions of 50
bases and shifted by 10 bases [22].

Randomization of a native mRNA sequence. For each native mRNA
sequence, the random sequences were produced by use of Codonrandom
(CODRAN) randomization methods, which preserves the same encoded
amino acid sequence of mRNA sequence under the random codon choice.
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Table 1
Average Z score for E. coli and human
Number Average free Average free Z score
of sequence energy of energy of
native sequences random sequences
E coli 107 —222.0 —206.2 —1.69
Human 125 —149.2 —1324 —2.26

The folding free energy of native sequence and randomized sequence and
the corresponding Z score (defined by Eq. (1)) for each gene are calcu-
lated. The average values for 107 E. coli genes and 125 human genes are
listed.

In this procedure, the randomized codon is selected from its synonymous
codon family in equal frequency. Usually, the randomization is processed
in whole native mRNA sequence of a gene. However, to consider the
difference between regular and irregular secondary structure of the
encoded protein we should only randomize part codons in an mRNA
sequence of a gene. Two different types of randomization sequences were
produced based on CODRAN method. First, the native mRNA sequence
is partly randomized for a given percentage of codons (termed ‘Part-
Random’). Second, the native mRNA sequence is partly randomized for
all codons in regular protein secondary structure segments (termed ‘Reg-
Random’) or for all codons in coil segments (termed ‘Coi-Random’). That
is, only those codons which code for protein regular or coil structure
should be randomized, but others remain unchanged.

Z score value. The energy difference between native and randomized
sequence is measured by Z score. Z score is defined by

Z= {Enﬂlive - <Erandom>}/STD7 (1)

where (E,.ndomy means the energy of randomized sequence averaged over a
large number of (usual 50 in this work) samples generated from the native
sequence and STD means its standard deviation. When the regular sec-
ondary structure (coil) segments are randomized, (E;.ndomy means the
energy averaged over a large number of Reg-Random (Coi-Random)
sequences, and the corresponding Z score calculated from Eq. (1) is denot-
ed by Z™ (or z°°"). Likewise, when Part-Random sequences with the
same randomized percentage as the regular secondary (coil) structure seg-
ments in native sequence are calculated the corresponding Z score can be
served as a control of Z™€ (or Z°°") and is denoted by Z% (or Z¢).

ctrl ctrl
Results and discussions
Energy Z score for E. coli and human

For 125 human and 107 E. coli genes the average Z
score values are listed in Table 1, and the histograms of

Z score distribution shown in Fig. 1. The average Z score
value is —1.69 for E. coli and —2.26 for human, respective-
ly. The Z score values of each mRNA sequence for human
and E. coli are given in supplementary material (Tables Al
and A2). The above energy calculation given in Table 1 was
completed by using whole folding. As a comparison, we
have also calculated the Z score in windows folding pat-
tern. Both for E. coli and human, the results of windows
folding show the basically same trend with whole folding
(see below).

Consider the Z score distribution of random sequences
instead of native mRNA. It is easily proved that they obey
a normal distribution with mean 0 and standard deviation
1. For a set of 107 or 125 random sequences the Z score
obeys the N(0,1/v/107) or N(0,1/4/125) distribution,
respectively, and, at 1% significant level, the offset is
—2.33/V/107 = —0.223 or —2.33/4/125 = —0.208. Com-
paring with Z score distribution of random sequences we
find that the above Z scores for human and E. coli genes
are negative enough and can conclude that the averagely
more negative free energy of native sequences than random
samples is very significant.

The dependence of energy Z score of mRNA sequence on its
encoding protein secondary structure

To explore the folding property of mRNA sequence in
different segments, namely, segment coding for protein reg-
ular structure (o-helix and B-strand) and that coding for
coil, we have used Reg-Random, Coi-Random, and Part-
Random randomization procedure. The free energy of a
randomized sequence depends on the number of codons
that have been randomized. To consider the background
of random percentage, in calculating Z™¢ or Z°! by use
of Reg-Random or Coi-Random, we always employ
Part-Random to calculate Z§ or Z! as a control. In all
these calculations, only windows folding was adopted to
ease the computational intensity.

The detailed calculation results on Z™¢ and Z°°! and
their control values for 125 human and 107 E. coli genes
are given in supplementary material (Tables Al and A2).
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Fig. 1. The histograms of Z score distribution for E. coli and human. The left figure refers to Z score distribution of 107 E. coli genes and the right figure

refers to Z score distribution of 125 human genes.
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The average Z scores for mRNA sequences in different pro-
tein secondary structures are shown in Table 2. From Table
2 we find for E. coli the mean Z score of regular structure is
—1.38 with control —1.01 (difference 0.37), and for human,
the two values are —1.71 and —1.24, respectively (difference
0.47). So, both for E. coli and human, the Z scores of reg-
ular structure are explicitly lower than their control values.
However, the case is different for coil region. For E. coli,
the average Z score of coil region is —0.93, very near the
control value —0.86 (difference 0.07), and for human, the
Z score of coil is —1.03, even slightly larger than its control
—1.20 (difference —0.17). So, we conclude the mRNA fold-
ing energy in protein regular structure (o-helix and
B-strand) is statistically lower than that in randomized
sequence, but for irregular structure (coil) no such conclu-
sion can be deduced.

The detailed difference between Z scores in regular and
irregular structures can be plotted in a diagram. We study
the distributions of Z™& — Z% and Z¢! - Z&4 for 107
E. coli and 125 human genes. The results are shown in
Fig. 2. Evidently, both for E. coli and human the maximum
distributions of Z score difference in regular structure are
located at some values smaller than zero, shifted towards
left as compared with those of irregular structure. These
results indicate obviously that the mRNA sequence coding
for protein regular structure has more negative free energy
(relative to randomized samples) than the sequence seg-
ment coding for coil.

A more detailed comparison of Z scores for regular
structure and irregular structure can be established through

Table 2
The dependence of energy Z score of mRNA on protein secondary
structure

Average Z'®  Average Z&%  Average Z°!  Average Z%!
E. coli —1.38 —1.01 —-0.93 —0.86
Human —1.71 —1.24 —1.03 —1.20

The average Z scores for mRNA sequence segments in protein regular
structure (Z™€) and protein irregular structure (Z°°"), and their controls

(Z5& and ZL) are shown in the table.

statistical test (see supplementary material). Consider 107
(125) Z™*®s and Z_5’s for E. coli (human) as two sets of
variables separately. We calculated the square deviation
for each set and their ratio (F value). The F values for
E. coli and human are shown in the lower panel of Table
3. They both exceed the percentile of F distribution,
Fy975. This means that the difference of square deviation
between two sets is significant and Aspin-Welch ¢ test
should be used in comparing the averages of two sets of
variables. The ¢ value and the degree of freedom df in
Aspin-Welch ¢ test were calculated and are shown in the
upper panel of Table 3. For regular structure the calculated
t values are larger than 74975. So, the NULL hypothesis
that the Z scores of regular structure, Z"%, are similar to
those of the control set, Z 3, should be rejected. The
folding free energy of native mRNA sequence segment cod-
ing for protein regular structure (relative to the energy of
randomized sequence) is significantly different from the
control set both for E. coli and human. Likewise, introduc-
ing Z°°" and Z%! for 107 (125) E. coli (human) genes as two
sets of variables we find for irregular structure, both t-val-
ues (absolute value) for E. coli and human are smaller (see
Table 3) and the differences of two Z scores, Z°°" and Z¢°!,
are not significant.

Table 3
Aspin-Welch 7 test and F test for the difference of Z scores
Regular  Structure Irregular  Structure
t value df t value df
Human -2.0° 240 1.02 247
E. coli —2.04* 200 —0.44 193
F value dfy, df; F value dfy, df;
Human 1.43° 124 1.10 124
E. coli 1.66° 106 1.91° 106

df, degree of freedom. When F value is large enough, Aspin-Welch ¢ test
for average Z scores should be used.
# Means the calculated ¢ value (absolute value) > #4975 and the difference
of average Z scores very significant between Z™® and Z5.
® Means the calculated F value > Fy ¢75 and the difference of deviations

of Z scores very significant between Z"2 and Z58 (or Z°! and Z1).
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Fig. 2. The histograms for the distribution of 2 — ZI%% and Z*! — Z&! for E. coli and human. The left figure gives the distribution of Z™8 — Z¥¢ and
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We shall give a brief discussion on the biological mean-
ing of the correlation between protein secondary structure
and mRNA folding stability. It shows the evolutionary
interaction between protein structure—function and nucleic
acid. In a previous work [15], we found that the regular
structures on proteins tend to be preferentially coded by
mRNA stem region while the coils on proteins tend to be
preferentially coded by mRNA loop region. The stem/loop
Z score is negatively correlated with energy Z score (see
supplementary material). The present study on energy Z
score of different protein regular structures is consistent
with the previous work. Shpaer [8] studied the number of
small unbranched hairpins in mRNA during its translation
in a polysome. He found that the rare codons translated by
minor tRNAs occur significantly more frequently in the
position 5’ to the hairpins. This was explained by an
assumption that the process of hairpin unfolding can
increase the time of translocation from the A to P ribosome
site thus decreasing the probability of translational error.
That is, to obtain a higher accuracy, the translational pro-
cess proceeds sometimes fast and sometimes slow to match
the codon arrangement in mRNA sequence. More hairpins
mean locally stronger folding energy. So the mRNA fold-
ing energy correlates to translational accuracy. On the
other hand, erroneous translation leads to “wrong assign-
ment” of protein secondary structures. However, the toler-
ance to translational error is different for three kinds of
protein secondary structure. In case of weaker mRNA
folding energy, the relatively frequent translational errors
make more wrong assignment for coil. This gives a tenta-
tive explanation on why we have observed the mRNA fold-
ing stability correlating to protein structure [7].

The comparison between different randomization methods

We have calculated energy Z scores for E. coli and
human based on CODRAN randomization and deduced
that the averagely more negative free energy of native
sequences than random samples for these two species.
The results are consistent with those of Seffens and Digby
[25]. But in [25] only 4 sequences of E. coli and 15 sequenc-
es of human were calculated. Our conclusion is deduced
based on a larger database and should be more convincible.
On the other hand, as indicated by [22,26], the energy Z
score is dependent on randomization method. Different
randomization methods were proposed. For example, the
Codonshuffle (CODSHU) method shuffles synonymous
codon in a given mRNA sequence and preserves the same
encoded amino acid sequence and codon usage (base com-
position) of mRNA sequence [25]; the Dicodonshuffle
(DICODSH) method preserves the di-nucleotide composi-
tion, codon usage, and encoded amino acid sequence of
mRNA sequence [22,26]. CODRAN method preserves di-
nucleotide composition at (1,2) position of codons only,
while CODSHU preserves di-nucleotide composition at
(1,2) and (2,3), positions of codons and DICODSH pre-
serves di-nucleotide composition at (1,2), (2,3), and (3,1)

positions of codons. So, DICODSH works under the most
strong constraint. If the constraint subjected to randomiza-
tion is adopted not only from the point of methodology but
also from what really occurred in evolutionary process,
then the CODRAN randomization is a good choice in cod-
ing region computation since the random codon choice
under preservation of the same encoded amino acid
sequence in CODRAN reflects the influence of nucleotide
mutation under the functional constraint of encoded pro-
tein. To give more detailed comparison between different
randomization approaches, we have also calculated energy
Z scores in latter two methods (random sequences were
generated by using the programs CODSHU and DIC-
ODSH provided by Katz and Burge [22]). The average Z
score values for whole folding and windows folding in three
randomization methods are listed, respectively, in Table 4.
The detailed data are given in supplementary material
(Tables A3 and A4).

From Table 4 we notice that the folding free energy in
whole folding pattern is, on average, not far from the value
obtained in windows folding. So, the folding pattern may
have a little effect on the systematical comparison of Z
scores in three kinds of randomization. We find that for
E. coli, based on three randomization methods, the Z
scores are —1.69, —0.78, and —0.53 for whole folding and
—1.83, —0.60, and —0.43 for windows folding, respectively.
Although these Z score values are diverse for different ran-
dom methods, the overall trend is same, namely, the native
sequence has more negative folding free energy than ran-
domized sequences at a higher significance. For human,
the average Z scores calculated from CODRAN and COD-
SHU show the same trend (—2.26 and —0.64 for whole
folding and —2.17 and —0.45 for windows folding) but
those calculated from DICODSH are near zero [26].

Compare the nucleotide sequence site by site between
native mRNA and randomized sequence and define the
number (in percentage) of nucleotide difference as bpdif.
For E. coli, we obtain bpdif 22.4%, 17.2%, and 12% for
codonrandom, codonshuffle, and dicodonshuffle, respec-
tively. For human they are 22.1%, 16.9%, and 9.7% respec-
tively. Bpdif indicates the degree of randomness in a
randomized procedure. The larger the bpdif the higher
the degree of randomness. The parameter is related to the
constraint inherent in the randomization. The strong
constraint would decrease the degree of randomness of

Table 4
Z score for human and E. coli in three randomization methods

Average Z score Randomized method

CODRAN CODSHU DICODSH
Human  Whole folding —2.26 —0.64 —0.04
Windows folding  —2.17 —0.45 0.005
E. coli Whole folding —1.69 —0.78 —0.53
Windows folding ~ —1.83 —0.60 -0.43

The Z scores in three randomization methods and in two folding patterns
averaged over 125 human genes and 107 E. coli genes are listed.
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the randomized sequence, and in turn, affect the calculated
free energy difference between native and randomized
sequence (Z score). For E. coli, the average Z scores
(—1.69, —0.78, and —0.53 in whole folding or —1.83,
—0.60, and —0.43 in windows folding) for three methods
are in accordance with the order of bpdif (22.4%, 17.2%,
and 12.6%). For human, the average Z scores in three ran-
domization methods (—2.26, —0.64, —0.04 in whole folding
or —2.17, —0.45, and 0.005 in windows folding) are also in
accordance with bpdif (22.1%, 16.9%, and 9.7%). We
notice that the average Z score values for DICODSH are
nearly equal to 0. The latter means, although the native
sequence has more negative folding energy than random
samples for CODRAN and CODSHU randomization,
the conclusion for DICODSH is only true for E. coli.
Now, this apparent inconsistency between two species in
DICODSH randomization can be explained by its compar-
ison with bpdif. As indicated above, the bpdifs in codon-
random and codonshuffle for E. coli (22.4% and 17.2%)
are similar to those for human (22.1% and 16.9%), but
the bpdif in di-codonshuffle is only 9.7% for human, lower
than E. coli (12.6%) by three points. The difference in bpdif
in DICODSH randomization between human and E. coli
explains the apparent contradiction of Z score values. It
also shows there may exist some difference in native
mRNA sequences themselves between these two species.

D, and D, are informational parameters of DNA
sequence (see Supplementary material). Systematical
changes of these parameters have been found in DNA
sequence evolution [23,24]. (D; + D,) describes the diver-
gence of base pair numbers (neighboring base correlation)
from the random value in a DNA sequence. The average
(D; + D,) takes 0.102 for human genes but 0.056 for
E. coli. So, the di-nucleotide composition for E. coli
mRNA is closer to a random sequence but it is not so
for human mRNA. For human only a small portion of
bases can be altered in the DICODSH randomization pro-
cess; so, the DICODSH randomization gives a very small Z
score value.
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