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Recently, riboswitches and other structures discovered on mRNAs have been
reported as examples of functional RNA structures, motifs. Such motifs were
shown to be present as single-form valid structures but they are obscured among
other less-valid structures. Here, I present a novel, practical virtual spectrometry
(the GenoPoemics™ Spectrometry) visualizing motifs on mRNA strands as spectra
at-a-glance. Every motif along with validity of their existences could be observed on
the spectra in human-friendly manners, and whole structures of mRNAs could be
overviewed. Therefore, the spectra helped distinguish valid and less valid motifs.
The spectrometry was applied to variety of mRNAs such as ADM, rPolf and CD83
to identify structures of high validity on them, previously reported functional motifs
were successfully revealed. These findings indicate that the structures of mRNAs
that may be folded into multiple forms can be further discussed quantitatively
based on the visual spectra to discover functional RNA motifs.
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motifs, regulatory motifs, protein binding motifs.

RNA structural biology has developed in a parallel
manner, with functional RNAs seeming to also be folded
into single forms, as observed for proteins and demon-
strated by spectrometric data (here, ‘single’ means a
unique structure for a single sequence). However, the
reality is that RNA strands are very rarely folded into
only a single form (I, 2). If there is a single optimal
form along with multiple sub-optimal forms for a given
sequence and the AAG values between the forms are
fairly small, the sequence will be folded into multiple
forms. In other words, RNA strands having above profiles
will be folded into multiple forms, if the time periods for
the strands folding under given conditions are very short.
Because of that, even short RNA strands did not often
seem to be folded into single forms at bench top experi-
ments (regular time periods for folding: seconds to hours),
on the other hands, the strands were crystallized and
exhibited single 3D structures with non-canonical base
interactions (the RNA strands were given enough time
for folding. Regular time periods: days to months.). This
concept had never been taken into consideration pre-
viously simply because RNA sequences characterized by
this pattern were presumed to be folded into junk’ forms
without any functionality and were not investigated
further. One of the best examples of this was mRNA,
which was expected not to be folded into single forms,
and thus, was not supposed to be functional.

Recently, structured mRNA (3-6) and riboswitches
(7, 8) have been reported to control expression of certain
genes with or without the assistance of protein. miRNA
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binding sites on 3'UTR mRNA are likewise likely to be
structured (9-12). Further, RNA-binding proteins recog-
nize specific mRNA structures, and importantly, they
themselves are also recognized by the mRNAs.
Generally speaking, structures on the coding sequence
(CDS) by causing frameshifts and/or the other unpredict-
able effects (13). Although most of the structures on
mRNAs can be classified as junk’ and are not stably
formed, some specific, important local structures are
stably formed and are definitely hidden in the mRNAs.
The ‘stability’ of motifs has been used to evaluate their
importance, and the thermodynamic stability, AG.if
can be calculated with thermodynamic parameters (14)
by assuming the formation of single structured molecules
of the constituent nucleotide sequences of the motifs.
However, the existence of the secondary structures is
based on both the constituent nucleotide sequence and
the neighbouring sequence. Secondary structures, even
those with high stability, often cannot be maintained in
other regions with different neighboring sequences; that
is, particular sequences can be folded into a single form
only if the neighbouring sequences cannot interact more
tightly with even a part of the constituent sequence.
Therefore, the formation of motifs depends not only on
the constituent sequences, but also on the neighbouring
sequences. Obviously, even motifs showing high ‘stability’
cannot be biologically important if they do not exist!

MATERIALS AND METHODS

Except for the secondary structure prediction engines,
all programs used in the GP spectrometer (gp.1.14.pl
or autosampler.5.14.pl.) along with GenoPoemics™
Viewer++ (GPV++.jar) will be available for download
through our web site soon, and is available on a request
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Fig. 1. A flow chart of the spectrometry system. Today’s
secondary structure prediction software produced many struc-
tural candidates including optimal structures for given input
RNA sequences. It was impossible to review all the structure
candidates, so that some other way to summarize the informa-
tion has been required. The spectrometry system accumulated
the information and visualized local motifs found in the candi-
dates to produce human friendly spectra describing not only
variety of structures but also their validities.

basis at present (free for academia). The programs with
‘pl" extensions were required for preparing input files
(.fld files) for GenoPoemics™Viewer++, which generated
spectra from the input files. The programs and the viewer
required a properly configured Perl 5.8 interpreter and a
Java SE 6.0 environment, respectively. Additionally,
installation of The GCG® Wisconsin Package licensed
properly on your server was essential. The mRNA
sequence data (NM_001124, U38801 and NM_04233)
were all obtained through the NCBI website.

The prediction step and the accumulation step of the
prediction results were implemented by server-side pro-
grams of the spectrometer system, which were designed to
accept any secondary structure prediction software as
engines and, later, the validity calculation was achieved
by the interactive part of the system, the viewer (Fig. 1).
It had been reported that mfold was not capable of produ-
cing all important low free energy structures for given
sequences (15). However, mfold was the de facto standard
prediction software especially for experimental biologists
and widely available as a part of the GCG package, so
consequently, mfold was chosen as the engine for the
trials in this article. For detailed information about the
software (including installation directions), instructions
will be supplied with Supplementary article of this article.

Calculation of the Validity-Static, VS, Based on the
Maxwell-Boltzmann Statistics—Even for a single, spe-
cific sequence, a number of optimal and sub-optimal
structural forms were provided by the secondary predic-
tion software (Figs 1 and 2). The sum of the population
of forms in which the motifs were found would be VS.
Since spectroscopic methods could not be applied to the
study of mRNA, secondary structure prediction software
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is used to quantitatively compute the validity values.
The prediction software could not be directly applied to
full-length mRNA because the thermodynamic param-
eters used in the prediction software were extracted
from experiments carried out for small RNA sequences.
Based on my experience with mjfold, reasonable results
were obtained for moderate-length RNA sequences of up
to about 200 bases. Therefore, for the analysis of full-
length mRNA in the GP spectrometer, the window for
analysis by the prediction software was set to 200
bases in order to gather optimal and sub-optimal pre-
dicted secondary structure forms (candidates) in the
region (16). I assumed that each set of forms could be
recognized as a Boltzmann ensemble so that Maxwell—
Boltzmann statistics, which were a fundamental ther-
modynamic concept that could be used to evaluate
populations of each structures using AG values at equi-
librium, could be applied to the resulting output to iden-
tify the predicted forms, with each population (P) of
candidates calculated as shown below (Equations 1
and 2). Set types of motifs and appropriate parametrical
conditions were determined to describe what kinds of
motifs were analysed. In this article, parameters were
set for single-turn stem loops (simply called ‘stem loops’
in this article: AGp.ir< 0 kcal/mol; paired bases >8 bases;
mismatch bases < 30 bases; see Fig. 2A for details. The
parameters can be fully omitted but it is strongly recom-
mended to set them for reducing calculation time of the
motif extraction steps.) and used to screen every form. As
a result, the VS(x);, the sum of the population ratios of
candidates among which the motif x was found at the
analysis of windows i (see Equations la, 1b and 2; see
also Fig. 2B-D for summary). Additionally, Equation 1b
was also set to ignore ‘artefact’ structures. If the most 3’
side or 5 side structures found in each windowed
sequence were located within 66 bases [the number was
given as variable, Exclusion number (Ex), in the system]
from both terminals of the window, the motifs were
ignored as being artifacts (unless otherwise noted,
Equation la was used in this article).

If the motif x is found
in form j

If the motif x is NOT
found in form j

100 o +P;;

VS@L%l = 5=
i,total 57

(1a)

If the motif x is found
in form j and the motif
is NOT the most terminal

motif in window i
If the motif x is NOT
found in form j or the

+PiJ’

100 &

VS@I%l =5
i;total 57

motif is the most terminal

motif in window I
(1b)

where m is the number of the candidates predicted for
window 1.
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Fig. 2. Calculation of VS and VD. (A) Two examples of typical
motifs used in the GenoPoemics™ system, single-turn stemloops.
If given conditions matched, motifs were identified and extracted
for the VS(x)i calculation. The conditions were described as type
of motifs, required AGp.r values, ranges of paired bases and
mismatch bases. Typical conditions: single-turn stemloop;
AGpotir< 0.0 [kcal/mom]; paired bases > 8; mismatches bases <
30. (B) A window of a set length produced ‘windowed’ sequence
fragments of a set length. The sequence fragment was processed
with secondary structure prediction software to produce a set of
predicted secondary structures. (C) The set of predicted second-
ary structures (forms) with corresponding AG for a windowed
sequence were obtained by secondary structure prediction soft-
ware. The population of each form could be calculated by
Maxwell-Boltzmann statistics as if the forms were at the equi-
librium state. VS(x)i was calculated with Eqs 1-3 for each motif
extracted. Multiple motifs could be identified and extracted in a
single window. (D) A window was moved iteratively at a set res-
olution from 5 to 3 along the transcript to produce the

Vol. 146, No. 2, 2009

Stand alone motifs  Overlapped motifs Multiply-overlapped motifs

‘windowed’ sequence fragments (as shown A). Extracted motifs
corresponding to each windowed sequence were visualized as col-
umns at their absolute position on the mRNA. Pale blue to black
columns represented the position of regions containing stem
loops, with the width representing the length of the motif and
height representing the VS of the stemloops in each window. A
motif identified in different analysis windows as having the same
length and absolute position was depicted as a set of fully over-
lapping columns (7). On the other hand, multiple motifs (1 and 2)
were often found in a single window. Motifs that were sufficiently
close in proximity were represented by partially overlapping col-
umns (3+4 and 5+6+7+8). Given the threshold A for VS,
column 4 would be ignored and column 3 would be recognized
as a stand-alone motif like column 1 (recognized with or without
the threshold condition). However, under the same conditions,
none of columns 5, 6, 7 or 8 would be recognized as stand-alone
motifs. The colour intensity of columns for stand-alone motifs
represented VD.

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

254

A
18 A A C
5T 5 SITIsIiT A =
CUCCG GC CGCC CG cGc®
58 cc e c
B 18

FOCCCOCA AL (e ((

Color Depth:

4%

AG, ;¢ = -17.8 kcal/mol

E0%

Overall:
Validity-Integrated

al%

Based on
VSand VD

VI = 65.3 % -'||'_‘|D%

PCCCCCCACCCA((C((URBS) )CY)B))) ) ))EC))) ) )
P CCCCCUARCCCAC(C((UABS) )CY)B) ) ) ) NIEC)) ) ) )
AU ((UAGE) ) E) )G ) ) 1) )EC)) ) ))

NEEENI IR

S. Nakamura

:58 VS=97.76 at window 4..203
:58 VS=89.60 at window 7..206
:58 VS=89.60 at window 10..209
:58 VS8=57.94 at window 13..212
:58 V5=56.92 at window 16..215

G)})))Ieey) )

Height:
AAAA Validity-Static

Based on
Population (P)

“ VS=56.92 at window 16..215
V5=57.94 at window 13..212

VsS=89.60 at window 10..209
V5=89.60 at window 7..206

Y

. VS=97.76 at window 4..203

Fig. 3. An example of a stemloop and columns on spectra.
(A) Stemloop structures could be described as strings. A stemloop
found on 18-58 of an mRNA was drawn as a figure and a string.
In this string, each pair of parentheses [’ and ‘)] represented
each pair of base pairing of the stem, and characters represented
free bases such as bases of mismatches, bulges or loops.

m
Pitota = Y _ Pij 2
=1
exp —8Gi,
P = (7;;:) ®)
eXP(‘?ﬁ**)

where AG; i, is the lowest free energy amongst the can-
didates predicted for window i.

Calculation of the Validity-Dynamic, VD and the
Validity-Integrated, VI—Even if the sequences contained

Therefore, successive characters in a pair of parentheses
(‘'UAGC’, in this case) represented loop region. (B) Columns on
spectra. Position, height and colour intensity represented corre-
sponding absolute position, VS and VD of motifs, respectively.
Each vertical bar at the base line represented free bases of
motifs. AG i was also shown as a horizontal bar.

motif as sequences, the structural motifs were not always
appeared in the predicted structures of the sequences.
VD represented how often motifs maintained the same
forms, even under the possible different sequence condi-
tions (Fig. 3). To analyse full-length mRNA, the sequence
window was applied to the entire mRNA from the 5
to the 3’ terminus. Additionally, to collect VS data for
every motif, surrounded by every possible sequence,
the 200-base window was set to overlap, moving along
the strand 3 bases (set as the resolution) at a time to
match the length of a codon. The windows thus covered

J. Biochem.
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every possible 200-base sequence, encompassing the
motifs and surrounding mRNA. VD was then calculated
according to Equation 4 to show how often the specific
motif is found in the series of windows. As VD was cal-
culated from occurrence numbers (defined as Oc), W(, x),
a weighting function, had been proposed and was tenta-
tively set to 1 to simplify the model (see Equations 4-6;
see also Fig. 2 for summary). Therefore, in this article,
Ocotal €quals to n, number of windowed sequences that
include the constituent sequence of the motif x.
If the motif x is found
100 | T i window i
0 —
VD7) = Ociotal x If the motif x is NOT @)

found in window i

Octotal,x = Z Oc(x)i (5)

i=1

W If the motif x is found
9 in window i

Oc(x); = 0 If the motif x is NOT found ®

in window i

where n is number of windowed sequences that include
the constituent sequence of the motif x.

Finally, VI, validity-integrated which represents the
comprehensive validity of motifs, was calculated as fol-
lows (Equation 7).

1 n
VI[%] = 155 2_(VS@); x VD)) (M
i=1

Visualization—Motifs are influenced not only by the
surrounding sequences, which are taken into consider-
ation in the VD calculation, but also by surrounding
motifs. Therefore, visualizing the output as ‘spectra’
arranged by position along the sequence allowed viewing
of all motifs at a glance. Among the spectra, blue col-
umns indicated alignment with the mRNA sequences,
with the start of the column corresponding to the motif
start position, and the width and height representing the
motif length and VS, respectively (Fig. 3). Columns
having greater overlap showed deeper colour inten-
sity—deep colours represented VD. Deeper colour inten-
sity also appeared where columns of different motifs
overlaped (Fig. 4A). The spectrum also provided other
types of information: AGp.ir of each motif and free/
pseudo-free base information (Figs 3B and 4B; also
see the Supplementary Material). As a result, in the
GenoPoemics™ Spectrometry System, three numbers,
validity-static, validity-dynamic and validity-integrated,
of mRNAs were calculated and evaluated, and finally
the system produced visualized spectra-at-a-glance,
which was comprehensive accumulation of not only
motifs found on mRNAs but also their validities. The
motifs that were not qualified for threshold values
mainly set for the validity values were omitted and did
not show up on the spectra so that properly configured
threshold values gave simple spectra having possible
important structures. The proper threshold values could
be determined along with experimental results. For
example, if threshold VI was given as 90%, the motifs
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having less VI values were all ignored. The values were
configured interactively on the viewer. Such threshold
values were to be set for VS, VI, VD and AGqiir in
this article.

RESULTS

Virtual Spectrometer—A concept, ‘validity’, was first
introduced along with ‘stability’ to evaluate the presence
of motifs (tiny structures, stem loops for example).
Validity of certain motifs is the probability of their exis-
tence under biological conditions. It is generally true that
more stable structures tend to be more valid based on
their existence, even though their existence depends on
the neighbouring sequence environment: again, the
stable structures exist only if the sequences of the struc-
tures do not interact with adjacent sequences such that
they are not folded into different forms. Structures with
high validity may have biological significance. Certain
existence of RNA structures was often confirmed by
X-ray crystal analyses, but these analyses cannot be
applied to long RNAs. This is again because long RNAs
cannot be folded into single forms and, basically, long
RNAs cannot be crystallized easily. Thus, a possible real-
istic method to handle these structures is using in silico
prediction software (17) (Fig. 1). Validity is calculated
from the output of the de facto standard software pro-
gram, mfold (18, 19), its improved version, UNAFold (20)
and alternative software, Sfold (21), Vienna RNA pack-
age (16), vsfold (22) and others. These programs can
identify optimal secondary structure forms with or with-
out suboptimal structures for given sequences and calcu-
late the corresponding stability in terms of free energy
(AG). However, these programs were developed using
experimental data from short RNA sequences (14) and
in practical application to long RNAs, generally too
many proposed structures are produced at once. There-
fore, a new method was needed to visualize comprehen-
sively and human-friendly how mRNAs are folded in
media for further investigation. In other words, a new
virtual spectrometer, based on the in silico secondary
structure prediction software, was needed to observe
not just structures of mRNAs but also their validity.

The true validity of motifs was divided into the static
and dynamic validity of motifs, with the integrated valid-
ity being the true validity. The validity-static (defined as
VS) described the validity of motifs in static sequence
conditions, where motifs were distributed as a number
of optimal and sub-optimal structural forms for a
single, specific sequence, and the sum of the population
of forms in which the motifs were found would be VS
(Fig. 2B and C). On the other hand, validity-dynamic
(defined as VD) described how often motifs maintain
the same forms, even under different possible sequence
conditions (Fig. 2D). Therefore, VD described how motifs
maintain the VS, even under different possible static
conditions so that properly accumulated VS information
under different possible sequence conditions led to the
definition of validity-integrated (defined as VI), which
was considered to incorporate both VS and VD. The VI
represented the true validity of motifs. These numbers,
VS, VD and VI, were quantities and represented as
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Fig. 4. An example of multiple-overlapping columns.
(A) Obviously, the darker column (1097-1124) was a column orig-
inated from two different motifs; therefore, it did NOT represent
any single motif. (B) Free bases were represented as long vertical
bars along the sequence; these bases did not take part in stems of
any motif represented by the columns. Pseudo-free bases were
represented as short vertical bars along the sequence; these

valued numbers in the practical virtual spectrometry
system, the GenoPoemics™ Spectrometry System (the
GP spectrometer). In the GP spectrometer, not just opti-
mal structures, but also suboptimal structures, were
taken into consideration. Finally, the GP spectrometer
visualized motifs found in the structures as human-
friendly manners (spectra) that were not only plausible

S. Nakamura

:1124 VI=41.11
)] :1150 VI=46.95

"'\Aq_m, = -8.17 kcnl/moll

:1124
:1150

bases did not take part in stems of some motifs represented by
the columns but participated in the stems of other motifs. The
free/pseudo-free bases were to be used to distinguish among col-
umns originating from different motifs. In other words, if the
pseudo-free bases were observed in overlapping columns, the col-
umns originated from at least two different motifs.

based on stability, but which also had a sufficiently high
possibility of existence (validity).

Application of the analysis method to ADM, rPolg, and
CD83 mRNA produced structural spectra (Figs 5-7). In
mRNA spectra, sequences were represented schemati-
cally across the top as a bar with the following compo-
nents represented by colors and symbols: CAP, orange

J. Biochem.
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Fig. 5. Spectra of ADM mRNA. (A) The intact spectrum. (B) Threshold VI=90% was applied.
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Fig. 6. Spectra of rPolp mRNA. (A) The intact spectrum. (B) Threshold VI=90% was applied.
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Fig. 7. Spectra of CD83 mRNA. (A) The intact spectrum. (B) Threshold VI=90% was applied. (C) Threshold VI=50% and

5’exclusion were applied.
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circle at the 5-end; 5-UTR, blue bar; AUG start codon,
red bar; CDS, green bar; and 3'-UTR, purple bar.
Visualizing the output as ‘spectra’ arranged by position
along the sequence allowed viewing of all motifs at a
glance. Among the spectra, blue columns indicated align-
ment with the mRNA sequences, with the start of the
column corresponding to the motif start position, and
the width and height representing the motif length and
VS, respectively. Columns having greater overlap showed
deeper color intensity—deep colours represented VD.
Deeper color intensity also appeared where columns of
different motifs overlaped. Appropriate thresholds for
VS, VD, VI and AG..r were applied to identify mean-
ingful motifs (indicated with stars in these spectra) that
had previously been reported by conventional research
methods.

Spectra: 5'-UTR of ADM mRNA—DBrenet et al. (23)
reported a stem loop structure found on the 5-UTR of
human adrenomedullin (AM) mRNA. AM is one of the
multifunctional regulatory peptides that is well known
for its important angiogenic and mitogenic properties.
As is often described, the structures on 5-UTR were
expected to exert a great influence on the translation
levels of the proteins encoded thereafter (3, 4, 6), and
experimental results clearly showed that the stem loop
caused post-transcriptional regulation of AM gene
expression. Analysis of the mRNA sequence
(NM_001124) by the GP spectrometer (win =200, res=3;
shown in Fig. 5A) and following application of a thresh-
old VI (90%) to exclude unmatched columns, identified
two columns (Fig. 5B). The stemloop 1, represented by
the first column (bases 32-91), matched the stem loop
reported. Application of an additional threshold (the
threshold for AG.tir=—10kcal/mol) resulted in only
stem loop 1 (AGnetir=—23.33 kcal/mol) remaining unaf-
fected on the spectrum (stem loop 2:
AGotir= —9.72 keal/mol).

Spectra: 3'-UTR of rPolp mRNA—Sarnowska et al. (24)
reported a stem loop structure found on the 3’-UTR of rat
DNA polymerase B (rPolf) mRNA. The rPolp is an essen-
tial enzyme for base excision repair, and aberrant expres-
sion of the protein leads to genetic instability and
carcinogenesis. The structures of the region act as post-
transcriptional regulatory elements and interact with the
Hax-1 protein, an anti-apoptotic, cytoskeleton-related
protein, which is known to bind a stem loop structure
within the 3’-UTR of vimentin mRNA. The experimental
results of Sarnowska et al. demonstrated stem loops con-
troled of the level of translation. Analysis of the mRNA
sequence, U38801, by the GP spectrometer (Fig. 6A)
showed stem loops M1 (not marked in the spectrum;
VI=4.32%), M2 (stem loop 3: VI=90.83%), and part of
M3 (stem loop 4: VI=40.21%). Application of threshold
VI (90%) excluded unmatched columns, leaving nine
column groups (Fig. 6B). The stem loop 3 represented
by the column around 1050-1097 was the same stem
loop as M2, which is emphasized as a key stem loop.

Spectra: CDS of CD83 mRNA—Prechtel et al. (25)
reported a stem loop structure found on the CDS of
CD83 mRNA. The CD83 protein is the best marker
among all the known proteins for the fully mature den-
dritic cells (DC). Although its exact function remains
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undetermined, it is thought to play an important role
in DC-mediated T-cell immunity. Experimental results
clearly showed that the stem loop controlled the level
of translation together with HuR protein, a member of
a family of human RNA-binding proteins that is related
to the Drosophila embryonic lethal abnormal vision
(ELAV) protein. Analysis of the corresponding mRNA
(NM_04233) by the GP spectrometer (Fig. 7A) and with
application of a threshold VI (90%) to exclude unmatched
columns, identified six columns (Fig. 7B). The stem loops
represented as the first column (stem loop 5: 439-511)
were similar to SL1 and the second column (stem loop 6:
536-579) was the same as a part of SL2. Stem loop 5 was
NOT exactly the same as SL1, but the motif occupied the
region of SL1 and even exhibited high stability, so that
the motif was assumed as an SL1 equivalent in this
article. After applying Equation 1b instead of Equation
la (see MATERIALS AND METHODS section for details)
and an appropriate threshold for VI (50%) (Fig. 4C), stem
loop 6 was determined to have greater validity than stem
loop 5 (only the upper part of stem loop 5 appeared on
Fig. 7C.) and that matched the experimental results, in
which HuR only interacted with SL2, not SL1.

The spectra produced by the GP spectrometer had par-
allels to spectra produced by spectrometers, and this
system of viewing and evaluating the validity along the
length of a sequence allowed analysis of overall struc-
tures on mRNAs. Although many columns representing
motifs were shown on the raw spectra, most motifs had
no biological importance, mostly because they were only
just deemed as being valid. The previously reported
important structures on ADM, rPolf and CD83 mRNA
could be observed, particularly following application of
appropriate threshold values. According to these three
results, highly valid stem loops (shown even threshold
of VI=90%) seem to be functional in the cell. The stabil-
ity of the motifs was partly evaluated in the VS calcula-
tion step, therefore, making the additional evaluation of
the values for the motifs along with validity non-essen-
tial, but optional. The additional threshold of AGir
(—=10kcal/mol) for ADM mRNA spectrum was suitable
because the event involving the motif was dependant
on the AG.tir of the motif. This observation corroborates
the theory that the occurrence of the event is the result
of a competition between the ribosome helicase activity to
ravel structures at the region of the mRNA, and stability
of the motif to resist this raveling.

Protein binding at sites on rPolf and CD83 mRNAs
could be discussed using these spectra. Since chaperone
proteins have not been widely reported for mRNAs to
date, most observations were of proteins that bind to
RNA structures that were folded prior to the binding
events, and it seemed possible to discuss motifs involved
in RNA-protein interactions based on only these spectra.
Some other ‘valid’ stem loops had been observed, suggest-
ing that other factors played a role in making the
reported motifs unique, such as, an interaction with
other valid structures, the general level of complexness
of the adjacent area, or biological properties of regions.
At the same time, some motifs were shown to be invalid
even though they had been claimed valid in the previous
report by in vitro. Especially, in the case of rPolB, where
M1 and M3 were shown to have VI=4.32% and
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VI=40.21%, respectively. M1 was found to be unstable
(AG potir= —4.77 kcal/mol) and seemed not to exist in situ
therefore it was not important for interaction of the
mRNA with Hax-1. It was possible that Hax-1 might
bind M2 first, then help in the formation of M3, like
RNA chaperones causing M3 itself to exhibit low validity
on the spectrum. The system could act as a stimulus for
comprehensive discussion on such occurrences.

On the other hand, some false-positive ‘artefact’ struc-
tures, which were produced only as a result of the given
conditions of the system, had no biological meaning, and
consequently they had been ignored. The application
of Equation 1b to negate 5 terminal artifacts could
improve this approach, as demonstrated by the case of
CD83 mRNA. Actually, Ex was variable in GPV, and
Equation la equals to Equation 1b if zero (default) was
given for Ex. What Ex number is suited to the analyses
remains uncertain. Various patterns of Ex along with
other parameters in future must be subject to further
analysis in future.

While a certain number of the other false positive
motifs appeared on the spectra only because of imperfec-
tions in factors/variables, such as calculation conditions,
parameters, and the GP spectrometer logics, truly valid
motifs that existed on the spectra were likely to actually
exist. Appropriate sets of parameters, starting with
validity, could be selected in order to identify motifs
that were likely to be valid. Having identified potential
valid motifs on the spectra, biological experiments could
then be focused efficiently to confirm the biological func-
tion of these motifs. This virtual spectrometry and the
wet bench techniques also raise the possibility that unex-
pected positive motifs, that is, motifs identified on the
spectra but not confirmed with the experiments, may
simply have an unknown biological function.

DISCUSSION

The motifs evaluated by the GP spectrometer in this
report were on 5-UTR, CDS and 3'-UTR regions of the
respective mRNAs, suggesting that the system could be
applied to analyze the entire mRNA sequence. Events
could be revealed more easily if appropriate threshold
numbers were applied to unknown mRNA sequences to
spot stable and valid motifs. By extension, other param-
eters such as window length and resolution could be
adjusted parametrically or functionally. Furthermore,
not only stem loops but also other motifs of interest,
such as gaps between stem loop-like structures (‘groin’
motif; see the Supplementary Material), could be sub-
jected to the spectral analysis.

The relative merits of alternative prediction software
suitable for practical structural study of RNA have been
subject to intensive discussion (15, 21, 23, 26-28). Thus,
the system was designed to be independent from the sec-
ondary prediction software. Prediction software produce
limited numbers of optimal and suboptimal structure
candidates, therefore conditions for the prediction soft-
ware must be tuned to realize that the sets of candidates
can represent Boltzmann ensembles. The GP spectrome-
ter was a proposal of new viewpoint for mRNA structures
at this time moment: the sensitivity and specificity of the
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spectrometer system must be verified regularly later
along with the various prediction software.

In conclusion, using the GP virtual spectrometry
system, properties of stem loops, which function in the
cell, could be determined based on Maxwell-Boltzmann
statistics and visualized. Although the application of this
method had not been verified for pre-mRNAs and ncRNAs
yet, it was applicable to mRNAs. The visualized quantita-
tive validity values serve as a starting point for the study
of long RNA structures that do not assume single, unique
structures. The system was knowingly based on simple
reliable technologies and produced spectra of raw struc-
tures of mRNAs to leave experimental biologists rooms for
their own analyses to solve their own scientific issues at
their own desks. We do NOT yet comprehend the struc-
tures of mRNAs enough to conclude any, so that experi-
mental results along with the raw spectra would help
proceed with the structural studies of mRNAs.

SUPPLEMENTARY DATA

Supplementary data are available at JB online.
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