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Abstract

The existence of a new, efficient algorithm for secondary structure
prediction enables us to study the folding pattern of an mRNA chain.
Our results indicate that successively longer RNA sequences with the
same 5' end fold sequentially, usually keeping the stable, close range
hairpin loops and rearrangihg the long range stems. This path will

shorten the time the messenger RNA molecule needs in order to attain

- its preferred structure. It can also aTign'sp]icing sites in a favorable

orientation before the whole molecule is synthesized.

Our studies were carried out on the late SV40 precursor and brocessed

mRNA.



Introduction

Most calculations of structure on long messenger RNAvholecules have
attempted to predict the secondary structures which have the lowest free
energies._.The presént study investigates not just the final, molecule-
specific lowest energy secondary structure, but rather the general,
dynamic process of folding. Does the mRNA start the search for its
preferred structure only when it is fully synthesized, or'dOes it start
folding, sequentially, as it is made, cpnstant]y keeping at least part
of the already folded structure? The advantages of the latter progess
are clear. It reduces the time réquired to attain the final fo]ded form.

NMR studies of the re]ativeTy short tRNAPhe. molecule (Boy]e,v

‘Robillard and Kim, 1980) imply that the tRNA folds sequentially during
its synthesis. Despite the difference in the order of magnitude;

the steadily growing long mRNA molecules do not constantly reshuffle
their secondary structure either. Rather, for the most part the closely
knotted short range interactions do not change; usually only |
“the long range bonds are broken and closed again to form a different
structure. |

Figure 1 shows schematically our model for the secohdary structure
folding pattern of the growing messenger chéin. The fact that the
final lowest energy structure contains most of the already formeé close
range interactions.fndicates the higher stability of close range 6ver
long range interactions.

These studies were carried out on the late .SV40 prechrsor mRNA.
They were made possible by the recently deve]oped, extremely rapid

algorithm for search of lowest energy secondary structures (Nussinov

and Jacobson, 1980).
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Methods

In order to examine the secondary structure folding pattern of a
growing mRNA chain, we have looked at successiveiy longer RNA sequences
with the same 5' end (see also Boyle et al., 1980). Starting with 20

nucleotides, the number of nucleotides was incremented each time by

20 (1-20, 1-40, 1-60, ....) until the maximum of 950 nucleotides was reached.

For each RNA section the total energy of the minimal enérgy structure
was computed and the structures themselves were given at intervals of
100 nucleotides.

Owing to the efficiency of the algorithm we had to run it only
once to find out not on]y the best structure for the full length of the
section specified (e.g., from nucleotide number 1 to number 950),
but also for all subsections contained within it (e.g., 1-100, 1-200,
«.e.s 1-950, since in this study we were interested in subsections
with the samg'S' end). Because of present disk space limitation we
could not run the algorithm on more than 950 nucleotides. This run
took 10 hours CPU (14 hours total elapsed time) on the VAX 11/VMS.

~ A description of the algorithm principle is given by Nussinov
et al., 1978 and by Griggs, 1977; its application to nuclejc acid
sequences is described by Nussinov and Jacobson, 1980. A

The lowest-energy a]gorithm contains an N2 matrix (N being the
length of the nucleic acid). At the end of a single computer run,
one half of the matrix contains the lowest energy values of the best
secondary structure of the whole section length and every part of it.v
For our 1-950 nucleotide example, we have also the lowest energies for
1-800, 200-600, 380-450, etc. From the other half-matrix one can easily

read the actual secondary structures of all of these sections.
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Clearly, this algorithm is more efficient than.oﬁher existing secondary
structure codes (Pipas and McMahon, 1975; Fitch, 1972; Studnicka et al.,
1978). Not only is it about 100 times faster than another code, but
a single computer run contains all the needed information about the
sequence and all its subsections. | |

In calculating the free energy contributions of the different loop-
structures, we have fo]]owéd the method which was developed and outlined
by Tinoco et al., 1971; Tinoco et a].,1973; Delisi and Crothers, 1971;
Gralla and Crothers, 1973a; Gralla and Crothers, 1973b; and Borer et al.,

1974. We used the free energy values summarized by Salser, 1977. These

values do not téke into account thé stabi]izing contributions made by
extra stacking interactions at the ends of:he1ica1 stems (as shown by
studies of. dangling ends, Martin et al., 1971 Romaniuk et al., 1978).
Other drawbacks implied by our dependence on these values are that
(a) we do not evaluate whether a partiéu]ar structure is sterically
possible, nor do we (b) consider the non-Watson-Crick base pairing |
interactions present in the tertiary folding of tRNAs as reVea]ed by
X—réy crystallographic studies (Kim et al., 1978; Jackret al., 1976;
Holbrook et al., 1978). In addition, (c) the stabilizing effect con-
ferred by the binding of positively charged ions such as Mgz+ and
spermid‘ine3+ have not been taken into account in our calculations.
~The differences in enefgies of successive structures are given in
Figure 2. The detailed structures of recurring hairpin loops which
contribute to the minima in Figure 2 are drawn in Figure 3. Figure 4
presents, schematically,severa] stages in the folding of the grbwing |

RNA chain.
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We have chosen to carry out these studies on the SV40 late precursor
and processed mRNAé. The nucleotide sequence of this virus'is known
(Fiers et»a].; 1978; Reddy et él., 1978) and the locations for initiation
of several of its mRNAs (Lai et al., 1978;‘Vi11arrea1 et al., 1979; Ghosh et al.,
1978; Bina-Stein et al., 1979) and some of its splicing sites are also
“known. Throughout this paper the numberihg system of Reddy et al. (1978)

is used.

Results B
(a) The final structure attained in this study.
"Flattening the 1-950 nucleotide structure onto a plane, the molecule
has an elongated shape which is held together by long range base pairs. -
Out of this basic trunk grow, at intervals, short rangé hairpin loop
structures (loops A though R, Figure 4 ). Most of these hairpin loops
have been formed a]ready in previous structures and are

shown in detail in Figure 3. The 5' end is base paired in the CS]'stem.
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This strucfure represents only part of the messenger RNA. The whole

Tate SV40- mRNA extends'ti11 nucleotide 2592, where the poly A is
attached. It is therefore likely that the long range base pairs will
rearrange and thus the gross structure will change. This is seen in
Figure 4 (nucleotides 200-1150), which continues the mRNA and shows a
branched structure. A different partial structure in ngure 4

(nucleotides 1-500 and 1330-1780, without the intron) is again elongated.

Furfher modification of the program or the availability of additional

computer membry will allow studying the full messenger length.

(b) The general sequential folding process.

At the end of the single computer run on the specified nucleotide
section (1-950), all the 1owest'energy_structures for all subsections,
as well as their corresponding energies, are presented in the N2 matrix.
We have chosen to print some of the latter for those subsections which
have the same 5' end and the 3' end varies at increments of 20 nucleo-
tides, i.e., for the subsections 1-20, 1-40; 1-60, ... 1-940, 1-950.

. Clearly, as the messenger molecule grows and folds itvyields
progressively lower energies. The differences in the total energies

of these successive structures (i.e., A6y _g0 = 861502 8Gy_gg = £6y_40°

- etc.) are shown in Figure 2. The minima in this graph are usually the

result of formation of clbse range loops (denoted A to R). The detailed
structures of these are presented in Figure 3. Most often the loop
heads (i.e., the number of unpaired bases at the head of the loop) of
thése loop structures have 5 bases. The average number of base pairs

in these close range loops which contribute to the minima is 8.4. If

the number of unpaired bases in the stem is more than one, an internal



loop is preferred over a bulge.

The close range loops are thus re]atiVe]y'stable with an average .
energy.of -9.2 kca]/md]. This value can be compared with the energies
~ of the close range yeast fRNAPhe stemsf The D stem is -2.2, the anti-
codon stem is -4.5 and the TyC stem is -3.9. The only re]ative1y long
range stem in the tRNA molecule is the acceptor stem with an energy of
-11.9. A long range stem which keéps recurring in our successive
structures, the CS stem at the base of thé A, B and C stems (see Figures
3 and 4) has a calculated energy of -]8.§iand involves bases separated
by 135 or 156 nucleotides, depending on its location. The sequence 167-
174 pairs, in all our structuresswith either 4-11 or 25-32, which are
exact repetitions of each other. See.also Figure 3.

Figure 4 presents the gradual folding of the molecule. Successive
lowest energy structures for subsections whicﬁ are at 100 nucleotide
intervals (i.e., for 1-200, 1-300, ..., 1-800, 1-950) were also printed

at the end of the single computer run. These are drawn in Figure 4.,
Following the process of folding of the partiél structures, it is
evident that, in general, the short range loops are kept. The recurring
small loops are marked by darkened sfems in Figure 4; one sees that
loops A, B, C and CS are formed and kept in all structures. As the
mRNA molecule is synthesized, the already fo]ded,_stable, relatively
small 1bops usually do not open. It is the reshuffling of the long
’_ range stems that changes the gross structUre of the growing chain.

- If a close range loop ddes open and rearrange, anofher'variant small
loop is formed instead, using part of the same nucleotides (e.g., loops

F and F'). Other small loop



structures or their variants are formed in the successively larger
structures and are mostly kept through thé (presently) final structure.
Since at present a maximum of 950 nucleotides could be studied
(see Methqu) and since we have seen that the close range structure
does not change with chain e]ongation,”we have applied the algorithm
to sections with a different 5' end. ngure 4 presents the results
obtained for the section 200-1150. Loop structures A-D are missing-
since.ioop D ends at nucleotide 204. Erom'loop E on, the close fange
loop structures are quite similar to thosé of previous sections.;
Hdwever, the long range gross structure is different, as expectea.
Figure 4° presents the structure obtained for the late 16S mﬁNA.
It contains the nucleotides of the exon, which remains after sp]fcing,
plus 50 nucleotides oh}each side of the intron; it is the structure
for nucleotides 1-1780 with the segment 501-1330 removed. Even for
this large segment, the A, B and C loop structures are found with the
CS stem at their base. Next,the same close range structure through
loop I of nucleotides 1-600 is found. Loop J is not found sincevparf

of its nucleotides are missing.

(c) Results pertaining to sites of special bio]ogiéa] interest.

fhe capped.]ate leaders.start at nucleotides 110, 182 and the
major leader is at 243 (Lai et al., 1978; Villarreal et al., 1979; Ghosh
et al., 1978; Bina-Stein et al., 1979). These are marked in nguré 4 .
The first leader starts 6 nucleotides before loop B and the second starts
6 nucleotides after the CS stem and the third is at the E stem (Figure 3).
Thus, all start next to stable secondary structures.

Figure 5 presents the energy of part of the intron as compared to



that of part of the exon. Both start at a common 5' end. Whereas
one continues into the intron (1-950), the other (1-500, 1330-]786)
has most of the intron remoVed (the 16S spTicing occurs at positions
444 and 1380) and continues to the exon on the 3' (acceptor) side of
the splice. The consecutively longer ségnénts of the intfon have
consistently lower energy, indicating a more stable structure than the
exon. | | | |

Figure 4b schematica11y shows the lowest energy secondary structure
for the whole 16S intron, including the splice junctions. The intron
Has a compact secondary structure with the_donor and acceptor sites .
of the sp]icevre1atiVe1y close to each other in spite of the 935 nucleo-
tides separating them in the primary structure. ‘That this.sectidn of the
structure is extremely stable can be seen from the detai]ed structure of
Figure 6. Clearly, the tertiary structure could bring the $plicing
sites closer to each other and align them properly for splicfng (Nussinov,
1980).

Basically, the intron has the samevstructure as before (e.g.,v.
compare with nucleotides 1-950). The donor, 5' side of the splice is
at the head of a small loop which is competitive to the I-loop.

The late 19S splices occur at positions 292 (donor) and 475 (acceptor).

The first is between loopé F and G and the secondujust before loop J.



Discussion:

RNA structure is important in understanding many of the prbcesées
that take place in the cell. Several experimentél tools exist today
for detérmining the structures o7 Tlarge RNA molecules. - These include
(a) enzyme cleavage, (b) electron microscopy whfch indicates compact
regions in fhe'mo1eCUle as well as stable long rénge pairings, (c)
cross-linking of two regions of the RNA mp]ech]e, (d) oligonucleotide

binding studies, and (e) chemical modification. It may be that the’

best approach is the combination of theorética] computations wifh

experimental results. The:two methods.comb1ement each other. Good

agreement between our‘algorithmic approach and ekperimental studies was
obtained in the structure of the potato spindle tuber viroid (Gross et
al., 1978) and with electron microscopic studies of the MS2 RNA
bacteriophage (Jacobson and Nussinov, unpub]ishéd results). However,
as was already pointed out (Nussinov and Jacobson, 1980), the tRNA
cloverlead form was not obtained for all tRNAs tested.

ThevtheoreticéT1y predicted structures (Figs. 3,4) may be not

- entirely correct. The original simple algorithm was rigorously proved

(Nussinov et al., 1978). However, during its conversion to a biologically
applicable tool (Nussinov and Jacobson, 1980) some éubt]é errors may
have been introduced. 'These are continuous1y searched for in repeated
applications and are weedéd out. |

The only pérametersvintroduced into the aTgorithm are the free
energies of stacked base pairs and of éing]e stranded regions. }Since
these were determined using short model compounds, while here the chain
length is several hundreds of nuc]éotides, inaccuracies may result.

Also, the stabilizing effect of dangling ends at the ends of helices

(by ~1-2 kcal per helix) (Martin et al., 1971; Romaniuk et al., 1978)
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was not included in our calculations. -
| The free energies have not been measured for all possible structuraT

tdpo]ogiés.‘ For example, the free energy of the.sing]e stranded centers
in'mu1tibranched structures such as are present in tRNAs are unknown,
making the assighment of these values arbitrary. In our ca]cu]ation,.
the unpaired bases in tRNA-type centers are treated as bulges, if stack-
ing can occur between any two base-paired branches. If no stacked base
pairs between branches exist, single stranded centers are treated as
internal loops.

Tertiary 1nteractions were not considered while determining the
most stable structure. The reasons for this omission are several.
(a) Tertiary structures, whethef knotted or pseudo-knotted, have a
. very different topology than the secondary, planar struétures. The
algorithm we use finds only planar solutions. To our knowledge, no
algorithms searching for the complete three dimensional structure
exist to date. (b) Even had the algorthmic tools existed, we would
not have known the free energies associated with the different types
of tertiary bond formations, as these have not been determined.
HoWever, as it was shown for tRNAs that first the secondary structure
is formed, fo]lowéd by tertiary structure formation (Boyle et al., 1980),.
we do not consider this deficiency critical in préaicting the structures.

It should also be noted that our algorithm treats the RNA molecule
as if it was ih an in vitro test tube, fn physiological conditions.
However, in vivo, the mRNA chain is not free; it interacts with pfoteins
to form ribonucleoprotein particles (RNPs). This association may cause

a structural change or may stabilize an existing structure.
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Our knowledge of the folding process of RNAs is still very scant.
Except for the free energy values for short.RNA stretches (e.g.,
Tinoco et al. 1973) we still do not know the rules governxng RNA
folding. Some insight may be ga1ned from stud1es on the folding of
the bacterial 16S rRNA (Woese et a];,‘1980). Their secondary structure
model was derived on the basis of comparative sequence analysis of over
100 species of éubacteria, chemical modification studies and nuc]ease
susceptibility data. Based on repeat1ng structures in these phy]o-
genetically close sequences, they propose that in several cases the
ha1rp1n that is formed is not the most stab1e one that can form in a
given location. It thus appeafs that either the energy rules are
~incomplete or else there are other, additional factors which influence
RNA folding, such as protein-nucleic acid interactions and foiding
during transcription.

Nof withstanding all the potential difficulties outlined above,
we are convinced that the qualitative results-concérning the sequential
folding of an mRNA molecule are valid. ‘Experimental studies need to
be done, but it is reasonab]e to believe that sequential folding is a |

‘genera1 feature of all mRNA structure, while details of the secondary
structure will vary.

Recently we have become aware of . work by Zuker and Stiegler
(1981) modeled on the same prfncip]es of Nussinov et al. (1978) and
Nussinov.and Jacobson (1980). The structures produced by both programs
are now being compared. The Zukér and Steigler code does not, however,
have the extremely useful feature of allowing studies of all sequentia]

substructures by one single run of the program.
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Conclusions

As an RNA molecule is synthesized on its DNA template, the growing
. chain starts folding sequentially from the 5' end. Since sequential |
folding 1imits the number of folding pathﬁays, it is both simpler and
faster than constant, complete structural rearrangmenf.

In general, short range hairpin loops are more stable than helical
stems which are very far apart on the primary structure of the RNA chain.
Indeed, since the first tRNA sequence (Holley et al., 1965) it was
clear that hairpins are important constituents of secondary structures
of any RNA molecule. Tinoco et al. (1971), Delisi and Crothers (1971),
Tinoco et a]..(1973),Gra11a and Crothers (1973a) and others (see Methods)
have found that the most stable hairpins have 5-7 unpaired bases at
their heads. |

Determination of a three dimensional structure of a tRNA molecule
(Kim et al., 1974; Jack et a].,-1976; Holbrook et al., 1978) has shown
that different hairpins can be stacked and thus increase the RNA stability.
As shown above, the“hairpins found by our secondary structure algorithm
for the mRNA are more stable than those found in the tRNA.

Boyle et al. (1980), who have studied the tRNAPhe

folding process
found that, whereas correct secondary structures are formed, very few
tertiary hydrogen bonds are established in the "folding intermediates”.
It is possible that, since the long range stems keep rearranging, no tertiary
hydrogen bonds are formed fn “folding intermediates" of 1onger RNA
chéins too. |

The fact that both a short RNA molecule as well as a long one

fold sequentially suggests that this might be a general folding pathway.

The hairpins are close to each other and, as the growing RNA chain is

~
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released from the RNA polymerase, they are likely to form first. Their
high stability woqu then prevent any major rearrangement. A rapidly
formed stable structure might aid in preventing degradation as well as
‘bring togefher in a proper alignment the sequences which are to be
spliced and 1igéted (Nussinov, 1980). Changes in thg folding pathway
might bring about formation of alternative, competing structures and
"thué splicing at other locations (e.g., 16S vs. 19S5 late SV40 mRNAs).

The preferred formation of short réﬁée hairpins over long range
‘fnteractions would enable unfolding and tfans1ation of part of the RNA
messenger without major structural rearrangment of the whole molecule.
The folding process of mRNA in the cytoplasm after'ribosome—translation
may be 5equentia1 too.

If indeed the sequential folding pathway‘is a general folding
pattefn, secondary structure predictibn may be greatly facilitated.
In any secondary structure prediction‘a]gdrithm the major problem at
the moment is that one cannot investigate very long sequences. In
some codes (e.g., Pipas and McMahon, 1975) that is due to both computer
time qnd memory with a limit of ~300 nu¢1eotides. With the present
algorithm (Nussinov and Jacobson, 1980) the 1imiting factor is the
memory. |

Using the sequentia] fo]dfng pathway, the cohputer can mimic nature.
It lends credibility to running secondary structure prediction programs
on successive sections of an RNA molecule, as is often done now with

long RNA chains.
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

A schematic drawing of the sequential folding pathway of a
growing RNA molecule. The 5' end is the same in all (a-d)

drawings. In (a) hairpin A is formed and in (b) hairpin B

§s added to it. (c) depicts the formation of hairpins C

and D and a long range L, stem. (d) shows that while A,

B, C and D are kept, there is a long range structural

reshuffling to replace L] by hairpin E and produce another

long range stem, L2‘v

This graph presents the differences in the total free energies

of successive structures in a successively longer RNA sequence.

Starting with the section 1-20 of the SV40 late sequence

(Reddy et al., 1978) the energies are printed by the computer

at 20 nucleotide intervals, i.e., for 1-20, 1-40, 1-60, etc.
Here the difference.between them, i.e.,-AG]_40 - 4Gy _ogo

AGy g~ A6y_gge +-- B8Gy_ggqg = BGy_gpg 2re presented.as
function of the section location.

A-R are hairpins contributing to the éraph minima. Their
detailed structures are given in Figure 3. CS and LR aré
Tonger range stems with CS occurring repeated1y (sée Figures
3 and 4). | |

The detailed sfructuresvof_the stehs cbntributing to the
minima in Figure 2. A-R are close range loop structures.
CS] and CSzk(the latter is not drawn since it is composed

of the sequence 25-32, which is an exact répetition of44511,
base paired with 167-174) are variant structures denoted CS
in Figures 2 and 4. LR is a long rénge stem.

A series of schematic drawings depicting the sequential

folding pathway of the SV40 late precursor mRNA.

A3



Figure 5:

Figure 6:
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Structures are drawn at successive 100 nucleotide intervals
after starting with the first 200 nucleotides, i.e., 1-200,
1-300, 1-400, etc. Also shown are nucleotides 200-1150,

and the sections containing mainly the 165 mRNA exon (1-500,

1330-1780). Figure 4b shows the intron (nucleotides 440-1390).

The stems of the recurring héirpin loops are darkened. The
A, B, C,...R lcops and the CS stem {see legend to FigUre 3)
are those shown in detail.in Figure 3 and marked also in
Figure 2. The primed loops, e.g., F', means that this loop
structure is a vériant of F and uses part of the same nucleo- -
tides used in the F loop. A loop marked by a 1etter'with a
subscripted ﬁumber, é.g., G],'means that this is a loop close,
in location, to G, but does not contribﬁte to the minima in
Figure 2 and hot shown in Figure 3. The various leader starts
are marked in the 1-300 nUc]eotide structure, and the 16S
splicing sites are shown in the intron and exon.

This graph compares the energies of the sequential folding

of nuc]eotide§ in the intron and exon. Both have the same
1-500 section. Whereas ohe.(1-950 in Figure 4) continues

into the intron (500-950), the other (1-500, 1330-1780 jn.

Figure 4) jumps over the intron and continues into the exon

- (1330-1780). This graph shows that consistently the intron

has a 1ower,energy than the exon; A section of the secondary
structure of the intron is shown in Figure 6.
A detailed secondary structure of the sp]ice region of Figure

4. The splicing sites are marked'by arrows.
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