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The template RNAs of RNA polymerases can have compact
secondary structure, formed by long double helices with partial
violations of the complementarity
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A new method of contextual analysis was used to search the long non-random inverted repeats and the

complementary palindromes in the genes of E. co/i and T7 RNA polymerases. These genes were found

to contain from 25% to S0% of all the nucleotides involved in such helices. The 5'- and 3'-ends of mRNA

can be protected by neighbouring double helices from the nuclease attack. Some double helices are
competing and very similar to the attenuator of E. coli trp-operon.

RNA polymerase Template RNA

1. INTRODUCTION

There are several different physical methods for
the calculation of RNA secondary structures, bas-
ed on the search of free energy global minimum for
isolated RNA in solution, using the energy
parameters [I—5]. But the problem of discovering
the functionally important forms of the RNA
secondary structure has not yet been solved. First,
the parameters used contain some errors, and as
the total error increases with the length of
molecules they become decisive for RNA
molecules as long as thousands of nucleotides.
Furthermore, the functional forms of RNA secon-
dary and tertiary structures, being stabilized
through interaction with the proteins, might not
correspond to a free energy global minimum of
RNA [6]; for long RNA molecules (more than
1000—2000 bases) this minimum could not be
realized because of the enormous number of possi-
ble conformation states [3]. Finally, the correct
search of free energy global minimum for long
RNAs leads to such enormously long computer
time, e.g., thousands of hours for modern com-
puters [7].

Complementary palindrome

mRNA secondary structure

Therefore we have developed a completely new
approach, based on the method of contextual
analysis of genetic texts [8] — the search of non-
random inverted repeats and complementary
palindromes, corresponding to double-helical
regions of RNA. These methods estimate com-
binatoric probabilities of such structures.

2. METHOD

A definite nucleotide sequence of length N has
inverted repeats and complementary palindromes
of size / with & violations (fig.1). Their real number
n(l,k) found by the elaborated procedure of con-
textual analysis is compared with expected values
n(l,k) for a random sequence of length N with the
same frequencies of nucleotides ga, qu, g, gc. For
inverted repeats our estimation of the expected
value is

n(l,k) = ¢(N,1) Ckp*=P(1 - p)* = g(N,DP(LK) (1)

where ¢ = (N—2/+ 1)(N—2/+2)/2 is the number
of possible dispositions of two segments of length
!/ into a sequence of length N; P(l,k) is the pro-
bability of two randomly chosen segments of
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(I) 5'...TOCCCOATTC, o . CTAACCGGCA. o0 3"

3',..ACGGCCTAAC, . , GATTGGCCGT, ., 5"
N 2 e

(11) *
a 5'...KPTCATCTCATGAGITGAAT, .. 3"

3',.,.TAAGTAGAGTACTCAACTTA...5'
b

E'3
b 5'...APTCATATCAGTGATTTGAAT,, 3"

3'...TAAGTATAGTCACTAAACTTA...5'
Q-'—T—

Fig.1. The inverted repeat and two types of
complementary palindromes in DNA. (I) Inverted repeat
of 10 base pairs with 2 violations of complementarity.
Locations of repeated segments are indicated by arrows,
the non-complementary pairs by asterisks. (II) Two
types of complementary palindromes (of even and
uneven length) containing 20 and 21 nucleotide pairs,
respectively. The repeated segments are indicated by
arrows.

length / to be complementary by /—k positions
and non-complementary by k positions; p=
2(gaqu + gaqc) is the probability of complementa-
tion of two nucleotides; Cf is the number of possi-
ble dispositions of k violations of complementarity
into the inverted repeats of length /.

If the number of inverted repeats actually found
is n(l,k) > n(l,k), it is necessary to estimate the
significance of this difference. Based on a binomial
distribution, the probability of finding » inverted
repeats of length / with & violations of complemen-
tarity was developed as

Q(m) = C3 P'(L,k)1 - P(LK)*™"

This formula was used for estimation of the
95% confidence limit n.(/,k). Then, if n(l,k) =
no(l,k), the difference was significant and the cor-
responding inverted repeats were designated as
non-random [8]. The same estimations were found
for complementary palindromes.

It was very important to select combinations of
/ and k& such that the expected value n(/, k) was less
than or about 1, because only then could the
estimations of Q(n), based on the binomial
distribution, be correct.
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So, the proposed approach permits us to deter-
mine the non-random RNA secondary structure,
composed of non-perfect double helices, based on
the inverted repeats and complementary palin-
dromes. The principal differences of this approach
from those proposed earlier [1-4] are:

(i) it does not use the energy parameters;

(ii) it does not suppose correspondence between
the functional forms of the secondary struc-
ture and the free energy global minimum;

(iii) the programs of the computer counts require
a short computer time, and, as a consequence;

(iv) it is possible to determine the secondary struc-
ture in long nucleotide sequences (up to 10°
bases).

3. RESULTS AND DISCUSSION

This method was applied to genes of E. coli
RNA polymerase (5-, ' -, o-subunits) [9-11] and
of T7 RNA polymerase [12]. We describe in detail
the procedure for manifestation of the non-
random inverted repeats in mRNA of the g-
subunit. N

Firstly, using eq.1, the matrix of n(/,k) (expected
numbers of inverted repeats) was constructed. The
lengths of repeats were chosen as / = 9,...,50 with
violations of complementarity & = 0,...,22. Table
1 shows the part of this matrix with / = 9,...,25
and k = 0,...,8. In accordance with the described
procedure, the groups of inverted repeats with /
and k were tested, corresponding to n(/,k) which is
less than or about 1. All these values are shown
below the solid line in table 1.

Eight of all tested groups of inverted repeats
were shown to have n(l,k) > no(l,k). Table 2 lists
the characteristics of these 8 groups of non-
random inverted repeats. It should be emphasized
that some short non-random inverted repeats can
be a part of longer ones. Fig.2 shows that a non-
random inverted repeat from the gene of the &-
subunit of E. coli RNA polymerase, of length 23
with 6 violations of complementarity, is a part of
a longer repeat of length 25 with 7 violations. The
short non-random inverted repeats evidently do
not express additional information about the
secondary structure of mRNA as compared to
longer ones which include them; these short
repeats were excluded from consideration.

The above 8 groups contain 15 inverted repeats
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The fragment of the matrix of expected numbers of inverted repeats of length / and
k violations of complementarity for the RNA polymerase #-subunit gene in E. coli
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Table 1

K
l 0 1 2 3 4 5 6 7 8
9 37.71 - - - — - - - -
10 9.63 - - - - - - - -
11 2.46 44.33 - - - - - - -
12 063]13.22 - - - - - - -
13 0.16 | 3.86 40.53 - - - - - -
14 0.04 1.11 | 13.32 93.21 - - - - -
15 0.01 032 4.25 34.03 - — - - -
16 * 0.09 1331196 71.74 - - - -
17 * 0.02 041 | 4.07 27.50 - - - -
18 * 001 0.12 1.35] 10.15 54.81 - - -
19 * * 0.04 044 | 3.63 21.79 98.04 - -
20 * * 001 0.14 126 | 8.35 41.76 - -
21 * * * 0.04 043 | 3.10 17.07 73.17 -
22 * * * 0.01 0.14 1.12| 6.74 31.79 -
23 * * * * 0.05 040 2.60 | 13.30 54.83
24 * * * * 0.01 0.14 097 | 538 2420
25 * * * * * 0.05 0.35 2.11 | 10.31
—, Values > 100; *, values < 0.01
Table 2

The properties of groups of non-random repeats for the gene of the
B-subunit of E. coli RNA polymerase

Number

Length Number of
of repeat non-comple-

Number of repeats

mentary pairs Expected 95% border Real
of confidence
interval
1 16 2 1.33 4 4
2 23 6 2.6 7 6
3 25 7 2.1 0 6
4 27 8 1.7 6 5
5 28 9 33 8 8
6 30 10 2.6 8 7
7 37 14 2.2 7 6
8 41 16 1.3 6 4

of maximum length (table 3). For genes of §'- and
o-subunits of E. coli RNA polymerase and T7
RNA polymerase, we found 12, 21 and 8 non-
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random inverted repeats of maximum length.
Localization of these repeats in the gene of T7
RNA polymerase is shown in table 3.
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5'...CGTCTTCTTTGACTCCGACAAAGGT ... 3'

PEebret ¢4 ¢ e 44 ¢ 4
3',..GCAGAAGCAATTGAAACTATTGCTA ... 5!

2218 2196 2194

Fig.2. Inverted repeat in the gene of the #-subunit of E.
coli RNA polymerase, of 25 base pairs with 7 non-
complementary pairs, including the shorter inverted
repeat of 23 base pairs with 6 non-complementary pairs.

The search of non-random complementary
palindromes can be done in the same way. The
maximum number of non-random complementary
palindromes was found in the genes of 8’- and o-
subunits of E. coli RNA polymerase (13 and 12,
respectively; table 4); the gene of T7 RNA
polymerase contains only 2 complementary palin-

Table 3

The characteristics of the non-random inverted repeats
of maximum length for genes of S-subunit of E. coli
RNA polymerase and of phage T7 RNA polymerase

Gene No. Length Number of Localization

of repeat violations of

comple-
mentarity

Vg 1 16 2 2323-2338 3734-3749
2 16 2 1298—1313 2774-2789
3 16 2 999—-1014 37963811
4 23 6 1148-1170 2845—-2867
S 25 7 2352-2376 3291-3315
6 25 7 1524—1548 3022-3046
7 28 9 645— 672 718— 745
8 28 9 615— 642 36223649
9 28 9 462— 489 2191-2218
10 37 14 28— 64 1717-1753
11 37 14 1975-2011 2223-2259
12 41 16 102— 142 1009-1049
13 41 16 2170-2210 3257-3297
14 42 16 601— 642 3806—3847
15 42 16 1009-1050 2536-2577
T7 1 26 8 1298—1323 1896—1921
2 26 8 2039-2064 2637-2662
3 29 10 139— 167 326— 354
4 30 10 1491-1520 16121641
5 34 13 329— 362 2565—2598
6 66 34 449— 514 2019-2084
7 75 38 495— 569 1664—1738
8 75 38 2140-2214 2441-2515
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dromes and the gene of the E. coli S-subunit has
none.

Thus, all the investigated genes were saturated
by non-random inverted repeats and (or) com-
plementary palindromes. The mRNAs, coded by
them, can form a developed secondary structure by
non-random double helices. Fig.3,4 presents such
structures for mRNAs of the E. coli #-subunit and
of T7 RNA polymerase. There are some common
properties in mRNA secondary structures:

(i) They are formed by the long non-random
helices (up to 80—100 base pairs) with partial
violations of complementarity. The necessity
of such non-random helices is motivated by
their ability to provide the regular formation
of a specific set of functionally important
secondary structures. The absence of non-
random double helices would lead every time
to formation of different secondary struc-
tures, similar to a stochastic ball, instead of
one functionally determined and important
form.

(i) The secondary structures are compact and
highly helical (25—-50% of all the nucleotides
are involved in the non-random double
helices). The compactness is the result of non-
random double helices formed by RNA
segments, located at remote parts of the
nucleotide chain.

" (iii) The 5’- and 3'-ends of mRNAs are blocked by
these secondary structures, i.e., the
neighbouring segments are involved in double
helices (fig.3,4). This property seems to pro-
tect mRNAs from nucleases. However, the
violations of complementarity lower the
stability of the double helices and make possi-
ble their uncoiling and reconstruction in the
course of translation.

(iv) Some groups of non-random helices are com-
peting (fig.3,4). They are supposed to form
the alternative secondary structures of func-
tional importance. Such groups of competing
helices at the 5 -end of RNAs are of special in-
terest. For example, the helix (28-59,
1722—-1753) in mRNA of the #-subunit of E.
coli RNA polymerase blocking the 5’'-end is
competing with the alternative helix
(1722-1730, 1733-1741), making the 5’-end
free and available for translation.
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Table 4

The properties of complementary palindromes for genes of 4'- and o-subunits of E. coli RNA
polymerase and of phage T7 RNA polymerase

Gene Number  Length  Number of Number of repeats Localization
of palin- non-comple-
drome mentary Expected 95% border Real

pairs of con-

fidence

interval
4’ 1 27 2 0.02 1 1 553— 579
2 25 2 0.05 1 1 383— 407
3 26 2 0.02 1 1 3789-3814
4 40 7 0.06 1 1 3701-3740
5 68 14 0.006 1 1 2603—-2670
6 67 15 0.04 1 1 4143—4209
7 82 20 0.03 1 1 1067-1148
8 99 24 0.008 1 1 337— 435
9 96 26 0.07 1 1 379— 474
10 107 28 0.03 1 1 3701-3803
11 144 39 0.001 1 1 3775-3918
12 152 42 0.001 1 1 630— 781
13 158 45 0.006 1 1 1821-1978
a 1 18 2 0.35 3 4 293— 310
2 837— 854
3 65— 82
4 930— 947
5 25 2 0.02 1 1 752— 776
6 22 3 0.22 2 2 1331—-1352
7 1688—1709
R 33 5 0.04 1 1 429— 461
9 61 14 0.03 1 1 62— 122
10 82 20 0.007 1 1 116~ 197
11 88 21 0.001 1 1 71— 158
12 91 25 0.002 1 1 185— 275
T7 1 43 17 0.05 1 1 738- 780
2 57 27 0.08 1 1 221- 277

Let us consider in more detail the group of such
competing helices, localized at 11% of its length
from the 5'-end of mRNA of the E. coli RNA
polymerase &'-subunit: helix I (553-563,
569—579), corresponding to a non-random palin-
drome (table 2), and helix II (472—-501, 553—-582).
This structure (fig.5) is similar to the attenuator of
the E. coli trp-operon [13] and has several stable
states. It is interesting that the segment (431—454),
out of the main translation frame, can code the
short peptide, being analogous with the leader pep-
tide of the trp-operon [13]. The attenuator-like

76

structures were also found in other mRNAs. At the
gene level they can be used for transcription
regulation.

The functional role of the compact secondary
mRNA structures, with long double helices and
partial distortions of complementarity, with block-
ing of 5’- and 3’-ends and with groups of com-
peting helices, has not yet been fully elucidated.
Perhaps, they are necessary either for mRNA pro-
tection from the action of nucleases, or for forma-
tion of mRNA sites, recognizing the regulatory
proteins or ribosomes in the course of translation.
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Fig.3. Schematic expression of the secondary structure

a of mRNA of E. coli RNA polymerase #-subunit, formed
563 Hso6 by double helices corresponding to non-random inverted
1975E2259 3847 160" 3749 H2323 rep.eats and complemeptary pal.indrorpes. The non-
3 61 3734 B2338 helical segments are depicted by single lines, the helices
649 by double lines, with shading. The numbers indicate the
2011 ® 810 315 H2352 helices’ localization. (A) Inverted repeats or
223 63 3291 H2376 complementary palindromes which are not listed in
218 46 ~gg° 4 642622 tables 3 and 4, because they are random, but take part
70| 645Lfras in formation of the secondary structure. Some non-
219148 (598 912 p285 random helices are omitted for simplification of the
A 922 [3275 secondary structure plate picture. The ends of some
B 67318 helices are lengthened by addition of G-U pairs as
5992
E' 2 compared to the data of tables 3 and 4.
FER57 5
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134 It is important to determine such structures in the
544 course of planning of experiments for directed
102 © mutagenesis by complementary addressed
1049 [3022 o9 modification.
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Fig.4. Schematic expression of the secondary structure
of mRNA of T7 RNA polymerase, formed by double
helices from non-random inverted repeats and
complementary palindromes. Other details as in fig.3.
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Fig.5. Detailed picture of the gene segment of E. coli
RNA polymerase 8’-subunit, capable of forming the

competing secondary structures, indicated by Roman
figures.
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