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HE procedure followed for the determination of

the sequence of RNA involves digestion of the
purified sample with endonucleases of known
specificity followed by separation of the fragments
and their analysis for individual sequence. The
RNA is then partially digested with less enzyme
under controlled conditions, to get larger fragments
which are agam separated and analysed to pet
sufficient overlaps to deduce the wunique sequence.
The procedure is laborious as several partial
digestions have to be done to arrive at the
sequencel'2, Tt is well known that for a given
primary sequence of RNA various secondary
structures can be predicted3. So far no successful
method for constructing the primary sequence from

the oligonucleotides has been devised, although
attempls have been made to deduce the
sequence from the oligomerst.  The - possible

sequences even for a small chain of 50 nucleotides
will run into very large numbers. However, the
number of possibilities will be drastically reduced
if secondary structure restrictions are imposed.
The best choice of applying the computer method
would, therefore, be to transfer RNA because of
its well established cloverleaf structured® 6. We
have devised a computer method to simulate all
isotomers from the oligonucleotides which are
formed by digestion of the RNA with RNase Ty
and pancreatic RNase. The application of this
method to the determination of the primary
sequence ‘of tRNA is illustrated with E. coli
tRNA, " a5 an example.

PRINCIPLE OF THE CoOMPUTER METHOD

The principle used is basically a “iree search’”
method, the flow-chart of which is shown in Fig. 1.
The method may be compared to the procedure in
finding * all the possible routes to the top of a
highly branched tree. To reach the top one
starts from the stem and goes up the vanous
branches. If one branch starting from a parti
cular node does not lead to the top another branch
is tried and if none of the branches from the node
leads to the top a branch in a node below is taken §
the process 1s repeated untd the top is I'ﬁ':'&l{:hf.'d.
F.sentially the same procedurc is fﬂﬂowe‘:’. in the
computer for building the nucleotide chain from
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the fragments, There i3 a starting fragment
similar to the stem from which the chain branches out.
After the addition of each fragment the nucleotide
cham branches out further into sub-branches. In
some cases it will not be possible to build the
Chain along certain branches, ;s the chain would
stop before all the fragments are used up ; certain
order of addition as indicated below has to be
followed at each stage. The computer programme
is to search for the path to be followed, check
whether all the fragments are used and print the
sequence when- the c¢hain is complete. All the
possible sequences will be printed out by the com-
puter. The Aow-chart (Fig. 1) gives a brief account
of the computer operation. Details of the programme
will be published elsewhere.
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F1G. 1. The flow-chart of the computer programme.
Details are given in the text.

If RNA s treated with RNase T, it will be
degraded into fragments which have G, at the
3" enod. Free G will be liberated from stretches
of guuanylic acid residues in the chain. Similarly
upon treatment with RNase A fragments ending
in UF and C, as well as free U, and C, will be
produced. G , U and Cp are omitted from the
fragments for bpilding the nucleotide chain  as
these are already present in  other fragments.
RNase A products will contain all the G, stretches
while those of RNase T, will contain all the U
‘and C ) stretches. In some coves it is possible to
eet longer sequences by the combination of a
RNase Ty fragment and a RNaswe A fragment from
the oveilapss,  For example, upon  digestion of
IRNA, V'™ (Ref. 7) with RNase Ty, a fragment DAAG
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and with RNawe A a fragment G*GD  will be
formed (D, dihydrouridylic acid residue and G”
methyl guanyhic acid residue, see the structure of
the tIRNA, ref, @ 8).  The two olivonucleotides can
be combined 1o G GDAAG. the nucleotide D being
the overlap.  Other overlapping sequences can be
combined ia a «~imilar manner. ‘'Thus the fragments
shown In Tabie 1 are the various sequences that
can be obtained from tRNA, !" experimentally.

1 ABLE )
Forward fragments
Frapments of rRNAﬂ“I“ read 5 10 3'. )
1.1 pUG () 3.1 CCAAG ()
o.1 GE‘ (3) 3.2 CACCG (2)
2.2 GU(5) 3.3 CAUUCCQ (2)
2.3 669(3} 3.4 CGGD&}E (%)
2.4 GGGGE ) 3.3 CCA,,.
2.9 GAUUCCE: (2) 4.1 AAGE(?})

2.6 GGAUUCUG () 4.2 AAGGC (3)
2.7 GAGGUYCG (2) 5.1 UAUCG (2)
2.8 GAAUCCUCG () 5.2 UACCCCAGC (3)

il

As many overlaps as possible were obtained from the
¢nzymatic fragments from the position of the minor
nucleotides. Minor nucleotides, except v and D,
are represented by the parent pnucleotides, The
oligomers are arranged In groups. The first
number indicates the group to which it belongs,
the second its position mm the group and the
number on the right, in brackets, shows the group
of the fragment which follows. The nucleotide(s)
underlined shows the overlap with the next
fragment. Molar ratio of the fragments is one

in all cases.
These fragments are fed to the computer. Con-
struction of the sequence tree is done in  both
directions starting from either end in a systemati.
way. It is obvious that in the present case pUG
is the starting fragment from the 5 end. The
fragment to be added next to pUG depends on the
nucleotide produced from its 3’ end upon treatment
of this RNase T, fragment with the complementary
endonuclease, RNase A. Since G will be the
nucleotide that will be produced, a fragment starting
with G has fo be added to pUG, the nucleotide G
being the overlap. If GGC from group 2
(see Table I) is added the-sequence becomes pUGGC,
The oligonucleotide GGC is a RNase A product
and on treatment of this with RNase T; will
produce C. Hence a fragment starting with C has
to be added to pUGGC, Any of the oligonucleotides
in group 3 may be added. 1f CCAAG is added the
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overall sequence becomes pUGGCCAAG. It s
eastly scen that the fragment to be added next is any
one of the two fragments in group 4 (see Table I).
Thus the sequence tree is built in the forward
direction. The nucleotide chain is built in the
backward direction rom 3’ ond onp the  same
principle.  Tn the latter case mirror images of the
sequences of the fragments are wsed to build
the sequence. In other words, sequences are rea.d
from 3 to 5. For example CCA is taken as
ACC, GGC as CGG and CCAAG as GAACC.
The overlaps between two adjacent fragments is
decided in a manner similar to that Indicated

above. Table II shows the reverse fragments with the
overlaps..

TABLE II
Reverse fragmenis
Fragments of tRN A fl“ read 3’ to ',

1.1 ACC(2) 3.4 GCUAU (4)

2.1 CG (3) 3.5 GCCA§ (2)

2.2 CGG (3) 3.6 GCCUUAC (2)
2.3 CGACCCCAU (4) 3.7 GCIUGGAG (3)
2.4 CGAA (5) 4.1 UGGGG (3;
2.5 CGGAA (5) 4.2 UG (3)—

3.1 GCUCCUAAQ (3) 5.1 GAACC (2)

3.2 GUCUUAG§ (3) 5.2 GAADGGC (2)
3.3 GCCUUAG (3)

Fragments given in Table I are read in the reverse

order, grouped and presented. The last fragment
GUp is not shown.

The method was programmed for IBM 360/44 in
Fortran 1V language. The cloverieaf model of tRNA
given 1n the Hendbook of Nucleic Acid Sequences
by Barrell and Clark® was used as the secondary
structure foe deriving the primary sequence.

RESULTS AND DISCUSSION

The construction of the cloverleaf was carried out
part by part with the restrictions imposed. The
amino acid stem was constructed first by building the
sequence from the 5 end as well as from the 3 end
and selecting those structures which formed 7 conse-
cutive hydrogen bonds (see Ref. 8). Fragments con-
taining dihydrouridine (D) and pseudouridine ()
were omitted for building the stem. tRNAs gena-
rally do not contain these nucleotides in the amino
acid stem. Hence fragments containing these nucleo-
lides were omitted, It was programmed to simulate
all sequences np to a chain length of 8 nucleotides from
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5’ end or the nearest number when the last fragment
is added. The number of structures thus obtained
was 39. In all tRNAs the 8th nucleotide from
the 5’ end is U or a modified U (see Ref. 8). Out
of the 39 structures only S had U at the 8th
position. These are shown below :

1. pUG AAUCCECG
pUGGAUUCUG

p UGCACCG IEAUCG
pUGCACCGl_J:ACCCCAG
pUGGG GUAI___TCG

wo s w N

The nucleotide chain was also built from 3 end
lo generate all sequences up to the 1lth nucleotide
or the mearest number with the reverse fragments
(Table II). Eleventh nucleotide from 3 end is
the last one involved in base pairing on the amino
acid - stem. A total of 82 structures were obtained.
Fach of the 5 forward structures shown above
was tested to find out whether it would pair with
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Dihydrouridine and T CG arms

Qur next attempt was to build on to the stem
(structure B above)} the dihydrouridine arm in the
forward direction and Ty CG arm in the reverse
direction. There are a number of regularities
regarding the positions of various nucleotides on
tht dihydrouridine arm. It has a hydrogen bonded
structure with 3 or 4 pairs and always it is the
10th nucleotide which forms the first hydrogen
bonded pair. In the loop region a sequence AG or
AA occurs followed by D in a somewhat fixed
position (see Ref. 8). Besides the loop contains
a GG sequence between 17 and 21 positions. The
number of nucleotides in the loop 18 variable
between 7 and 12, the maximum number required
to build the chain uwp t0 the end of the arm being
approximately 27. Therefore, it was programmed
to simulale structures up to 27 nucleotides from
5 end or the nearest number with the last fragment
on the chain. Out of the 426 sequences printed
out, only two structures satisfied all the restrictions
on the dihydrouridine arm. The stfuctures are :

(@) pUGGGGUAUCGCCAAGCGGDAAGGCACCG

e

(6) pUGGGGUAUCGCCAAGCGGDAAGGCAUUCCG

any of the 82 backward structures. Surprisingly
only the 5th structure, pUGGGGUAUCG, gave
duplex structures containing 7 or more hydrogen

bonded pairs with two of the 82 reverse sequences.

These are shown below :

A. ACCGACCCCAUGGGGU
EIEEEEEEN
pUGGGGUAUCG

B. ACCGACCCCAUG
| S A IO I I
pUGGGGUAU

It may be noted that in structure A the oligo-
nucleotide GGGGU is used both in the forward
and the reverse sequences and hence it was ruled
out. Therefore the only structure possible was the
second one, B. It is to be mentioned in this
connection that E. coli formyl methionine tRNA?
contains only 6 hydrogen bonded pairs in the amino
acid stem. Yeast alanine tRNAS E. coli leucine
tRNA,17 and wheat germ phenylalanine tRNATS
contain one mismatch each in the stem. These
are exceptions and were not considered in the
present stady in selecting the stem from all the
structures. However this kind of mismatches also
may be taken into account In selecting the sten,
GU pair formation was allowed in the present €asc,
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The nucleotides underlined form base pairs. It
may be noted that the difference between the two
structures 1s only in the last fragment ; CACCG in
(a) is replaced by CAUUCCG in (b) (see Table I).
Detection of these structures among the 426
structures was not at all difficult as large number
of structures which did not satisfy any one of the
restrictions on the dihydrouridine arm could be
eliminated by just looking at the sequences.

Restrictions on the T/ CG arm are even more
stringent. The number of paired and non-paired
nucleotides in this arm 13 fixed and the total
number up to the last hydrogen bonded pair 1s
28 from 3’ end (see Ref. 8). The nucleotide, 17,
always appears on 22nd position in the loop region.
Besides the 16th nucleotide is C which base pairs
with G on the 24th posttion. The c¢om-
puter program in the comstruction of the Ty CG
arm was to simulate structures up to the 28th
nucleotide from 3° end with the reverse sequences,
omitting the fragment containing  dihydrouridine
and those alrcady wused m f{orming the stem. A
total of 278 structures were gencrated.  Only
4 structures satisfied the restrictions on the TS CO
arm, They are

(i) ACCGACCCCAUGCUCCUAAGCY TGGAGUCUUAGG
(i) ACCGACCCCAUGCUCCUAAGCY FGGAGCCUUAG
(iii) ACCGACCCCAUGCUCCUAAGCYTGGAGCCAC

- oy gt

(iv) ACCGACCCCAUGCUCCUAAGCY TGGAGCCUUAC,
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The mnrleotdes which are underlined are involved
in hydrogen bond formation. These structures differ
from cach other only in the last fragment,

Compictiont of dlovericaf

Since two sructures (¢ and &) in the forward
ditection and four structures (i 10 1v) I Irevers:

Jirection were obtawmed., a  minimum  of 8 possi-
bilittes for the entire sequence  appeared  possible.
Fach of the combamation was considered to find

whether 1t would form the anticodon arm when
combired with the unused fragments in each case,
Comb.nations {a) i) and (b} (iv) were not
pos<ible as the sams fragment had been used in the
forward av weil as in the reverse sequences. It may
be noted that (u) contains CACCG while (ii1)
contain. GCCAC a. the last fragments. The latter,
GCCAC, is nothing but CACCG in the forward
direction.

For each of the other combinations (a) (1), (a) (1i).
(a) ¢iv), (h) (1), & (it) and (b) (jii) there were 3
unused fragments. With the forward chain, the reverse
cham and 3 unused fragments two complete sequences
could be obtained with each of the 6 combinations.
Thus a total of 12 ~equences could be obtaimed at
the final stage. The anticodon arm has a number of
recularities common to all tRNAs, It has § hydrogen
bonded pairs and 7 unpaired nucleotides. Besides
there is one unpaired nucleotide between the dihydro-
uridine arm and the anticodon arm. Only one
sequence from combination (a) (iv) satisfied all the
common features of the anticodon arm and it had
i the loop region a triplet which agreed with the
coden for glutamnmne. The sequence thus obtained
1s shown below,
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work 1> very short. In the present study selection
ol the correct séquences at various stages was done
manually from the computer output. This operation
also may be computerised, if needed.

At present, it appears that the method is suitable
only for tRNA. However, it 1s applicable to any
RNA provided sufficient secondary structure con-
straints are available, A common secondary struce
ture with 4 base paired reg.ons applicable to several
species of 58 RNA has bzen proposedli2, Whether
ihis will be sufficient 1@ work out the sequence of 55
RNA by the computer method remains to be tested.
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